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The implementation of unsuitable tillage practices has the potential to disrupt the
structure integrity of the ploughed layer, as well as to influence the physical
parameters of the soil. The application of a reasonable tillage method has been
demonstrated to result in an improvement in the physical quality of the soil. Three
autumn tillage practices have been implemented at the Dongyang Experimental
Station of Shanxi Agricultural University since 2016: no-tillage with straw mulch
(NTS), autumn rotary tillage with straw incorporation (RTS), and autumn plough
tillage with straw incorporation (PTS). The impact of autumn tillage practices on
soil physical quality in the 0–30 cm profile of spring corn fields was evaluated
following the corn harvest in 2018 and 2019. The results showed that compared
to the NTS treatment, the application of RTS was found to have decreased
significantly by 9.6%–24.2% in soil bulk density, while it increased significantly by
12.8%–34.0% in total porosity and by 43.5%–146.4% in macroporosity at a depth
of 5–10 cm. In comparison to the NTS treatment, the adoption of PTS was found
to decrease significantly by 10.7%–30.5% soil bulk density, while it increased
significantly by 9.9%–42.7% the total porosity and 23.1%–202.8% the
macroporosity at a depth of 0–10 cm. Furthermore, the soil microporosity
significantly increase of 7.5%–11.1% under the RTS treatment at the 0–5 cm
soil depth and 7.7%–11.2% under the PTS treatment at the 10–20 cm soil depth.
Soil physical quality index (SQI) significantly increase under the RTS and PTS
treatments, with a 41.26% and 57.57% improvement, respectively, in comparison
to the NTS treatment. In summary, the adoption of autumn tillage with straw
return (RTS and PTS) demonstrated a reduction in soil bulk density, an increase in
soil porosity, macroporosity, and a promotion of capillary porosity, and promoted
the improvement of soil physical quality on the Eastern Loess Plateau when
compared to no-tillage with straw mulch (NTS).
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1 Introduction

Land degradation represents a significant global environmental
concern that may impede global food productivity. This phenomenon
may be exacerbated by unsustainable agricultural intensification
(Smith et al., 2016; Prăvălie et al., 2021). The soil quality of
farmland on the Loess Plateau has been decline for an extended
period of time, largely as a result of the application of farming
management practices that are not sustainable (Lu et al., 2022).
Soil quality is defined as the capacity to sustain crop production,
safeguard the environment and enhance animal and plant health
within the soil ecosystem (Seleiman et al., 2018; Ding et al., 2021; Ortiz
and Sansinenea, 2022). Soil is defined by a set of physical, chemical
and biological parameters. The soil physical quality of soil is reflected
in changes to its physical parameters, which can in turn affect its
chemical and biological parameters (Oliveira et al., 2019).
Furthermore, the soil physical quality of the soil is of paramount
importance in determining the sustainability of its utilisation.

Tillage treatment is a traditional method of soil improvement,
that can significantly regulate the dynamic balance of water, fertilizer,
gas and heat in the soil (Sağlam et al., 2015; Liu et al., 2021). Soil tillage
is employed with the objective of creating a fine seedbed, controlling
weeds, loosening the soil, and improving infiltration. However, this
practice also has the potential to cause soil erosion (Alemayehu et al.,
2023). Furthermore, tillage practices exert a significant influence on
soil structural stability, crop nutrient uptake and ultimately crop yield
(Liu et al., 2021). Soil tillage represents a pivotal variable in the
alteration of soil physical quality (Maurya et al., 2020). It is of
paramount importance to establish a reasonable tillage method,
optimize the structure of the ploughed layer and improve the soil
physical parameters in order to halt decline in soil quality observed on
the Loess Plateau.

