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ABSTRACT

Soil degradation due to soil salinity and sodicity is considered a serious concern in arid and semiarid ecosystems. Due to arid
climate even, normal soils are converted to saline-sodic soils. Recently, reduced tillage proved successfully increasing soil organic matter
contributing to soil carbon sequestration leading to improvements in soil physical and chemical properties. However, exploring effect of
reduced tillage in saline sodic soils, even under amendments application has less attention so far. Therefore, the present study was
conducted to investigate the combined effects of inorganic soil amendments (Nano zeolite, sulphuric acid and gypsum) and tillage
systems (reduced and deep tillage) on saline-sodic soil physical and chemical properties and wheat productivity. Deep tillage with
sulphuric acid application significantly reduced soil electrical conductivity (EC), exchangeable sodium percentage (ESP), penetration
resistance (PR) and bulk density (Bd) and increased soil hydraulic conductivity (HC), mean weight diameter (MWD) and aggregation
index (Al) compared to control. Deep tillage showed a significant improvement of saline-sodic soils, despite increasing SOC with
reduced tillage. Moreover, sulphuric acid, gypsum and Nano-zeolite applications with deep tillage increased wheat grain yield
significantly compared to control. Nano-zeolite application gave the superiority in increasing soil organic carbon compared with
sulphuric and gypsum, enhancing wheat productivity to be close to yield under gypsum application without significant differences.
Nevertheless, application of Nano-zeolite in improving saline sodic soils not preferable economically compared with sulphuric acid and
gypsum. In conclusion, sulphuric acid, gypsum applications in combination with deep tillage improved physical and chemical properties
of saline-sodic soils, and consequently enhanced growth and yield of wheat, confirming the importance of deep tillage in reclaiming

saline-sodic soils compared with reduced tillage.
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INTRODUCTION

Soil salinity and sodicity are considered two major
concerns in irrigated agricultural, particularly in arid and
semiarid regions due to water scarcity and climate change.
Worldwide, the area of salt-affected soil is about 935 Mha
(Rengasamy, 2006), and about 560 Mha of the total salt
affected soil is categorized as saline-sodic soils (Zia et al.,
2007; Mahdy, 2011). These salt-affected soils need
effective, low-cost, and environmentally acceptable
management (Seleiman and Kheir, 2018b; Kheir et al.,
2019). In Egypt, about 33.0% of total land is categorized as
saline-sodic soils. Saline-sodic soils have poor aeration and
hydraulic conductivity (HC) due to dispersion, translocation
and deposition of clay platelets in the conducting pores
(Emami and Astaraei, 2012; Hafez et al., 2015; Luo et al.,
2015; Matosic et al., 2018). Saline-sodic soils have an
adverse effect on the growth and yield of crops due to the
low fertility (Mahdy, 2011; Hafez et al., 2015; Matosic et
al., 2018) and sea water intrusion in response to sea level rise
as well as a biotic stress (Kheir et al., 2019).

Sodic soils are generally ameliorated by providing
calcium (Ca?") to replace excess Na* in the cation exchange
complex (Hafez et al., 2015; Luo et al., 2015; Singh et al.,
2016). The replaced Na" is directly leached by the irrigation
from the rhizosphere zone. However, saline-sodic soils
might contain Ca?* in the form of calcite (CaCO;) at
different depths and need to be dissolved through adding
acid to the soil (Matosic et al., 2018). Saline-sodic soil
amelioration with physical amendments such as ploughing,
and subsoiling (Mahdy, 2011) or chemical amendments
such as gypsum (Mace et al., 1999, Hafez et al., 2015),
sulphuric acid (Mahdy, 2011), and/or polyacrylamide
(Seleiman and Kheir, 2018a) is considered a valuable
technology. However, integration between tillage and

proposed amendments on saline sodic soils in arid
environments has less attention.

Gypsum (CaSO, x 2H,0) is considered one of the
most important and commonly applied amendment in
saline-sodic soil due to its low cost (Hafez et al., 2015) and
availability (Gharaibeh et al., 2009, improving hydraulic
conductivity (HC), bulk density (BD) and macro-porosity
(Emami and Astaraei, 2012). Sulphuric acid is considered
another vital chemical soil amendment and essential plant
nutrient involved in plant growth and productivity (Matosic
et al., 2018), and can improve a reclamation processes in
non-carbonate saline-sodic soils (Matosic et al., 2018).
Nano-zeolite ((K, Ca) Al,Os Sio.H,0) is considered one of
the most recent important amendments for soil properties
improvement in terms of reducing soil BD and improving
water holding capacity due to its porous structure (Ming and
Allen, 2001; Wehtje et al., 2003), rather than enhancing soil
nutritional status (i.e. nitrogen, phosphorus and potassium)
and soil organic matter (Burger and Zipper, 2011). However,
exploring the assessment and economic feasibility of Nano-
zeolite on saline-sodic soils has less attention so far.

