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Abstract: Soil salinity and climate change have a negative impact on global food production and
security, especially in arid regions with limited water resources. Despite the importance of planting
methods, irrigation, and soil amendments in improving crop yield, their combined impact on saline
soil properties and cereal crop yield is unknown. Therefore, the current study investigated the
combined effect of soil amendments (i.e., compost, C and zeolite, Z) and planting methods such
as raised bed (M1) and conventional (M2), and different fractions of leaching requirements from
irrigation water, such as 5% (L1) and 10% (L2), on the soil physio-chemical properties and wheat
and maize productivity in an arid region. The combined application of C + Z, L2, and M1 decreased
soil salinity (EC) and sodicity (ESP) after wheat production by 37.4 and 28.0%, respectively, and
significantly decreased by these factors by 41.0 and 43.0% after a maize growing season. Accordingly,
wheat and maize yield increased by 16.0% and 35.0%, respectively under such a combination of
treatments, when compared to crops grown on unamended soil, irrigated with lower leaching fraction
and planted using conventional methods. This demonstrates the significance of using a combination
of organic and inorganic amendments, appropriate leaching requirements and the raised bed planting
method as an environmentally friendly approach to reclaiming saline soils and improving cereal crop
production, which is required for global food security.

Keywords: saline soils; soil amendments; wheat; maize; leaching requirements; planting methods

1. Introduction

Water scarcity limited natural resources and rapid population growth have all had a
negative impact on irrigated land in arid regions, increasing soil salinity and negatively
impacting soil health and crop production [1,2]. Furthermore, climate change, as well as the
associated rise in temperature and changes in precipitation variability, has accelerated land
deterioration, reduced crop production and increased food insecurity and malnutrition [3,4].
As a result, salt-affected soils have increased globally to approximately 930 Mha [5], with
saline-alkaline soils accounting for the majority of this area [6]. This problem has compelled
the scientific community to seek significant solutions to remediate soil salinity and increase
plant resistance to salinity and drought. Ploughing [6], gypsum [7], sulphuric acid [8],
polyacrylamide [9], sugar crop waste [2], compost [10] and biochar application [2] are
some of the technologies used to reclaim saline soils. Zeolites (Z) are alkaline-hydrated
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aluminosilicates that come in more than 50 distinct forms [11]. They are used as heat
storage materials and solar refrigerators, molecular sieve agents, ion-exchange elements
and catalysts in different chemical reactions [12]. Natural zeolites are good soil amendments
because they have a high water and nutrient holding capacity, which improves infiltration
rates, saturated hydraulic conductivity, cation exchange capacity, and prevents water
loss through deep percolation [13–17]. They can also be used as chelating agents and
fertilizer [18]. Nonetheless, the use of Z to reclaim salt-affected soils has received less
attention thus far, particularly in arid regions. Furthermore, the combination of Z and
other common amendments, such as compost, may improve the efficiency of saline soil
remediation, though this effect is still unknown, necessitating extensive research.

The raised bed (RB) planting method has the potential to improve irrigation water
distribution, reduce water use, and increase crop yield and water productivity compared
to traditional planting methods [19,20]. Li., et al. [21] found that using the RB method
increased wheat productivity and solar radiation use efficiency, and they interpreted this
as a consequence of the vertical distribution of photosynthetically-active radiation. The
effect of RB application on saline soils and crop productivity in arid regions is however still
unknown. Moreover, the integrated effect of composting, zeolite application and raised bed
growing has received less attention thus far. Despite the fact that cereal crops, particularly
wheat and maize, are considered strategic crops for ensuring food security, most countries
in arid regions rely heavily on imports due to land degradation, poor management of
salt-affected soils, and climatic changes [22–25]. As a result, proper saline soil management
is an urgent need for improving cereal crop production and closing the food gap in arid
regions. In this regard, the current study aims to assess the effects of zeolite, compost, and
planting methods on the physical and chemical soil properties of saline soil. Furthermore,
additional research was conducted to investigate the impact of such treatments on wheat
and maize yield grown in arid regions.

