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Abstract: The goal of this study is to assess the use of saline groundwater in combination with soil
amendments to increase the efficiency of wheat production in new agricultural soil in Egypt. The
experiment was conducted during the two consecutive growing seasons, 2019/2020 and 2020/2021,
at the Shandaweel Agricultural Research Station, Sohag, Egypt. In this study, plants of Shandaweel
1 spring bread wheat cultivar were grown under the combinations of the two water treatments, i.e.,
freshwater (307.2 ppm) and saline water (3000 ppm (NaCl + MgCl2)) representing groundwater
in Egypt delivered by drip irrigation and the two biochar rates, i.e., zero and 4.8 ton/ha as a soil
amendment. The cob corn biochar (CCB) was synthesized by using the slow pyrolysis process
(one hour at 350 ◦C). The results revealed that saline water reduced the grain yield ratio by 8.5%,
11.0%, and 9.7% compared to non-saline water during seasons 2019/2020 and 2020/2021 and over
seasons, respectively. Concerning, combined over seasons, the biochar addition enhanced the grain
yield by 5.6% and 13.8% compared to non-biochar addition under fresh and saline irrigation water
conditions, respectively. Thus, the results indicated and led to a preliminary recommendation that
saline groundwater is a viable source of irrigation water and that biochar seemed to alleviate salinity
stress on wheat production and in reclaimed soils of Egypt.

Keywords: salinity; biochar; drip irrigation; wheat; groundwater

1. Introduction

In arid and semi-arid ecosystems, water scarcity is becoming a worldwide problem of
increasing severity [1]. To overcome this shortage, lower-quality water, such as saline water,
is widely used. However, using saline water causes a number of negative consequences
such as increased soil salinity and chemical toxicity and a range of adverse chemical,
physical, and biological effects on the soil as well plant properties. These effects are
primarily due to salt accumulation in the root area that generally causes an increase in soil
salinity [2]. The extreme salt quantities, mainly in the form of sodium, have a negative
impact on soil properties that affect agricultural production sustainability. Irrigation with
saline water accelerates the soil salinization process, significantly degrading the quality of
agricultural soil in various ways and causing physicochemical deterioration of the soil [3].

Approaches for crop management when using saline irrigation water involve one
or more of the following methods: (i) selection of saline tolerance crops, (ii) planting
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procedure, (iii) irrigation system type, (iv) land preparation, (v) leaching process, and
(vi) special treatment such as soil amendments [4]. Methods may be used individually or
in combination to enhance soil and/or plant properties.

The irrigation method affects the irrigation water depth leaching fraction, zones of
salt accumulation, runoff, and uniformity of irrigation water application. Thus, using
different irrigation methods such as surface, drip, or sprinkler irrigation may be designed
to minimize the effect of salinity stress. Drip irrigation can reduce the effects of salinity by
maintaining continuously moist soil around plant roots and providing steady leaching of
salts to the edge of the wetted area [3].

Recently, it has been determined that specific materials, such as soil amendments, can
be used to reduce the negative effects of salinity on soil and plant properties. Organic soil
amendments such as compost or biochar improve the physical, chemical, and biological
properties of soils under saline conditions. In recent years, the application of biochar to
soil has emerged as a strategy for improving soil quality [5]. A large number of peer-
reviewed studies strongly suggest that the application of biochar on saline soils can play a
significant part in enhancing: (1) the amount of soil organic carbon (SOC) [6], (2) water-
holding capacity (WHC) [7], (3) soil aeration, (4) soil base saturation, (5) nutrient retention
and availability, (6) fertilizer and nutrient retention [8], (7) stimulation of soil microbes
and microbial biomass and activity [9], (8) crop growth and yield, (9) the reduction in
anthropogenic GHG fluxes, and (10) carbon sequestration [10]. Carbon sequestration
improves soil quality and facilitates the sustainable use of natural resources [11].

Moreover, applying biochar to the soil is motivated by its ability to improve crop
production due to its effect on soil properties such as the soil’s water-holding capacity, pH,
cation exchange capacity (CEC), nutrient retention, and organic carbon [12]. However, some
studies reported a negative effect on plant growth by the addition of biochar, especially at
the highest level of biochar application [13].