Tillage process is fundamental practices that can
influence soil fertility, crop production, and consequently the
sustainability of cropping systems (Munkholm et al., 2013;
Souzaa et al., 2018). It can increase soil mulching ability,
infiltration rate and leaching different salts from the soil
surface to deeper layers. Thus, tillage process can be
considered a great practice in reclamation of saline-sodic
soils. On the other hand, reduced tillage is one of the most
applicable management practices for gaining the mutual
advantages in terms of carbon sequestration, erosion control
and lessening the input of energy (Lawrence et al., 1994;
Souzaa et al., 2018). However, reduced tillage was not
studied well before in combination with soil amendments,
particularly in salt affected soils.
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Deep tillage can cause an increase in water
infiltration, internal drainage and aeration, and consequently
can enhance rooting depth in saline-sodic soils (Strudley et
al., 2008; Bogunovic and Kisic, 2017). In addition, it could
improve water use efficiency and crop production as
appeared recently with soybean (Glycine max L.) (Henry et
al. 2018). Nevertheless, sustaining crop yields is considered
a challenge, when adopting reduced tillage in many
traditional cereals-based cropping systems (Morris et al.,
2010). In addition, tillage types can not result in the target
goal of high crop production and soil quality without
apposite agronomic practices and soil amendments,
particularly in salt affected soils.

Bread wheat (Triticum aestivum L.) accounts for
almost 30.0% of the worldwide cereal productivity, as well
as it contributes over than 50.0% of total human calorie
input (FAOSTAT, 2015). Wheat represents nearby 10.0 and
20.0% of the Egyptian agricultural production and imports,
respectively (FAOSTAT, 2015). The demand of grain wheat
in Egypt is approximately 18.9 Mt/annum, however, the
production of grain wheat is roughly 9.0 Mt (Malr, 2014).
Therefore, Egypt is the largest wheat importer country
worldwide, requiring an urgent need to increase crop
production for lessening such gap (Asseng et al. 2018).

Therefore, the purposes of our investigation are to
study the combined effects of tillage systems (i.e. reduced
and deep tillage) and soil amendments (i.e. Nano-zeolite,
sulphuric acid and gypsum) on saline-sodic soil physical
and chemical properties as well as growth and yield of
bread wheat.

MATERIALS AND METHODS

Experimental design and agricultural practices

A field experiment was conducted in saline-sodic
soil at North Nile Delta of Egypt (Metobus district; 31° 1'
N, 30° 6' E) during two growing seasons (2015/2016 and
2016/2017) to explore the combined effects of chemical
soil amendments (i.e. Nano-zeolite, sulphuric acid and
gypsum) and tillage systems (i.e. reduced and deep tillage)
on soil physical and chemical properties, growth and yield
of a new high yielding bread wheat (Tritucum aestivum L.,
cv Sakha 95).

The experiment was conducted in a split plot design
with three replications. Tillage systems (i.e. reduced and
deep tillage) were placed in main plots, while chemical soil
amendments (i.e. control, Nano-zeolite, sulphuric acid and
gypsum) were placed in sub-plots. The area of each sub
plot was 40 m* (5 m x 8 m). The reduced tillage included
rotary tiller at depth of 0-10 cm, whereas the deep tillage
was assigned to sub-soiling up to 60 cm depth alongside
the traditional ploughing with tractors up to 30 cm depth.
Soil amendments (i.e. Nano-zeolite and gypsum) were
added with tillage process and directly before sowing of
grains wheat, meanwhile sulphuric was added with first
irrigation. The amendments were added to the soil at the
rate of 3.0, 4.3 and 17.0 t ha™ for Nano-zeolite, sulphuric
acid (H,SO,) and gypsum (CaSQ,4.2H,0), respectively.
The doses of gypsum and sulphuric were estimated
according to the gypsum requirements (GR) for the
investigated soil. Gypsum requirements (GR) were
calculated as follows:

(ESP1 —ESP,) o cEC x 1.72 x (7100 ) (1)
100 G purity
Where: ESP1 = initial value (22.0%); ESP2= required value
(10.0%); CEC-= cation exchange capacity; Purity = 85.0%

Gypsum characterizes with (pH 7.0, EC 2.2 dS m™,
purity 85.0%, particle size diameter 50x10° m, and
solubility 2.9 g L™) was calculated as the total of GR to
lessen soil ESP from 22.0% to 10.0%, while the liquid
reagent-grade of commercial sulphuric acid was calculated
to be 25 % of GR (Sadiq et al.,2007). Nano-zeolite rate
was calculated to be 0.1% (w/w). Zeolites are crystalline
and hydrated alumina silicates of alkali (Na*, K) and
alkaline earth cations (Ca®* or Mg?"). It was characterized
by an ability to hydrate/dehydrate reversibly and to
exchange some of their constituent cations with aqueous
solutions without a major change in structure (Pabalan and
Bertetti, 2001). The synthesis of Nano-zeolite material had
been made by the hydrothermal transformation of natural
kaolin in NaOH solutions at 100 °C for 20 h. The analysis
of the nature Kaolin as reported by National Research
Centre, Egypt: SiO,, TiO,, Al,O; Fe,0;, MnO, MgO,
Ca0, Na,O, K,0, P,Os and loss on ignition (LOI) was
53.86, 0.74, 32.45, 0.65, 0.03, 0.08, 0.13, 0.08, 0.54, 0.16
and 11.26% as wt., respectively.

The grains of wheat (i.e. cv. Sakha 95) were sown at
the rate of 142.8 kg ha™ on 16" November 2015 and on 18"
November 2016. The preceding crop was rice (Oryza sativa
L.) in first and second seasons. The recommended dose of
synthetic fertilizers of NPK were applied. Phosphorus
fertilizer (35 kg P,0s ha™) in the form of super phosphate
15% P,0Os was applied during the soil preparation stage.
Nitrogen fertilizer (180 kg N ha™) in the form of ammonium
nitrate 33.0% N was divided into two equal doses and was
applied directly before the first and the second irrigations.
However, the total dose of potassium fertilizer (57 kg K,O
ha™) in the form of potassium sulphate 48% K,O was added
directly before the first irrigation. Irrigation of wheat plants
during the two growing seasons was applied at 50%
depletion from soil available water. The plants were irrigated
five times per season. In addition to calculated irrigation
applied water, calculated leaching requirements were added
to applied water in each irrigate. The main source of
irrigation water is EI-Nor branch canal with salinity ranges
between 0.5t0 0.7.

