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Abstract: Understanding the variability in the mechanical and hydrological soil characteristics
resulting from diverse tillage and residue management practices is essential for evaluating the
adoption of conservation strategies to preserve soil’s physical well-being. Zero-tillage techniques
combined with residue retention or incorporation have gained widespread recognition for their
capacity to conserve soil and water resources, reduce energy consumption, and enhance soil quality
and environmental sustainability. Nevertheless, the choice of tillage and residue management options
may vary depending on the geographical locations and specific soil conditions. To assess the impacts
of four distinct tillage and residue management approaches, a two-year experiment (2020–2021 and
2021–2022) was conducted: T1: conventional tillage followed by wheat sowing after the removal of
rice straw (CT-RS); T2: zero tillage with wheat sowing using a Happy Seeder while retaining rice
straw (ZT+RS); T3: conventional tillage followed by wheat sowing after rice straw incorporation
using a reversible mouldboard plough (CT+RS); T4: minimum tillage with wheat sowing using a
Super Seeder with rice straw incorporation (MT+RS); the effects were recorded on the physical soil
properties. Our findings indicate that zero tillage combined with residue retention (T2) had a positive
influence on various physical soil attributes. Notably, significant differences were observed among the
tillage and residue management options, particularly in terms of the bulk density with T1 exhibiting
the highest values and the lowest being in T2, whereas the soil penetration resistance was lowest
in T3 compared to T1. In the case of T3, sandy loam and clay loam soils had the highest measured
saturated hydraulic conductivity values, measuring 5.08 and 4.57 cm h−1 and 4.07 and 3.73 cm h−1,
respectively. Furthermore, T2 (zero tillage with residue retention) demonstrated the highest mean
weight diameter (MWD) and maximum water stable aggregate. These results collectively underscore
the positive effects of adopting zero tillage and retaining residue (T2) on soil structure and quality,
particularly concerning the mechanical and hydrological soil properties.

Keywords: soil structure; penetration resistance; bulk density; moisture content; residuemanagement;
soil water transmission

1. Introduction

Soil characteristics, environmental quality, and crop productivity are significantly
influenced by tillage and residue management [1]. While tillage is an age-old practice,
often considered as beneficial for plant growth, extreme and unnecessary ploughing with
no residue retention can harm the soil physical characteristics, lower the concentration
of organic carbon in soil (SOC), and reduce crop productivity [2]. As a result, there is a
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focus on adopting conservation tillage with residue retention or incorporation to enhance
soil quality, reduce soil erosion risks, and increase soil organic matter (OM), soil structure,
water storage capacity, infiltration rate, biodiversity, ecosystem stability and energy use
efficiency [3,4]. A significant cropping pattern in the Indo-Gangetic Plains of South Asia is
the rice-wheat cropping system (RWCS). It is practised on 10.0 million hectares (Mha) and
is essential for the region’s food security [5]. In Punjab, wheat was cultivated over 3.52 Mha
during 2018–19, while rice occupied an area of 3.14 Mha during 2019–20 [6]. RWCS has
made a significant contribution to India’s becoming self-sufficient in the production of
food grains; however, the conventional RW cultivation method has been used for the
last 50 years, which has led to a drop in the soil’s natural ability to supply nutrients,
overutilization of groundwater along with a dropping of the water table, the obstruction
of system productivity and dwindling profits, the emergence of new weeds, the risk of
health hazards and the degradation of soil microbial population, etc., which are risking the
sustainability of RWCS [7]. Wheat straw is preferably used for consumption as fodder for
animals. Contrarily, due to dangerous levels of oxalates [8] and silica [9], more than 90%
of rice straw is burned in the field before the planting of wheat crops [10] as it cannot be
utilised as fodder. After the rice is mechanically harvested, the remaining straws impede
wheat seeding efforts and frequently delay wheat planting [11]. Consequently, almost all
residues are always burned in the open by farmers to facilitate residue-free and timely
wheat sowing [12]. Burning rice residue leads the soil to lose 4 to 60% of its sulfur, 21% of its
potassium, 25% of its phosphorus, and 80% of its nitrogen [13]. Meanwhile, environmental
contamination increases as a result of the loss of soil organic matter (SOM) caused by
residue fire [14].

The in-situ incorporation, mulching and removal of residue with minimum or no
tillage are the foremost crop residue management options. According to Sandhu et al. [15],
the application of crop residues with higher C/N ratios to the soil surface during conser-
vation agriculture has been reported to slow down decomposition in North-west India,
resulting in long-term beneficial effects on soil moisture conservation, soil thermal regime,
and carbon sequestration. Farmers in north-western India typically employ Happy Seeder
technology for the surface retention of rice residue and soil integration after rotavator or
mouldboard plough plowing as treatments for in situ rice residue management [16]. This
has prompted the creation of a zero-tillage machine called the Turbo Happy Seeder that
could plant crops into thick layers of crop residues without burning them. Compared to
ZT techniques, which keep the soil intact, a plough till causes physical disruption and
pulverization, producing a loose and fine soil structure [17,18]. In other words, different
plowing techniques can affect how well soil can store and transmit water and manage
aeration by changing the number, shape, continuity, and size of pore networks. Adopting
ZT might increase the edaphic environment and input utilization efficiency by improving
the soil’s porosity and accessible water capacity [19]. ZT soil often has a more continu-
ous pore network due to bio pores produced by earthworms, root channels, and vertical
fractures [20]. Additionally, when compared to ZT treatments, CT increases the propor-
tion of micro-aggregates (fractions of 0.05–0.25 mm and 0.05 mm) while decreasing the
proportion of macro-aggregates (0.25–2 mm). Compared to CT soils, ZT soil has more
macroaggregates [21,22]. Tillage intensifies the effects of freezing–thawing and drying–
rewetting, making macroaggregates more vulnerable to physical disturbance [23,24]. The
retention of residue, however, enhances the edaphological environment [25], facilitates
the soil temperature [26], increases the soil porosity and rate of water infiltration during
heavy rains [27,28], and reduces soil erosion and runoff [29]. The hypotheses of this study
were: (1) ZT, along with residue, enhances the soil structure in the soil as compared to CT;
(2) in comparison with ZT, the adoption of CT degrades the physical quality of the soil.;
and (3) the adoption of ZT with residue increases the water transmission and decreases the
mechanical resistance (e.g., bulk density and soil penetration resistance). The aim of this
study was to investigate how changes in the mechanical and hydrological properties of the
soil were impacted by various tillage and residue management options.
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2. Materials and Methods
2.1. Study Site Description