It is clear from the existing literature that the selection and application of appropriate
combinations of irrigation systems and soil amendments will ameliorate the soil and plant
characteristics under salinity conditions. Given the potential use of saline irrigation water
under these controlled conditions, the objectives of this study were to (i) investigate the
effect of biochar on reducing the negative impact of using saline water as an alternative
water resource on soil and plant properties. (ii) Evaluate saline water productivity and
economic impact on wheat production in Egypt. The practical implications of the research
are also summarized in the results.

2. Materials and Methods
2.1. Saline Water and Irrigation System

Synthetic irrigation water with a concentration of 3000 ppm (NaCl + MgCl2) salinity
has been used in the experiments. A drip irrigation system delivered the water at an
application rate of 2.2 L/h. The total amount of water added during the study was tracked
in order to estimate water productivity. During the growth season, each treatment was
irrigated twice a week with a total amount of 553.4 mm/ha. The following equation has
been used to evaluate the water productivity in this experiment [14].

WP (kg/m3) = Output (kg/ha)/Water Applied (m3/ha) (1)

2.2. Biochar Synthesis

Corn cob material is considered a common agricultural waste in Egypt. In this study,
this material has been collected from the Experimental Farm of Shandaweel Agricultural
Research Station. After washing, the corn cob samples were kept under direct sunlight for a
week to reduce the moisture. Then, the samples were ground to a particulate size material
using a standard commercial blender. The slow pyrolysis process of corn cob material has
been carried out to produce biochar in an electrical furnace maintained at 350 ◦C under
a nitrogen flow rate of 0.5 L/min. Following best practices, the process was continued
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up to 1 h after the highest temperature was reached [15]. The biochar that remained in
the reactor was collected after the process and ground into small particulates before use.
The pH, EC, WHC, elemental composition, and FT-IR spectra were used to measure and
document biochar properties.

2.3. Experiment Design

The experiment was performed in Lysimeters at the Experimental Farm of Shandaweel
Agricultural Research Station, Agricultural Research Center (ARC), Sohag, Egypt, (31◦42′ E,
26◦33′ N, and 61 m altitude) during the two consecutive growing seasons of 2019/2020
and 2020/2021 with the overall goal to study the effect of salinity stress on yield and its
components of wheat. A complementary goal was to assess the role of biochar and its
integration with drip irrigation in alleviating the deleterious effect of saline water stress
on soil and plant properties. The data of maximum and minimum temperature, relative
humidity, and wind speed were obtained from “The Central Laboratory of Meteorology”,
which is related to the Ministry of Agriculture (Table 1).

Table 1. The average data of monthly maximum and minimum temperature, wind speed, and relative humidity during the
two growing seasons.

Month

Maximum
Temperature (◦C)

Minimum
Temperature (◦C) Wind Speed (m/s) Precipitation (mm) Relative Humidity (%)

2019/2020 2020/2021 2019/2020 2020/2021 2019/2020 2020/2021 2019/2020 2020/2021 2019/2020 2020/2021

November 29.7 25.1 15.7 14.0 11.9 14.1 0.0 0.0 35.9 48.9
December 23.0 24.5 9.3 12.1 12.1 11.6 0.0 0.0 47.2 41.2

January 18.8 23.0 6.5 9.8 13.8 12.2 0.0 0.0 50.4 40.4
February 22.7 24.3 9.2 9.9 15.1 15.2 0.0 0.0 43.6 38.1

March 28.7 29.5 14.1 14.0 17.5 18.5 0.0 0.0 31.2 26.8
April 32.5 34.2 17.4 20.6 17.6 16.5 0.0 0.0 24.7 17.6

There was no rainfall that could be taken into consideration through the two seasons.
Lysimeters (2.0 m × 1.0 m × 1.6 m) were filled with sandy soil (87.6% sand, 8.2% silt,
and 4.2% clay) with specifications to mimic reclaimed soil. The combinations of the two
water treatments, i.e., freshwater (307.2 ppm) and saline water (3000 ppm), and the two
biochar rates, i.e., zero and 4.8 ton/ha, were used in this study. The experiment followed
randomized complete block design (RCBD) with three replications. All the required
agronomic practices were followed uniformly in all plots throughout the growing period.
Recommended doses of NPK fertilizers were applied according to the recommendations of
the Ministry of Agriculture and Land Reclamation, Egypt. The soil surface was leveled,
and mineral fertilizers were applied at the rate of 286 kg N/ha in the form of urea, 71.5 kg
P2O5/ha, and 57 kg K2O/ha. The experiment combinations of water and biochar treatments
were freshwater without biochar (FW-biochar), freshwater with biochar (FW+biochar),
saline water without biochar (SW-biochar), and saline water with biochar (SW+biochar).
The wheat cultivar (Shandaweel 1 spring bread) was planted on the same day in both
seasons on 29 November. During the two seasons of study, the following data were
recorded: physiological properties, including Leaf Area Index (LAI), Relative Water Content
(RWC) according to Pask et al. (2012) [16], and Membrane Stability Index (MSI) according
to Sairam et al. (1997) [17], as well as plant height (PH, cm), number of spikes/m2 (NS/m2),
number of kernels/spike (NK/S), 1000-kernel weight (1000 KW, g), biological yield (BY,
ton/ha) and grain yield (GY, ton/ha) were determined [18] at harvest time.