Weeds grown with wheat were controlled by using
Granstar 75% DF (tribenuron-methyl; 19.2 g ha™) at 25
days after sowing (DAS) (BBCH stage 13; Meier, 2001),
and Topic 15% WP (Clodinafop-propargyl; 350 g ha™) at
45 DAS (BBCH stage 30; Meier, 2001).

Soil samples from three different depths (0-20, 20-40
and 40-60 cm) were collected before sowing of wheat for
analysing soil initial physiochemical properties (Table 1).
The type of the soil in the experimental farm was clay
texture and categorized as saline-sodic soils. Soil pH, EC
(dS m™) and ESP in upper layer (0-20 cm depth) were 8.1,
6.5 and 22.5, respectively. For both growing seasons, daily
weather data of temperature, solar radiation and precipitation
were recorded from interior and closer automated weather
station that belongs to Central Laboratory of Agricultural
Climate, Egypt (Fig. 1; www.clac.edu.eg).

GR =
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Table 1. Initial soil chemical and physical analysis of the experimental site before sowing (Data shown are average

of both seasons)

Available (mg kg™?)

Soil depth (cm) pH  CaCO;3(%) EC (dSm™) ESP N S K
0-20 8.1 6.8 6.5 225 58.0 10.8 220
20-40 8.2 7.5 6.8 234 55.0 10.0 212
40-60 7.8 5.8 7.3 245 48.5 9.5 195
Soil depth (cm) SOC CEC FC PWP BD Al MWD

P (%) (Cmol kg*) (%) (%) (Mg m”) (mm)
0-20 0.87 325 410 20.5 1.30 0.25 0.30
20-40 0.85 30.7 415 215 1.35 0.24 0.27
40-60 0.78 29.0 42.0 22.0 1.38 0.22 0.25
Soil depth (cm) Soluble cations (Cmol L) Soluble anions (Cmol L)

P Na" K’ ca Mg” COZ  HCO; CI  SOZ
0-20 44.2 0.65 104 10.3 0.0 4.0 26.4 34.6
20-40 415 0.68 10.9 149 0.0 45 27.6 35.9
40-60 49.6 0.73 11.7 10.9 0.0 4.0 34.2 34.8
Soil depth (cm) Sand % Silt % Clay % Texture class PR (N cm?) HC (cm d™)
0-20 18.7 315 49.8 Clay 250 2.7
20-40 15.7 32.6 51.7 Clay 265 2.5
40-60 16.5 35.1 48.2 Clay 270 2.2

EC: electrical conductivity (salinity); ESP: exchangeable sodium percentage; SOC: soil organic carbon; FC: field capacity; PWP: permanent
wilting point; BD: soil bulk density; Al: soil aggregation index; MWD: mean weight diameter of soil particles; PR: soil penetration resistance;

HC: soil hydraulic conductivity
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Measurements
Soil chemical and physical analysis

Soil chemical analysis (ESP, SOC and EC) before
sowing and at harvest was done by using the procedures
described by Cottenie et al. (1982), Klute (1986) and Burt
(2004). The cation exchange capacity (CEC) was
determined with a 1.0 M (NH,CI) solution in ethanol/water
(60:40, viv) at pH (8.0) (Tucker, 1954). Total calcium
carbonate was determined volumetrically using Collins
calcimeter (Cottenie et al., 1982)

Soil physical traits and moisture were determined in
undisturbed soil samples as explained by (Klute 1986 and
Delgado and Gémez 2016). Where soil field capacity (FC)
and permanent wilting point (PWP) moistures were
measured by pressure cooker apparatus after saturating soil
samples with water by capillary rise and exposing to the
required pressure 0.3 and 15.0 bar for FC and PWP,
respectively. Soil hydraulic conductivity was measured in
situ by constant head method through a novel device called
Guelph Permeameter as described in Reynolds and Elrick
(1985). By this device, soil hydraulic conductivity could be
measured accurately and fast using the following equation:

Kss = (0.0041)(Y)(R;) — (0.0054)(Y)(R;) 2)
Where: K = soil saturated hydraulic conductivity; R,= rate of
water level change in the first well with depth (H1) set at
5.0 cm; R; = the rate of water level change in the second
well with depth (H2) set at 10.0 cm; Y= reservoir

constant used when the inner reservoir was used in clay
soil =2.14 e,

Soil penetration resistance (PR) was determined by
hand penetrometer device at soil field capacity as described
by Herrick and Jones (2002). To determine soil organic
carbon (SOC), samples were air dried, ground and passed
through 2.0-mm sieve, and determined using described
method by Miyazawa et al. (2000). Soil samples for
aggregate stability were taken in undisturbed form
(Kemper and Rosenau, 1986), and used to characterize the
aggregation index (Al) and mean weight diameter (MWD)
of wet-sieved aggregates (Rohoskova and Valla, 2004).
Briefly, the sieves were arranged in descending size order
in wet sieving device (2.0, 1.0, 0.5 and 0.25 mm) from top
to bottom. On the top sieve, about 50.0 g of soil <4.75 mm
aggregates were placed on after immersing these samples
in distilled water. Then, the device was set to move
vertically to sieve samples. The retained soil part by each
sieve was dried at 105 °C for 24 h to obtain the proportion
of water-stable aggregates, then MWD was calculated as
follows:
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n
MWD = Z Wi Xi 3)
=1
Where: Xi = mean diameter of each size fraction (mm); Wi = total