At present, numerous studies have been conducted to evaluate the
effects of tillage practices on soil physical quality under straw return
conditions. However, the effects on physical properties such as soil bulk
weight, soil water content, and soil porosity have been found to vary
(Fan et al., 2021). Some studies have indicated that rotary tillage with
straw incorporation and plough tillage with straw incorporation can
have a significant impact on soil disturbance (Lian et al., 2022), which
may result in a reduction in soil bulk density in the 0–10 cm and
0–20 cm layers (Zhao et al., 2022). It is similarly postulated that the
topsoil bulk densitymay be significantly reduced by the implementation
of no-tillage with straw mulching and plough tillage with straw
incorporation (Hou et al., 2018). In addition, the manner in which
soil is cultivated can influence the rate of evaporation, infiltration and
other water movements, which in turn affects the content of in soil
water (Mulebeke et al., 2013). It is generally accepted that no-tillage with
straw mulch can effectively reduce water loss and increase soil water
content in the tilled layer compared to rotary tillage with straw
incorporation and plough tillage with straw incorporation (Yang
et al., 2020; Lin et al., 2022). Some studies have also found that
plough tillage with straw incorporation can increase soil water
storage compared to rotary tillage with straw incorporation (Pareek
et al., 2018; Zhao et al., 2022). In addition, there are some differences in
soil disturbance due to different tillage practices, which in turn result in
different distribution of soil pores (Xue et al., 2018). Compared to no-
tillage with straw mulch, rotary tillage and plough tillage with straw
incorporation can significantly increase the porosity of the soil (Yuan

et al., 2023). However, some research has found that as the amount of
straw incorporated increased, the total soil porosity and soil capillary
porosity under the no-tillage straw mulching also gradually increased
(Li et al., 2013; Yuan et al., 2022). The differences in soil physical
parameters among different tillage practices may be caused by climatic
conditions, soil texture, cropping system, tillage period and the amount
of straw incorporated.

Autumn tillage practice is a distinctive traditional agricultural
management practice of corn production in the Eastern Loess
Plateau (Qi et al., 2021). The adoption of autumn tillage practice not
only accelerates soil the maturation of the soil, but also breaks weed seed
dormancy and stimulates germination (Boström, 1999). However, a
review of the literature on the effects of tillage practices on the physical
properties of maize field soils in the Loess Plateau revealed that the
majority of the soil tillage operations were conducted prior to sowing (Li
et al., 2013). A limited number of studies have been conducted on the
implementation of post-harvest autumn tillage measures. The majority
of these studies have focused on the effect of autumn tillage on crop
yield. There is a paucity of academic attention devoted to the impact of
autumn tillage practices on soil quality following harvest. The
clarification of the impact of autumn tillage practices on soil physical
parameters may contribute to improvement of soil quality and the
sustainable production of corn in the region (Zhang et al., 2021).

The objective of this study was to analyze the effects of different
autumn tillage practices on soil bulk density, soil water content, soil
porosity, generalised soil structure index (GSSI) and soil three-phase
structure distance (STPSD) of 0–30 cm layers. Additionally, the
study aimed to comprehensively evaluate the effects of different
autumn tillage practices on the soil physical quality of corn fields
using soil quality index (SQI) in the Eastern Loess Plateau. The
hypothesiz was that the adoption of autumn tillage would result in
improvements in soil bulk density, soil moisture content and soil
porosity, leading to a significant enhacement of soil physical
properties in corn fields on the Loess Plateau.

2 Materials and methods

2.1 Experimental site

The experiment was conducted at the Dongyang Experimental
Demonstration Base of Shanxi Agricultural University
(N37°32′44.28″, E112°37′26.78″). The region exhibts a typical
temperate continental monsoon climate, with an altitude of
750–850 m, a mean annual temperature of 8°C–12°C, a mean
annual precipitation of 450–550 mm, a mean annual evaporation
of 1996 mm, an annual sunshine time of 2,650 h, and a frost-free
period of 144–170 days. The soil texture is classified as clay loam.
The initially soil properties in the 0–40 cm soil layer were presented
in Table 1.

2.2 Experimental design

The experimental design employed a single-factor randomized
block experimental design since 2016. Three autumn tillage practices
were implemented, including no-tillage with straw mulching (NTS),
rotary tillage with straw incorporation (RTS) and plough tillage with
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straw incorporation (PTS). Each practice was performed with three
repetitions in a plot area of 150 m2 (5 × 30 m). Following the corn
harvest, the crop straw was crushed and covered on the soil surface for
all treatments. In generally, autumn tillage was conducted between
late October and early November. Rotary tillage was implemented to a
depth of 15–20 cm under the RTS treatment. In the PTS treatment,
plough tillage was implemented to a depth of 20–25 cm followed by
shallow rotary tillage (10–15 cm). In the subsequent year,
conventional seeders were employed for sowing, fertilisation and
herbicide spraying in both the RTS and PTS treatments. In the
autumn, no tillage was employed under the NTS treatment.
Instead, a no-tillage seeder was utilised to sow, fertilise and apply
herbicide. The corn cultivar employed was Dafeng 30, with the sowing
density of 67,500 plantha−1. The corn was planted with uniform row
spacing between rows (60 cm) under the RTS and PTS treatments,
while the wide-narrow row spacing between rows was 80 + 40 cm
were adopted under the NTS treatment. For all treatments, the base
fertilisers consisted of 75 kg ha−1 of potassium chloride, 416.7 kg ha−1

