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ABSTRACT

Alternate wetting and drying (AWD) is a water-saving technology that flooded rice fields can apply to
reduce water use in irrigated fields. This study aims to predict rice production by the function of total soil water
potentials, and to examine the relationship between the total soil water potential (TSWP, ) and soil compaction.
A field experiment was carried out during the summer season of 2022, the treatments were either maintained
flooded, equilibrated to —10 kPa (Ao), or dried to —20 kPa (A1), or dried to —30 kPa (Az) and then re-flooded at the
water potential of —10 kPa (Ao - control). The previous treatments were along with two nitrogen levels (N = 124,
and N2 = 165 kg N ha™") that represents 75 and 100% of the recommended dose with three replications. The AWD
increased the pores percentage slightly, but it has a clear trend in increasing the soil mechanical resistance and
macro-porosity. Also, the TSWP function could be used to predict the rice yield in early time. The AWD technique
(at matric potential of —20 kPa) could save water to about 25% with a relative yield (Yr) of 70% (at 75% N level).
This investigation showed the possibility of using simple empirical tool to describe the rice crop response to the ‘P
changes and soil compaction using a low number of inputs with an accurate and rapid determination. These results
have shown a high agreement between the predicted values and the experimental (R?) at a range of (0.91-0.97).
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INTRODUCTION

Rice is one of the most significant cereal crop in the
world, which provides the majority of people with food and
calories (Khush 2005) for nearly four billion people and the
demand for rice is expected to grow in future in response to
climate change and the increasing population (Bouman
2007). According to IRRI 2017, about 79 million hectares of
irrigated flooded fields provide more than 75% of the world's
annual rice supply, where the fields are usually continuously
flooded through the rice-growing season. Irrigation is a
crucial aspect of agriculture, but as industry, urbanization,
leisure, and agriculture grow, freshwater availability for
irrigation decreases (Bergez and Nolleau 2003). Water
scarcity threatens the irrigated rice systems' productivity. So,
this is a main sustainability challenge.

Egypt depends mainly on the irrigation water that the
River Nile provides (55.5 Milliard m® per year). The
agriculture sector uses approximately 90% of the available
water (Ashour et al. 2009). Likewise, more than 20% of the
total water is used just for rice (El-Metwally ef al. 2015). The
need to discover a way to save more irrigation water is
therefore urgent. The government plan is to reduce the
existing plantings of rice by roughly 50%, which means a
decrease in area of more than two million feddans.
Additionally, the policy of the Egyptian National Program of
Rice Research is to release new cultivars with a short duration
in order to reduce local water usage by 20-30%.

One of the ways of the water management policies is
alternate wetting and drying (AWD) which are becoming
more popular as an approach to reduce the demand for water
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for irrigation in rice fields without lowering yield. The
traditional continuously flooded system (CF) is a main
contributor to rice production but it requests a great quantity
of water input which reaches 9000 m® fed™! during the
cultivation season (Ishfaq ef al. 2020). In AWD technology,
the irrigation water is applied a few days after the ponded
water disappears. Hence, the rice field gets alternately non-
flooded and flooded. The number of days of non-flooded soil
between irrigations can differ from one to more than ten days
depending on several factors such as soil texture, weather, and
crop growth stage. Although AWD helps rice plants use less
water, it could have a direct effect on the soil's physical
properties and root development.

According to Yoshida and Hallett (2008), drying rice
soils to a matric potential of —50 kPa significantly increased
mechanical strength, and subsequent wetness had little effect
on this strength. According to Bottinelli ef al. (2016), macro-
pores can develop as cracks and extend pre-existing pores,
resulting in connected pore systems that are favorable to rapid
root growth. A severe AWD (re-flooded when soil matric
potential (W) reached —30 kPa) inhibits rice root growth and
lowers grain yield. In contrast, a moderate AWD (re-flooded
when soil ¥, reached —15 kPa) can improve rice root growth
and increase grain yield (Carrijo et al. 2017).

Furthermore, rice is a semi-aquatic plant that has
adapted to survive during submergence. Complete flooding
presents a group of challenges to plants, among which
internal aeration is fundamental. Rice soils are generally
tolerant to partial flooding or waterlogging (Winkel et al.
2013). For this reason, rice plants often face low oxygen due
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to the slow diffusion of gases in water (Jackson and Ismail
2015). On the other hand, the primary plant organs that deal
with soil condition changes are rice roots, which have a
necessary role in response to water depletion (Ghosh and Xu
2014). Several evidences proved that the yield of cereal
crops grown under flooded conditions and nutrient
deficiencies can be increased by changing the root structure,
which enhances their capacity to use the available soil
nutrients and water resources (Lynch ef al. 2014).

