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Abstract: The performance of biochar application in water conservation, salt distribution, water
infiltration, and tomato growth was evaluated under regulated deficit irrigation (RDI) (40%, 60% and
80% of ETc) and partial root drying (PRD) systems by using different quality irrigation water. Date
palm derived biochar was applied to sandy soil at 4% (w/w) in pots, and tomato was grown as the
test crop under greenhouse conditions. The results indicated that soil moisture was decreased by
27.38% to 24.95% without biochar application at different levels of irrigation, whereas it increased
by 8.11% and 5.48% with biochar application, compared with control treatment of 100% of ETc. Soil
moisture was decreased by 12.78%, 15.82% and 12.78% for the 1st stage, 2nd stage and 3rd growth
stage, respectively, while it increased by 37.93% at the 4th growth stage compared with full irrigation.
Soil salinity ranged between 0.5 and 1.4 dS·m−1 with biochar application, while 0.7–2.1 dS·m−1.
Cumulative infiltration at one minute varied between 1.89 and 2.79 cm and 1.74 and 2.79 cm for
biochar and non-biochar treatments, respectively. Infiltration rate varied from 0.98 to 2.63 cm min−1

and 1.48 to 1.68 cm·min−1 for fresh and saline water, respectively. Overall, the results revealed that
biochar application substantially improved the characteristics of sandy soil, subsequently resulting in
water conservation.

Keywords: deficit irrigation; partial root drying; cumulative infiltration; infiltration rate; biochar

1. Introduction

Most of the Kingdom of Saudi Arabia, which exceeds two million square km, is
considered to be one of the driest areas in the world. Water used for irrigation is one
of the most important factors that affects agricultural activities, and 85% of the total
water consumed in the country is used for irrigation [1]. Sandy and sandy loam soils are
dominant and need careful management because of their low water holding capacity, high
infiltration rate, and low clay content. The Kingdom has had a shift in policy requiring
water conservation. Adaption of modern water saving technologies is a key in increasing
water use efficiency while maintaining good production.

Among these methods is the addition of soil amendments, whether natural such as
biochar, or synthetic. They improve the physical, chemical, or biological properties of
the soil [2]. Biochar is used to improve crop growth in sandy soils under unfavorable
environmental conditions, such as drought, extreme high temperature, unfavorable soil
pH, and low available water [2–6].

Biochar is a carbon-rich product formed by the incomplete combustion of biomass
from organic residues. The pyrolytic process used to produce biochar is usually conducted
at high temperatures under oxygen limited conditions [7]. Biochar is characterized by
a large surface area, negative surface charge, large charge density, and a highly porous
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structure [8]. Application of biochar improves soil properties and subsequently increase
crop production, while at the same time it helps to mitigate the negative impact of global
warming [9]. The application of biochar can improve the hydraulic properties of soils to
increase agricultural production, such as lowering the infiltration rate, reducing evapo-
ration, decreasing hydraulic conductivity, increasing available water, and reducing bulk
density. Application of biochar as a soil amendment is considered as a means to enhance
soil physical properties and hydrological parameters [10]. Agbna et al. [11] concluded that,
under deficit irrigation, biochar derived from wheat straw could improve irrigation water
use efficiency and the quality of fruits of tomato plants grown in a greenhouse. Likewise,
Yu et al. [12] reported that biochar as an amendment is not only effective but also affordable
for improving the physical, chemical, and biological properties of sandy soils.

Recently, biochar produced from the carbonization of tree wastes has been successfully
used in arid regions to improve chemical and physical properties of sandy soils [13–15].
In a recent study, Kapoor et al. [16] reported that long-term application of biochar to
soil could improve soil moisture retention, aggregate stability, pH, cation exchangeable
capacity, nutrient retention, and microbial growth. Likewise, Šimanský et al. [17] reported
that application of different biochars to sandy soils could improve soil properties such as
pore size distribution, soil-air content, soil structure, and water retention capacity (WRC).
Haider et al. [18] reported that the application of biochar could enhance physicochemical
properties and increase surface area, porosity, and water holding capacity.