of urea and 210 kg ha−1 of diammonium phosphate applied using the
seeder. The other farming management practices were the typical of
those employed in the region. The precipitation during the growth
period of corn was 309.3 mm and 249.6 mm in 2018 and 2019,
respectively.

2.3 Measurements

2.3.1 Soil sample collection
Following the harvesting of corn in 2018 and 2019, the soil bulk

density of the 0–5 cm, 5–10 cm, 10–20 cm and 20–30 cm layers was
quantified utilising the cutting ring method (Xue et al., 2023), while
soil water content, soil porosity,GSSI and STPSDwere calculated. The
cutting ring containing the undisturbed soil sample was transported to
the laboratory, where it was promptly weighed. This involved
including the fresh soil sample, cutting ring, and the bottom mash
lid, and the result was recorded as M1. Subsequently, the cutting ring
was positioned on a tray lined with gauze, and a gradual addition of
water was initiated. Once the soil had reached saturation, the sample
was weighed and recorded as M2. Subsequently, the cutting ring
containing the water-saturated undisturbed soil sample was placed in
an oven and subjected to drying until a constant weight was achieved
at 105°C. Once the cutting ring had cooled, the soil sample was
reweighed and recorded as M3. Subsequently, the soil sample was
extracted from the cutting ring. The cutting ring and the bottommash
lid were then weighed and recorded asM0. The soil bulk density and
soil gravimetric water content were calculated using Eqs 1, 2,
respectively.

ρb �
M3 −M0

V
(1)

θg � M1 −M3

M3 −M0
× 100 (2)

where, ρb is Soil bulk density (g·cm−3), θg is soil gravimetric water
content (%), M0 is the weight of the cutting ring, including the
bottom mash lid (g),M1 is the sum of the weight of the cutting ring
and fresh soil (g), M3 is the weight of the cutting ring and soil after
drying (g), V is the volume of the cutting ring (cm3).

2.3.2 Soil sample collection
The total soil porosity (Pt, %), macroporosity (Pɑ, %) and

microporosity (Pc, %) were calculated in accordance with Eqs.
3–5 (Li et al., 2006).

Pt � 1 − ρb
Pd

( ) × 100% (3)
Pa � Pt − ρb × θg (4)

Pc � θc × ρb
V

× 100% (5)

θc � M2 −M3

M3 −M0
× 100% (6)

Where, Pd is the particle density, which is generally 2.65 g cm−3

for most mineral soils, ρb is the same as in Eq. 1, θg is the same as in
Eq. 2, θg is the soil capillary water content (%),M2 is the weight of the
ring cutter and the weight of saturated water absorption (g),M0 and
M3 were the same as in Eq. 1.

2.3.3 Generalised soil structure index
The generalised soil structure index (GSSI) and the soil three-

phase structure distance (STPSD) were calculated by using Eqs 7, 8,
respectively (Liu et al., 2022; Zuo et al., 2022).

STPSD �
��������������������������������������
XS − 50( )2 + XS − 50( ) XG − 50( ) + XG − 25( )22

√
(7)

GSSI � XS − 25( )XLXG[ ]0.4769 (8)

Where, XS is the percentage of the soil solid phase (%), XL is the
percentage of the soil liquid phase (%), XG is the percentage of soil
gaseous phase (%).

2.3.4 Soil physical quality index
The soil physical quality index was calculated by multiplying the

assigned weight of the individual soil physical indicator by the
indicator score [Eq. (9); Li et al., 2013].

SQIp � ∑n

i�1Wi × Ni (9)

where, SQIp is the soil physical quality index, Wi is the assigned
weight of the ith soil physical indicator, Ni is the indicator score of
the ith soil physical indicator, n is the number of soil physical
indicators.