Nitrogen (N) is the main macro-nutrient for rice plants
and the most limiting nutrient for its production (Ladha ef al.
2016). Crop yield can be influenced by management
strategies that impact the levels of soil N. Therefore, N-
application to the soil is a major factor limiting crop
production and grain quality (Wu et al. 2016). Additionally,
N has a vital role in photosynthesis, biomass accumulation,
efficient tillering, and spikelet production, all of which have
an impact on rice output. It contributes to the formation of
carbohydrates in rice crops' culms and leaf sheaths prior to
heading as well as in the grain during ripening (Yoshida et al.
2006). Several aeration strategies, viz., alternate wetting and
drying (AWD) or aerobic irrigation (figurative expression to
reduce rice irrigation water) can affect the growth, N
absorption and root physiology of rice (Zhao et al. 2009).

A simple model was used to describe the effect of
TSWP Y, (matric Y + osmotic Ys) on relative crop

production which is one of the fundamental determinants
of rice yield under Egyptian soils (Beltrao ef al. 2021). In
Beltrao ef al. model, we can alternatively replace the high
number of input points with simple points as the straight
line that is defined only by two input points. Furthermore,
the lognormal distributions are more adequate for
modeling soil’s water potentials than other soil parameters.
Therefore, this study aims to predict rice production using
the function of total soil water potentials, and to examine
the relationship between AWD and soil compaction under
different levels of N fertilization.

MATERIAL AND METHODS

Study site characteristics

A field experiment was carried out at a private farm in
the village of Tamay Ez-Zahayra in El Senbellawein district,
Dakahlia Governorate, Egypt (30°54'35.935"N,
31°28'14.138"E) during the summer season of 2022. The soil
was cultivated by a short duration rice variety (Oryza sativa
L., cv. Giza 178) as a test crop to evaluate the impact of
alternative wetting and drying cycles on saving irrigation
water and increasing soil aeration as well as rice crop under
two different levels of nitrogen. Table 1 shows the properties
of the studied soil and the standard methods used for analyses.

Table 1. Initial values of some physical and chemical properties of the experimental soil.

Soil characteristics Value Method/Equipment Reference
Sand (%) 1436 +0.56
1 (V)

Mechanical analysis Csli;( (ﬁ;z) %505%12111 7263 Pipette method

Texture class Clay Piper (1966)
Bulk density (pb, Mg m™) 1.14£0.11 .
Real density (ps, Mg m™?) 251+0.14 Cylinder method
Total soil porosity (9, %) 54.58 +£2.23 Calculated using soil density
Mean pore 4544021 Calculated Dielman and De
diameter (d, um) ) ’ using Ks Ridder, (1972)
pH' 9.14+0.35 pH-meter (Jenway 3505 pH/mV/Temperature Meter Jack 1967
Electrical conductivity (EC, dSm™ )T 4.44+0.08 EC-meter (Jenco 3173) ackson (1967)
Calcium carbonate (CaCOs3, %) 3.15+£0.09 Calcimeter method Piper (1966)
Organic 124+0.10 Dry combustion using the Thermo Scientific Flash 2000 elemental 1SO 10694: 1995
matter (OM, %) analyze
Penetration resistance (kg cm2) 3.00+£0.02 Pentrometer apparatus
Hydraulic conductivity (Ks, mday™')  0.54 +0.01 Constant head permeameter method Singh (1980)
Saturation percentage (Osp, w/w) 0.69 +0.002 -
Field capacity (Brc, w/w) 0.37+0.001 Pressure
Wilting point (Bwe, w/w) 0.19+0.001 chamber apparatus Klute (1986)
Available nutrients N-NHs" 28.23+0.82 Kjeldahl Bremner and
(mgkg™h N-NOs~  16.65+0.71 method Keeney (1966)

"measured in soil paste at 25°C, " measured in soil paste extract at 25°C, The collected soil samples were prepared according to ISO (11464: 2006),

Mean values = SD,n=3

Treatments and experimental design

The area of rice field was (220 m?), and the plot size
was 3.5 X 3.5 m, which had no slope but was precisely
leveled. The plots were separated by wide levees to prevent
lateral seepage between plots. The treatments were arranged
in a strip-plot design with three replications. The treatments
consist of three alternate wetting and drying (AWD) with two
nitrogen levels. The main plots were irrigated with fresh
irrigation water at intervals ranging from 8 to 12 days. In the
control treatment (Ay), the field was continuously flooded (at
—10 kPa with 7 cm height) from sowing till 20 days before
harvesting. Two drying periods (A; and A,) were used by

intermittent irrigation and low irrigation water before being
re-flooded. In A; and A, treatments, the field was re-flooded
at 0—15 cm soil depth when the matric potential (Y ) reached
—20 and —30 kPa, respectively. The number of irrigations
during the cultivation season was 12, 9 and 7 times for Ao, A,
and A, treatments, respectively. The subplots included two
levels of nitrogen which was at 75 (N1: 124 kg ha™'), and
100% (Na: 165 kg ha™) of the recommended dose (RD).
Field management