The methods of deficit irrigation (DI) and partial root-zone drying (PRD) have been
used extensively to save water and increase water use efficiency (WUE) [2]. In these meth-
ods, crops are deliberately exposed to some degree to shortage of water through all growth
stages or at certain stages. However, before using DI, one should have the knowledge
of crop water requirements, crop response to water stress, critical stages of growth un-
der water stress for each crop, and the economic effects on yield [19]. Alrajhi et al. [20]
reported that there were no significant changes in saturated hydraulic conductivity under
different scenarios of partial root-zone drying (PRD) irrigation. Likewise, Sepaskhah and
Ahmadi [21] showed that PRD is a good technique for deficit irrigation on agronomic and
horticultural farms. In PRD, irrigation water can be conserved and saved until 50% evapo-
transpiration without significant reductions in yield. In another study, using full irrigation
(FI), DI, and PRD irrigation for tomato under greenhouse conditions, Akhtar et al. [22] con-
cluded that biochar applied to soil at rates of 0% and 5% by weight resulted in an increased
soil moisture content and yield production. The results showed that, with biochar addition,
an increase in WUE by 35% and 15% for PRD and DI, respectively, compared to FI, and an
increase in fruit yield of tomato by 20% and 13% for FI and PRD, respectively, compared
to the untreated soil. The results showed that deficit irrigation can conserve water and
increase water use efficiency. However, little research has been done considering the effects
of deficit irrigation and biochar on salinity and water distribution in soil. Therefore, the
aim of this study was to investigate under greenhouse conditions the effects of DI and
PRD irrigations, as well as irrigation water quality, on water distribution, salinity, and
infiltration in a calcareous soil amended with date palm waste biochar.

2. Materials and Methods
2.1. Location of the Experiments

This study was carried out under greenhouse conditions at the Almohous Commercial
Farms, which are 120 km northwest of Riyadh city, the Kingdom of Saudi Arabia. The
farms are located at 25◦17′40′′ N, 45◦52′55′′ E with an average elevation of +722 m.

2.2. Analysis of Soil and Water

Soil and water samples were collected from the greenhouse prior to the experiments.
Analyses of the water samples included EC and pH, which were conducted using an EC
meter (Test kit Model 1500_20 Cole and Parmer) and a pH meter (pH meter-CG 817),
respectively. Water-soluble sodium (Na+), potassium (K+), magnesium (Mg2+), calcium
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(Ca2+), sulfate (SO4
2−) and chloride (Cl−) were measured by an ion chromatography

device (ICS 5000, Thermo, Waltham, MA, USA). Soluble carbonate (CO3
2−) and bicarbonate

(HCO3
−) concentrations were measured using a titration method with acid [23]. The results

of chemical analyses of water and soil are shown in Table 1.

Table 1. Main properties of the soil and the fresh and saline irrigation water.

Depth cm pH EC
dS·m−1

Cations meql−1 Anions meql−1

SAR
Ca2+ Mg2+ Na+ K+ CO32− HCO3− Cl−

Soil 0–40 7.45 2.79 14.5 9.05 2.78 1.75 0.21 18.9 7.95 0.78
Fresh water 7.11 0.9 3.69 2.5 5.7 0.12 0 2.1 7.21 4.02
Saline water 7.51 3.61 2.8 2.2 31.56 0.29 0 2.86 31.29 20.12

Physical properties of soil Sand (%) Silt (%) Clay Soil texture
81 13 6 Loamy Sand

The soil extract was prepared using saturated soil paste, and electrical conductivity
(ECe), pH, and soluble ions were determined in the extracts according to Sparks [24]. Soil-
water soluble Ca2+, Mg2+, Na+, and K+ were determined using inductively coupled plasma
emission spectroscopy (Perkin Elmer Optima 4300 DV ICP-OES). CO3

2−, HCO3
− and Cl−

were determined by titration with acid and AgNO3 respectively. The turbidity method
was used to determine SO4

2−, as described by Tabatabai [25]. Soil particle size distribution
was determined using the hydrometer method after organic matter and total carbonate
removal [26]. Lime content (CaCO3%) was measured using the calcimeter method as
described by Loeppert and Suarez [27] (Table 1).