Furthermore, to determine the effect of salinity stress on soil chemical properties
under different experimental conditions, soil samples (0–30 cm depth) were taken after soil
preparation and before fertilization and after 70 days from biochar addition and harvest
time representing all the treatments from the experimental site. The samples were air-
dried and passed through 2 mm sieve pores. Analysis of soil samples was carried out to
determine some soil properties such as EC, pH, and major cations and anions [19].
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2.4. Statistical Methods

Data were statistically analyzed with the MSTAT 5.4 program according to Gomez
and Gomez (1984) [20]. The least significant difference (LSD) test at 5% level of significance
was used to compare means according to Waller and Duncan (1969) [21].

3. Results and Discussion
3.1. Properties of Biochar

The properties of biochar highly rely on the type of feedstock and the pyrolysis process
used [22]. The CCB properties are summarized in Table 2. The results confirm that the CCB
has a high content of carbon (C) and oxygen (O), while it has a low content of Nitrogen
(N), Phosphorus (P), and Potassium (K). In addition, CCB has a high BET surface area and
CEC, therefore enhancing nutrients’ and cations’ adsorption on its surface [23] and the
soil’s water-holding capacity as well as soil porosity. Likewise, the water-holding capacity
of dry biochar was 1.67 g/g. The large relative surface area of biochar is enhanced. The
CCB has alkaline pH and low EC values [24].

Table 2. Physical and chemical properties of CCB.

pH C% H% S% O% N% K% P% WHC (g/g) BET Surface Area (m2/g)

CCB 8.1 60.3 4.5 - 30.4 0.7 1.7 2.5 1.67 29.6

Cob corn biochar (CCB); Water-holding capacity (WHC).

In an effort to investigate the functional groups and chemical structure of CCB, the
Fourier transform infrared (FTIR) spectroscopy test was performed. The IR result showed
that the functional groups of the CCB are identical to other biochars (Figure 1). The main
functional groups on the CCB surface were detected as the hydroxyl group –OH (3400),
aromatic C=C (1607 cm−1), COOH (1700 cm−1), phenolic C−OH (1187 and 1260 cm−1),
aromatic CH (750, 836, 874, and 3029 cm−1), and aliphatic CH (2862 and 2921 cm−1). These
functional groups are particularly important in the retention of nutrients and cations within
the soil matrix [25].

Figure 1. FT-IR spectra of corn cob biochar.

The CCB structure profiling was studied by SEM (Figure 2). Based on SEM results,
CCB can be characterized as highly porous, which is consistent with other results that show
a correlation between soil surface structure and the amount of volatile matter associated
with the raw materials used in biochar production [26]. The pores and porous structure of
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CCB play a very important role in the adsorption of water molecules and cations on the
CCB surface.

Figure 2. SEM imaging of cob corn biochar with different enlargement factors ((a) 2000× and (b) 4000×).

3.2. Effect of Saline Water and Biochar on Wheat Production

Results in Table 3 showed significant or highly significant differences of water and
biochar combination treatments for all studied traits in the first and second season and
over seasons. On the other hand, insignificant differences in seasons and the interaction
between seasons and treatments were found for all studied traits.

Table 3. Mean of studied traits as affected by water, biochar, and their combination treatments in 2019/2020 and 2020/2021
growing seasons.