2. Materials and Methods
2.1. Experimental Design and Agronomic Practices

A field experiment was conducted over two successive growing seasons (winter
2019/2020 and summer 2020) in the North Nile Delta, Egypt (31◦05′31′ ′ N and 30◦56′55′ ′

E). The experiment was conducted to explore the integrated effect of compost, zeolite,
leaching requirements and planting methods on saline soil properties and productivity
of wheat (Triticum aestivum L., cv Sakha171) and maize (Zea mays, cv Hybrid Cross Giza
168). Wheat grains were sown at a rate of 140 kg ha−1 on 27 November 2019. Meanwhile,
maize grains were sown in five ridges at rate of two grains per hole with 20 cm spacing
on June 10th, 2020. The experimental design was a split-plot design with four replicates.
Irrigation treatments were installed in the main plots and included irrigation to field
capacity (FC) with 5% leaching requirements (LR) and irrigation to FC with 10% LR. Two
planting methods, traditional and raised bed, were assigned to the sub-main plots. The
sub-sub main plots included soil amendments such as control, compost (C), zeolite (Z),
and compost plus zeolite (CZ). The application rates of Z, and C were 680 kg ha−1, and
12.0 t ha−1 respectively, while CZ was added at a 1:1 w/w ratio of C and Z. This equals
340 kg ha−1 of Z and 600 kg ha−1 of compost. Irrigation scheduling was determined by
identifying the irrigation time using daily time domain reflectometery (TDR)measurements
and irrigation water quantity was controlled using the cuthroat flume (20 cm × 70 cm).
Raised bed treatments were structured with 15 cm high, flat tops about 70 and 100 cm
width as well as 70 cm spacing, while the traditional planting treatment was flat for wheat
and furrowed for maize. The analysis data for SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO,
Na2O, K2O, P2O5 and loss on ignition (LOI) of the Z as reported by the National Research
Centre, Egypt were 41.86, 0.64, 36.45, 0.75, 0.02, 0.04, 0.16, 0.09, 0.51, 0.18 and 10.26% as
wt., respectively. The chemical composition of compost includes EC (3.2 dS m−1), pH
(7.7), OM (54.2%), C (18), N (1.75 g kg−1), P (0.92 g kg−1), K (1.25 g kg−1), Fe (165 g kg−1),
Zn (71.0 g kg−1), Mn (120 g kg−1) and moisture content (27.8%). Fertilization and other
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agricultural practices for wheat and maize plants in the North Delta region were carried
out in accordance with the Egyptian Ministry of Agriculture recommendations.

2.2. Initial Soil Analysis and Climatic Conditions

Soil samples were collected at three depths (0–20, 20–40 and 40–60 cm) before sowing
of wheat for initial analysis of physical, chemical and nutritional properties (Table 1). The
soil texture is clayey, characterized by high values of salinity and sodicity. For both seasons,
daily weather data include maximum and minimum temperatures, solar radiation and
rainfall were collected from a nearby eddy covariance station (Figure 1).

Table 1. Initial soil physio-chemical analysis of experiment before wheat sowing (2019/2020).

Soil Depth (cm) pH CaCO3(%) EC (dS m−1) ESP
Available Macro Nutrients (mg kg−1)

N P K

0–20 8.27 ± 0.1 3.12 ± 0.2 6.13 ± 0.4 17.05 ± 0.7 31.95 ± 2.5 8.75 ± 0.2 265 ± 9.5
20–40 8.65 ± 0.1 2.56 ± 0.1 7.35 ± 0.5 18.87 ± 0.8 27.18 ± 2.8 8.26 ± 0.4 228 ± 8.7
40–60 8.75 ± 0.2 2.18 ± 0.3 9.85 ± 0.6 21.36 ± 1.1 23.36 ± 3.1 7.56 ± 0.1 196 ± 10

OM
(%)

CEC
(C mol kg−1)

FC
(%)

PWP
(%)

BD
(Mg m−3) AI MWD (mm)

0–20 1.36 ± 0.01 38.93 ± 0.2 43.81 ± 0.2 22.39 ± 0.1 1.32 ± 0.01 0.24 ± 0.01 0.32 ± 0.01
20–40 1.24 ± 0.02 37.28 ± 0.1 40.68 ± 0.1 20.65 ± 0.2 1.37 ± 0.03 0.28 ± 0.02 0.29 ± 0.01
40–60 1.09 ± 0.03 36.81 ± 0.3 38.98 ± 0.3 19.75 ± 0.3 1.43 ± 0.05 0.25 ± 0.01 0.25 ± 0.02

Sand (%) Silt (%) Clay (%) Texture class PR
(N cm−2)

HC
(cm d−1)

0–20 12.0 ± 0.2 33.9 ± 0.9 54.1 ± 1.1 Clay 275 ± 8.5 2.7 ± 0.2
20–40 11.9 ± 0.3 34.4 ± 1.1 53.7 ± 1.3 Clay 282 ± 12.3 2.5 ± 0.1
40–60 20.5 ± 0.1 34.3 ± 0.8 54.2 ± 1.2 Clay 289 ± 13.5 2.1 ± 0.1

EC: electrical conductivity (salinity); OM: soil organic matter; CEC: soil cation exchange capacity; FC: field capacity; PWP: permanent
wilting point; BD: soil bulk density; AI: soil aggregation index; MWD: mean weight diameter of soil particles; PR: soil penetration resistance;
HC: soil hydraulic conductivity; Mean values ± Stdev, n = 4.