Experiments conducted at Punjab Agricultural University’s Research Farm of Soil
Science Department, Ludhiana (N 30◦56′ latitude, E 75◦52′ longitude, 247 m altitude) ex-
amined sandy loam and clay loam over two years (2020–2021 and 2021–2022). In our study
area, weather conditions were subtropical semiarid, with hot summers and cold winters
characterized by 652 mm of precipitation on average each year. During the summer, the
maximum air temperature frequently surpasses 38 ◦C and occasionally reaches 45 ◦C due to
dry spells in May and June. There are frosty periods during the winter months of December
and January, when the minimum temperature drops below 0.5 ◦C. During the Rabi seasons
2020–21 and 2021–22, the Meteorological Observatory at Punjab Agricultural University,
Ludhiana, recorded the following weather conditions in Figure 1. An initial description
of the soil characteristics is provided in Table 1. Four different rice residue management
techniques were used as the principal treatments in a split-plot design experiment with
a 50 m2 plot size and three replications. Table 2 provides a thorough explanation of the
treatments. In the experiment, the rice crop was manually transplanted at a 15 × 20 cm
spacing in puddled conditions. In the wheat season, the plots with rice residue reten-
tion treatments were harvested with a combine fitted with a straw management system
(PAU SMS). The plots with no rice residue retention were manually harvested at the ground
with a sickle. The sowing of wheat crops was performed in the first fortnight of November
in both years with 100 kg of seed per hectare with a properly-calibrated seed-cum-fertilizer
Happy Seeder, a seed-cum-fertilizer drill and a super seeder machine as mentioned in
Table 2. Phosphorus at the rate of 65 kg P2O5 per hectare was drilled through di-ammonium
phosphate (46% P2O5). Potassium at the rate of 30 kg per hectare was broadcasted through
muriate of potash (60% K2O) before the sowing of rice crops; potassium was not applied
during the wheat sowing. Wheat seeds were treated with 15 mL of Tebuconazole (Raxil)
and 160 mL Chlorpyriphos (Dursban) for 40 kg of seed for protection against smuts and ter-
mites, respectively. The clodinafop (post-emergence) herbicide was applied after 35 days of
sowing equally in all plots. During the experiment period, the wheat crops were manually
harvested in the second fortnight of April. The bundle weight from every plot biomass was
recorded after drying for four days under sunlight, and threshing was carried out.

Table 1. Description of initial soil properties of the experimental sites.

Soil Properties Sandy Loam Clay Loam Method

Soil Chemical Properties

Clay % 11.1 33.2

[30]Silt % 17.4 26.7

Sand % 71.5 40.1

Soil pH 7.25 8.45 [31]

Soil EC (dS/m) 0.22 0.25 [31]

SOC (%) 0.43 0.54 [32]

Available N (kg/ha.) 202 235 [33]

Available P (kg/ha.) 22.5 25.8 [34]

Available K (kg/ha.) 149 168 [35]

Available Zn (mg/kg) 2.17 2.47

[36]
Available Fe (mg/kg) 22.8 25.7

Available Mn (mg/kg) 10.4 14.2

Available Cu (mg/kg) 1.12 1.49
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Figure 1. Graphical representation of crop season from November to April according to weekly
meteorological data during wheat crop seasons of 2020–21 (A) and 2021–22 (B).

Table 2. Description of the treatments of wheat sowing in the experiment at both sites.

Abbreviation Treatment Detail Method of Crop Establishment Short-Term

Main Treatment

T1 Conventional till wheat after
the removal of rice residue

After removing the rice straw, wheat was sown using
conventional tillage. Two harrow passes to a 10 to

15 cm depth and two rotavator passes were used to
prepare the field. A seed-cum-fertilizer drill was used

to sow wheat, leaving 20 cm between each row.

CT (−RS)

T2 Zero till wheat retaining full
residue of rice crop as mulch

Wheat was directly sown with a Happy Seeder zero
till machine (seed-cum-fertilizer) by retaining rice

residue on the surface as mulch without disturbing the
straw of the previous rice crop.

ZT (+RS)

T3
Conventional till wheat by

incorporating full residue of
previous rice crop +T1

After incorporating rice straw, wheat is sown using a
reversible mouldboard deep plough up to 25–30 cm

(two disc harrowing operations about 18–20 days prior
to the sowing of wheat). The field was then irrigated
to hasten the decomposition of the straw. The wheat

was then sown using the T1 method.

CT (+RS)

T4

Minimum (single pass of
machine) till wheat by

incorporating full residue of
previous rice crop

Wheat was seeded after the incorporation of rice straw
using a super seeder machine (roto-seeder) with a

single pass up to a 15 cm soil depth on the same day of
sowing, along with fertilisers.

MT (+RS)
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2.2. Determination of Soil Physical Properties
2.2.1. Bulk Density (ρb) and Penetration Resistance

Using the Blake and Hartge [37] approach, a core sampler with the dimensions of
8.0 cm in diameter and 7.5 cm in height was used to determine the bulk density of soil at
depths of 0–15 and 15–30 cm at wheat harvesting after two years:

ρb =
Ms

Vt
(1)

where Ms and Vt denote the soil’s dry mass and volume of the core sampler used, respectively.
Using a digital cone and handheld penetrometer (CP40II; Rimik Electronics, RFM

Australia), the penetration resistance (PR) was measured up to 40 cm with 10 cm increments.
The PR was determined at four different locations within a plot at wheat harvesting after
two years.

2.2.2. Determination of Infiltration Rate (IR) and Cumulative Infiltration (CI)

In situ, the determination of the infiltration rate was made using a locally made
double-ring infiltrometer having the dimensions of 30 cm height for both the outer and
inner rings; however, the internal diameter was 50 cm for the outer ring and 30 cm for the
inner ring [38]. Water filled both the outer and inner rings. For 240 min, the infiltration rate
and cumulative infiltration were determined. The water in the outer and inner rings was
refilled when the pounded water dropped up to a 5 cm depth from the soil surface.

2.2.3. Mean Weight Diameter and Water Stable Aggregates

Wet sieving technique was used to assess the state of soil aggregation [39]. After
drying in the air and being sieved through an 8 mm sieve, those soil peds from the top
layer (0–15 cm) were collected over the 4 mm sieve. Four sets of five (12.7 cm wide and
5 cm height) Yoder wet sieving sieves were used in this experiment. The sieve pores ranged
in size from 2.0, 1.0, 0.5, 0.25 and 0.1 mm. Over the top sieve of the set, the soil peds were
equally dispersed, and the capillary was moistened for approximately 10 min. After that,
for 30 min, the sieve set was stirred. After that, the sieves were dried at 105 ◦C in the oven
until they reached a constant weight. The following formula was used to assess the water
stable aggregates (WSA) [40] and mean weight diameter (MWD) [41]:

MWD =
n

∑
i=1

di × wi (2)

WSA > 0.25 mm(%) =
∑n

i=1 wi

weight of soil peds
× 10 (3)

where n is the number of size fractions, di is each size range’s average diameter, and wi is
the weight of aggregates in a specific size range as a percentage of the total dry weight of
the soil samples taken.

2.2.4. Volumetric Water Content (θ)

A pressure plate device (Soil Moisture Equipment Co. New York, NY, USA) was used
to investigate the parameters of the soil moisture retention using an applied pressure of
0.3, 5, 10 and 15 × 102 kPa [42]. The samples for the moisture determination were taken
with a locally made screw auger (Falcon Ltd., Ludhiana, Punjab, India) at 0–7.5, 7.5–15,
15–22.5, and 22.5–30 cm depths. After measuring the soil’s fresh weight and oven-drying
the samples for 24 h at 105 ◦C, the water content was calculated on a mass basis.

The volumetric water content was calculated by dividing the mass water content by
the bulk density of the soil:

θ = Db × ω (4)
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where θ is the volumetric water content, Db is the soil bulk density, and ω is the water
content on a mass basis.

2.2.5. Saturated Hydraulic Conductivity

The saturated hydraulic conductivity was calculated using the constant head method.
Unobstructed soil cores of 7.5 cm in length and 8 cm in diameter were taken from depths
of 0 to 7.5 and 7.5 to 15 cm. The samples were saturated in the lab. In order to stop water
leakage, grease was placed at the jointing area on top of the first core after joining the
saturated soil sample and core with another core. Siphons attached to a constant head
device (Mariotte apparatus) were used to pour water on top of the sample slowly. The
volume of water that filtered through the sample was gauged periodically. The following
equation was used to analyze the hydraulic conductivity:

Ks =

(
Q
At

)
×

(
L

H + L

)
(5)

where Ks = the saturated hydraulic conductivity (cm h−1); Q = the volume of percolate
collected (cm3); A = the cross-sectional area of the soil column (cm2); t = time (h); L = the
length of the soil column (cm); H = the depth of water above soil (cm).