Samples
Plant

Height
(cm)

No. of
Spikes/m2

No. of
Grains/Spike

1000-Grain
Weight (g)

Grain
Yield

(ton/ha)

Biological
Yield

(ton/ha)

Leaf Area
Index

Relative
Water

Content (%)

Membrane
Stability

Index (%)

Season
2019/2020

FW-biochar 93.3 a 241.0 b 53.0 b 45.0 b 3.8 b 7.1 a 3.4 b 83.9 a 77.2 a
FW+biochar 95.0 a 282.0 a 58.4 a 52.0 a 4.1 a 7.3 a 4.2 a 84.6 a 78.8 a
SW-biochar 86.0 b 225.0 b 45.2 c 36.8 c 3.1 d 6.5 b 2.7 c 77.9 b 74.0 b
SW+biochar 92.3 a 270.0 a 52.0 b 43.1 b 3.5 b,c 7.1 a 3.7 b 83.4 a 75.8 b

Mean 91.7 255 52.2 44.2 3.6 7 3.5 82.4 76.5
F test 0.05 6.03 24.53 3.89 2.79 0.29 0.39 0.46 2.6 2.43
LSD 0.05 * ** ** ** ** * ** ** *

Season
2020/2021

FW-biochar 92.7 b 228.0 b 56.0 b 49.9 a 3.4 b 7.3 a 3.9 a,b 83.4 a 76.8 a
FW+biochar 99.0 a 262.0 a 60.0 a 53.1 a 3.9 a 7.8 a 4.2 a 84.2 a 78.8 a
SW-biochar 85.0 c 210.0 c 43.0 c 34.7 b 2.8 c 6.5 b 2.5 c 77.1 b 73.8 b
SW+biochar 91.0 b 234.0 b 53.0 b 44.6 a 3.3 b 7.8 a 3.4 b 82.8 a 73.5 b

Mean 91.9 233.5 53 45.58 3.4 7.3 3.5 81.9 75.7
F test 0.05 5.25 17.23 3.46 7.11 0.33 0.6 0.59 4.76 2.77
LSD 0.05 ** ** ** ** ** ** ** * **

Combined

FW-biochar 93.0 b 234.7 c 54.5 b 47.5 b 3.6 b 7.2 b 3.7 b 83.6 a 77.0 b
FW+biochar 97.0 a 272.3 a 59.2 a 52.6 a 4.0 a 7.6 a 4.2 a 84.4 a 78.8 a
SW-biochar 85.5 c 217.7 d 44.1 c 35.8 d 2.9 d 6.5 c 2.5 c 77.5 b 73.8 c
SW+biochar 91.7 b 252.3 b 52.5 b 43.9 c 3.4 c 7.4 a,b 3.6 b 83.1 a 74.7 c

LSD 0.05 3.55 13.29 2.31 3.39 0.19 0.32 0.33 2.4 1.63

Anova
Seasons ns ns ns ns ns ns ns ns ns

Treatments ** ** ** ** ** ** ** ** **
S × T ns ns ns ns ns ns ns ns ns

Different letters indicate significant differences, Significant effects: p < 0.05 (*) p < 0.01 (**); insignificant effects (ns). Freshwater without
biochar (FW-biochar), freshwater with biochar (FW+biochar), saline water without biochar (SW-biochar), and saline water with biochar
(SW+biochar). Seasons (S), Treatments (T).

Applying saline water with a salt concentration of 3000 ppm as the irrigation water
source through the experiment caused a negative effect on all wheat traits, as shown in
Table 3. Some physiological properties (LAI, RWC, and MSI) and plant growth parameters
were studied to evaluate the impact of saline water and biochar on plant properties after
100 days of cultivating wheat. Plant physiological properties are used to explain the plant
function and behavior, encompassing all the dynamic processes of growth. The results
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showed that saline water reduces all the physiological properties of wheat [27,28], while the
biochar addition reduced the negative effects of salinity in both seasons and over seasons.
Thus, saline water reduces plant growth but can be mitigated to a certain extent through
biochar application [29].