TABLE 1 Initial soil properties in the 0–40 cm soil layer in the experimental field.

Soil organic
matter content

(g·kg−1)<

Total nitrogen
content
(g·kg−1)

Total phosphorus
content (g·kg−1)

Total potassium
content (g·kg−1)

Available
phosphorus

content (mg·kg−1)

Available
potassium

content (mg·kg−1)

pH

10.8 1.18 0.92 20.93 4.8 141.8 8.0
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2.3.5 Statistical analysis
In the present study, Microsoft Excel 2016 software was

employed for the sorting and plotting of data. The statistical
software package SPSS 16.0 (IBM SPSS Inc., Chicago,
United States of America) was employed for variance analysis
and multiple comparisons. As additionally, the new multiple
range method (Duncan) was utilised to assess the disparity
between the various autumn tillage treatments (p ≤ 0.05).

3 Results

3.1 Soil bulk density

The soil bulk density in the 0–30 cm profile under different autumn
tillage practices exhibited a range of values between 1.0 and 1.6 g cm−3

(Figure 1). Compared to the NTS treatment, the soil bulk density
exhibited a reduction of 10.7%–23.5% at a depth of 0–5 cm under

FIGURE 1
Distribution of soil bulk density under different autumn tillage practices. NTS indicates no-tillage with straw mulching, RTS indicates rotary tillage
with straw incorporation, PTS indicates plough tillage with straw incorporation. (I) and (II) with in brackets indicate soil bulk density after corn harvest in
2018 and 2019, respectively. The lowercase letters indicate significant differences between different autumn tillage practices (p ≤ 0.05).
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the PTS treatment. The soil bulk density at a depth of 5–10 cm exhibited
a reduction of 9.6%–24.2% under the RTS treatment and by 11.1%–
30.5% under the PTS treatment, compared to the NTS treatment.
However, there was no significant difference between the RTS and
PTS treatments. The soil bulk density at the 20–30 cm soil depth under
the PTS treatment exhibited a 21.7% decrease in 2018, while it exhibited
an10.5% increase in 2019.

3.2 Soil gravimetric water content

The gravimetric water content of the soil profile between 0 and 30 cm
depth, as influenced by different autumn tillage practices, exhibited a
range of values between 16.0% and 20.1% (Figure 2). Compared to the
RTS treatment, the gravimetric water content of the 0–5 cm layer beneath
the PTS treatment exhibited a 7.7% decline 2018, while a 13.0% increase
was observed in 2019. Compared to the NTS treatment, the gravimetric
water content of the 5–10 cm and 10–20 cm soil layers under the PTS
treatment exhibited a decrease of by 7.7% and 4.4%, respectively, in 2018.
Conversely, an increase of 8.7% and 8.6%, respectively, was observed in
2019. The gravimetric water content of the 20–30 cm beneath the RTS
treatment exhibited a 4.8% decline in 2018, while a 15.0% increase was
observed in 2019.

3.3 Soil total porosity and macroporosity

The total porosity of the soil in the 0–30 cm layer under different
autumn tillage practices was found to rang from 39.9% to 63.3%

(Figures 3–I,3–II). Compared to the NTS treatment, the total
porosity of the soil in the 0–5 cm and 5–10 cm layers beneath the
PTS treatment exhibited an increase of 9.9%–21.6% and 14.7%–42.7%,
respectively. The total porosity of the soil at a depth of 5–10 cm
exhibited an increase of 12.8%–34.0% under the RTS treatment
compared with the NTS treatment. Compared to the NTS and RTS
treatments, the total porosity of the 20–30 cm beneath the PTS
treatment significantly increased in 2018, with 30.3% and 33.3%
increase, respectively. Conversely, a significant decrease was observed
in 2019, with a 12.5% and 15.7% reduction, respectively. Furthermore,
the soil macroporosity in the 0–30 cm layer under different autumn
tillage practices exhibited a range of value, sfrom 9.8%–47.7% (Figures
3–III,3–IV). Compared to the NTS treatment, The PTS treatment
resulted in a significant increase in soil macroporosity, with values
ranging from 23.1% to 71.5% in the 0–5 cm and from 43.5% to 202.8%
5–10 cm layers. The soil macroporosity at a depth of 5–10 cm exhibited
an increase of 43.6%–146.4% under the RTS treatment compared to the
NTS treatment. Compared to the NTS and RTS treatments, the
macroporosity of the soil in the 20–30 cm layer beneath the PTS
treatment significantly increased in 2018, with values increasing by
150.0% and 149.4%, respectively. Conversely, there was asignificant
decrease in 2019, with values decreasing by 52.0% and 49.2%,
respectively.