The mineral fertilizers were added according to the
recommendation of the Egyptian Ministry of Agriculture.
It were applied a blend of urea, calcium superphosphate,
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potassium sulfate and elemental sulfur at rate of
165:40:100:57 kg ha ! for N, P, K and S, respectively. Half
quantity of urea and all the quantity of calcium
superphosphate and sulfur were applied during soil tillage
before cultivation. Another half of urea and potassium
sulfate were added after a month of cultivation. Wetted
rice seeds were broadcast onto the wet soil at 144 kg ha ™!,
and then the plots were flooded. Herbicides were applied
for all treatments as necessary during the first 40 days of
crop growth, as is common practice in traditional farming.
Approximately 20 days before harvest, all basins were
drained and allowed to dry in preparation for harvest. A
surface composite soil samples were collected, from the
field trials, at the critical growth stages of rice plant viz.,
vegetative, tillering, and harvest (after 50, 75, and 112 days
of cultivation).
Soil water measurements

To control the irrigation through the growing season,
the depth of water in each plot was observed daily using a
ruler fixed in every main plot. Soil matric potential was
measured using tensiometer devices (Irrometer Company
Riversid, Calif, Pat., No. 2878671) installed at the center of
each main plot at a depth of 15 cm. The gravimetric water
content (GWC, 0;,) was estimated by collecting undisturbed
soil samples directly before each re-flooding time for all
treatments. Soil 0, was determined by taking two samples
per plot to a depth of 15 cm. Soil samples were dried at
105°C until constant weight. Soil GWC (%) and volumetric
water content (8,, %), were calculated according to
equations 1 and 2 of Hillel (2004), respectively.

6, = (W-D)/D x 100
0y = Bm (pv/pw) * 100 2

where: W: soil wet weight (g), D: soil dry weight (g), py: soil bulk density

(kg m™), p,: water density (kg m™).

Because rice soils should not become drier than —50
kPa during the rice growth, using a tensiometer is suitable in
water stress studies under alternative wetting and drying.
Where, the upper limit of soil matric potential measured by a
tensiometer is only —100 kPa and practically at —85 kPa.
Prediction of rice yield

The TSWP (¥ consisted of the sum of the soil
component potentials, which strongly affect soil water
behavior, as the following equation according to (Hillel
2004).

Y=, +¥+9p+Y¥,

Where ¥: TSWP, ¥,,: matric potential, '¥,: osmotic potential, Wp:
pressure potential, ¥,: gravitational potential. The most
dominant potentials were matric and osmotic potentials
especially if we study the effect of water stress on rice crop, so the
equation may consist of:

Y, =, + P,

The TSWP (equation 5) was used to predict the rice
crop yield response, according to the influence of the matric
and osmotic potential at 30 and 60 days of cultivation on soil
water availability in rice fields which was described by
Beltrao et al. (2021).

£(%) = {[log(10[¥P) - [log 10w )F} 5

Where ¥y,\: the TSWP with 100% Y.. The osmotic potential (‘¥,) was
calculated by using the linear relationship between electrical
conductivity (EC, dSm™) and salt concentration in soil paste

extract. Thus the ¥, could be expressed by the equation of
Beltrio et al. (1996).

P, (cm H,0) = — 360 EC

Soil analyses

Soil compaction or penetration resistance (kg cm2)
was analyzed by determining the resistance of penetration
which was measured by a penetrometer (CL-700, Chicago,
USA). Ten soil cracks were used for every measure. At the
same time, the soil bulk density (py) was calculated using the
equation of (the mass of dry soil/total volume). Soil mean
pores diameter (d um) was calculated by the equation of
Dielman and De Ridder (1972).

d=6.177637 /K,

where K is hydraulic conductivity (m day™). Also, the effective porosity
or macro-porosity (Qe) was calculated by the equation of (Hillel

2004).
Oe =0 — 0, g
where @ s soil porosity (%) and 8v is volumetric moisture content (%)
before irrigation time.