Furthermore, results in Table 3 revealed that saline irrigation water adversely impacted
a number of wheat characteristics (plant height, number of spikes/m2, 1000-kernel weight,
biological yield, and grain yield) in both seasons and over the two seasons. On the
contrary, the addition of biochar as a soil amendment reduced the negative effect of saline
irrigation water on all wheat traits in both seasons and over the two growing seasons.
The experiments were repeated across two seasons to give greater reliability to the results.
Saline water reduced the grain yield ratio by 8.5%, 11%, and 9.7% compared to non-saline
water use during seasons of 2019/2020 and 2020/2021 and over seasons, respectively.
Combined over seasons, the biochar addition enhanced the grain yield by 5.6% and 13.8%
as compared to no biochar addition under fresh and saline irrigation water conditions,
respectively. Growth and yield reduction could be explained by the inhibitory effect of the
osmotic effects of salt in the soil solutions, which causes a number of adverse conditions,
including accelerated senescence due to the leaf water deficit and/or hormonal disruption
from the rooting system [30]. Acevedo (1991) [31] presented that decreasing the yield
and yield components of wheat through the non-soil leaching process refer to decreased
cell growth, leaf area, and partial stomatal closure due to low soil water content, which
decreased the intake of CO2 with a consequent decrease in photosynthesis per unit area.

Biochar affects plant properties in direct and indirect ways. The direct way is rep-
resented by its effect on nutrients and its ability to adsorb cations, such as Na+ and
nutrients [32]. In contrast, the indirect way is represented by enhanced soil properties by
increasing soil organic matter and its impact on bulk density and moisture field capacity of
soil as well as soil particle aggregation. In addition, biochar increases microbial biomass
and activity, soil base saturation, and enhances soil aeration.

3.3. Effect of Saline Water and Biochar on Soil Properties

Irrigating with saline water adds salt to the soil, which affects the soil’s properties.
However, using drip irrigation decreases the amount of added salt due to its efficiency in
water application. In addition, biochar addition reduced the negative effect of saline water
on soil properties. Soil chemical properties had been studied at two stages (after 70 days
from biochar addition and after harvest time). The results in Tables 4 and 5 summarize
soil properties measured during both seasons and over the two seasons. Data in Table 4
showed significant and highly significant differences in water and biochar combination
treatments for all soil properties after 70 days of biochar addition in both seasons and
over seasons except for SP and pH in the first season and pH over the two seasons. In
addition, results of the combined analysis indicated insignificant differences of seasons
for all studied properties except for Mg2+ and SO4

2− concentrations. Additionally, the
interaction between seasons and treatments showed insignificant effects for all studied soil
properties except for N g/kg and K+ concentrations, which gave significant and highly
significant effects, respectively. Furthermore, the results in Table 5 explore significant
and highly significant differences in water and biochar combination treatments for all soil
properties after harvest time in both seasons and over seasons except for pH (1:2.5). The
combined analysis showed that the differences between seasons were significant for Na+

concentration and highly significant for OM%, Mg2+, K+, and HCO3
−, while the effect of

interaction between seasons and treatments was insignificant.
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Table 4. Soil analysis after 70 days of biochar addition.

Treatment Saturation
Point (SP)

pH EC
ds/m

meq/L
P g/kg K g/kg N g/kg

Ca2+ Mg2+ Na+ K+ HCO3− Cl− SO42−

Season
2019/2020

FW-biochar 19.30 b 7.70 c 1.40 c 2.10 b 0.60 c 10.30 b 1.40 c 4.00 a 8.03 c 2.50 d 6.00 d 18.50 c 14.80 b
FW+biochar 20.10 a 7.90 b 1.50 b,c 2.20 b 0.60 c 11.20 b 1.41 c 3.50 b 7.00 d 3.40 c 8.00 b 25.20 b 18.30 a
SW-biochar 19.50 b 8.10 a 1.80 a 3.50 a 2.65 a 16.50 a 2.22 b 4.00 a 11.67 a 4.70 a 6.48 c 14.00 d 12.60 c
SW+biochar 20.40 a 7.83 b,c 1.70 ab 3.15 a 2.00 b 16.20 a 2.35 a 3.43 b 11.00 b 4.00 b 9.00 a 27.90 a 15.10 b

Mean 19.8 7.9 1.6 2.7 1.5 13.6 1.8 3.7 9.4 3.7 7.4 21.4 15.1
F test 0.05 * ** * ** ** ** ** ** ** ** ** ** **
LSD 0.05 0.61 0.16 0.21 0.38 0.13 1.17 0.06 0.2 0.45 0.19 0.42 0.85 1.52