2.3. Soil Measurements

Soil samples were collected from all plots prior to the experiment, as well as after
the first and second seasons, at three consecutive depths of 0–20, 20–40, and 40–60 cm
to monitor some physical and chemical properties (i.e., salinity, sodium adsorption ratio
and exchangeable sodium according to [26]. Soil bulk density and total porosity were
measured as described by [27]. Infiltration rate was determined using a double cylinder
infiltrometer as described by [28]. Field capacity and wilting point were determined by
using the pressure plate extractor with regulated air pressure [29]. Organic matter content
was determined according to the Walkley and Black method [30]. Calcium carbonate
(CaCO3) was determined using a calcimeter method as described by Senlikci et al. [31].
Soil available N was determined using K2SO4 (1%) according to Matsumoto et al. [32],
and available P and K were extracted by ammonium bicarbonate- DTPA and determined
according to Tian et al. [33].

2.4. Crop Growth and Yield Measurements

After air drying, the seeds of each plant bundle were manually threshed and weighed
separately to obtain 1000 grain weight of wheat, and 100 grain of maize from each ex-
perimental plot. Five plants were chosen at random from each plot to measure the plant
heights and spike lengths. The total yield of wheat and maize for each plot was harvested,
weighed, and converted to tons ha−1 for each treatment.

2.5. Statistical Analysis

Data from this study were statistically analyzed using the analysis of variance method,
as described by Snedecor and Cochran [34], and the treatments were compared by Duncan’s
multiple range test. Boxplots, principal component analysis (PCA), and pair plots were
visualized using the plotly function in Python language.
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Figure 1. Boxplots of weather data over wheat growing season (A) and summer maize growing
season (B). Parameters include minimum temperature (TMIN), maximum temperature, ◦C (TMAX),
dew point temperature (TDEW), relative humidity, % (RH2M), wind speed, m/s (WIND), and solar
radiation, MJ/m2/day (SRAD).

3. Results and Discussion
3.1. Soil Physio-Chemical Properties

During the wheat and maize growing seasons, all treatments had lower soil EC, SAR,
and ESP (Figure 2A–C). During the wheat season, the EC, SAR, and ESP decreased by
20.08%, 21.95%, and 19.59%, respectively, under irrigation to FC + 5% LR (L1); by 26.89%,
25.40%, and 22.83%, respectively, under irrigation to FC + 10% LR (L2). In addition, such
parameters were reduced by 23.52%, 23.69%, and 21.22% under irrigation to FC + 5% LR
(I1), respectively, and by 29.88%, 32.71%, and 29.95% under irrigation to FC + 10% LR
(I2), respectively, compared to initial values in the following maize season. This supports
the importance of leaching fractions in reducing soil salinity and sodicity. These findings
are similar with those obtained by [35,36]. Over the course of the study, the salinity and
sodicity of the soil in the raised beds’ 60 cm soil (M1) were higher than in the other
two treatments. During the wheat season, the flat (M2) had EC, SAR, and ESP levels of
5.85 dSm−1, 12.78, and 14.96 at harvest, respectively, while such parameters were decreased
by 3.49%, 1.67%, and 1.53% in the flat than in the raised beds. On the contrary, during
the maize season, the EC, SAR, and ESP levels in the furrow (M2) were 5.57 dSm−1, 11.86,
and 13.94 at harvest, respectively, while decreased in the raised beds by 4.66%, 4.28%,
and 4.06%, respectively. Soil amendments (C and Z) reduced soil salinity and sodicity
significantly. Adding zeolite and/or compost decreased EC, SAR, and ESP during the