Rice reproductive development

Harvest index (HI) is the ratio of harvested grain to
total shoot dry matter, and this can be used as a measure of
reproductive efficiency. Crop water productivity (WP) is
calculated as the ratio of crop yield (kg) to the amount of water
(m?) used to produce that yield.
Data analysis

The influence of treatments was statistically measured
using the analysis of variance (ANOVA) as a strip-plot
design. To identify the statistical difference between multiple
mean values at the 95% significance level, the Duncan test
was employed. In addition, polynomial regression analysis
was used to describe the relationship between the total soil
water potential function and the actual relative yield. All
statistics were conducted using Costat software (version 6.4,
2004) and the IBM SPSS statistics (Version 23, 2015).

RESULTS AND DISCUSSION

Results
Function of the total soil water potential (\Y)

TSWP (¥) or soil water content (0) are two ways to
represent the availability of water. TSWP is a measurement
of the energy state of the soil water, whereas 6 shows the
amount of soil water. Using TSWP as a reliable descriptor of
soil water regimes has several benefits.

Generally, it correlates with leaf water potential (Wicar)
and remains constant for varying water contents in various
tissues of the same plant (Yang et al. 2007). Furthermore, the
main factor controlling water uptake by plants is the
difference between TSWP and root water potential (Wroo)
(Bouman and Tuong 2001). Due to these reasons, the TSWP
should be used as a significant attribute for water stress
recovery instead of 0. The tensiometer accurately captures the
rise in soil dryness caused by soil water deficit, indicating the
device could be used to measure TSWP up to a range of about
—90 kPa (Dasgupta et al. 2015).

Table 2 illustrate the function of the TSWP f(¥) and
the procedures involved in its calculation, using equations 5
and 6, respectively. Also, it explain the effect of soil water
content variations on f('), for rice soil under two levels of
nitrogen fertilization after 30 and 60 days of cultivation (DC).
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Table 2. The effect of soil matric and osmotic potentials after 30 and 60 days of cultivation on the function of TSWP f(‘Py).

ov ECe [¥m| [Ps| [Py Log Log Log
Treat. m*m™ dSm! kPa KkPa KkPa A0PF) (0[P (10 [P PV
After 30 days of cultivation
Ao Ni 0.58 3.73 10.00 134.12 144.12 3.16 9.98 9.98 0.00
N2 0.58 3.82 11.50 137.58 149.08 3.17 10.07 9.98 0.09
Al N 0.55 3.98 19.50 143.36 162.86 321 10.32 9.98 0.34
N2 0.55 4.10 21.50 147.72 169.22 3.23 10.42 9.98 0.45
A N 0.53 4.18 27.50 150.47 177.97 3.25 10.56 9.98 0.59
N2 0.55 4.46 30.00 160.44 190.44 3.28 10.76 9.98 0.78
After 60 days of cultivation
Ao Ni 0.55 2.66 10.50 95.74 106.24 3.03 9.16 9.12 0.03
N2 0.55 2.34 11.50 102.27 113.77 3.06 9.34 9.12 022
Al N 0.53 3.68 19.00 132.61 151.61 3.18 10.11 9.12 0.99
N2 0.52 3.87 22.50 139.40 161.90 321 10.30 9.12 1.17
A N 0.51 3.70 28.50 133.20 161.70 321 10.30 9.12 1.17
N2 0.53 4.23 31.00 15237 183.37 3.26 10.65 9.12 1.53

Ay: continuously flooded at ¥, =—10 kPa as control (CF), A;: alternate wetting and drying at ¥, =—20 kPa, A;: alternate wetting and drying at ¥, =—
30 kPa, N;: 75% of RD for rice crop (124 kg N ha™), N,: 100% of RD for rice crop (165 kg N ha™), Ov: volumetric water content, ¥,,: matric potential
(kPa), ¥,: osmotic potential (kPa), W,: total soil water potential (kPa), Yv represents the ¥, when relative yield reaches 100%.

TSWP (W) can be used as a means to predict the
predicted relative yield (Yrpre) of the rice crop, which is
known to be highly sensitive to moisture deficiency. This
prediction was calculated by measuring both matric (W1,) and
osmosis potentials (¥s) with the corresponding moisture
content (68y) during 30 and 60 days of cultivation under the
suggested water stress conditions. The great agreement
between the actual yield (Yruc) and predicted yield (Ypre) as
a function of TSWP is confirmed by data in Table 3.

Data in Table 3 also, show the response of rice plant
to matric potential ranging from —10 to —30 kPa. It is noted
that the grain yield increased with the decrease in the ¥, or
with increasing soil water content. For rice plant, the high W,
(close to —30 kPa) renders water the limiting factor.
Incrementing the function of TSWP f(*V;) sharply decreased
Y:. Also, it is observed that the 6, never dropped below the
field capacity (Byrc = 37%) at any plant growth stage and for
all the matric potentials.