Season
2020/2021

FW-biochar 19.4 7.8 1.30 c 1.50 c 0.70 c 9.90 d 1.30 b 3.80 a,b 7.70 c 2.20 d 6.00 c 18.50 c 16.10 b
FW+biochar 20.2 7.95 1.40 b,c 2.10 b 0.80 c 10.80 c 1.21 b 3.40 b 7.10 c 3.10 c 8.00 b 25.20 b 19.20 a
SW-biochar 19.8 8.1 1.90 a 3.70 a 2.75 a 16.90 a 2.42 a 4.10 a 11.77 a 4.80 a 6.48 c 14.00 d 11.80 d
SW+biochar 20.5 8 1.75 a,b 3.15 a 2.00 b 16.10 b 2.45 a 3.53 b 10.10 b 3.90 b 9.00 a 27.90 a 14.60 c

Mean 20 8 1.6 2.6 1.6 13.4 1.8 3.7 9.2 3.5 7.4 21.4 15.4
F test 0.05 ns ns * ** ** ** ** * ** ** ** ** **
LSD 0.05 — — 0.4 0.55 0.31 0.75 0.24 0.4 1.28 0.59 0.73 1.57 1.15

Combined

FW-biochar 19.4 c 7.8 1.4 c 1.8 d 0.7 c 10.1 c 1.4 c 3.9 a 7.9 c 2.4 d 6.0 d 18.5 c 15.5 b
FW+biochar 20.2 a,b 7.9 1.5 b,c 2.2 c 0.7 c 11.0 b 1.3 d 3.5 b 7.1 d 3.3 c 8.0 b 25.2 b 18.6 a
SW-biochar 19.7 b,c 8.1 1.9 a 3.6 a 2.7 a 16.7 a 2.3 b 4.1 a 11.7 a 4.8 a 6.5 c 14.0 d 12.2 c
SW+biochar 20.5 a 7.9 1.7 a,b 3.2 b 2.0 b 16.2 a 2.4 a 3.5 b 10.6 b 4.0 b 9.0 a 27.9 a 14.9 b

LSD 0.05 0.75 — 0.2 0.3 0.15 0.62 0.02 0.28 0.6 0.27 0.37 0.79 0.85

Anova
Seasons Ns ns ns ns * ns ns ns ns ** ns ns ns

Treatments * ns ** ** ** ** ** ** ** ** ** ** **
S × T ns ns ns ns ns ns ** ns ns ns ns ns *

Different letters indicate significant differences. Significant effects: p < 0.05 (*) p < 0.01 (**); insignificant effects (ns). Freshwater without
biochar (FW-biochar), freshwater with biochar (FW+biochar), saline water without biochar (SW-biochar), and saline water with biochar
(SW+biochar). Seasons (S), Treatments (T).

Table 5. Some properties of soil samples of study seasons 2019/2020 and 2020/2021 after harvest time.

Treatment
pH

(1:2.5) OM% EC
ds/m

meq/L

Ca2+ Mg2+ Na+ K+ HCO3− Cl− SO42−

Season
2019/2020

FW-biochar 7.7 0.20 c 1.40 b 2.10 c 1.01 c 10.20 c 2.30 c 3.30 d 8.00 c 2.50 c
FW+biochar 7.77 1.30 a 1.50 b 2.00 c 1.10 c 10.90 c 3.70 a 3.50 c 8.60 c 2.90 b
SW-biochar 7.88 0.20 c 1.70 a 2.60 a 2.67 b 18.50 a 2.30 c 3.97 a 13.50 a 3.20 b
SW+biochar 7.8 1.24 b 1.60 a 2.30 b 3.00 a 16.70 b 3.33 b 3.80 b 12.60 b 4.20 a

Mean 7.8 0.7 1.6 2.3 1.9 14.1 2.9 3.6 10.7 3.2
F test 0.05 ns ** ** ** ** ** ** ** ** **
LSD 0.05 — 0.07 0.19 0.1 0.14 0.97 0.1 0.12 0.72 0.37

Season
2020/2021

FW-biochar 7.75 0.40 b 1.36 c 2.00 b,c 0.95 b 9.90 c 2.10 c 3.10 b 7.90 b 2.30 c
FW+biochar 7.8 1.40 a 1.46 b,c 1.90 c 1.02 b 10.30 c 2.90 a,b 3.20 b 8.20 b 2.70 c
SW-biochar 7.92 0.36 b 1.82 a 2.80 a 2.52 a 17.60 a 2.20 b,c 3.70 a 13.90 a 3.50 b
SW+biochar 7.9 1.30 a 1.62 a,b 2.40 a,b 2.75 a 16.20 b 3.00 a 3.65 a 12.50 b 4.00 a