of water stable aggregates.
Wheat growth yield and yield components

Day from sowing to anthesis and from sowing to
maturity of wheat was recorded in each plot. Furthermore,
chlorophyll in terms of SPAD values (SPAD-502
chlorophyll meter, Minolta, Japan) were recorded at 40, 60,
80 and 100 days after sowing (DAS) (i.e. at tillering, stem
elongation, booting, heading and flowering; Meier 2001).
SPAD values were recorded from the middle of flag leaf of
ten wheat plants in each plot. Then, the average of the
recorded ten readings from each plot was obtained and
recorded.

At maturity, ten wheat plants from each sub-plot
were randomly selected for counting number of spikelets
per spike and reordering 1000-grain weight. In addition, at
maturity, wheat plants of three m? were manually
harvested from the middle of each sub-plot. The number of
spikes per m® were recorded, then the whole harvested
plants of the three m®> were weighted to obtain the
biological yield per ha. Afterward, grains of the harvested
wheat plants were threshed with a thresher machine, dried
in oven over night at +70 °C and finally grain yield was
recorded. Straw yield was obtained by subtracting the
weight of grain yield from the weight of biological yield.
Lastly, harvest index (%) was expressed as the ratio of
grain yield to biological yield and multiplied by 100 to be
presented as percent.

Economic assessment

Cash inflow and outflow for all treatments

according to local markets were calculated. In addition,

some economic parameters (i.e. net return and economic
efficiency) were estimated using equations outlined by
(FAO, 2000).
Statistical analysis

Row obtained from the effects of tillage system,
soil amendments and their interaction on wheat grown
during the two growing seasons were subjected to analysis
of variance (ANOVA) using PASW statistics 21.0 (IBM
Inc., Chicago, IL, USA). Means of different treatments
were compared using Tukey's multiple range test, when the
ANOVA showed significant differences (P < 0.05). Also,
LSD (least significant difference) was obtained from the
analysis for each trait to compare means.

RESULTS

Effect of tillage practices and chemical amendments on
saline-sodic soil properties

Deep tillage practice resulted in a significant
reduction for EC (only at 0-15 cm depth), ESP, penetration
resistance (PR) and BD at both depths (0-15 and 15-30 cm)
in saline-sodic soil compared to reduced tillage practice,
(Tables 2and 3). Penetration resistance was higher in
subsurface depth (223.4 N cm? at 15 -30 cm) than soil
surface layer (205.5 N cm? at 0-15 cm). However, there
were no significant differences between deep and reduced
tillage effects on soil organic carbon (SOC), despite
lowering SOC in case of deep tillage than reduced tillage
(Table 4). On the other hand, the HC (Table 3),
aggregation index (Al) and mean weight diameter (MWD)
of saline-sodic soil at both depths were higher with a
significant increment when deep tillage was applied than
reduced tillage (Table 4).

Table 2. Effect of tillage and soil amendments on electrical conductivity (EC, salinity), exchangeable sodium
percentage (ESP) and organic carbon (SOC) of saline-sodic soil after wheat harvest.

Parameters EC (dS m™) ESP SOC (%)

0-15cm 15-30 cm 0-15cm 15-30 cm 0-15cm 15-30 cm
Treatments ST S2 st s2  si 2 s1 S2 st 2 sl 2
Tillage (T)
Reduced tillage 6.0a 6.0a 72 67 21.1a 198a 229 207a 095 108 089 094
Deep tillage 54b 53b 68 63 189 182b 205b 190b 091 093 083 0.86
LSD g5 046 059 049 056 165 0.32 1.03 1.07 005 019 006 0.11
Amendments (A)
Control 66a 72a 80a 80a 233a 235a 250a 256a 092c 0.83d 0.77c 0.68d
Gypsum 55c 53c 69b 6.2b 191c 174c 208c 18.0c 094b 1.07b 0.91a 0.98b
Sulphuric acid 53c 47d 6.J1c 56c 164d 156d 188d 16.5d 0.90c 0.98c 0.92a 0.93c
Nano-Zeolite 6.0b 56b 700 6.3b 21.1b 195b 222b 195b 1.17a 1.28a 0.99a 1.21a
LSD g5 039 024 03 021 093 0.72 0.32 0.53 002 007 003 0.7
Significant
T * * ns ns * * * * * * ns ns
A ** ** ** ** ** ** ** ** ** ** ** **
TxA ns ns ns ns *x *x ns ns ol * * ns

S1 =first season; S2 = second season.