2.3. Statistical Analysis

The data was analyzed using a split-plot design as described by Gomez and Gomez [43]
using IRRISTAT version 92 (IRRI 1992) to determine the effects of tillage and residue man-
agement options on changes in the mechanical and hydrological soil properties. The
statistical significance was determined for means that varied at p < 0.05 and was deter-
mined using the least significant difference (LSD) test to compare the means.

3. Results and Discussion
3.1. Soil Bulk Density and Penetration Resistance

Significant variations in the soil bulk density were observed at two depths (0–15 and
15–30 cm) for different land and residue management practices in Table 3. At the end of the
cropping season, a lower bulk density was observed at 0–15 and 15–30 cm depths in both
soils in the T2 treatment (With the wheat sown with the Happy Seeder machine), which
was comparable with the mouldboard plough sown wheat (T3). This was due to better
soil loosening and increased soil porosity by maintaining the rice residue as surface mulch.
Maximum bulk densities of 1.56 and 1.53 Mg m−3 were recorded in the clay loam and sandy
loam soils under the T4 treatment at the 0–15 cm depth; however, a hard pan formation
brought the bulk density under the T4 treatment to a level with the T1 treatment in the
clay loam and sandy loam soils at the 15–30 cm depth due to the compaction and shearing
action of the tillage ploughed up to 15 cm. Lower bulk density in the ZT method showed
that the no-till system assisted in reducing sub-soil compaction. As a result of CT, rice and
wheat crops developed a plough sole beneath the usually-tilled layer. Sharma et al. [44]
and Tripathi et al. [45] reported similar results, illustrating that puddling increases the bulk
density in the soil immediately below a plough layer caused by destroying soil aggregates
and filling macropores with finer soil particles, resulting in a reduction in porosity. When
the moisture content drops, puddling creates favourable conditions for soil compaction and
reduced percolation losses [46]. The residue retained during the wheat season enhanced
the aggregation of soil particles and improved the soil organic matter, thereby reducing the
bulk density at different depths in the T2-treated soils. Our findings were consistent with
other research reports where ZT and residue retention led to a lower bulk density than CT
in the top layer. These differences are due to the development of an organic-rich mulch,
which perhaps increased the faunal activity or biological activity in the soil, particularly
earthworms and higher microbial activity, resulting in an increased soil aggregation [47,48].
Parvin et al. [49] revealed that shallow tillage considerably increased the bulk density
compared to mouldboard ploughing, and similar findings were recorded in our study on
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the sandy and clay loam soils. Moreover, Ji et al. [50] discovered that the bulk density of
mouldboard was 4.2% lower than conventional tillage. Mulching maize stover at 5 and
10 Mg ha−1 for the first year reduced pb on a silt loam soil from 1.42 Mg m−3 (control) to
1.26 and 1.22 Mg m−3, respectively, according to Blanco-Canqui et al. [51].

Table 3. Effect of residue management options on soil bulk density (Mg m−3) and penetration
resistance (MPa) in sandy loam and clay loam soils.

Residue
Management

Options

Bulk Density (Mg m−3) Penetration Resistance (M Pa)
Sandy Loam Clay Loam Sandy Loam Clay Loam

0–15
cm

15–30
cm

0–15
cm

15–30
cm

0–10
cm

10–20
cm

20–30
cm

30–40
cm

0–10
cm

10–20
cm

20–30
cm

30–40
cm

T1 1.56a*
±0.03**

1.74a
±0.04

1.52a
±0.05

1.70ab
±0.05

1.21a
±0.11

2.57a
±0.11

2.50a
±0.10

2.55a
±0.09

1.16a
±0.10

2.41a
±0.12

2.50a
±0.11

2.48a
±0.11

T2 1.54b
±0.03

1.70c
±0.03

1.50a
±0.04

1.66c
±0.05

1.22a
±0.10

2.24c
±0.10

2.16c
±0.10

2.12c
±0.10

1.18a
±0.11

2.17c
±0.12

2.07c
±0.11

2.08c
±0.10

T3 1.54b
±0.03

1.71b
±0.04

1.50a
±0.04

1.67bc
±0.04

1.05b
±0.09

1.95d
±0.11

1.93d
±0.10

2.06c
±0.10

1.02b
±0.10

1.84d
±0.11

1.91d
±0.12

1.87d
±0.10

T4 1.56a
±0.03

1.75a
±0.04

1.53a
±0.04

1.71b
±0.04

1.26a
±0.09

2.44b
±0.12

2.37b
±0.11

2.45b
±0.11

1.21a
±0.11

2.33b
±0.12

2.36b
±0.12

2.28b
±0.10

* By using the Dun-Can Multiple Range Test (DMRT), mean values within a column that is followed by a different
letter differ significantly at p < 0.05. ** values show standard deviation.

3.2. Penetration Resistance

At the end of the research investigation, different residue management techniques
substantially influenced the soil penetration resistance (PR), showing an increasing trend
with an increase in soil depth up to 40 cm (Table 3). This effect was seen in both sandy
and clay loam soil. The variation in the PR also depends on the residue management
options (e.g., the incorporation or retention of surface mulch). Several researchers reported
a decrease in the PR resulting from straw incorporation in the surface layer, which was
also observed in our research investigation. Residue incorporated with an MB Plough (T3)
recorded the lowest penetration resistance from a 0 to 40 cm depth, while the second lowest
was recorded in the T2 treatment (e.g., rice residue was retained on the surface as mulch)
after two years, irrespective of the soil types. A lower PR in the T3 treatment might be
due to the breakdown of the hardpan by deep ploughing. The maximum PR was recorded
in shallow tillage (T1) followed by the T4 treatment at 10–20 cm in both the sandy loam
and clay loam soils. The highest PR values were reported under CT and the lowest values
were reported with an MB plough, according to Zhao et al. [52] and Pervaiz et al. [53].
The PR values at the 0–20 cm layers were below the required value for optimal growth of
wheat roots regardless of the residue management techniques used [54]. The findings of
Blanco-Canqui et al. [47], who similarly got a decreased PR under ZT-based management
techniques, were supported by our findings. Mulching with a crop residue enhances the
biological activity and SOC content, which reduces the PR in the soil. Our results were
similar to those of Materechera and Banda [55] and Unger [56]. Regardless of the soil type,
the penetration resistance (PR) decreased as the water table increased [57].