The polynomial regression analysis of the relationship
between the f('V;) and actual relative yield Y« (%) at 30 and
60 DC was established in the following equations (9 and 10).
The determination coefficient (0.98<R?<1.00) is very high
under the studied conditions.

T CODCY0 34 -0 0T =0
Voo (ODC)-00B e - DM D008

Rice is very sensitive to the shortage of water. At 30 and
60 DC the yield decreases sharply (Yract <60%) when [(f(*F))]
>0.59 and 1.17, respectively under 100% of N fertilization.
These results may be due to the high vegetative growth of plants
under a high N rate. High-rate application of nitrogen decreased
both nitrogen use efficiency and rice yield (Zhu et al. 2017,
Zhao et al. 2022). Zhang et al. (2021) also found that N
applications reduced the grain-filling rate of the inferior and
superior grains. Using 100% of N fertilization was not efficient
for rice yield, which caused a clear decrease in the actual yield
Yrat as a result of the increase in f('W;) particularly ¥s (due to
the rise of urea salt index, which records approximately 75 per
unit of nutrient) in combination with the water shortage. Rice

planting under controlled irrigation can effectively reduce N
fertilizer losses with increasing soil salinity, consequently
increasing WS more than that of the conventional flooded
irrigation regimen (Chen et al. 2019). In addition, the rice yields
were highly influenced by water depletion in combination with
soil salinity under the conditions of the study, where the Yirac
decreased to 65.6% when (Prn =20 & Ws = 145.5 kPa) and
(Wm =-20 & Ws = 136.0 kPa) at 30 and 60 DC, respectively.
Under high total soil water potential (‘Vy), the Yr...« was less than
57.9% when (W =-28.5 & Ws = 155.5 kPa) and (W, =-29.5
& Ws = 142.8 kPa) at 30 and 60 DC, respectively. In contrast,
the effect of N levels under every W, was not significant, as
shown in Table 3.

Table 3. The relative yield of rice Yr (%) responds to the
function of the TSWP {(¥) after 30 and 60 days
of cultivation.

F (\Ilt) Yract (%) lOg Yr (%) l(}g Yr (OA)) Yr-ple (%)

Treat.

Actual  Actual  Predicted Predicted
After 30 days of cultivation
Ao Ni 0.00 97.58 1.99 2.00 100.00
N2 0.09 9545 1.98 1.97 9227
Al Ni 0.34 68.18 1.83 1.88 76.74
N2 045 63.03 1.80 1.85 70.30
A Ni 0.59 60.00 1.78 1.80 63.12
N2 0.78 55.76 1.75 1.73 53.83
After 60 days of cultivation
Ao Ni 0.03 97.58 1.99 1.99 98.86
N2 0.22 9545 1.98 1.96 9226
Al Ni 0.99 68.18 1.83 1.83 66.95
N2 1.17 63.03 1.80 1.79 62.38
A Ni 1.17 60.00 1.78 1.79 62.38
N2 1.53 55.76 1.75 1.73 54.33

Ay: continuously flooded at ¥,, =—10 kPa as control (CF), A;: alternate
wetting and drying at ¥, =—20 kPa, A,: alternate wetting and drying at
¥, =-30 kPa, N;i: 75% of RD for rice crop (124 kg N ha™), N2: 100% of
RD for rice crop (165 kg N ha™).

The use of extensive irrigation water under all matric
potentials increases salt leaching; therefore, the rice yield was
slightly influenced by the salinity impacts. Data in Table 2
indicated that soil salinity was decreased under all treatments
except AoN, treatment at 30 DC as compared to the soil
before cultivation, which was saline, with a salinity level of
4.44 dSm™". Thus, the effect of salinity on rice production was
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slight, especially with the continuous flooding system (CF).
Additionally, the wetting and drying cycles caused positive
compaction of soil increasing the water flow carrying salts
with it (Garg et al. 2009). Also, rice is moderately sensitive to
salinity stress. The soil salinity levels more than the critical
threshold (3.0 dS m™") begin to negatively affect grain yield
traits (Mumtaz ef al. 2018).