Sulphuric acid application resulted in the lowest
EC, ESP, PR and BD in saline-sodic soil followed by
gypsum and/ or Nano-zeolite application in comparison
to untreated soil during the growing seasons (Tables 2
and 3). Application of sulphuric acid led to a reduction
in EC by 38.0%, gypsum by 27.7% and Nano-zeolite by
19.0% at 0-15 cm soil depth in comparison to untreated

LSD = Least Significant Difference; NS =P > 0.05; * =P <0.05; ** =P < 0.01.

soil (Table 2). Also, ESP of saline-sodic soil treated
with sulphuric acid, gypsum and Nano-zeolite was
decreased by 46.2%, 28.2% and 15.2% respectively
than the untreated soil at surface depth. In contrast, the
highest HC (Table 3), Al and MWD (Table 4) of saline-
sodic soil at both depths were obtained from plots
treated with sulphuric acid followed by gypsum and
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Nano-zeolite applications in comparison to the untreated
plots. Nao-zeolite application (Table 2) achieved the
highest values of SOC followed by gypsum and
sulphuric acid respectively. Mean weight diameter of
soil at surface depth was increased in plots treated with
sulphuric acid, gypsum and Nano-zeolite by 157.0%,

129.1% and 98.0%, respectively in comparison to
untreated soil. The interaction effect of tillage and
chemical amendments on soil ESP and PR was highly
significant under surface soil layer (0-15 cm), while it
was not significant in second soil layer (15-30 cm).

Table 3. Effect of tillage and soil amendments on hydraulic conductivity (HC), bulk density (BD) and penetration
resistance (PR) of saline-sodic soil after wheat harvest.

Parameters HC (cm day™) BD (Mg m®) PR (N cm™)

0-15cm 15-30cm 0-15cm 15-30cm 0-15cm 15-30 cm
Treatments S1 S2 S S2 S S2 S1 S2 S S2 S S2
Tillage (T)
Reduced tillage  2.72b 3.42b 234b 298b 129a 126a 1.3la 1.28a 215.0a 208.0a 232.6a 224.7a
Deep tillage 322a 3.74a 2652 333a 124b 123b 128p 1.25b 202.0b 197.7b 226.0b 210.5b
LSD g5 038 031 024 031 003 002 002 001 528 684 425 395
Amendments (A)
Control 226c 241d 195d 2.22d 132a 135a 137a 1.35a 242.3a 246.la 255.0a 253.6a
Gypsum 292b 3.96b 2.63b 348b 1.25¢ 121c 127c 1.25bc 205.0b 195.5c 225.0c 213.0b
Sulphoric acid 3.95a 440a 3.15a 4.00a 122d 1.18d 1.23d 1.21c 179.3c 168.6d 202.5d 186.6¢c
Nano-Zolite 2.73b 355c 225c 292c 128b 125b 129 1.27b 207.5b 201.3b 234.8b 217.3b
LSD g5 040 036 016 028 001 002 022 004 365 265 507 497
Significant
T * ** * * * * * ** * * * *%x
A ** ** ** ** ** ** ** ** ** ** ** *%*
TxA ns ns ns ns ns * * ns * ** ns ns

S1 =first season; S2 = second season. LSD = Least Significant Difference; NS =P > 0.05; * =P <0.05; ** =P <0.01.
Table 4. Effect of tillage and soil amendments on mean weight diameter (MWD) and aggregation index (Al) of

saline-sodic soil after wheat harvest.

Parameters MWD (mm) Al

0-15cm 15-30 cm 0-15cm 15-30 cm
Treatments Sl S2 S1 S2 Sl S2 Sl S2
Tillage (T)
Reduced tillage 0.48b 0.52b 0.42b 0.45b 0.29b 0.34b 0.25b 0.29b
Deep tillage 0.52a 0.61a 0.45a 0.51a 0.33a 0.39% 0.30a 0.34a
LSD g5 0.03 0.04 0.01 0.04 0.02 0.05 0.04 0.02
Amendments (A)
Control 0.27d 0.27d 0.24d 0.20d 0.24c 0.22d 0.19d 0.23d
Gypsum 0.58b 0.66h 0.49h 0.56b 0.32b 0.41b 0.30b 0.35b
Sulphuric acid 0.65a 0.74a 0.57a 0.60a 0.38a 0.45a 0.35a 0.39%
Nano-Zeolite 0.49c 0.58¢c 0.43c 0.52c 0.29b 0.37c 0.27c 0.30c
LSD g5 0.03 0.02 0.02 0.04 0.02 0.03 0.03 0.02
Significant
T * * ** * ** * * *
A ** *%* ** ** ** ** ** *%x
TxA ns ** ** * ns ns ns ns

S1 =first season; S2 = second season. LSD = Least Significant Difference; NS =P > 0.05; * =P < 0.05; ** =P <0.01.

Effect of tillage practices and chemical soil amendments
on growth and vyield of bread wheat grown in saline-
sodic soil

According to the obtained SPAD values during the
two consecutive seasons, there were no significant
differences between the effect of reduced and deep tillage
on SPAD values at all investigated growth stages (i.e.
tillering to flowering and anthesis stage) of bread wheat.
However, the highest SPAD values were obtained from
wheat grown in soil treated with sulphuric acid followed
by gypsum and/or Nano-zeolite applications in comparison
to those grown in untreated soil (Fig. 2).