3.4 Soil microporosity

Microporosity in the 0–30 cm profile under different autumn
tillage practices ranged from 33.7% to 44.0% (Figure 4).

FIGURE 2
Distribution of soil gravimetric water content under different autumn tillage practices. NTS indicates no-tillage with straw mulch, RTS indicates rotary
tillage with straw incorporation, PTS indicates plough tillage with straw incorporation. (I) and (II)with in brackets indicate the gravimetric soil water content
after maize harvest in 2018 and 2019, respectively. Lower case letters indicate significant differences between different autumn tillage practices (p ≤ 0.05).
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Compared to the NTS treatment, soil microporosity at the
0–5 cm depth increased significantly increased by 7.5%–11.1%
under the RTS treatment, while under the PTS treatment it
increased significantly by 7.7%–11.2% at the 10–20 cm depth.

Compared to the RTS treatment, soil microporosity at the
10–20 cm depth under the PTS treatment increased
significantly by 8.2% in 2018, while it decreased significantly
by 5.8% in 2019.

FIGURE 3
Distribution of soil total porosity and soil macroporosity under different autumn tillage practices. NTS indicates no tillage with straw mulch, RTS
indicates rotary tillage with straw incorporation, PTS indicates plough tillage with straw incorporation. (I) and (II) in parentheses indicate soil total soil
porosity after maize harvest in 2018 and 2019, respectively, (III) and (IV) in parentheses indicate soil macroporosity after maize harvest in 2018 and 2019,
respectively. Lower case letters indicate significant differences between different autumn tillage practices (p ≤ 0.05).

FIGURE 4
Distribution of soil microporosity under different autumn tillage practices. NTS indicates no tillage with strawmulch, RTS indicates rotary tillage with
straw incorporation, and PTS indicates plough tillage with straw incorporation. a and b in parentheses indicate soil microporosity after maize harvest in
2018 and 2019, respectively. Lower case letters indicate significant differences between different autumn tillage practices (p ≤ 0.05).
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3.5 Generalised soil structure index and soil
three-phase structure distance

Compared with the NTS treatment, the PTS treatment
significantly reduced the GSSI at 0–5 cm depth by 5.5%–24.5%
(Table 2). Compared to the NTS and RTS treatments, theGSSI at the
20–30 cm depth under the PTS treatment significantly increased in
2018 by 10.2% and 10.8%, respectively, while it significantly
decreased in 2019 by 16.8% and 15.8%, respectively. In addition,
compared to the NTS treatment, the PTS treatment significantly
increased the STPSD at the 0–5 cm depth by 184.4%–675.8%.
Compared to the NTS and RTS treatments, the STPSD at the
20–30 cm soil depth under the PTS treatment significantly by
49.1%–49.9% in 2018, while it increased by 195.5%–168.8% in 2019.

3.6 Soil physical quality index

Soil physical quality indexes under the RTS and PTS treatments
were significantly greater by 41.26% and 57.57%, respectively,
compared with that under the NTS treatment (Figure 5),
however, there was no significant difference between the RTS
and PTS treatment.

4 Discussion

Soil bulk density can affect the quality of soil structure. A lower
soil bulk density indicates a higher organic matter content, resulting
in a better structure and hydrological conditions (Bondi et al., 2018).
This study concluded that, compared to the NTS treatment, the RTS
treatment significantly decreased soil bulk density at the 5–10 cm
soil depth, while the PTS treatment significantly decreased soil bulk

density at the 0–10 cm depth, a similar result was reported by Hou
et al. (2012). This may be due to the incorporation of crop straw into
the soil during the tillage operations, which promotes the formation
of soil aggregates, increases soil aeration, and ultimately improves
soil bulk density (Hou et al., 2012; Zhang et al., 2021). Differences
between RTS and PTS treatments may be due to differences in tillage
depth (Zhang et al., 2018; Zhao et al., 2022). Some studies also
concluded that the use of autumn tillage reduced soil bulk density in
deeper layers (Fan et al., 2021; Gan et al., 2022). Such different
conclusions could be caused by differences in the amount of straw
returned, straw return method, trial duration, tillage implements,
soil parameters, and climatic conditions during the different trials.