2.3. Preparation of the Biochar

Biochar was produced in a greenhouse complex at Almohous Farms, 120 km northwest
of Riyadh city, the Kingdom of Saudi Arabia. Leaves of the date palm were used, without
leaflets, as the source material for biochar production. The leaves were collected from
different locations, exposed to direct sunlight to dry out, and then the petiole bases (fronds)
were cut down to small pieces (20–30 cm). The pieces were packed in the biochar kiln. The
kiln consisted of a stainless-steel cylinder container covered tightly to minimize the air
volume and provide almost oxygen-free conditions. The kiln was subjected to pyrolysis at a
temperature of 400–450 ± 10 ◦C. After pyrolysis, the biochar pieces were crushed manually
by a 12 kg hammer, ground using an electrical grinder, and screened through a 2 mm
sieve. The proximate analyses of biochar such as moisture content, mobile materials, ash,
and fixed carbon (resident materials), were determined according to ASTM D1762-84 [28].
The specific surface area was estimated by the Brunauer–Emmett–Teller (BET) method
using adsorption of pure nitrogen by using Micromeritics ASAP 2020 BET Surface Area
and Porosity Analyzer (Micromeritics Instrument Co., Norcross, GA, USA). An aqueous
extract 1:10 (w/v) from the biochar was used for determining EC and pH, which were
measured with a conductivity meter and pH meter, respectively. Carbon (C), hydrogen (H),
and nitrogen (N) contents were measured using a CHN analyzer (Series II; PerkinElmer,
Waltham, MA, USA). Results of physiochemical and proximate analyses of the biochar are
given in Table 2).

2.4. Experimental Layout

Eighteen treatments were used in the greenhouse experiment to investigate the effect
of date palm biochar at a rate of 4% (w/w). Nine of them were tested under deficit irrigation
and the other nine treatments were under partial root drying. Two sources of water were
used: fresh water with EC 0.9 dS/m and saline water with EC 3.61 dS/m. Biochar was
added to the soil and mixed manually into the soil surface layer. The crop that was planted
was tomato (Solanum lycopersicum). Soil moisture devices (Decagon Devices (5TE) (now
METER Group, Pullman, WA, USA)) were installed in the soil. Deficit irrigation was 40%,
60% and 80% of ETc. The control was 100% of ETc. Partial root drying was applied at
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different growth stages. Irrigation pipes measured 2 inches, which was the main, and
0.5 inches, which was the lateral line. Measurements of soil moisture and soil salinity were
taken throughout the crop growth stages (first, second, third, and last). The combination of
treatments using both saline and fresh water are presented in Table 3).

Table 2. Physico-chemical characteristics and proximate composition analysis of biochar.

Parameter Unit Biochar

Specific surface area m2 g−1 237.8
pH (H2O) - 8.92
EC (1:10) dS·m−1 7.78

OM % 30.32
C % 60.00
H % 3.44
N % 0.24
P % 0.22
K % 0.87
Ca % 5.63

C/N ratio - 250:1
Moisture % 3.53

Mobile material % 22.82
Ash % 25.70

Resident material (Fixed
carbon) % 47.95

Table 3. Combination of treatments using saline and fresh water.