Figure 1 shows that the intercept is small (8.15 and
0.57 for 30 and 60 DC, respectively), the slope is very close
to 1 (0.96 and 1.00 for 30 and 60 DC, respectively), and the
coefficient of determination R? (0.91 and 0.97 for 30 and 60
DC, respectively) is very high for field trials. Also, the value

A
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of slope close to (1) demonstrates that the regression is
extremely significant, indicating that this approach's capacity
to anticipate outcomes and describe the Y, response to the
function of TSWP is quite good. The published results in
some scientific papers (Beltrao et al. 2021; Khataar et al.
2018) confirmed that if the TSWP (W) is mathematically
lower (high value), the Y, will be decreased. Generally, this
investigation demonstrated that, at various TSWP levels, the
irrigation water input was significantly lower than the Ao
treatment.
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Fig. 1. Relationship between predicted and actual yield of rice (%) after 30 (A) and 60 (B) days of cultivation.

Soil compaction

A soil property called penetration resistance (PR)
makes it possible to pinpoint areas that are constrained by
compaction, which hinders root growth mechanically and
lowers crop production. It is considered one of the main
limitations to the growth and development of root systems is
the mechanical impedance. The soil of the continuous flooded
treatment (A¢) was the weakest and wettest, and its
penetration resistance (PR) was 27.2-30.2% less than the A,
treatments at -30 kPa. A strong positive correlation ranging
from 0.81 to 0.94 was observed between soil compaction and
matric potential. AWD in Table 6 affected significantly

(p<0.05) soil compaction at the vegetative and tillering stages
of the rice growth. No significant effect of nitrogen levels and
their interaction with AWD. Increasing soil wetting and
drying cycles caused an obvious impact on decreasing the soil
volume and increasing its compaction. The polynomial
regression analysis proved the direct relation between TSWP
and soil compaction as the following:

PR =398 10 + 11 8200 - 62200 #3343 Ro=038, 1=04
PRegag =057 1) + 1873 %) - 041 %) + 3315, R =091, £=093 "

Table 6. Effect of AWD and N levels and their interaction on porosity and macro-porosity at the different stages of rice

growth.
Treat. 1% Stage (50 days) 2" Stage (75 days) 3"d Stage (112 days)
ov [4] e [4] Oe ov [4] Oe
Alternative wetting and drying (A)
Ao 58.56% 58.45% 0.22> 55.512 54.922 0.00¢ 54.232 56.62¢ 2.39¢
Al 55.55° 58.932 3.38® 53.06° 55.57° 2.50° 52.76° 57.68* 4.92°
Az 53.70¢ 59.29° 5.592 50.81¢ 55.94¢ 5.132 51.94P 58.33b 6.392
F. test * Ns * kk * kg * * ks
LSD(0.05) 1.85 - 0.51 0.21 0.23 0.92 0.84 0.99 047
Nitrogen rates (N)

N1 56.152 58.842 2.86% 53422 55.56* 246 53.142 57.46% 4328
N2 55.732 58.922 3.26* 52.84° 55382 2.62¢ 52.82b 57.622 4812
F. test Ns Ns Ns ** Ns Ns ** Ns Ns
LSD(0.05) - - - 0.19 - - 0.16 - -
A N 58.8° 58.6 0.2 55.6 54.74 0.0° 54.32 56.8¢ 2.50¢

0 N2 58.32 58.32 022 5542 55.2¢ 0.0° 54.22 56.5¢% 2.3¢
A Ni 55.7° 58.8* 3.2 53.5° 55.7° 22b 53.1% 57.0bd 4.0

! N2 55.4P 59.12 3.6% 52.6° 55.5% 2.9b 52 .4 58.3® 5.9°
A N 53.9 59.12 5.22 51.14 56.4? 5.8 52.1% 58.6 6.5

2 N2 53.50 59.42 6.0% 50.5¢ 55.50 502 51.8° 58.12e 6.32
F. test Ns Ns Ns * * * * * *
LSD(0.05) - - - 0.23 031 0.06 0.69 0.54 0.09

Ay: continuously flooded at ¥, =—10 kPa as control (CF), A;: alternate wetting and drying at ¥, =—20 kPa, A,: alternate wetting and drying at ¥, =—
30 kPa, N;: 75% of RD for rice crop (124 kg N ha™), N,: 100% of RD for rice crop (165 kg N ha™), Ov: volumetric water content, @: Porosity (%), Qe:
macro-porosity (%), LSD: least significant difference test, ns: non-significant, Mean values followed by different letters were significant when p<0.05

according to the Duncan test.
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AWD decreased the formation of macro-pores in
comparison to the control treatment (Ag). We noticed that soil
rewetting after drying caused an irreversible action in the PR
of rice roots into the soil (Bengough ef al. 2011). According
to Yoshida and Hallett (2008), this will definitely cause
shrinkage and crack formation, especially in the continuous
flooded treatment (Ao) that never suffered from water stress
during plant growth. With soil drying to —30 kPa, the
shrinkage stress and the presence of rice roots may cause the
dissipation of macro-pores to micro-pores.