Generally, higher soil porosity indicates that the soil is looser
and can hold more air and water, resulting in higher root growth
(Zhou et al., 2021). Compared to the NTS treatment, the application
of RTS significantly increased soil total porosity and macroporosity
at the 5–10 cm depth, while the application of PTS dramatically
increased soil total porosity andmacroporosity at the 0–10 cm depth
in the current study. This may be due to different depths of soil
tillage for the different treatments (Xue et al., 2018). It also showed
that autumn tillage with straw return can significantly increase soil
total soil porosity and aerated porosity at the 5–10 cm depth, in
agreement with previous studies (Zhang et al., 2018; Zhao et al.,
2022). Zhao et al. (2022) concluded that 16 years of continuous
rotary tillage and plough tillage significantly improved the soil
porosity of in the 0–20 cm layer compared to no-tillage (Hou
et al., 2012). Zhang et al. (2018) showed that continuous
implementation of 10-year autumn tillage with straw
incorporation in the field significantly increased soil porosity of
in the 0–60 cm profile compared to no-tillage with straw return in
Shaanxi Province (Hou et al., 2012). In addition, many factors, such
as the amount returned of straw returned, the method of straw
returnmethod and the duration of the trial can influence the effect of

TABLE 2 GSSI and STPSD under different autumn tillage practices.

Soil layer (cm) Treatment 2018 2019

GSSI STPSD GSSI STPSD

0–5 NTS 99.42 ± 0.48 a 2.55 ± 1.46 b 99.12 ± 0.83 a 3.24 ± 1.66 b

RTS 81.70 ± 3.35 b 16.81 ± 1.64 a 97.94 ± 1.89 ab 4.90 ± 2.88 ab

PTS 75.05 ± 8.59 b 19.79 ± 3.46 a 93.66 ± 3.36 b 9.22 ± 2.86 a

5–10 NTS 87.00 ± 14.81 a 10.16 ± 6.15 a 94.89 ± 0.09 b 7.86 ± 0.07 a

RTS 95.63 ± 2.19 a 7.71 ± 2.17 a 99.72 ± 0.20 a 1.84 ± 0.69 b

PTS 86.29 ± 6.29 a 14.32 ± 3.36 a 99.65 ± 0.59 a 1.43 ± 1.88 b

10–20 NTS 85.49 ± 5.14 b 12.21 ± 1.82 a 97.29 ± 2.79 a 5.31 ± 2.63 a

RTS 93.28 ± 3.28 a 8.57 ± 2.01 a 99.64 ± 0.26 a 2.02 ± 0.93 a

PTS 93.45 ± 2.55 a 9.70 ± 2.16 a 95.59 ± 4.31 a 6.57 ± 3.11 a

20–30 NTS 88.55 ± 3.34 b 11.00 ± 1.35 a 98.37 ± 0.57 a 4.54 ± 0.77 b

RTS 88.08 ± 5.67 b 11.19 ± 2.26 a 97.36 ± 2.92 a 4.99 ± 2.92 b

PTS 97.61 ± 1.47 a 5.60 ± 1.76 b 81.87 ± 4.66 b 13.41 ± 1.37 a

NTS, indicates no-tillage with straw mulch; RTS, indicates rotary tillage with straw incorporation; PTS, indicates plough tillage with straw incorporation; GSSI, and STPSD, indicate generalised

soil structure index and soil three-phase structure distance, respectively. Lower case letters indicate significant differences between different autumn tillage practices (p ≤ 0.05).
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autumn tillage on soil porosity at different depths. The interaction
effect of tillage practices and straw return on soil porosity will be
investigated in future studies.