Fresh Water

Letters Symbol Treatments

a RDIF100 Deficit irrigation-100%, Fresh water without biochar
RDIF-B100 Deficit irrigation-100%, Fresh water with biochar

b RDIF80 RDI-80%, Fresh water without biochar
RDIF-B80 RDI-80%, Fresh water with biochar

c RDIF60 RDI-60%, Fresh water without biochar
RDIF-B60 RDI-60%, Fresh water with biochar

d RDIF40 RDI-40%, Fresh water without biochar
RDIF-B40 RDI-40%, Fresh water with biochar

e FPRD100 Full PRD, Fresh water with biochar
f FPRD1 1st Stage PRD, Fresh water without biochar
g FPRD2 2nd Stage PRD, Fresh water with biochar
h FPRD3 3rd Stage PRD, Fresh water without biochar
i FPRD4 4th Stage PRD, Fresh water with biochar

Saline Water

a SPRD-B100 Full PRD, Saline water with biochar
SPRD100 Full PRD, Saline water without biochar

b SPRD-B1 1st Stage PRD, Saline water with biochar
SPRD1 1st Stage PRD, Saline water without biochar

c SPRD-B2 2nd Stage PRD, Saline water with biochar
SPRD2 2nd Stage PRD, Saline water without biochar

d SPRD-B3 3rd Stage PRD, Saline water with biochar
SPRD3 3rd Stage PRD, Saline water without biochar

e SPRD 4th Stage PRD, Saline water with biochar
f SRDI100 RDI-100%, Saline water without biochar
g SRDI80 RDI-80%, Saline water with biochar
h SRDI60 RDI-60%, Saline water without biochar
i SRDI40 RDI-40%, Saline water with biochar
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2.5. Water Content and Salt Sensors

Decagon Devices (5TE) (now METER Group, Pullman, WA, USA) sensors for gravi-
metric soil water content and salinity monitoring were installed in the soil at different
depths 0–15, 15–30, and 30–45 cm, under all deficit irrigation levels. All treatments were
replicated three times. The impacts of different treatments on the output of the sensors
were evaluated using statistical analysis, as described in Section 2.7.

2.6. Cumulative Infiltration

Infiltration was measured by a mini-disk infiltrometer that held 100 cm3 water (model
M11, 0.5 cm suction; METER Group, Pullman, WA, USA). The volume of water infiltrated
was recorded every 30 s until the water was emptied from the mini-disk infiltrometer.
Cumulative infiltration was based on the Philip equation, shown in Equation (1), and the
infiltration rate (i) was determined by Equation (2).

I = S
√

t + At, (1)

where: I is the cumulative infiltration (cm), S is the sorptivity (cm min−0.5), and A is a con-
stant related to the hydraulic conductivity. A mathematical representation for Equation (1)
was obtained by plotting cumulative infiltration versus the square root of time, and a
second-order polynomial was fitted to the measured data.

i =
1
2

S t−
1
2 + A. (2)

A mathematical representation Appendix A for Equation (2) was obtained by plotting
infiltration rate versus 1/(2 t 0.5) and fitting a linear equation to the measured data.

2.7. Statistical Analysis

Means were determined and statistical analyses were carried out using ANOVA,
and the least significant difference (LSD at p < 0.05) was determined using the soft-
ware package for Windows (IBM SPSS Statistics 21 Core System, IBM Corporation 2019,
Armonk, NY, USA).