Agronomy 2021, 11, 2495 5 of 12

wheat season, while the combination (S + C) recorded the lowest EC, SAR, and ESP with
values of 5.37 dS m−1, 12.25, and 14.39, respectively. During the maize season, the same
treatments gave values of 5.11dS m−1, 11.17, and 13.18, respectively. As a result, the
changes in EC, SAR, and ESP after different treatments application in comparison to the
initial ECe indicate that L2 + M1 + C+Z treatment has the better effect in decreasing the EC,
SAR, and ESP by 37.40%, 30.91%, and 28.09% after wheat harvesting and by 41.00%, 45.94%,
and 43.19% after maize harvesting. Baghbani-Arani et al. [37] found that combination
of zeolite and vermicompost decreased soil salinity and sodicity significantly. Natural
zeolites are good soil ameliorating substances because they have a high water and nutrient
holding capacity (WHC); they improve infiltration rate, saturation hydraulic conductivity,
cation exchange capacity, and limit water loss through deep percolation [13,17]. Organic
amendments, on the other hand, such as compost and/or vermicompost, could improve
the efficiency of water treatment residuals in improving soil physical properties, and could
be considered as an ameliorating material for the reclamation of salt-affected soils [1,2,8,38].
However, the current study included not only organic amendments with zeolite, but also
leaching fractions and planting methods. This combination significantly reduced soil
salinity and sodicity, confirming the importance of current research in reducing soil salinity
in arid regions.

Figure 2. Soil EC, SAR and ESP following wheat (closed scatter) and maize (open scatter) subjected
to different treatments of irrigation with various leaching requirements as 5% (L1) and 10% (L2),
planting methods raised bed (M1) and conventional (M2), as well as conditioners application such
as control, compost (C), zeolite (Z) and mixture of compost and zeolite (C + Z) compared to initial
values (red triangle). The symbols are means and error bars are standard deviations.
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Irrigation with different leaching requirements, planting method, and soil amend-
ments improved soil physical properties, particularly bulk density and total porosity, and
this effect was significant for maize crops (Figure 3). Over the first growing season, the
lowest value of bulk density (1.23 Mg m−3) and consequently the higher value of total
porosity (53.5%) were achieved with treatments of irrigation quota plus 10% leaching
requirements (LR), raised bed planting method, and adding mixture of compost and zeolite
as soil amendment. Meanwhile, the highest value of bulk density (1.35 Mg m−3) and the
lowest value of total porosity (48.5%) were noted in first irrigation treatment (5% LR), using
conventional planting method and without amendments application. This demonstrates
the significance of raised bed sowing, higher LR irrigation, and the application of Z and C
to improve soil physical properties. The effect of such treatments was greater in the second
growing season than in the first, which may be due to the residual effect of soil amendments
in improving soil organic matter and fertility content. Likewise, soil infiltration rate (IR)
and cumulative infiltration (CUM) improved significantly with raised bed sowing method
and application of compost and zeolite (). The highest values of IR (1.3 cm h−1) and CUM
(16 cm) were recorded with raised bed sowing method and application of compost and
zeolite. The IR and CUM values, on the other hand, were lower with the conventional
sowing method and without the use of soil amendments. Similar studies reported the
importance of compost in improving saline soil properties in arid regions [2,10,39].

3.2. Wheat and Maize Productivity

Tables 2 and 3 show that L2 (FC + 10%) leaching requirements significantly increased
1000-GW, straw, grain, and biological yield of wheat and maize when compared to L1
(FC + 5% LR). Further, the raised bed method increased such features significantly and
recorded the highest values compared with the conventional planting method. Application
of amendments increased the yield of both crops, and the highest values were recorded
with the mixture of C and Z. The results showed that the interaction between L×M, L×A,
and M×A resulted in a significant increase in wheat and maize yield. Wheat and maize
yields were recorded at their highest levels due to the interaction of L×M×A (L2 + M1 +
C+Z). Recent studies have explored the interactive effect of soil amendments and fertility
under salinity stress [40], interactive between amendments and soil biotic and abiotic
stresses [41], mitigating degraded soils using biochar and compost [42], and combination
of gypsum and straw pellets to alleviate soil sodality [43].

Table 2. Effect of different studied treatments on wheat yield and yield attributes.