Under the ideal conditions of total soil porosity and
macroporosity, the higher the soil microporosity, the better the
soil structure (Shao et al., 2020). Compared to the NTS treatment,
the RTS and PTS treatments significantly increased soil
microporosity at depths of 0–5 cm and 10–20 cm depths,
respectively. This may be due to the reformation of the soil
microporosity structure after soil tillage. However, the difference
in the depth and intensity of tillage between the RTS and PTS
treatments leads to the difference in soil microporosity distribution.
Furthermore, compared to the PTS treatment, the soil microporosity
at the 10–20 cm depth under the RTS treatment significantly
decreased in 2018, while it significantly increased in 2019,
indicating that the effect of autumn tillage with straw return on
soil microporosity may be a long-term and slow process (Zang et al.,
2021; Wang et al., 2022). We will continue to carry out positioning
trials to more rationally assess the effect of autumn tillage with straw
return on soil microporosity.

Soil gravimetric water content is an important indicator of soil
physical parameters (Shao et al., 2020; Zhao et al., 2022). Compared
to the NTS treatment, the RTS and PTS treatments significantly
decreased the gravimetric water content in the 5–30 cm soil profile
in 2018, whereas they significantly increased it in 2019 (Lai et al.,
2023). It indicates that theeffect of autumn straw return on the soil
gravimetric water content at the harvest is uncertain (Al-Abed et al.,
2003), as it may be affected by the difference in the distribution of
rainfall and temperature distribution 2 years, crop water use

efficiency and the change in soil infiltration capacity (Maharjan
et al., 2018). In future studies, it is necessary to evaluate the effect of
autumn tillage with straw return on soil moisture on long time scales
based on a site experiment.

The closer the GSSI is to 100, the closer the STPSD is to 0,
indicating that the soil structure is closer to the ideal state (Fu et al.,
2019). This study found that the trends of GSSI and STPSD in
different soil layers were opposite (except for the RTS treatment in
2018) under the same autumn tillage practice, which is consistent
results reported by Zuo et al. (Zuo et al., 2022). Compared to the
NTS treatment, the GSSI at the 0–5 cm soil depth decreased
significantly under the PTS treatment, unlike the STPSD. This
may be because the soil temperature under NTS treatment
(Huang et al., 2022), which can incresae the activity of soil
animals and micro-organisms (Nannipieri et al., 2017), thereby
improving soil structure. In addition, there is less soil disturbance
under the NTS treatment, which can lead to significant changes in
topsoil structure. In addition, there were inconsistent results of GSSI
and STPSD in the 5–30 cm soil profile under different treatments,
probably due to the short of the autumn tillage experiment
treatment, which should be verified by a long-term
positioning intensity.

In general, a higher soil quality index indicates better soil quality.
In the current study, the use of RTS and PTS significantly increased
the SQIp compared to NTS treatment, which is consistent with the
results findings of other studies (Zhang et al., 2018; Ling et al., 2022).
This may be due to the fact that soil tillage and straw incorporation
can increase soil aeration and promote the activity of soil
microorganisms, which in turn improves soil physical quality.

FIGURE 5
Effect of different autumn tillage practices on the soil physical quality index. NTS indicates no tillage with straw mulch, RTS indicates rotary tillage
with straw incorporation, and PTS indicates plough tillage with straw incorporation. The value of the soil physical quality index for each treatment is the
mean value between 2018 and 2019. Lower case letters indicate significant differences between different autumn tillage practices (p ≤ 0.05).
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However, conflicting results have also been reported (Luo et al.,
2017; Liu et al., 2022), with significantly higher SQI under the NTS
treatment, which may be due to the differences in soil properties and
cropping systems between studies. In future studies, it is necessary to
integrate the current literature on SQI based on meta-analysis to
synthesise the effects of tillage practices on SQI and their
influencing factors.

In this study, only some soil physical indicators such as soil bulk
density, soil porosity and soil water content were assessed when
evaluating the effect of soil tillage on the soil quality index. Physical
indicators such as soil compactness (Bondi et al., 2018), soil
aggregate stability (Zhou et al., 2021) and soil moisture
characteristic curve (Zhang et al., 2021), as well as soil chemical
and biological indicators (Fan et al., 2021) were not included, and
the results of the study can only explain to a certain extent the effect
of soil tillage on soil physical quality to a limited extent and have
limitations. Future research will measure more indicators affecting
soil quality in drylands to comprehensively assess the impact of
tillage on soil quality and provide a basis for the sustainable
development of dryland wheat fields (Xue et al., 2023). In
addition, the applicability of the study results under different
geographical and climatic conditions will be assessed.