Number of days from sowing to anthesis and
sowing to maturity were higher with deep tillage than
application of reduced tillage (Table 5). Also, the highest

number of spikes per m? and 1000-grain weight were
obtained from wheat grown in soil treated with deep tillage
in comparison to reduced tillage application (Table 5).
However, there was no significant difference between the
effect of deep and reduced tillage on number of spikelets
per spike. On the other hand, application of sulphuric acid
resulted in a greater number of days from sowing to
anthesis, number of days from sowing to maturity and
1000-grain wheat followed by the application of gypsum
and Nano-zeolite in comparison to untreated soil. Data
presented in Table (5) revealed that either sulphuric acid or
gypsum or Nano-zeolite markedly promoted growth of
wheat crop in terms of the highest number of spikes per m?
and number of spikelets per spike in comparison to those
grown in untreated soil (i.e. control).
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Fig. 2. Effect of soil amendments on chlorophyll
(SPAD) of bread wheat grown in saline-sodic
soil during the two growing seasons. Bars are
least significant difference.

Deep tillage resulted in a significant increase in grain
and biological yields of wheat and harvest index, while there
were no significant differences between reduced and deep

tillage on straw yield (Table 5). The results indicated that
grain and biological yields of wheat grown in soil treated
with deep tillage was higher than reduced tillage by 14.0%
and 6.0%, respectively. On the other hand, sulphuric acid
application resulted in the highest grain and biological yield
of wheat with a significant increment followed by gypsum
and/or Nano-zeolite in comparison to those grown in
untreated soil, whereas, the highest straw yield and harvest
index were obtained from soil treated with sulphuric acid
or/and gypsum in comparison to other treatments (Table 6).
Grain yield of wheat grown in soil treated with sulphuric
acid, gypsum and Nano-zeolite was 41.5%, 35.2% and
24.9% higher than those grown in untreated soil,
respectively.
Economic evaluation

To assess different treatments economically,
economic evaluation includes net return and economic
efficiency was conducted. Data in Table 7 showed that, the
lowest values of economic efficiency and net return for
wheat yield were obtained with Nano-zeolite application and
reduced tillage. Meanwhile, the highest values were
recorded with sulphuric acid application and deep tillage.
This confirms the importance of using sulphuric acid and
deep tillage to improve soil properties and crop production
in saline sodic soils from the economic view (Table 7).

Table 5. Effect of tillage and soil amendments on some growth and yield components of bread wheat grown in

saline-sodic soil.

Parameters Days from sowing to  Days from sowing No. of No. of spikelets 1000-grain
anthesis to maturity Spikes m* spike™ weight (g)
Treatments S1 S2 S1 S2 Sl S2 Sl S2 Sl S2
Tillage (T)
Reduced tillage 96.3b 96.4b 126.0b  126.5b  357.6b  360.2b 21.6 21.0 35.1b 34.4b
Deep tillage 98.2a 98.8a 128.8a  129.6a 365.3a  367.9a 22.3 22.6 37.4a 39.8a
LSD g5 1.29 2.21 0.94 0.95 7.66 7.35 1.43 1.89 217 0.95
Amendments (A)
Control 93.0d 92.0c 121.8d  120.0c  356.6b  3525b  19.3b 193b  34.3a 32.0d
Gypsum 98.8b 99.3b 129.1b  1305b 363.0ab 365.3a 22.6a 23.0a 36.6b 39.1b
Sulphoric acid 101.0a 101.6a 1321a 1333a 365.3a 371.0a 23.6a 23.3a 385a 4lla
Nano-Zolite 96.3c 97.5b 126.5¢c  1285b 361.8ab 366.5a 22.3a 22.6a 36.0b 38.5b
LSD g05 1.35 2.03 1.99 2.20 8.47 7.16 1.51 1.11 081 1.40
Significant
T * * * * * * ns ns * *
A *% ** ** ** ns ** * * ** *
TxA ns ns ns ns ns ns ns ns ns *

S1 =first season; S2 = second season. LSD = Least Significant Difference; NS =P > 0.05; * = P <(.05; ** =P <(.01.

Table 6. Effect of tillage and soil amendments on yields and harvest index of bread wheat grown in saline-sodic soil.

Parameters Grain yield (kg ha™) Straw yield (kg ha™) Biological (kg ha™)  Harvest index (%0)
Treatments Sl S2 Sl Sl S2 Sl S2
Tillage (T)

Reduced tillage 4780b 4804b 8412 8003 13193b 12807b 36.0b 36.9b
Deep tillage 5503a 5486a 8617 8121 14121a 13608a 38.7a 39.7a
LSD g5 296.0 168.0 404.2 334.7 634.2 346.4 1.17 15
Amendments (A)

Control 4216¢ 3224d 8251b 8003 12467d 11228d 33.7b 28.7c
Gypsum 5583h 5904b 8552ab 7994 14135h 13898b 39.4a 42.4a
Sulphuric acid 6154a 6559a 8824a 8138 14979 14697a 41.0a 44.6a
Nano-Zeolite 5200b 5500c 8433ab 8114 13633b 13614b 38.9a 40.4a
LSD g5 405.8 396.5 491.0 538.2 514.6 393.1 2.72 3.18
Significant

T * * ns ns * * * *
A ** ** * ns ** *%x ** **
TxA ns ns ns ns ns ns ns ns

S1 = first season; S2 = second season. LSD = Least Significant Difference; NS =P > 0.05; * =P <0.05; ** =P < 0.01.
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Table 7. Values of total revenue, total cost, net return, economic efficiency and net return from water unit as
affected by different treatments through both growing seasons