Mean 7.8 0.9 1.6 2.3 1.8 13.5 2.6 3.4 10.6 3.1
F test 0.05 ns ** * ** ** ** * * ** **
LSD 0.05 — 0.33 0.23 0.42 0.37 0.57 0.74 0.4 1.17 0.4

Combined

FW-biochar 7.7 0.3 b 1.4 c 2.1 c 1.0 c 10.1 c 2.2 b 3.2 c 8.0 c 2.4 d
FW+biochar 7.8 1.4 a 1.5 b,c 2.0 c 1.1 c 10.6 c 3.3 a 3.4 b 8.4 c 2.8 c
SW-biochar 7.9 0.3 b 1.8 a 2.7 a 2.6 b 18.1 a 2.3 b 3.8 a 13.7 a 3.4 b
SW+biochar 7.9 1.3 a 1.6 b 2.4 b 2.9 a 16.5 b 3.2 a 3.7 a 12.6 b 4.1 a

LSD 0.05 — 0.15 0.13 0.19 0.18 0.5 0.33 0.18 0.61 0.24

Anova
Seasons ns ** ns ns ** * ** ** ns ns

Treatments ns ** ** ** ** ** ** ** ** **
S × T ns ns ns ns ns ns ns ns ns ns

Different letters indicate significant differences. Significant effects: p < 0.05 (*) p < 0.01 (**); insignificant effects (ns). Freshwater without
biochar (FW-biochar), freshwater with biochar (FW+biochar), saline water without biochar (SW-biochar), and saline water with biochar
(SW+biochar). Seasons (S), Treatments (T).

Moreover, the results of combined seasons illustrate that saline water has a significant
effect on EC, soil organic matter, NPK, major cations, and anions, while it has an insignif-
icant effect on pH. These results are consistent with reports made by others that saline
irrigation water has a negative impact on a soil’s chemical properties [33].

On the other hand, biochar has a potentially positive effect on soil’s physical, chemical,
and biological properties. Biochar has a significant effect on soil hydrological properties,
including moisture content, water-holding capacity, water retention, hydraulic conductivity,
water infiltration rate, and these properties, in turn, impact soil bulk density, surface area,
porosity, and aggregate stability. Using biochar increased C, N, available P, pH, cation
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exchange capacity (CEC), organic carbon, and exchangeable cations (e.g., Ca, Mg, Na, and
K) in the soil. The favorable effect of biochar on soil chemical properties may occur by
(i) rises in CEC values [34], (ii) heavy metals sorption [35], and (iii) control of contaminated
organic and inorganic compounds in soil [36].

The positive effects of CCB on soil chemical properties were observed. According to
the results in Tables 4 and 5, there was a significant effect on all soil properties except pH
under saline and normal water conditions with biochar addition after 70 days of biochar
addition and harvest time due to LSD values. Biochar affects nutrient availability, including
N, K, and P, under saline and normal water conditions due to its ability to adsorb cations.
Biochar reduces the negative effects of saline water on soil productivity through its ability
to adsorb soil ions [37,38].

3.4. Water Productivity

Using groundwater as an alternative source of water is considered one of the more
suitable ways to address food insecurity problems within arid and semi-arid countries
such as Egypt [39]. However, crop and water productivity are negatively impacted by
groundwater salinity. Although the drip irrigation system has been used in this experi-
ment to mitigate the addition of salts, water quality and crop productivity suffer under
highly saline conditions unless alternative methods can be found, such as biochar soil
amendments.

Water productivity is defined as a measure of the economic or biophysical gain from
the use of a unit of water consumed in crop production. The statistical analysis results in
Table 6 demonstrate that there were significant and highly significant differences between
water and biochar combination treatments for water productivity in both seasons and
across the two seasons, respectively. On the other hand, insignificant differences in seasons
and the interaction between seasons and treatments were found for water productivity. In
addition, the results illustrated that the lowest water productivity was found under salinity
conditions, while the highest value was under normal conditions with biochar addition
(Table 6) in both seasons and over the two seasons. Moreover, biochar addition enhanced
the water productivity under saline conditions to nearly the same productivity found when
non-saline water was applied. Thus, biochar alleviated the negative impact of saline water
on water productivity due to its ability to adsorb water particles and various ions.