3. Results and Discussion
3.1. Soil Moisture Distribution

The soil moisture distribution (SMD) in the root zone with different irrigation regimes
including regulated deficit and PRD with fresh water are graphically represented in a
contour plot Figure 1. The SMD with regulated deficit irrigation for 100%, 80%, 60% and
40% ETc are shown in Figure 1a–d respectively. Treatments a and c were without biochar, b
and d were with biochar. Results for the soil water content are shown for depths of 0–15,
15–30, and 30–45 cm. The water distribution patterns were different between amended soil
and non-amended soil. The highest SMD values were observed under the dripper. With
biochar application, soil moisture was higher, especially in the surface layers of the soil.
The average decrease in moisture content at a depth of 0–30 cm ranged between 27.38% to
24.95% for all treatments, which were without biochar. Furthermore, moisture content was
increased between 8.11% and 5.48% for treatments of biochar, compared with full irrigation
treatment (Figure 1e). Figure 1i shows the SMD under partial root drying during four
growth stages, respectively. Figure 1f–h show data without biochar, and Figure 1g–i show
data with biochar. Compared to the full irrigation, values decreased by 12.78%, 15.82%
and 12.78% for the 1st stage, 2nd stage, and 3rd stage, respectively. In contrast, in the last
(4th) stage of growth it increased by 37.93%. These findings might be related to the water
consumed by the plant.
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saline water. Figure 2b–e show the water distribution during different stages of plant 
growth with saline water applied during partial root drying. Compared with full PRD, 

Figure 1. Soil moisture distribution under regulated deficit irrigation for (a) 100%, (b) 80%,
(c) 60% and (d) 40% ETc and under partial root drying for four stages, full irrigation treatment (e),
(f–h) without biochar and (g–i) with biocahr under saline water.

Figure 2 shows the SMD after amending the soil with biochar and irrigating with saline
water. Figure 2b–e show the water distribution during different stages of plant growth with
saline water applied during partial root drying. Compared with full PRD, soil moisture
decreased by 20.50%, 20.59%, 37.50% and 9.56% for first, second, third, and fourth stages of
plant growth, respectively. Appling biochar with saline water led to more water retention,
especially in the last stage of the growth. This could lower water consumption by the
plants. Application of regulated deficit irrigation with saline water resulted in a decrease
in moisture in the root zone. This could be related to the restriction of water movement
by salts and increased evaporation. Soil moisture decreased by 55.15%, 22.06%, 48.53%
and 19.12% for RDI of 100%, 80%, 60% and 40% ETc, respectively. Similar results were
reported by De-Melo et al. [29], who observed an increased level of available soil water for
plants with an application rate of 0.8% biochar in an upper soil layer. Vitkova et al. [30]
concluded that biochar amended at a rate of 20 t ha−1 had a positive effect on soil water
content, which was strongly related to the type of the crop grown. Novak et al. [31] found
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that application of biochar enhanced moisture storage by 0.5 to 0.8 cm of water per 15 cm
of soil depth in Ultisols and arid soils.
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3.2. Salinity Distribution

Salinity distribution (SD) was determined in the soil under RDI and PRD using fresh
and saline water. All irrigation regimes are represented by a contour line in Figure 3, for
depths of 0–15, 15–30 and 30–45 cm. Figure 3a–d show SD under RDI of 100%, 80%, 60% and
40% ETc, respectively. Figure 3a–c show 100% and 60% without biochar, and Figure 3b–d
show 80% and 40% ETc with biochar. Figure 3 shows that the salinity distribution patterns
were different between soil with and without biochar. The highest values for salinity were
observed at the sides of stem and lowest values were observed under the dripper. Without
biochar, salinity ranged between 0.5 and 1.4 dS·m−1, while with biochar, it ranged between
0.7 and 2.1 dS·m−1. Compared with 100% Etc and at a depth of 0 to 20 cm, salinity increased
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by 15.38%, 7.69% and 61.54% for 80%, 60% and 40%, respectively. Figure 3e–i show SD
under partial root drying during all growth stages. Figure 3f–i show the first, second, third,
and fourth stages of growth, respectively. Figure 3e shows full PRD throughout the season.
Figure 3f–h show the first and third stages without biochar. Figure 3g–i show the second
and fourth stages with biochar. Compared to full irrigation, values decreased by 30%, 30%
and 5% for the first, third, and fourth stages, respectively. This result could be related to
the water consumed by the plants.

Agronomy 2022, 12, x FOR PEER REVIEW 8 of 17 
 

 

Figure 2. Soil moisture distribution after amending the soil with biochar and irrigating with saline 
water for (a) 100%, (b) 80%, (c) 60%, and (d) 40% ETc and under partial root drying for four stages, 
full irrigation treatment (e), (f–h) without biochar and (g–i) with biocahr under fresh water. 