3.3. Mean Weight Diameter and Water-Stable Aggregates

An increase of the macro-aggregates was exhibited with a maximum MWD in the
sandy loam (0.66 and 0.61 mm) and in the clay loam (0.67 and 0.63 mm), and the WSA
(59.76% and 44.82%) in the sandy loam and (67.42% and 52.43%) in the clay loam soil, in
contrast to the other tillage techniques in the T2 treatment at depths of 0–15 and 15–30 cm,
respectively, which might be caused by residue retention and an enhanced organic matter
decomposition (Table 4). Our data support the assessment of Chaudhary et al. [58] that
ZTW had a much larger MWD than CTW. Similar findings were recorded by Hou et al. [59]
and Andruschkewitsch et al. [60]. The increased organic matter under the T2 plot may have
improved the microbial activity and worked as a cementing agent, increasing the MWD and
WSA values by producing polysaccharides that might link soil particles into aggregates [61].
The incorporation of straw helped in the formation and stability of aggregates by increasing
microbial cells and the excreted microbial products and decomposition products released
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during the death of the microorganisms. The T4 treatment recorded the second highest
MWD on the sandy loam (0.54 and 0.50 mm) and on the clay loam soil (0.55 and 0.50 mm)
at depths of 0–15 and 15–30 cm, respectively. Similarly, the WSA also showed the second-
highest value in the T4 treatment. The amount of WSA increased due to the use of residual
mulch [62]. Rice residue incorporated on the sandy and clay loam soils using a reversible
MB plough in the T3 treatment revealed the lowest mean weight diameter of 0.37 and
0.39 mm at a 0–15 cm depth and 0.34 and 0.35 mm at a 15–30 cm depth on both the sandy
loam and clay loam soils, respectively, which also resulted in the lowest water-stable
aggregate. The MWD may have decreased as a result of the freezing-thawing periods
and frequent drying-rewetting, which increased the susceptibility of macroaggregates to
physical disruption [24].

Table 4. Effect of residue management options on mean weight diameter (mm), water stable aggregate
(%) and saturated hydraulic conductivity (cm/h) in sandy loam and clay loam soils.

Residue
Management

Options

Mean Weight Diameter (mm) Water Stable Aggregate (%) SHC (cm/hr)
Sandy Loam Clay Loam Sandy Loam Clay Loam Sandy Loam Clay Loam

0–15
cm

15–30
cm

0–15
cm

15–30
cm

0–15
cm

15–30
cm

0–15
cm

15–30
cm

0–15
cm

15–30
cm

0–15
cm

15–30
cm

T1 0.43c*
±0.03**

0.37c
±0.03

0.45c
± 0.04

0.37c
±0.03

54.7c
±3.28

40.2c
±4.32

60.2c
±3.34

45.2c
±4.09

3.18d
±0.14

2.47d
±0.16

3.08d
±0.10

2.19d
±0.11

T2 0.66a
±0.03

0.61a
±0.03

0.67a
± 0.04

0.63a
±0.03

59.8a
±3.07

44.8a
±3.15

67.4a
±3.45

52.4a
±4.04

4.37b
±0.15

3.65b
±0.15

3.84b
±0.09

3.58b
±0.11

T3 0.37d
±0.04

0.34d
±0.03

0.39d
±0.03

0.35d
±0.04

42.9d
±3.79

27.8d
±4.20

48.7d
±3.87

32.7d
±4.15

5.08a
±0.14

4.07a
±0.14

4.57a
±0.11

3.73a
±0.12

T4 0.54b
±0.02

0.50b
±0.03

0.55b
±0.03

0.50b
±0.03

57.4b
±3.31

42.4b
±3.51

63.5b
±3.47

48.5b
±4.12

4.01c
±0.15

2.95c
±0.15

3.73c
±0.12

2.68c
±0.12

* By using Dun-can’s Multiple Range Test (DMRT), mean values inside a column that is followed by a different
letter are different significantly at p < 0.05. ** values show standard deviation.

Mechanical tillage lowers the activity and species variety of organisms in the ploughing
layer, disturbs aggregation, and induces SOM mineralization. These tillage-related changes
reduce the adhesion of soil particles and diminish the WSA [63]. Various sizes of WSA
were produced under the effect of natural settings; subsequently, the ZT practice was
not artificially disrupted, suggesting that the soil aggregation degree was higher. After
five years of rice-wheat farming on sandy loam soil, the aggregate stability and MWD
of aggregates treated with residues were improved by a higher SOC, according to Singh
et al. [64]. The stability of macro-aggregates can be impacted by slight variations in the SOC.

3.4. Infiltration Rate and Cumulative Infiltration

The likelihood of erosion is decreased by the addition of crop residue to the soil or
as surface cover in the blocks of mulch [65]. The T3 treatment (deep ploughed treatment)
had the highest final infiltration rate (cm h−1), followed by the T2 treatment, and the T4
treatment had the lowest final infiltration rate (cm h−1) (Figure 2) due to the presence of a
substantial number of macropores and enhanced microbial activity [66].

The presence of abundant macro porosity led to a quicker passage of water through
the soil, and Moroke et al. [67] also noted greater values for the infiltration rate during
deep tillage (e.g., in T3) in compared to conventional tillage. Furthermore, an increase in
the infiltration rate was observed with an increase in the tillage depth by Alamouti and
Navabzadeh [65,68], due to decreased bulk density. The minimum value of the infiltration
rate (cm h−1) was recorded in conventionally tilled plots (e.g., the T1) during the research
investigation. According to McGarry et al. [69], ZT with residue retention produced more
stable aggregates than conventional tillage, which reduced the aggregate disintegration
and decreased the potential of surface crust formation. This resulted in a greater infiltration
rate and cumulative infiltration. Using rice straw from 0 to 15 Mg ha−1, Barzegar et al. [70]
found linear increases in infiltration rate and water retention. According to Ogban et al. [71],
mulched ZT (e.g., in T2) plots had considerably greater equilibrium infiltration rates and
cumulative infiltration than mulched CT plots. The data showed the occurrence of a
steady state of cumulative infiltration and the infiltration rate on clay loam soil, which
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was significantly affected by different rice residue management treatments (Figure 2). The
causes for better soil infiltration under residue treatments include a higher SOC content,
greater soil aggregate stability and improved soil porosity, all of which are important in
enhancing soil’s physical and hydrological properties [72]. The final value of the infiltration
rate (cm h−1) on the clay loam soil exhibited a similar trend as in the sandy loam soil during
the final year of the study. Compared to no residue, Chalise et al. [73] found that retention
of residue increased soil infiltration by 66%. Due to increased infiltration under CA-based
systems, the ZT with residue retention may have helped create continuous soil pores from
the surface to the depth of the soil [46,74]. According to Gangwar et al. [75], crop residues
left on the soil surface prevent soil crusting, soil sealing, and evaporation, which increase
soil infiltration. Additionally, according to Johnson et al. [76], soil infiltration was two times
greater when there was a total return of residue of >7 Mg ha−1 compared to a lower return
of residue of 2 Mg ha−1.
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Figure 2. Infiltration rates and cumulative infiltration in sandy loam (a,b) and clay loam (c,d) soils as
affected by tillage and residue management options.