Treatments 1000-GW
(g)

Straw Yield
(Mg/ha)

Grain Yield
(Mg/ha)

Biological Yield
(Mg/ha) Harvest Index

Leaching Requirements (I)
L1 59.19 b 3.450 b 5.129 b 8.756 b 58.67 a
L2 63.95 a 3.928 a 5.407 a 9.336 a 58.04 b

F-test ** ** ** ** **
LSD0.05 0.184 0.0013 0.002 0.005 0.004
LSD0.01 0.426 0.0032 0.007 0.009 0.009

Planting methods (M)
M1 63.63 a 4.115 a 5.430 a 9.547 a 56.91 b
M2 59.51 b 3.440 b 5.106 b 8.547 b 59.79 a

F-test ** ** ** ** **
LSD0.05 0.076 0.0012 0.002 0.005 0.014
LSD0.01 0.126 0.0018 0.004 0.007 0.023

Amendments (A)
CK 56.94 d 3.261 d 4.666 d 7.928 d 57.79 d
C 60.58 c 3.590 c 5.062 c 8.652 c 58.10 c
Z 62.87 b 3.974 b 5.416 b 9.390 b 58.57 b

C + Z 65.89 a 4.287 a 5.929 a 10.22 a 58.96 a
F-test ** ** ** ** **

LSD0.05 0.043 0.013 0.002 0.0032 0.013
LSD0.01 0.058 0.018 0.005 0.0043 0.018
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Table 2. Cont.

Treatments 1000-GW
(g)

Straw Yield
(Mg/ha)

Grain Yield
(Mg/ha)

Biological Yield
(Mg/ha) Harvest Index

Interaction
L*M ns ** ** ** **
L*A ** ** ** ** **
M*A ** ** ** ** **

L*M*A ** ** ** ** **

L1: leaching requirements by 5%, L2: leaching requirements by 10%, M1: raised bed planting method, M2: conventional planting method,
CK: control (without amendments), C: compost, Z: zeolite. Small letters similar have no significant differences, while different letters show
significant differences between them. *: is significant at 5 %, while **: is highly significant at 1%. ns: refers to non-significant.

Figure 3. Soil bulk density and total porosity following wheat (A) and maize (B) subjected to different
treatments of irrigation with various leaching requirements as 5% (I1) and 10% (I2), planting methods
raised bed (M1) and conventional (M2), as well as conditioners application such as control, compost
(C), zeolite (z) and mixture of compost and zeolite (C + Z). The symbols are means and error bars are
standard deviations. The initial values of bulk density and total porosity before wheat crop were
1.37 Mg m−3 and 48.3%, respectively.
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Table 3. Effect of different studied treatments on Maize yield and yield attributes.

Treatments 100-GW
(g)

SY
(Mg/ha)

GY
(Mg/ha)

BY
(Mg/ha) Harvest Index

Leaching Requirements (I)
L1 34.31 b 7.222 b 6.734 b 13.956 b 48.18 a
L2 35.08 a 7.698 a 7.183 a 14.883 a 48.24 a

F-test ** ** ** ** ns
LSD0.05 0.047 0.005 0.050 0.025 0.35
LSD0.01 0.011 0.012 0.117 0.057 0.80

Planting methods (M)
M1 34.88 a 7.629 a 7.084 a 14.713 a 48.29 a
M2 39.51 b 7.291 b 6.831 b 14.124 b 48.12 b

F-test ** ** ** ** **
LSD0.05 0.037 0.032 0.009 0.034 0.09
LSD0.01 0.06 0.055 0.016 0.059 0.15

Amendments (A)
CK 33.57 d 5.382 d 4.940 d 10.322 d 47.85 c
C 35.09 b 7.100 c 6.509 c 13.611 c 47.86 c
Z 34.18 c 8.420 b 7.987 b 16.410 b 48.45 b

C + Z 36.03 a 8.937 a 8.395 a 17.335 a 48.68 a
F-test ** ** ** ** **

LSD0.05 0.038 0.027 0.013 0.029 0.105
LSD0.01 0.05 0.039 0.018 0.041 0.143

Interaction
L*M ** ns * ** *
L*A ** ** ** ** **
M*A ** ** ** ** **

L*M*A ** ** ** ** **

SY: straw yield, GY: grain yield, BY: biological yield, L1: leaching requirements by 5%, L2: leaching requirements by 10%, M1: raised bed
planting method, M2: conventional planting method, CK: control (without amendments), C: compost, Z: zeolite. Small letters similar have
no significant differences, while different letters show significant differences between them. *: is significant at 5 %, while **: is highly
significant at 1%, ns: refers to non-significant.