3.2. Salinity Distribution 
Salinity distribution (SD) was determined in the soil under RDI and PRD using fresh 

and saline water. All irrigation regimes are represented by a contour line in Figure 3, for 
depths of 0–15, 15–30, and 30–45 cm. Figure 3a–d show SD under RDI of 100%, 80%, 60% 
and 40% ETc, respectively. Figure 3a–c show 100% and 60% without biochar,  and Figure 
3b–d show 80% and 40% ETc with biochar. Figure 3 shows that the salinity distribution 
patterns were different between soil with and without biochar. The highest values for sa-
linity were observed at the sides of stem and lowest values were observed under the drip-
per. Without biochar, salinity ranged between 0.5 and 1.4 dS·m−1, while with biochar, it 
ranged between 0.7 and 2.1 dS·m−1. Compared with 100% Etc and at a depth of 0 to 20 cm, 
salinity increased by 15.38%, 7.69%, and 61.54% for 80%, 60%, and 40%, respectively. Fig-
ure 3e–i show SD under partial root drying during all growth stages. Figure 3f–i show the 
first, second, third, and fourth stages of growth, respectively. Figure 3e shows full PRD 
throughout the season. Figure 3f–h show the first and third stages without biochar. Figure 
3g–i show the second and fourth stages with biochar. Compared to full irrigation, values 
decreased by 30%, 30%, and 5% for the first, third, and fourth stages, respectively. This 
result could be related to the water consumed by the plants. 

   

   

Agronomy 2022, 12, x FOR PEER REVIEW 9 of 17 
 

 

   

Figure 3. Salinity distribution under regulated deficit irrigation for (a) 100%, (b) 80%, (c) 60%, and 
(d) 40% ETc and under partial root drying for four four stages, full irrigation treatment (e), (f–h) 
without biochar and (g–i) with biocahr under fresh water. 

Figure 4 shows SD with and without biochar, when the soil was irrigated with saline 
water. Figure 4a–e show the SD during the first, second, third, and fourth stages of 
growth, respectively. Figure 4a show the results for plants irrigated with saline water and 
grown with biochar during all season with 100% Etc. Figure 4b–d show results for the first 
and third stages of growth without biochar. Figure 4c–e show results for the second and 
fourth stages of growth with biochar. Compared with full PRD. Figure 4a–e shows that 
salinity increased by 20%, 36%, and 28%, respectively. Soil with biochar and irrigated with 
saline water had a higher salinity, especially in the last stage of growth, which could be 
due to the accumulation of salt as a result of saline water with biochar. 

RDI with saline water decreased the salinity by 12.5% for 80% ETc, (Figure 4g Com-
pared to 100% ETc. Figure 4f, the salinity increased by 6.25% and 6.25%. Figure 4h,i for 
60% and 40% ETc, respectively. Similar results were reported by Melo et al. [32], who 
observed an increased level of available soil water for plants with an application rate of 
0.8% biochar in upper soil layers. Vitkova et al. [30] concluded that biochar at a rate of 20 
t ha−1 increased soil water content and decreased salinity, but the results were strongly 
related to the type of crop grown. 

   

Figure 3. Salinity distribution under regulated deficit irrigation for (a) 100%, (b) 80%, (c) 60% and
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Figure 4 shows SD with and without biochar, when the soil was irrigated with saline
water. Figure 4a–e show the SD during the first, second, third, and fourth stages of growth,
respectively. Figure 4a show the results for plants irrigated with saline water and grown
with biochar during all season with 100% Etc. Figure 4b–d show results for the first and
third stages of growth without biochar. Figure 4c–e show results for the second and fourth
stages of growth with biochar. Compared with full PRD. Figure 4a–e shows that salinity
increased by 20%, 36% and 28%, respectively. Soil with biochar and irrigated with saline
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water had a higher salinity, especially in the last stage of growth, which could be due to the
accumulation of salt as a result of saline water with biochar.
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Figure 4. Salinity distribution after amending the soil with biochar and irrigating with saline water
for (a) 100%, (b) 80%, (c) 60% and (d) 40% ETc and under partial root drying for four stages, full
irrigation treatment (e), (f–h) without biochar and (g–i) with biocahr under fresh water.