There are also some limitations to this research. Soil samples
were collected for analysis of soil physical parameters at the time
of maize harvest in 2018 and 2019, even when autumn tillage
practices were implemented after maize harvest (generally at the
end of October). Therefore, the influence of autumn tillage on
soil physical parameters was stronger in the winter of that year
and in the spring of the following year (Luo et al., 2017). In the
future, it will be more important to assess the changes in soil
physical parameters from autumn tillage to sowing (Buragienė
et al., 2019). Although testing begain in 2016, the duration of
testing is relatively short (2–3 years) the sampling time. The
potential impact of autumn tillage on soil physical parameters
remains uncertain (Zhang et al., 2018; Zhao et al., 2021).
Therefore, the impact of autumn tillage practices on soil
physical parameters may be limited and long-term research is
needed to scientifically assess its effects.

This research mainly analyzed the effect of autumn tillage on
soil physical parameters such as soil bulk density, soil water
content and soil porosity distribution. Although the above
parameters can reflect soil the physical quality of the soil to
some extent, there are some shortcomings. In the future, other
soil parameters such as soil aggregate structure and stability
(Zhou et al., 2021), field water capacity (Bondi et al., 2018), soil
cone penetrometer resistance an index of soil compaction (Abu-
Hamdeh et al., 1995), and temperature, will be analyzed to
provide a comprehensive and scientific assessment of the
effects of autumn tillage on soil physical quality (Raghavan
et al., 1990). Field water capacity is also an important parameter
for assessing the physical quality of the soil and is extremely
important for for finding correlations between soil temperature,
water and air (Raghavan et al., 1990). Field water capacity is the
suspended capillary water, which is determined by soil
microporosity. Although this research analyzed the effect of
autumn tillage on soil microporosity, it differs from the direct
analysis of field water capacity (Shao et al., 2020; Zhang et al.,
2021). The soil quality index only selects physical indicators,

which to some extent limits the comprehensive assessment of
soil properties by autumn tillage + straw treatment. The next
study, while refining the physical soil indicators, will add soil
chemical and biological indicators will be added to more
accurately reflect changes in soil quality and provide
theoretical references for soil management (Hermans et al.,
2020). In the current study, the focus of our research was to
evaluate the effects of different autumn tillage practices on soil
physical quality. However, understanding maize growth and
development and yield formation is also important for assessing
the effects of soil tillage on soil quality (Kovács et al., 2023). In
future studies, we will further investigate the relationship
between crop yield formation and soil quality.

In the current study, we used a special no-tillage planter with
a narrow-wide row planting pattern of 40 cm + 80 cm, which
could not be adjusted for the NTS treatments. However, we used
the uniform 60 cm row planting pattern for the RTS and NTS
treatments, which is widely used by local farmers. The difference
between the two planting patterns may have an effect on the
physical quality of the soil. In future studies, we will standardise
the use of narrow-wide row planting pattern to avoid the
influence of other factors such as planting pattern, crop
growth on the results. The above limitations will affect the
results and the presentation of conclusions, which is of great
importance for the scientific and innovative nature of the
research. Therefore, in the future, these limitations will be
addressed in the future: further tests will be carried out by
extending the sampling period and selecting more targeted
parameters, thus providing a more scientific assessmeng of
the impact of autumn tillage on soil physical quality and
providing a more accurate scientific basis for improving soil
physical quality through autumn tillage practices in the Eastern
Loess Plateau.

5 Conclusion

Compared to the autumn no-tillage with straw mulch (NTS)
treatment, the autumn rotary tillage with straw incorporation
(RTS) treatment significantly decreased soil bulk density and
significantly increased soil total porosity and macroporosity at
the 5–10 cm depth, and significantly increased soil
microporosity at the 0–5 cm soil depth. The autumn plough
tillage with straw incorporation (PTS) treatment significantly
reduced soil bulk density while significantly increasing soil total
soil porosity and macroporosity at the 0–10 cm depth, and
significantly increasing soil microporosity at the 10–20 cm
depth. The NTS treatment had a significantly lower soil
physical quality index than the RTS and PTS treatments.
Overall, the application of RTS and PTS after maize harvest
can improve soil physical quality than NTS in the short term
more than NTS in the Eastern Loess Plateau.
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