The PCA was used to investigate the relationships between crop yield and attributes,
as well as between such features and treatments (Figure 4). For wheat crop (Figure 4A),
there was a strong positive correlation between grain yield, anthesis, biological yield,
harvest index (HI), straw yield and grain weight. Meanwhile, there was negative correlation
between such features and maturity. This indicates that, factors responsible for accelerating
the maturity, will definitely decrease yield and yield components and vice versa. Respecting
the corresponding treatments, there was positive correlation between I2 (15% LR), raised
bed sowing method (M1), and application of compost and zeolite (C + Z). Furthermore,
there was positive correlation between such treatments with yield and anthesis and negative
correlation with maturity (Figure 4A). For maize crop, there was positive correlation
between grain yield, straw yield, biological yield which positively correlated also with
treatments of M1, I2, and C + Z (Figure 4B). This demonstrates the value of such treatments
in increasing cereal crop productivity in saline soils. Supplementary Figures S2 and S3
show the detailed correlations over all treatments and crop features for both wheat and
maize crops.
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Figure 4. Principal component analysis (PCA) to better understand the variability of wheat (A) and maize (B) yield with their
components (loadings), and corresponding treatments (scores). The loadings of wheat include wheat grain yield, straw yield,
biological yield, grain weight, harvest index (HI), anthesis date and maturity date. Meanwhile, the loadings of maize consisted
of grain yield, straw yield, biological yield, and harvest index. The treatments (scores) included combination of irrigation with
different leaching fractions as 5% (L1) and 10% (L2), planting methods as raised bed (M1) and conventional (M2), as well as
different soil amendments as control (C0), compost (C), zeolite (Z), and mixture of compost and zeolite (C + Z).

4. Conclusions

Higher rate leaching requirements, use of raised bed planting methods and the use of
compost and zeolite reduced soil salinity and sodicity while increasing cereal crop produc-
tivity in arid regions. Leaching requirements of 10% from actual applied irrigation water,
raised bed method, and mixture of compost and zeolite showed superiority to lower rate of
leaching fraction, traditional planting method and adding individual amendments. Soil EC
and ESP decreased significantly, while wheat and maize yield increased, confirming the im-
portance of integrating irrigation, amendments, and planting methods in reclaiming saline
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soils and increasing crop production in marginal areas. Finally, it could be recommended
that combining compost and zeolite, as well as using the raised bed planting method, is a
cost-effective way for farmers to improve saline soils and cereal crop productivity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11122495/s1, Figure S1: Infiltration rate and cumulative infiltration of soil fol-
lowing the corresponding treatments, Figure S2: Pair plot of wheat yield and yield components,
Figure S3: Pair plot of maize yield and yield components.

Author Contributions: Conceptualization, M.A.A. and M.M.A.; methodology, T.H.H.K.; software,
M.M.A.S.; validation, M.G.Z., E.M.S. and A.M.S.K.; formal analysis, S.A.A.-D.; investigation, M.S.M.E.;
resources, M.M.A.; data curation, A.M.S.K.; writing—original draft preparation, K.A.A.; writing—
review and editing, A.M.S.K.; visualization, A.M.S.K.; supervision, M.A.A.; project administration,
M.M.A.; funding acquisition, S.A.A.-D. All authors have read and agreed to the published version of
the manuscript.

Funding: “This research was funded by Taif University Research Supporting, Project Number TURSP-
2020/315” and Soils, Water and Environment Research Institute (SWERI), Agricultural Research
Center (ARC), Egypt.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting reported results can be found here in the main
text and the supplementary file.

Acknowledgments: The authors are thankful to Taif University Research Supporting Project number
(TURSP-2020/315), Taif University, Taif, Saudi Arabia, for providing the financial support and
research facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ding, Z.; Kheir, A.M.S.; Ali, M.G.M.; Ali, O.A.M.; Abdelaal, A.I.N.; Lin, X.e.; Zhou, Z.; Wang, B.; Liu, B.; He, Z. The integrated

effect of salinity, organic amendments, phosphorus fertilizers, and deficit irrigation on soil properties, phosphorus fractionation
and wheat productivity. Sci. Rep. 2020, 10, 2736. [CrossRef] [PubMed]

2. Kheir, A.M.S.; Ali, E.F.; Ahmed, M.; Eissa, M.A.; Majrashi, A.; Ali, O.A.M. Biochar blended humate and vermicompost enhanced
immobilization of heavy metals, improved wheat productivity, and minimized human health risks in different contaminated
environments. J. Environ. Chem. Eng. 2021, 9, 105700. [CrossRef]

3. Asseng, S.; Martre, P.; Maiorano, A.; Rötter, R.P.; O’Leary, G.J.; Fitzgerald, G.J.; Girousse, C.; Motzo, R.; Giunta, F.; Babar,
M.A.; et al. Climate change impact and adaptation for wheat protein. Glob. Chang. Biol. 2019, 25, 155–173. [CrossRef] [PubMed]