3.5. Saturated Hydraulic Conductivity

In the T3 treatment (i.e., deep ploughing below the hardpan of soil), the highest
values of Ks (5.08 and 4.57 cm h−1) and (4.07 and 3.73 cm h−1) were recorded in the sandy
loam and clay loam soils, respectively, at both depths (Table 4). At 15–30 cm, the bulk
density increased; therefore, the Ks decreased, which might be attributed to the decline
in the soil macro-porosity [77] at both sites. The second highest value of Ks (4.37 and
3.84 cm h−1) at 0–15 cm and (3.65 and 3.58 cm h−1) at 15–30 cm was recorded in the
T2 treatment on the sandy loam and clay loam soil surfaces, respectively, leading to a
favourable effect on the Ks owing to an organic matter addition that improved the soil
macro-aggregates. The T2 treatment was found to be statistically at par with the rice straw
incorporated with the super seeder (T4) followed by the lowest Ks value in the T1 treatment
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(i.e., surface ploughed after residue removal) at both sites. According to Fuentes [78]
and Hu et al. [79], tillage operations and practices could occasionally cause temporal
surface changes in the hydraulic properties. Six et al. [80] indicated that the mechanical
disintegration of aggregates during tillage subsequently resulted in decreased saturated
hydraulic conductivity in CT. According to Tripathi et al. [45], crop residue removal lowers
saturated hydraulic conductivity in all tillage systems. A higher value of Ks under deep
tillage has also been reported by Shaver et al. [81], due to a greater macro-porosity under
DT that facilitated enhanced water transmission compared to other tillage treatments. Jabro
et al. [82] also observed higher Ks in deeply tilled soil. The researchers attributed the
rise in Ks to more macropores, a higher aggregate percentage (WSA and MWD) and an
increase in faunal activity and residual litter that enhanced the organic carbon content
under NT [83,84]. The increased Ks in the ZT system might be due to improved pore
continuity, aggregation and a decreased tortuosity. According to Shipitalo et al. [85], ZT
retains soil aggregations and macropores formed by decaying roots, whereas CT destroys
the continuity of these macropores.

3.6. Soil Moisture Content

As seen in Figure 3 for the sandy loam soil, the soil moisture content fluctuated
significantly under various tillage and residue management options. The residue retained
treatment (T2) had higher moisture content at a depth of 0–15 cm than the straw-removed
treatment. The soil moisture retention was highest in the T2 treatment, followed by the T4
treatment. In comparison to residue removal or burning, Kushwaha et al. [86] and Bhagat
et al. [87] showed a significant increase in the soil water content after straw incorporation.
Due to the depletion of residue-derived organic materials, a deterioration in the soil
structure, and high losses by evaporation, the conventional tillage after removing the rice
straw (T1) at a depth of 0–15 cm from 0.1 to 15 bar matric potential showed the least
significant soil moisture content [40].
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Figure 3. Effect of various tillage practices depth-wise on the volumetric water content in sandy loam
and clay loam soils. (Using Duncan’s Multiple Range Test (DMRT), mean values within a graph are
distinguished by a different letter when the difference is significant at p < 0.05).

Similar patterns emerged in the 15–30 cm of sandy and clay loam soil depth (Figure 3),
possibly due to better soil aggregates. The T2 treatment was comparable with the T4 treat-
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ment in increasing the volumetric water content, where the rice residue was incorporated
with the super seeder treatment. Straw mulching has been reported to increase soil water
storage [88], apparently due to reduced soil water evaporation. The minimum volumetric
water content was noticed in the T3 treatment at all the soil depths, which was at par with
the T1 treatment.

4. Conclusions

Zero tillage with residue retention substantially impacts the soil’s mechanical proper-
ties, hydrological parameters, and structural characteristics in the Indo-Gangetic Plains of
South Asia. In our study, compared to CT (−RS), ZT (+RS) exhibited a greater water trans-
mission and lower mechanical impedance. Crop residue retention improves the structural
qualities of soil, such as the infiltration capacity, saturation hydraulic conductivity, reduced
bulk density and minimum soil penetration resistance in ZT (+RS) compared to CT (−RS).
The soil’s MWD and WSA are improved by adding crop residue and better organic matter
decomposition under ZT. Due to the formation of macroaggregates, higher water content,
and crop residue retention/incorporation under zero tillage, the soil structure and moisture
conservation improved. Conventional tillage was unable to produce a stable structure
because of soil compaction. The findings showed that, regardless of the soil type, zero
tillage with rice residue retention considerably changed the hydrological and mechanical
properties of the soil for a more sustainable agriculture.

Author Contributions: Conceptualization, methodology, investigation, resources, data curation,
writing—original draft preparation, V.S., R.K.G., M.S.K. and N.A.-A.; project administration, formal
analysis, writing—review and editing, A.S.T., K.B.S., N.A.-A. and M.A.M. All authors have read and
agreed to the published version of the manuscript.

Funding: Researchers Supporting Project number (RSPD2023R958), King Saud University, Riyadh,
Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Researchers Supporting Project number
(RSPD2023R958), King Saud University, Riyadh, Saudi Arabia.

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

References
1. Keshavarzpour, F.; Rashidi, M. Effect of different tillage methods on soil physical properties and crop yield of watermelon

(Citrullus vulgaris). World Appl. Sci. 2008, 3, 359–364.
2. Ahmad, N.; Rashid, M.; Vaes, A.G. Fertilizer and their Use in Pakistan, 2nd ed.; NFDC Pub. No. 4/96; Extension Guide: Islamabad,

Pakistan, 1996; p. 274.
3. Ogban, P.I.; Ekanem, T.P.; Etim, E.A. Effect of mulching methods on soil properties and growth and yield of maize in Southeastern

Nigeria. Trop. Agric. 2001, 78, 82–89.
4. Iqbal, M.; Hassan, A.U.; Ali, A.; Rizwanullah, M. The residual effect of tillage and farm manure on some soil physical properties

and growth of wheat (Triticum aestivum L.). Int. J. Agric. Biol. 2005, 7, 54–57.
5. Chauhan, B.S.; Mahajan, G.; Sardana, V.; Timsina, J.; Jat, M.L. Productivity and sustainability of the rice-wheat cropping system in

the Indo-Gangetic Plains of the Indian subcontinent: Problems, opportunities, and strategies. Adv. Agron. 2012, 117, 315–369.
6. Package of Practices for Kharif Crops of Punjab; Punjab Agricultural University: Ludhiana, India, 2021; p. 11.
7. Yadvinder-Singh; Kukal, S.S.; Jat, M.L.; Sidhu, H.S. Improving water productivity of wheat-based cropping systems in South Asia

for sustained productivity. Adv. Agron. 2014, 127, 157–258.
8. Bhatt, R.; Hussain, A.; Singh, P. Scientific Interventions to Improve Land and Water Productivity for Climate-Smart Agriculture in South

Asia; Management Practices; Springer: Berlin/Heidelberg, Germany, 2019; pp. 449–458.
9. Gajri, P.R.; Ghuman, B.S.; Samar Singh Mishra, R.D.; Yadav, D.S.; Harmanjit Singh, D.S. Tillage and Residue Management Practices

in Rice–Wheat System in Indo-Gangetic Plains—A Diagnostic Survey; Technical Report, National Agricultural Technology Project,
Indian Council of Agricultural Research; New Delhi and Punjab Agricultural University: Ludhiana, India, 2002; p. 12.



Land 2023, 12, 1895 12 of 14

10. Yadvinder-Singh; Bijay-Singh; Ladha, J.K.; Khind, C.S.; Gupta, R.K.; Meelu, O.P.; Pasuquin, E. Long-term effects of organic inputs
on yield and soil fertility in the rice-wheat rotation. Soil Sci. Soc. Am. J. 2004, 68, 845–853. [CrossRef]

11. Mandal, K.G. Rice residue-management options and effects on soil properties and crop productivity. J. Food Agric. Environ. 2004,
2, 224–231.

12. Malik, K.; Tokkas, J.; Anand, R.C.; Kumari, N. Pretreated rice straw as an improved fodder for ruminants—An overview. J. Appl.
Nat. Sci. 2015, 7, 514–520. [CrossRef]

13. Dobermann, A.; Fairhurst, T.H. Rice Nutrient Disorders and Nutrient Management; Oxford Graphic Printer Pte Ltd: Singapore, 2000;
p. 3.