Soil porosity, macro-porosity and mean pore diameter

Macro-porosity or effective porosity contributes
primarily to water flow at the saturation conditions. Data in
Table 6 shows the significant effect (p<0.05) of AWD and N
levels and their interaction on the soil porosity () and macro-
porosity (Je) during the 2" and 3™ stages of rice growth. It
observed that, with increasing of 'P,, the moisture content (6,)
decreased and the porosity and macro-porosity increased at all
stages of plant growth. Increasing the wettlng and drymg

o
| I |
., A, ~

Vean Pare Dissicter (4 pat)

cycles caused an increase in soil porosity and macro-porosity.
Nitrogen fertilization levels did not appear a clear effect on
these parameters. A strong negative correlation (—0.97)
between moisture content (6v) and macro-porosity (De)
confirmed these results under all stages of rice growth. In our
study, the differences in porosity percentage of all soil
treatments were very close, while Qe gave a clear relation
with increasing the dry period.

Mean pore diameter (d um) represents the average
diameter of the soil pores, and its measurement is related to
the soil hydraulic conductivity coefficient estimation. The
results in Fig. 2 show that the simple effect of soil compaction
resulting from the system of wetting and drying cycles led to
the formation of large pores compared to the continuous
flooded system (Ap), which reaches 11.64 pm, with an
increase of up to 8.68% compared to the control (Ag). At the
harvest stage, alternative wetting and drying at different
suction and their interaction with N levels had a significant
effect (p<0 05) on mean pore diameter.

iz -}
: | I I |
s -

~N, ~N

" e o -

Fig. 2. Effect of AWD (B) and N levels (C) and their interaction (A) on soil mean pore diameter at the different stages

of rice growth

Ay: continuously flooded at ¥, =—10 kPa as control (CF), A;: alternate wetting and drying at ¥, =—20 kPa, A,: alternate wetting and drying at ¥,,=—
30 kPa, N;: 75% of RD for rice crop (124 kg N ha™), N,: 100%o0f RD for rice crop (165 kg N ha™), Dissimilar letters were significantly different at p<0.05
according to the Duncan test, Bars on the columns stands for + standard deviation (SD).

The interesting result for AWD technology was the
formation of macro-pores which could provide rapid root
growth pathways in soil. When soil re-flooding, they could
enhance the hydraulic conductivity of the rice soil. The data
of mean pore diameter confirmed this hypothesis. This slight
increase in mean pore diameter led to a rise in soil aeration as
a result of the increase in macro-pores which are responsible
for the aeration and drainage of excess water. The slight
aeration encouraged the root growth and increased the rice
yield. According to Passioura (1991) hypothesis, roots may
be confined in macro-pores because they are not distributed
uniformly across the soil matrix. The hypothesis has been
supported by a large number of other investigations. The roots
of some crops can develop in the direction of these macro-
pores, and they may decide to cross through them rather than
to penetrate (Colombi et al. 2017). According to this
observation, AWD systems can protect the pathways of soil
pores. Also, X-ray imaging by Pfeifer et al. (2014) proved that
roots preferred to grow towards macro-pores in compacted
soils. Water, air, and mechanical resistance are only a few of

the physical limitations to root growth that are impacted by
soil structure (Whitmore and Whalley 2009). When there is a
drought, it has been discovered that mechanical resistance has
a greater effect on rice root growth than water stress (Oy was
17-24%) (Caimns et al. 2004). Data proved that higher drying
by AWD (at W, =30 kPa) increased both macro-pores and
mechanical resistance development as compared to the
continuous flooded (Ao). This was in correspondence with the
hypotheses that if rice soils dried to —30 kPa and then rewet to
—5 kPa would be stronger than soils maintained at —5 kPa all
the time (Fang et al. 2018).
Harvest index and crop water productivity

The effect of water stress and N levels on the harvest
index (HI) of rice crop is illustrated in Fig. 3 which shows that
no significant effect (p>0.05) was observed between the
AWD and N levels treatments on HI values. Water stress
resulted in low HI at A; (20 kPa) and A, (30 kPa)
treatments compared with the control without water stress
(Ao).