Table 6. Mean of water productivity (kg/m3) as affected by water, biochar, and their combination
treatments in both growing seasons.

Treatments
Water Productivity (kg/m3)

2019/2020 2020/2021 Combined

FW-biochar 1.61 a,b 1.58 a,b 1.59 a
FW+biochar 1.75 a 1.68 a 1.72 a
SW-biochar 1.32 b 1.28 c 1.30 c
SW+biochar 1.48 b 1.45 b,c 1.47 b

Mean 1.54 1.50
F test 0.05 * * **
LSD 0.05 0.22 0.22 0.14

Anova
Seasons ns

Treatments **
S × T ns

Different letters indicate significant differences. Significant effects: p < 0.05 (*) p < 0.01 (**), insignificant effects
(ns). Freshwater without biochar (FW-biochar), freshwater with biochar (FW+biochar), saline water without
biochar (SW-biochar), and saline water with biochar (SW+biochar). Seasons (S), Treatments (T).

3.5. Economic Impact Assessment

Egypt, similar to many other countries in the world, has been facing water availability
constraints, especially for the agricultural sector, with its goal to meet the food production
requirements needed for its growing population. Wheat grain yield under each treatment in
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the experiment is presented in Table 3. Results of the study revealed that the estimated grain
yield for each treatment was significantly different. As expected, freshwater with biochar
addition resulted in the highest crop yield, with 4.07 ton/ha. Saline water without biochar
yield characterized the lowest crop yield of 3.07 ton/ha. Experimental results clearly
showed that salinity has a significant effect on agricultural crop yield. However, biochar
addition increased the wheat yield from 3.07 to 3.47 tons/ha under saline water conditions.

These results indicated that there is at least potential to achieve over 90% of freshwater
wheat yield when saline irrigation water is used with biochar. With the average market
price of 4567 EGP/ton, producers can gain a net profit of 2618 EGP/ha (Table 7). Hence,
bio-saline agriculture has the potential to bring more land under cultivation and add value
to agriculture in Egypt.

Table 7. Wheat profitability analysis for each treatment/hectare area.

Treatment FW-Biochar FW+Biochar SW-Biochar SW+Biochar

Estimated Grain Yield (Tons) 3.75 4.07 3.07 3.47
Price (EGP/Kg) 4.57 4.57 4.57 4.57

Total Revenue (EGP/ha) 27,828 30,825 20,345 27,013
Total Cost (EGP/ha) 21,896 24,395 21,896 24,395
Net Profit (EGP/ha) 5932 6430 −1551 2618

Data source: estimated yield from study results; price and cost data from the Ministry of Agriculture and Land
Reclamation (MALR), Egypt; exchange rate: USD = 15.68 EGP.

Egypt is one of the largest wheat importing countries. Egypt’s wheat import value
was 2415.47 million USD in 2015 and 3024.16 million USD in 2019. It is evident that an
increase in wheat production in Egypt through bio-saline agriculture and reclaimed land
under cultivation could potentially decrease the wheat import expenditures for Egypt,
amounting to almost 4.16 million USD every year, even with the lowest import price of
240 USD/ton (Table 8). These steps in enhancing Egypt’s agricultural crop production will
save valuable foreign exchange for the Egyptian economy [40,41].

Table 8. Bio-saline wheat production and its foreign exchange value.

Low Price Average Price High Price

Yield (Tons/Ha) 3.47 3.47 3.47
Import Price ($/ton) 240 260 * 280

Additional Area (Hectares) 5000 5000 5000
Import Value (000 $) 4.164 4.511 4.858

* Average import price of wheat in Egypt in 2009–2019.

4. Conclusions

Water scarcity and rapid population growth in arid and semi-arid countries, as well as
climate change, affect agricultural crop growth and, ultimately, food security. The potential
use of saline groundwater as an alternative source of irrigation water is considered an
important option in addressing a vital need for agricultural crop production and food
security. However, groundwater salinity can result in a significant reduction in agricultural
crop yield as well as a rapid deterioration of agricultural soil quality.

The results of this study highlighted both the negative effects of salinity on agricultural
crop production and soil chemical properties, as well as the potential of biochar application
in ameliorating those effects. Biochar addition, applied during the use of saline irrigation
water, was found to enhance water productivity as well as increase crop yield to within
90% of that achieved when freshwater was used in crop irrigation.
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