14. Jat, H.S.; Choudhary, K.M.; Nandal, D.P.; Yadav, A.K.; Poonia, T.; Singh, Y.; Sharma, P.C.; Jat, M.L. Conservation agriculture-based
sustainable intensification of cereal systems leads to energy conservation, higher productivity and farm profitability. Environ.
Manag. 2020, 65, 774–786. [CrossRef]

15. Sandhu, O.S.; Jat, M.L.; Gupta, R.K.; Thind, H.S.; Sidhu, H.S.; Singh, Y. Influence of Residue Type and Method of Placement on
Dynamics of Decomposition and Nitrogen Release in Maize-Wheat-Mungbean Cropping on Permanent Raised Beds: A Litterbag
Study. Sustainability 2022, 14, 864. [CrossRef]

16. Singh, U.; Choudhary, A.K.; Sharma, S. Comparative performance of conservation agriculture vis-a-vis organic and conventional
farming in enhancing plant attributes and rhizospheric bacterial diversity in Cajanus cajan: A field study. Eur. J. Soil Biol. 2020, 99,
103–197. [CrossRef]

17. Rashidi, M.; Keshavarzpour, F. Effect of different tillage methods on grain yield and yield components of maize (Zea mays L.). Int.
J. Agric. Biol. 2007, 9, 274–277.

18. Rashidi, M.; Keshavarzpour, F.; Gholami, M. Effect of different tillage methods on yield and yield components of forage corn. Am.
Eurasian J. Agric. Environ. Sci. 2008, 3, 347–351.

19. Khurshid, K.; Iqbal, M.; Arif, M.S.; Nawaz, A. Effect of tillage and mulch on soil physical properties and growth of maize. Int. J.
Agric. Biol. 2006, 8, 593–596.

20. Cannel, R.Q. Reduced tillage in north-west Europe—A review. Soil Tillage Res. 1985, 5, 129–177. [CrossRef]
21. Cambardella, C.A.; Elliott, E.T. Carbon and nitrogen distribution in aggregates from cultivated and native grassland soils. Soil Sci.

Soc. Am. J. 1993, 57, 1071–1076. [CrossRef]
22. Six, J.; Paustian, K.; Elliott, E.T.; Combrick, C. Soil structure and organic matter. I. Distribution of aggregate-size classes and

aggregate-associated carbon. Soil Sci. Soc. Am. J. 2000, 64, 681–689. [CrossRef]
23. Beare, M.H.; Hendrix, P.F.; Coleman, D.C. Water-stable aggregates and organic matter fractions in conventional and no-tillage

soils. Soil Sci. Soc. Am. J. 1994, 58, 777–786. [CrossRef]
24. Mikha, M.M.; Rice, C.W. Tillage and manure effects on soil and aggregate associated carbon and nitrogen. Soil Sci. Soc. Am. J.

2004, 68, 809–816.
25. Aniekwe, M.A.N.; Mbah, C.N.; Ezeaku, P.I.; Onyia, V.N. Tillage and plastic mulch effects on soil properties and growth and yield

of cocoyam (Colocasia esculenta) on an ultisol in southeastern Nigeria. Soil Tillage Res. 2007, 93, 264–272. [CrossRef]
26. Sarkar, S.; Singh, S.R. Interactive effect of tillage depth and mulch on soil temperature productivity and water use pattern of

rainfed barley (Hordium vulgare L.). Soil Tillage Res. 2007, 92, 79–86. [CrossRef]
27. Gajri, P.R.; Arora, V.K.; Chaudhary, M.R. Maize growth, response to deep tillage, straw mulching and farmyard manure in

coarse-textured soils of N.W. India. Soil Use Manag. 1994, 10, 15–20. [CrossRef]
28. Glab, T.; Kulig, B. Effect of mulch and tillage system on soil porosity under wheat (Triticum aestivum). Soil Tillage Res. 2008, 99,

169–178. [CrossRef]
29. Bhatt, R.; Khera, K.L. Effect of tillage and mode of straw mulch application on soil erosion in the sub-mountainous tract of Punjab,

India. Soil Tillage Res. 2006, 88, 107–115. [CrossRef]
30. Piper, C.S. Soil and Plant Analysis; Hans Publishers: Mumbai, India, 1966.
31. Jackson, M.L. Soil Chemical Analysis; Prentice-Hall of India Pvt. Ltd.: New Delhi, India, 1967; 498p.
32. Walkley, A.J.; Black, I.A. Estimation of soil organic carbon by the chromic acid titration method. Soil Sci. 1934, 37, 29–38. [CrossRef]
33. Subbiah, B.V.; Asija, G.L. A Rapid Procedure for the Estimation of Available Nitrogen in Soils. Curr. Sci. 1956, 25, 259–260.
34. Bray, R.H.; Kurtz, L.T. Determination of Total Organic and Available Forms of Phosphorus in Soils. Soil Sci. 1945, 59, 39–45.

[CrossRef]
35. Merwin, H.D.; Peech, M. Exchangeability of soil potassium in the sand, silt and clay fractions as influenced by the nature of the

complementary exchangeable cation. Soil Sci. Soc. Amer. Proc. 1950, 15, 125–128. [CrossRef]
36. Lindsay, W.L.; Norvell, W.A. Development of a Dtpa Soil Test for Zinc, Iron, Manganese, and Copper. Soil Sci. Soc. Am. J. 1978, 42,

421–428. [CrossRef]
37. Blake, G.R.; Hartge, K.H. Bulk Density. In Methods of Soil Analysis. Part I. Physical and Mineralogical Methods, 2nd ed.; Klute, A.,

Ed.; Agronomy Monograph No. 9; ASA and SSSA: Madison, WI, USA, 1986; pp. 363–382.
38. Reynolds, W.D.; Elrick, D.E.; Youngs, E.G. Ring or Cylinder Infiltrometers (Vadose zone). In Methods of Soil Analysis. Part 4; Dane,

J.H., Topp, G.C., Eds.; Physical Methods; Soil Science Society of America Inc., No.5: Madison, WI, USA, 2002; pp. 818–826.
39. Yoder, R.E. A direct method of aggregate analysis of soils and a study of the physical nature of erosion losses. J. Am. Soc. Agric.

1936, 28, 337–351. [CrossRef]

https://doi.org/10.2136/sssaj2004.8450
https://doi.org/10.31018/jans.v7i1.640
https://doi.org/10.1007/s00267-020-01273-w
https://doi.org/10.3390/su14020864
https://doi.org/10.1016/j.ejsobi.2020.103197
https://doi.org/10.1016/0167-1987(85)90028-5
https://doi.org/10.2136/sssaj1993.03615995005700040032x
https://doi.org/10.2136/sssaj2000.642681x
https://doi.org/10.2136/sssaj1994.03615995005800030020x
https://doi.org/10.1016/j.still.2006.04.007
https://doi.org/10.1016/j.still.2006.01.014
https://doi.org/10.1111/j.1475-2743.1994.tb00451.x
https://doi.org/10.1016/j.still.2008.02.004
https://doi.org/10.1016/j.still.2005.05.004
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1097/00010694-194501000-00006
https://doi.org/10.2136/sssaj1951.036159950015000C0026x
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.2134/agronj1936.00021962002800050001x


Land 2023, 12, 1895 13 of 14

40. Kemper, W.D.; Rosenau, R.C. Aggregate Stability and Size Distribution. In Methods of Soil Analysis. Part I. Physical and Mineralogical
Methods, 2nd ed.; Klute, A., Ed.; Agronomy Monograph No. 9; ASA and SSSA: Madison, WI, USA, 1986; pp. 425–442.