Variables Treatments

Control Gypsum  SA NZ DT ZT

First season
Grain yield revenue (LE.ha™) 11256.72 14906.61 16431.18 13884 14693.01 12762.6
Straw yield revenue (LE. ha™) 6600.8 68416 7059.2 67464 68936 6729.6
Total revenue (LE.ha™) 17857.52 2174821 23490.38 20630.4 21586.61 194922
Costs accordingto  Amendments and tillage costs (LE ha™) 0 2550 3225 2875 240 0
the local market ~ Costs of VAP (LE ha™) 5750 5750 5750 5750 5750 5750
price (LE.fed™) Land rent for winter season (LE. ha™) 5000 5000 5000 5000 5000 5000
Total cost (LE.ha™?) 10750 13300 13975 13625 10990 10750
Net return (L.E. ha™) 710752 8448.21 9515.38 70054 10596.61 8742.2
Economic Biological yield 0.66 0.64 0.68 0.51 0.96 0.63
efficiency Grain yield 0.05 0.12 0.18 0.02 0.34 0.19
Second season

Grain yield revenue (LE.ha™) 12180 16531.2 18365.2 15400 15360.8 13451.2
Straw yield revenue (LE. ha™) 8003 7994 8138 8114 8121 8003
Total revenue (LE.ha™) 20183 245252 26503.2 23514 23481.8 214542
Costs accordingto  Amendments and tillage costs (LE ha'™) 0 2550 3225 2875 240 50
the local market ~ Costs of VAP (LEha™) 6000 6000 6000 6000 6000 6000
price (LEfed™) Land rent for winter season(LE. ha™) 5000 5000 5000 5000 5000 5000
Total cost (LE.ha™) 11000 13550 14225 13875 11240 11050
Net return (L.E. ha™?) 9183 109752 122782 9639 122418 10404.2
Economic Biological yield 0.83 0.81 0.86 0.69 1.09 0.94
efficiency Grain yield 0.11 0.22 0.29 0.11 0.37 0.22

VAP: Variable costs of agricultural practices; Net return = total cost/total return; Economic efficiency = net return/total cost; SA: Sulphuric
acid; NZ: Nano-Zeolite; DT: Deep tillage; ZT: Zero tillage; Cost of SA= 1500 LE/ton; Cost of NZ= 2500 LE/ton.

DISCUSSION

Effect of tillage practices and chemical amendments on
saline-sodic soil properties

Saline and sodic soils management is considered a
great challenge due to the poor physical and chemical
properties in addition to the low soil microbial activity,
consequently causing a reduction in soil quality and crop
productivity (Matosic et al., 2018). Suitable tillage and soil
amendments are considered the main factors for alleviating
the negative effects, amelioration of salt-affected soils and
improving crop productivity. In saline-sodic soil, Na*
cations are very soluble and weakly attracted. For this
reason, the main problem of such soils appears when Na*
starts to accumulate and dominate over the Ca®* cations.
Such process can lead to structural deterioration through
physical processes for instance slaking, swelling and
dispersion of clay forming soil compaction (Qadir et al.,
2001; Qadir et al., 2003).

In the current study, deep tillage resulted in a
significant improvement in soil quality in terms of
chemical and physical soil properties. It caused higher
decline in EC and ESP as well as improving soil structure
by increasing HC, Al and MWD of saline-sodic soil than
reduced tillage practice (Tables 2, 3, 4). At harvest, soil EC
was higher at 15-30 ¢cm soil depth than at 0-15 cm soil
depth. Deep tillage also resulted in a higher reduction in
BD and PR than those obtained from reduced tillage plots.
The general trends were that higher PR occurred at the
greater BD. The decline in BD could be probably due to
loosening soil and thus temporarily forming macro-pores
(Matosic et al., 2018). Tillage practices can improve the
aeration and alleviate the compaction of soil, whereas, the

organic matter obviously promotes binding soil particles
into aggregates (Matosic et al., 2018). It improved soil
physical properties through changing the conditions in the
current study, and accordingly has a vital influence on the
crop growth and yield (Jabro et al., 2011). The higher
levels of salinity at lower depth of soil could be due to
leaching of salts from the topsoil as well as secondary
salinization by capillary rise in arid regions. Deep tillage,
mix subsoil with topsoil to cause a complete destruction of
soil horizons, is considered a great challenge in poor soils
since it could alleviate high subsoil strength, facilitating
deeper rooting, and consequently the plant-availability of
subsoil resources for instance nutrients (50% of total
nitrogen stocks and 25-70% phosphorus stocks) and retain
water even under drought stress (Schneider et al., 2017).
The interaction effect of tillage and amendments,
soil ESP and PR were highly significant in top soil (0-15
cm) and non-significant in sub soil (15-30 cm). Sulphuric
acid application resulted in the highest improvement in soil
quality traits in terms of the lowest EC, ESP, PR and BD,
followed by gypsum and/ or Nano-zeolite application in
comparison to untreated soil (Tables 2, 3). In contrast, the
highest HC, Al and MWD of saline-sodic soil at both
depths were obtained from plots treated with sulphuric acid
followed by gypsum and Nano-zeolite applications in
comparison to the untreated plots (Table 2, 3, 4). Nano-
Zeolite improved SOC in comparison with other
amendments, it may be due to its higher content from OC
compared to other amendments (Pabalan and Bertetti,
2001). Sulphuric acid can be used instead of gypsum in
calcareous saline-sodic soil, because it can react with lime
to form gypsum (CaSO,.2H,0). In saline-sodic soil treated
with acid, the presence of lime is a vital factor because it
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can provide Ca?* during the initial steps of soil reclamation
(Ali and Aslam, 2005). The effectiveness of sulphuric acid
application in ameliorating the saline-sodic soil in the
current investigation could be due to the significant formed
amounts of bicarbonate (HCOs) during the reaction of
sulphuric acid (H,SO,) with carbonate (CaCOs3) resulting
in an extra Ca®* in soil solution and enriched displacement
of exchangeable Na* (Mace et al., 1999).