4. Godfray, H.C.J.; Beddington John, R.; Crute Ian, R.; Haddad, L.; Lawrence, D.; Muir James, F.; Pretty, J.; Robinson, S.; Thomas
Sandy, M.; Toulmin, C. Food Security: The Challenge of Feeding 9 Billion People. Science 2010, 327, 812–818. [CrossRef]

5. Rengasamy, P. World salinization with emphasis on Australia. J. Exp. Bot. 2006, 57, 1017–1023. [CrossRef] [PubMed]
6. Mahdy, A.M. Document details—Comparative effects of different soil amendments on amelioration of saline-sodic soils. Soil

Water Res. 2011, 6, 205–216. [CrossRef]
7. Mace, J.E.; Amrhein, C.; Oster, J.D. Comparison of Gypsum and Sulfuric Acid for Sodic Soil Reclamation. Arid. Soil Res. Rehabil.

1999, 13, 171–188. [CrossRef]
8. Ding, Z.; Kheir, A.M.S.; Ali, O.A.M.; Hafez, E.M.; ElShamey, E.A.; Zhou, Z.; Wang, B.; Lin, X.E.; Ge, Y.; Fahmy, A.E.; et al. A

vermicompost and deep tillage system to improve saline-sodic soil quality and wheat productivity. J. Environ. Manag. 2021,
277, 111388. [CrossRef]

9. Seleiman, M.F.; Kheir, A.M.S. Maize productivity, heavy metals uptake and their availability in contaminated clay and sandy
alkaline soils as affected by inorganic and organic amendments. Chemosphere 2018, 204, 514–522. [CrossRef]

10. Liu, D.; Ding, Z.; Ali, E.F.; Kheir, A.M.S.; Eissa, M.A.; Ibrahim, O.H.M. Biochar and compost enhance soil quality and growth of
roselle (Hibiscus sabdariffa L.) under saline conditions. Sci. Rep. 2021, 11, 8739. [CrossRef]

11. Mondal, M.; Biswas, B.; Garai, S.; Sarkar, S.; Banerjee, H.; Brahmachari, K.; Bandyopadhyay, P.K.; Maitra, S.; Brestic, M.; Skalicky,
M.; et al. Zeolites Enhance Soil Health, Crop Productivity and Environmental Safety. Agronomy 2021, 11, 448. [CrossRef]

12. Ober, J.A. Mineral Commodity Summaries 2017; USGS Publication Warehouse: Reston, VA, USA, 2017; p. 202.
13. Inglezakis, V.J.; Elaiopoulos, K.; Aggelatou, V.; Zorpas, A.A. Treatment of underground water in open flow and closed-loop fixed

bed systems by utilizing the natural minerals clinoptilolite and vermiculite. Desalination Water Treat. 2012, 39, 215–227. [CrossRef]

https://www.mdpi.com/article/10.3390/agronomy11122495/s1
https://www.mdpi.com/article/10.3390/agronomy11122495/s1
http://doi.org/10.1038/s41598-020-59650-8
http://www.ncbi.nlm.nih.gov/pubmed/32066858
http://doi.org/10.1016/j.jece.2021.105700
http://doi.org/10.1111/gcb.14481
http://www.ncbi.nlm.nih.gov/pubmed/30549200
http://doi.org/10.1126/science.1185383
http://doi.org/10.1093/jxb/erj108
http://www.ncbi.nlm.nih.gov/pubmed/16510516
http://doi.org/10.17221/11/2011-SWR
http://doi.org/10.1080/089030699263401
http://doi.org/10.1016/j.jenvman.2020.111388
http://doi.org/10.1016/j.chemosphere.2018.04.073
http://doi.org/10.1038/s41598-021-88293-6
http://doi.org/10.3390/agronomy11030448
http://doi.org/10.1080/19443994.2012.669178


Agronomy 2021, 11, 2495 11 of 12

14. Talebnezhad, R.; Sepaskhah, A.R. Effects of bentonite on water infiltration in a loamy sand soil. Arch. Agron. Soil Sci. 2013, 59,
1409–1418. [CrossRef]

15. Chmielewská, E. Zeolitic adsorption in course of pollutants mitigation and environmental control. J. Radioanal. Nucl. Chem. 2014,
299, 255–260. [CrossRef]

16. Ebrazi, B.; Banihabib, M.E. Simulation of Ca2+ and Mg2+ removal process in fixed-bed column of natural zeolite. Desalination
Water Treat. 2015, 55, 1116–1124. [CrossRef]