41. Youker, R.E.; McGuinneas, J.L. A short method of obtaining mean weight diameter values of aggregate analyses of soils. Soil Sci.
1956, 83, 291–294. [CrossRef]

42. Richard, B. Soil Conservation and the Maintenance of Soil Productivity. Ann. Am. Acad. Political Soc. Sci. 1949, 281, 118–125.
43. Gomez, K.A.; Gomez, A.A. Statistical Procedures for Agricultural Research; John Wiley & Sons, Inc.: New York, NY, USA, 1984;

p. 680.
44. Sharma, P.K.; Ladha, J.K.; Bhushan, L. Soil Physical Effects of Puddling in Rice–Wheat Cropping System. In Improving the

Productivity and Sustainability of Rice–Wheat Systems: Issues and Impacts; CSSA and SSSA: Madison, WI, USA, 2003; pp. 97–114.
45. Tripathi, R.P.; Sharma, P.; Singh, S. Influence of tillage and crop residue on soil physical properties and yields of rice and wheat

under shallow water table conditions. Soil Tillage Res. 2007, 92, 221–226. [CrossRef]
46. Gathala, M.K.; Ladha, J.K.; Kumar, V.; Saharawar, Y.S.; Kumar, V.; Sharma, P.K.; Sharma, S.; Pathak, H. Tillage and crop

establishment affect the sustainability of the South Asian rice-wheat system. Agron. J. 2011, 103, 961–971. [CrossRef]
47. Blanco-Canqui, H.; Lal, R. Impacts of long-term wheat straw management on soil hydraulic properties under no-tillage. Soil Sci.

Soc. Am. J. 2007, 71, 1166–1173. [CrossRef]
48. Kumar, S.; Kadono, A.; Lal, R.; Dick, W. Long-term no-till impacts on organic carbon and properties of two contrasting soils and

corn yields in Ohio. Soil Sci. Soc. Am. J. 2012, 76, 1798–1809. [CrossRef]
49. Parvin, N.; Parvage, M.M.; Etana, A. Effect of mouldboard ploughing and shallow tillage on sub-soil physical properties and crop

performance. Soil Sci. Plant Nutr. 2014, 60, 38–44. [CrossRef]
50. Ji, B.; Zhao, Y.; Mu, X.; Liu, K.; Li, C. Effects of Tillage on Soil Physical Properties and Root Growth of Maize in Loam and Clay in

Central China. Plant Soil Environ. 2013, 59, 295–302. [CrossRef]
51. Blanco-Canqui, H.; Lal, R.; Post, W.M.; Izaurralde, R.C.; Owens, L.B. Corn stover impacts on near-surface soil properties of no-till

corn in Ohio. Soil Sci. Soc. Am. J. 2006, 70, 266–278. [CrossRef]
52. Zhao, X.M.; Zhao, L.P.; Guo, X.X.; Li, M.T.; Yu, S.S.; Wang, M.Y. Particle component and distribution characteristics of organic

carbon of sediments in water and shore soils. J. Soil Water Conserv. 2014, 28, 304–308.
53. Pervaiz, M.A.; Iqbal, M.; Shahzad, K.; Hassan, A.U. Effect of mulch on soil physical properties and N, P, K concentration in maize

(Zea mays L.) shoots under two tillage systems. Int. J. Agric. Biol. 2009, 11, 119–124.
54. Bengough, A.G.; Mullins, C.E. Mechanical impedance to root growth: A review of experimental techniques and root growth

responses. J. Soil Sci. 1990, 41, 341–358. [CrossRef]
55. Materechera, S.A.; Mloza Banda, H.R. Soil penetration resistance, root growth and yield of maize as influenced by tillage system

on ridges in Malawi. Soil Tillage Res. 1997, 1, 13–24. [CrossRef]
56. Unger, P.W. Soil organic matter and water stable aggregate effects on water infiltration. Soil Sci. 1995, 3, 9–16.
57. Busscher, W.J.; Bauer, P.J.; Camp, C.R.; Sojka, R.E. Correction of cone index for soil water content differences in coastal plain soil.

Soil Tillage Res. 1997, 43, 205–217. [CrossRef]
58. Chaudhary, D.R.; Gautam, R.K.; Yousuf, B.; Mishra, A.; Jha, B. Nutrients, microbial community structure and functional gene

abundance of rhizosphere and bulk soils of halophytes. Appl. Soil Ecol. 2015, 91, 16–26. [CrossRef]
59. Hou, X.Q.; Li, R.; Jia, Z.K.; Han, Q.F.; Yang, B.P.; Nie, J.F. Effects of rotational tillage practices on soil structure, organic carbon

concentration and crop yields in semi-arid areas of northwest China. Soil Use Manag. 2013, 28, 551–558. [CrossRef]
60. Andruschkewitsch, R.; Koch, H.J.; Ludwig, B. Effect of long-term tillage treatments on the temporal dynamics of water-stable

aggregates and on macro-aggregate turnover at three German sites. Geoderma 2014, 217, 57–64. [CrossRef]
61. Costa, O.Y.A.; Raaijimakers, J.M.; Kuramae, E.E. Microbial extracellular polymeric substances: Ecological function and impact on

soil aggregation. Front. Microbiol. 2018, 9, 1636. [CrossRef]
62. Bronick, C.J.; Lal, R. Manuring and rotation effects on soil organic carbon concentration for different aggregate size fractions on

two soils in northeastern Ohio, USA. Soil Tillage Res. 2005, 81, 239–252. [CrossRef]
63. Unger, P.W.; Vigil, M.F. Cover crop effects on soil-water relationships. J. Soil Water Conserv. 1998, 53, 200–207.
64. Singh, K.K.; Jat, A.S.; Sharma, S.K. Improving productivity and profitability of rice (Oryza sativa)-wheat (Triticum aestivum)

cropping system through tillage and planting management. Indian J. Agric. Sci. 2005, 7, 396–399.
65. Singh, G.; Bhattacharyya, R.; Das, T.K.; Sharma, A.R.; Ghosh, A.; Das, S.; Jha, P. Crop rotation and residue management affect

soil enzyme activities, glomalin and aggregate stability under zero tillage in the Indo-Gangetic Plains. Soil Tillage Res. 2018, 184,
291–300. [CrossRef]

66. Singh, V.; Gupta Rk Kalia, A.; Al-Ansari, N.; Alataway, A.; Dewidar, A.Z.; Mattar, M.A. Soil type and integrated nitrogen
nutrient-rice straw residue management techniques affect soil microbes, enzyme activities and yield of wheat crop. Heliyon 2023,
9, E16645. [CrossRef]

67. Moroke, T.S.; Dikinya, O.; Patrick, C. Comparative assessment of water infiltration of soils under different tillage systems in
eastern Botswana. Phys. Chem. Res. 2009, 34, 316–323. [CrossRef]

68. Alamouti, M.Y.; Navabzadeh, M. Investigating ploughing depth effect on some soil physical properties. Pak. J. Biol. Sci. 2007, 10,
4510–4514. [CrossRef]