The increased HC in soil treated with sulphuric acid
certainly was resulted from less clay swelling and
dispersal, associated with the lower ESP and pH as well as
the higher ionic strength (Mace et al., 1999). During the
two growing seasons of the current investigation, the
particle mean diameter size of soil was significantly larger
when H,SO, was applied (diameter was 0.69 mm after acid
application and 0.27 mm in untreated soil), signifying a
better clay tactoid preservation. This improvement in the
mean diameter size might be attributed to the low pH and
high ionic strength caused by acid application and the
subsequent compression of the diffuse double-layer, edge-
to-face bonding and better flocculation in comparison to
the gypsum application (Lebron et al., 1993; Mace et al.,
1999). Gypsum can do the same action, but slowly due to
its low solubility leading to the superiority of sulphuric
acid in saline-sodic soil amelioration.

Effect of tillage practices and chemical soil amendments
on growth and vyield of bread wheat grown in saline-
sodic soil

Deep tillage of soil improved chemical and
physical traits of soil in the current study, this could be due
to the leaching of salts from the surface to deeper layer of
soil, improving soil aeration through breaking the hard pan
layer and improving soil drainage. These could be vital
reasons attributed to the improvement of growth traits and
the increment of wheat grain yield in the current study.
Significant differences in wheat yields because of different
tillage practices could be due to the hydrophobic nature of
crop and poor root expansion in reduced tillage soil. The
increase in the yield with deep tillage could be attributed to
the cutting of the soil layers up to deeper depths, which in
turn could have increased the mulching ability and the
infiltration rate. Deep tillage can improve the accessibility
of nutrients from the subsoil, which increases crop yield if
the nutrient availability in the topsoil is deficient. This is
illustrated by significantly higher yield increases after deep
tillage in un-fertilized trials compared to trials with
fertilized topsoil (Schneider et al., 2017).

Sulphuric  acid, gypsum and Nano-zeolite
applications significantly increased chlorophyll in terms of
SPAD values, 1000-grains weight, number of spikes per
m? and grain, straw and biological yields of wheat per ha in
comparison to untreated soil (Tables 5, 6, Fig. 2). This
improvement could be due to calcium, since it is
considered an essential for plant cell wall structure,
provides normal transport and retention of other elements
as well as strength in the plant (Helmy and Shaban, 2013).
In addition, this can probably be due to the increment of
calcium and potassium and to the reduction of sodium in
soil which can result in healthy environment for plant
growth (Helmy and Shaban, 2013). The role of sulphuric
acid and gypsum applications on plant growth and yield
can be also because of reducing soil pH which can enhance

the availability of nutrients in soil and improve their use
efficiency such as nitrogen and phosphorus (Mazhar et al.,
2011). Meanwhile, increasing yield under Nano-Zeolite is
mainly due to its higher content of organic matter and other
essential elements such as N, P, K, Ca and Mg). The
improvement of growth and productivity of wheat in the
current investigation can partly be attributed to higher
amounts of calcium brought into soil solution through
sulphuric acid application which improved soil infiltration
(Zia et al. 2007). The low vyield obtained from untreated
soil in the current study could be due to the poor HC, soil
porosity and deteriorated infiltration rate. These poor traits
resulted from the dispersion, translocation, and
redisposition of clay platelets or choking of macro and
micro pores owing to which plant roots faced resistance to
proliferation, aeration, water absorption, and nutrient
uptake (Sadiq et al., 2007). Economically, sulphuric acid
achieved the higher net return and economic efficiency
followed by gypsum, but Nano-Zeolite recorded the lowest
values (Table 7). Despite the recent trends of using Nano-
materials in agriculture, using these materials in reclaiming
saline-sodic soils is not preferable economically. In this
study, there are not significant differences between gypsum
and Nano-zeolite in wheat yield, however the economic
efficiency of first is much better.
Conclusions and future directions

Deep tillage with sulphuric acid or gypsum
application improved physical and chemical traits of
saline-sodic soil as well as improved growth and yields of
wheat crop in comparison to untreated soil. The EC, ESP,
HC, PR and MWD of amended soils revealed that soils
treated with sulphuric acid or gypsum being more efficient
than Nano-zeolite and control treatments. Nano-zeolite,
achieved the highest values of SOC, improving wheat
productivity in saline-sodic soils, however its impact on
other soil properties was lower than sulphuric and gypsum.
Although reduced tillage is beneficial in increasing SOC
through carbon sequestration, which might enhance crop
productivity, but this action appears well in normal soil
rather than saline-sodic soil, favouring deep tillage in salt
affected soils. The yields of wheat crop suggest that
farmers can get better output after application of some
inorganic amendments (e.g. sulphuric acid or gypsum) into
saline-sodic soil. Application of sulphuric acid achieved
the highest economic return and economic efficiency
values followed by gypsum with lowest values under
Nano-zeolite application. Nevertheless, there is an urgent
forthcoming study to investigate the impacts of different
rates of these materials and their combination on saline-
sodic soil properties and crop production. In addition,
using high quantities of natural zeolite as raw material
without Nano forms could improve saline sodic properties
significantly with high economic return, requiring future
studies.
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