17. Enamorado-Horrutiner, Y.; Villanueva-Tagle, M.E.; Behar, M.; Rodríguez-Fuentes, G.; Ferraz Dias, J.; Pomares-Alfonso, M.S.
Cuban zeolite for lead sorption: Application for water decontamination and metal quantification in water using nondestructive
techniques. Int. J. Environ. Sci. Technol. 2016, 13, 1245–1256. [CrossRef]

18. Tsintskaladze, G.; Eprikashvili, L.; Urushadze, T.; Kordzakhia, T.; Sharashenidze, T.; Zautashvili, M.; Burjanadze, M. Nanomodi-
fied natural zeolite as a fertilizer of prolonged activity. Ann. Agrar. Sci. 2016, 14, 163–168. [CrossRef]

19. Aboelsoud, H.; Engel, B.; Gad, K. Effect of Planting Methods and Gypsum Application on Yield and Water Productivity of Wheat
under Salinity Conditions in North Nile Delta. Agronomy 2020, 10, 853. [CrossRef]

20. Zhang, J.; Sun, J.; Duan, A.; Wang, J.; Shen, X.; Liu, X. Effects of different planting patterns on water use and yield performance of
winter wheat in the Huang-Huai-Hai plain of China. Agric. Water Manag. 2007, 92, 41–47. [CrossRef]

21. Li, Q.; Chen, Y.; Liu, M.; Zhou, X.; Yu, S.; Dong, B. Effects of irrigation and planting patterns on radiation use efficiency and yield
of winter wheat in North China. Agric. Water Manag. 2008, 95, 469–476. [CrossRef]

22. Rattalino Edreira, J.I.; Andrade, J.F.; Cassman, K.G.; van Ittersum, M.K.; van Loon, M.P.; Grassini, P. Spatial frameworks for
robust estimation of yield gaps. Nat. Food 2021, 2, 773–779. [CrossRef]

23. Seleiman, M.F.; Kheir, A.M.S. Saline soil properties, quality and productivity of wheat grown with bagasse ash and thiourea in
different climatic zones. Chemosphere 2018, 193, 538–546. [CrossRef] [PubMed]

24. Asseng, S.; Kheir, A.M.S.; Kassie, B.T.; Hoogenboom, G.; Abdelaal, A.I.N.; Haman, D.Z.; Ruane, A.C. Can Egypt become
self-sufficient in wheat? Environ. Res. Lett. 2018, 13, 094012. [CrossRef]

25. Seleiman, M.F.; Kheir, A.M.S.; Al-Dhumri, S.; Alghamdi, A.G.; Omar, E.-S.H.; Aboelsoud, H.M.; Abdella, K.A.; Abou El Hassan,
W.H. Exploring Optimal Tillage Improved Soil Characteristics and Productivity of Wheat Irrigated with Different Water Qualities.
Agronomy 2019, 9, 233. [CrossRef]

26. Page, A.L.; Miller, R.H.; Keeney, D.R. Methods of soil analysis. In Soil Science Society of America; American Society of Agronomy:
Madison, WI, USA, 1982; ISBN 0891180729.

27. Campbell, D.J. Determination and use of soil bulk density in relation to soil compaction. In Developments in Agricultural
Engineering; Elsevier: Amsterdam, The Netherlands, 1994; Volume 11, pp. 113–139. ISBN 0167-4137.

28. Gregory, J.H.; Dukes, M.D.; Miller, G.L.; Jones, P.H. Analysis of double-ring infiltration techniques and development of a simple
automatic water delivery system. Appl. Turfgrass Sci. 2005, 2, 1–7. [CrossRef]

29. Klute, A.; Page, A.L. Methods of Soil Analysis. Part 1. Physical and Mineralogical Methods; Part 2. Chemical and Microbiological
Properties; American Society of Agronomy: Madison, WI, USA, 1986; ISBN 0891180729.

30. Bhattacharyya, T.; Chandran, P.; Ray, S.K.; Mandal, C.; Tiwary, P.; Pal, D.K.; Maurya, U.K.; Nimkar, A.M.; Kuchankar, H.; Sheikh,
S.; et al. Walkley-Black Recovery Factor to Reassess Soil Organic Matter: Indo-Gangetic Plains and Black Soil Region of India
Case Studies. Commun. Soil Sci. Plant Anal. 2015, 46, 2628–2648. [CrossRef]
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