69. McGarry, D.; Bridge, B.J.; Radford, B.J. Contrasting soil physical properties after zero and traditional tillage of alluvial soil in the
semi-arid subtropics. Soil Tillage Res. 2000, 53, 105–115. [CrossRef]

https://doi.org/10.1097/00010694-195704000-00004
https://doi.org/10.1016/j.still.2006.03.008
https://doi.org/10.2134/agronj2010.0394
https://doi.org/10.2136/sssaj2006.0411
https://doi.org/10.2136/sssaj2012.0055
https://doi.org/10.1080/00380768.2013.847779
https://doi.org/10.17221/57/2013-PSE
https://doi.org/10.2136/sssaj2005.0137
https://doi.org/10.1111/j.1365-2389.1990.tb00070.x
https://doi.org/10.1016/S0167-1987(96)01086-0
https://doi.org/10.1016/S0167-1987(97)00015-9
https://doi.org/10.1016/j.apsoil.2015.02.003
https://doi.org/10.1111/j.1475-2743.2012.00429.x
https://doi.org/10.1016/j.geoderma.2013.10.022
https://doi.org/10.3389/fmicb.2018.01636
https://doi.org/10.1016/j.still.2004.09.011
https://doi.org/10.1016/j.still.2018.08.006
https://doi.org/10.1016/j.heliyon.2023.e16645
https://doi.org/10.1016/j.pce.2008.08.002
https://doi.org/10.3923/pjbs.2007.4510.4514
https://doi.org/10.1016/S0167-1987(99)00091-4


Land 2023, 12, 1895 14 of 14

70. Barzegar, A.R.; Yousefi, A.; Daryashenas, A. The effect of the addition of different amounts and types of organic materials on soil
physical properties and yield of wheat. Plant Soil 2002, 247, 295–301. [CrossRef]

71. Ogban, P.I.; Ogunewe, W.N.; Dike, R.I.; Ajaelo, A.C.; Ikeata, N.I.; Achumba, U.E.; Nyong, E.E. Effect of tillage and mulching
practices on soil properties and growth and yield of cowpea (Vigna unguiculata (L), WALP) in Southeastern Nigeria. J. Trop. Agric.
Food Environ. Ext. 2008, 7, 118–128. [CrossRef]

72. Singh, A.; Kaur, J. Impact of Conservation Tillage on Soil Properties in Rice-Wheat Cropping System. Agric. Sci. Res. J. 2012, 2,
30–41.

73. Chalise, D.; Kumar, L.; Kristiansen, P. Land Degradation by Soil Erosion in Nepal: A Review. Soil Syst. 2019, 3, 12. [CrossRef]
74. Verhulst, N.; Govaerts, B.; Verachtert, E.; Castellanos-Navarrete, A.; Mezzalama, M. Conservation Agriculture, Improving Soil

Quality for Sustainable Production Systems? In Advances in Soil Science: Food Security and Soil Quality; Lal, R., Stewart, B.A., Eds.;
CRC Press: Boca Raton, FL, USA, 2010; pp. 137–208.

75. Gangwar, K.S.; Singh, K.K.; Sharma, S.K.; Tomar, O.K. Alternative tillage and crop residue management in wheat after rice in
sandy loam soils of Indo-Gangetic Plains. Soil Tillage Res. 2006, 88, 242–252. [CrossRef]

76. Johnson, J.M.F.; Strock, J.S.; Tallaksen, J.E.; Reese, M. Corn stover harvest changes soil hydrology and soil aggregation. Soil Tillage
Res. 2016, 161, 106–115. [CrossRef]

77. Kahlon, M.S.; Fausey, N.; Lal, R. Effects of long-term tillage on soil moisture dynamics and hydraulic properties. J. Res. Punjab
Agric. Univ. 2012, 49, 242–251.

78. Fuentes, J.P.; Flury, M.; Bezdicek, D.F. Hydraulic properties in silt loam soil under the natural prairie, conventional till, and no-till.
Soil Sci. Soc. Am. J. 2004, 68, 1679–1688. [CrossRef]

79. Hu, W.; Shao, M.; Wang, Q.; Fan, J.; Horton, R. Temporal changes of soil hydraulic properties under different land uses. Geoderma
2009, 149, 355–366. [CrossRef]

80. Six, J.; Elliott, E.T.; Paustian, K.; Doran, J.W. Aggregation and soil organic matter accumulation in cultivated and native grassland
soils. Soil Sci. Soc. Am. J. 1998, 62, 1367–1377. [CrossRef]

81. Shaver, T.M.; Peterson, G.A.; Ahuja, L.R.; Westfall, D.G.; Sherrod, L.A.; Dunn, G. Surface soil physical properties after twelve
years of dry land no-till management. Soil Sci. Soc. Am. J. 2002, 66, 1296–1303. [CrossRef]

82. Jabro, J.D.; Stevens, W.B.; Evans, R.G.; Iversen, W.M. Spatial variability and correlation of selected soil properties in the Ap
horizon of a CRP grassland. Appl. Eng. Agric. 2010, 26, 419–428. [CrossRef]

83. Logsdon, S.D.; Allmaras, R.R.; Wu, L.; Swan, L.B.; Randall, G.W. Macroporosity and its relation to saturated hydraulic conductivity
under different tillage practices. Soil Sci. Soc. Am. J. 1990, 54, 1096–1101. [CrossRef]

84. Logsdon, S.E.; Kaspar, T.C. Tillage influences as measured by ponded and tension infiltration. J. Soil Water Conserv. 1995, 50,
571–575.

85. Shipitalo, M.J.; Dick, W.A.; Edwards, W.M. Conservation tillage and macropore factors affect water movement and the fate of
chemicals. Soil Tillage Res. 2000, 53, 167–183. [CrossRef]

86. Kushwaha, C.P.; Tripathi, S.K.; Singh, K.P. Variations in soil microbial biomass and N availability due to residue and tillage
management in a dryland rice agroecosystem. Soil Tillage Res. 2000, 56, 153–166. [CrossRef]

87. Bhagat, R.M.; Bhardwaj, A.K.; Sharma, P.K. Long-term effect of residue management on soil physical properties, water use and
yield of rice in North-Western India. J. Indian Soc. Soil Sci. 2003, 51, 111–117.

88. Shangning, J.I.; Unger, P.W. Soil water accumulation under different precipitation, potential evaporation and straw mulch
condition. Soil Sci. Soc. Am. J. 2001, 65, 442–448.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1023/A:1021561628045
https://doi.org/10.4314/as.v7i2.1593
https://doi.org/10.3390/soilsystems3010012
https://doi.org/10.1016/j.still.2005.06.015
https://doi.org/10.1016/j.still.2016.04.004
https://doi.org/10.2136/sssaj2004.1679
https://doi.org/10.1016/j.geoderma.2008.12.016
https://doi.org/10.2136/sssaj1998.03615995006200050032x
https://doi.org/10.2136/sssaj2002.1296
https://doi.org/10.13031/2013.29957
https://doi.org/10.2136/sssaj1990.03615995005400040029x
https://doi.org/10.1016/S0167-1987(99)00104-X
https://doi.org/10.1016/S0167-1987(00)00135-5

	Introduction 
	Materials and Methods 
	Study Site Description 
	Determination of Soil Physical Properties 
	Bulk Density (b ) and Penetration Resistance 
	Determination of Infiltration Rate (IR) and Cumulative Infiltration (CI) 
	Mean Weight Diameter and Water Stable Aggregates 
	Volumetric Water Content () 
	Saturated Hydraulic Conductivity 

	Statistical Analysis 

	Results and Discussion 
	Soil Bulk Density and Penetration Resistance 
	Penetration Resistance 
	Mean Weight Diameter and Water-Stable Aggregates 
	Infiltration Rate and Cumulative Infiltration 
	Saturated Hydraulic Conductivity 
	Soil Moisture Content 

	Conclusions 
	References