RDI with saline water decreased the salinity by 12.5% for 80% ETc, (Figure 4g Com-
pared to 100% ETc. Figure 4f, the salinity increased by 6.25% and 6.25%. Figure 4h,i for
60% and 40% ETc, respectively. Similar results were reported by Melo et al. [32], who
observed an increased level of available soil water for plants with an application rate of
0.8% biochar in upper soil layers. Vitkova et al. [30] concluded that biochar at a rate of
20 t ha−1 increased soil water content and decreased salinity, but the results were strongly
related to the type of crop grown.

3.3. Cumulative Infiltration

Cumulative infiltration in the greenhouse under RDI at 100%, 80%, 60% and 40% ETc
with and without biochar application, hereafter referred to as DIF-B100, DIF-B80, DIF-B60
and DIF-B40, DIF100, DIF80, DIF60 and DIF40 is shown in Figure 5. Volumes of cumulative
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infiltration were 1.89, 1.84, 2.24, 2.61, 2.09, 2.09, 2.47 and 2.79 cm for DIF-B100, DIF-B80, DIF-
B60, DIF-B40, DIF-100, DIF-80, DIF-60, and DIF-40, respectively. The difference between
treatments with and without biochar was significant at the 0.05 level. The decrease between
biochar and non-biochar was 10.29%, 13.52%, 10.32% and 7.06%, respectively. Cumulative
infiltration under PRD with saline water is shown in Figure 6. The values were 1.74,1.49,
1.46, 1.24, 1.87, 1.60, 1.58 and 2.79 cm for SPRD-B100, SPRD-B1, SPRD-B2, SPRD-B3, SPRD100,
SPRD1, SPRD2 and SPRD3, respectively. Compared to the non-biochar treatments, the
decrease for the biochar treatments was 7.18%, 7.25%, 8.58% and 125.76%. Compared to
fresh water, cumulative infiltration using saline water was less. The results showed that the
use of biochar led to a reduction in cumulative infiltration in a sandy soil. The decreased
cumulative infiltration could be due to the filling of large pores in the sandy soil with
biochar. A non-significant difference between deficit irrigation treatments at the first and
second stages of plant growth was found. Addition of biochar decreased (clogged) pore
spaces and the decrease depended on the quantity of fine biochar fractions. Other work
has shown that biochar decreases hydraulic conductivity [33]. Chen et al. [34] found that
commercially available biochar nanoparticles (NBC) not only affected the volume of soil
pore by blocking space between soil particles, but it also reduces cumulative infiltration by
13.75%. Sun et al. [35] also found that biochar application decreased water infiltration.
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Figure 5. Cumulative infiltration of fresh water under deficit irrigation with and without biochar,
where (a) 100%, (b) 80%, (c) 60% and (d) 40% of ETc.
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Figure 6. Cumulative infiltration of saline water under deficit irrigation with and without biochar,
where (a) 100%, (b) 80%, (c) 60% and (d) 40% of ETc.