The decrease in HI could be attributed to water stress,
which decreased the translocation of assimilates to the grains,
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which increased the empty grains and lowered grain weight.
This is consistent with the findings of (Sharma et al. 2003;
Sokoto and Muhammad 2014), who found that well-irrigated
plants had the highest HI when compared to plants that were
cultivated under water stress conditions. Tan ez al. (2017), state
that nutrients in the soil solution quickly travel via the cracks
from the topsoil to the subsoil. This problem might be brought
on by AWD practice, which causes clay parts to swell and
shrink, causing cracks. Due to this phenomenon, the
percolation rate and by-pass flow were increased (Garg et al.

-

2009) as compared to the control (CF). AWD techniques cause
a lack of nutrients in the rhizosphere zone. Compared to
continuous flooding irrigation systems, nutrient loss by
leaching is significantly higher in AWD (Gordon et al. 2008).
Additionally, under water stress conditions such as AWD
techniques, plants uptake a low quantity of nutrients compared
to a conventional irrigation system (continuous flooded)
(Belder et al. 2005). Therefore, these points must be taken into
consideration when fertilizing and irrigating using the AWD
technique to avoid nutrients losing out in the rhizosphere.

ET o A
-
L1+ R
o e vT
1 -
_ s b
= -
= a7 —
a4
= 3 E ' r . A
T
§ o — 1 ¥ ~
! , M T _+
A3
P ™
3>
AL AN A, Ao Ao, M

Wrecatmermis

Fig. 3 Effect of AWD (A) and N levels (B) and their interaction (C) on harvest index (%) of rice crop.

Ay: continuously flooded at ¥, =—10 kPa as control (CF), A;: alternate wetting and drying at ¥, =—20 kPa, A;: alternate wetting and drying at ¥,, =—
30 kPa, N;: 75% of RD for rice crop (124 kg N ha™), N;: 100%0f RD for rice crop (165 kg N ha™), Dissimilar letters were significantly different at p<0.05
according to the Duncan test, Bars on the curves stands for + standard deviation (SD).

The linear relationship between yield (tha™) and total
water input (m® ha ') was illustrated in Fig. 4. There is a direct
relation (r = 0.98) between economic yield (grain) and total
water input, the AWD at —30 and —20 kPa decreased the
irrigation water consumption during the rice cultivation to
about 42 and 25% respectively compared to control (A, CF).
The AWD at —30 kPa recorded the highest water productivity
(WP) value (0.64 kg m™) of the grain yield compared to the
control (0.61 kg m™) (Fig. 4).
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Fig. 4. The linear relationship between yield and total
water input.
WP: water productivity (kgm™).

Rice water productivity (WP) is defined as the ratio of
the amount of rice crop (kg) and the volume of water used
(m?). Increasing the productivity of water means getting more
benefits from every unit of water used for rice crop. From a
farmer's viewpoint, it means obtaining more production per
unit of irrigation water. The results indicate that yield was
influenced by the AWD system. It proved the efficiency of
the AWD technique in saving irrigation water, but it caused a
decrease in yield to less than 60%. Kumar ef al. (2017) found

that when total water input decreases, not only saves water but
also increases WP. We propose that these values could be
employed as irrigation criteria for improving water use
efficiency in the climatological scenario of northern Egypt.

CONCLUSION

In this study, a field experiment was designed and performed in
the agricultural summer season of 2022 to evaluate whether a
simple empirical tool can describe the rice response to the soil
total water potential (matric + osmotic) due to a rapid and
accurate determination and the low number of involved soil
parameters. The results showed a high agreement between the
actual and the predicted values (R? = 0.95-0.98). Besides, the
precision of this tool applied to rice fields in the north delta can
contribute to its generalization. Moreover, this work contributes
to understanding what margin of water conservation may be
obtained by transitioning from a severe (flooded) to a flexible
irrigation schedule (by AWD techniques) under the cultivation
of a short-duration rice variety (Giza 178) and water scarcity.
The results obtained on one of the rice fields in Northern Egypt
(Dakahlia Governorate) show that there is a relevant potential
to improve the traditional irrigation performance at low
irrigation water supply. The linear equations could support the
rice yield prediction at the first stages of its growth by the
application of the alternative wetting and drying techniques.
The use of this technique (When Wi, = —20 kPa) could save
about 25% of water with a Y, of 70% and WP = 0.57 kgm™ (at
75% N level). Water stress induced by wetting and drying
cycles increased compaction by more than 30% compared to
continuous flooding. Also, the subsequent re-flooding has a
minimum effect on soil compaction. Although the compaction
of soil increased, the mean pore diameter also increased
consequently the water flow became rapid at the harvest stage.
Inrice cultivation systems, there may be potential to change soil
structure through alternative wetting and drying. Simple

183



Enas Soliman

physical properties of the soil such as porosity or compaction
can provide a suitable evaluation of rice plant growth.
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