3.4. Infiltration Rate

The infiltration rate is another character of hydrological property of soil that affects
irrigation water management. Figure 7 shows the infiltration rate (IR) for freshwater under
the different irrigation treatments with and without biochar. The results for IR were 0.98,
1.66, 1.69, 1.511, 1.36, 1.81, 2.49 and 2.63 cm min−1 for DIF-B100, DIF-B80, DIF-B60, DIF-
B40, DIF-100, DIF-80, DIF-60 and, DIF-40, respectively. IR for saline water is shown in
Figure 8 for PRD. Values were 1.68, 1.49, 1.53, 1.27, 1.98, 1.71, 1.83 and 1.48 cm min−1 for
SPRD-B100, SPRD-B1, SPRD-B2, SPRD-B3, SPRD100, SPRD1, SPRD2 and SPRD3, respectively.
Trifunovic et al. [32] suggested that the addition of biochar could increase tortuosity and
reduce the pore size of a soil. Rasa et al. [36] and Yi et al. [37] said that application of biochar
of the nanoparticle size could increase the contact angle of soil, which would reduce the
infiltration rates and induce preferential water flow.
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Figure 7. The infiltration rate of fresh water under deficit irrigation with and without biochar, where
(a) 100%, (b) 80%, (c) 60% and (d) 40% of ETc.
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Figure 8. Cont.
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Figure 8. Infiltration rate under deficit irrigation by saline water with biochar and non-biochar, where
(a) 100%, (b) 80%, (c) 60% and (d) 40% of ETc.

4. Conclusions

The management of irrigation water under dry conditions and water scarcity includes
different policies: application of soil amendment such as biochar and methods of irrigation.
In general, the policies should tend to increase water use efficiency by reducing non-
beneficial irrigation water uses or reducing delivered water to the crop. The adoption of
both RDI and PRD with the addition of biochar improve farm irrigation systems. In this
study, the application of date palm biochar under RDI and PRD increased the soil water
content, especially in the surface layer of soil. The highest salinity distribution was observed
in the sides of plants compared with under the dripper. Without biochar the salinity ranged
between 0.5 and 1.4 dS·m−1, while in biochar SD it was 0.7 to 2.1 dS·m−1. The decrease
between biochar and non-biochar was 10.29%, 13.52%, 10.32% and 7.06%, respectively.
Furthermore, the cumulative infiltration under PRD with saline water was 1.74,1.49, 1.46,
1.24, 1.87, 1.60, 1.58, 2.79 cm·min−1, for SPRD-B100, SPRD-B1, SPRD-B2, SPRD-B3, SPRD100,
SPRD1, SPRD2, and SPRD3, respectively. The decreased was 7.18%, 7.25%, 8.58% and
125.76% compared with biochar and non-biochar treatments. The infiltration rate (IR) for
freshwater under different irrigation level with biochar was reduced significantly compared
with non-biochar.
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Appendix A

Table A1. Equations of infiltration obtained by plotting infiltration rate versus 1/(2 t 0.5) and fitting a
linear equation.

Fresh
water

DIF-B100 y = 1.797x + 0.0835 R2 = 0.9729
DIFB-80 y = 2.3044x + 0.5105 R2 = 0.9345
DIF-B60 y = 2.3755x + 0.5016 R2 = 0.9386
DIFB-40 y = 2.6586x + 0.1816 R2 = 0.9503
DIF100 y = 2.3044x + 0.2105 R2 = 0.9345
DIF-80 y = 2.3487x + 0.635 R2 = 0.9203
DIF60 y = 2.3755x + 1.3016 R2 = 0.9386
DIF-40 y = 2.6586x + 1.3016 R2 = 0.9503

Saline
water

SPRD-B100 y = 0.6187x + 1.3677 R2 = 0.8687
SPRD-B1 y = 0.9486x + 1.0179 R2 = 0.945
SPRD-B2 y = 0.9095x + 1.0759 R2 = 0.9489
SPRD-B3 y = 0.8677x + 0.8329 R2 = 0.9473
SPRD-100 y = 0.5869x + 1.6859 R2 = 0.9134

SPRD-1 y = 1.0013x + 1.2084 R2 = 0.9276
SPRD-2 y = 0.9191x + 1.3707 R2 = 0.9365
SPRD-3 y = 0.9204x + 1.0234 R2 = 0.9345
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