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Optimize the farming system
to improve the physical and
chemical properties of soil
in Northeast China, thereby
increasing maize yield
Xiangkun Qi†, Weidong Huang†, Yicong Li, Jiachuang Xie,
Fenglin Huang, Yufeng Wang, Jian Fu* and Kejun Yang*

College of Agronomy, Heilongjiang Bayi Agricultural University, Key Laboratory of Modern Agricultural
Cultivation and Crop Germplasm Improvement of Heilongjiang Province, Daqing, China
Northeast China’s black soil region faces soil fertility decline, inadequate straw
usage, and low maize yields. To address these issues, we conducted a two-year
�eld experiment. The seven treatments comprised rotary ridge tillage (Con), no-
tillage (T1), straw return + no-tillage (T2), deep-plowing straw return + ridge
tillage (T3), deep-plowing straw return + �at tillage (T4), straw crushing and
return + ridge tillage (T5), and straw crushing and return + �at tillage (T6). We
examined the impact of various tillage methods on the structure of soil water-
stable aggregates, soil nutrients, enzyme activity, and maize yield. The �ndings
indicated that from 2021 to 2022, the soil macroaggregate content in the T4
considerably increased by 23.52% compared to the Con. Compared to Con, T4
signi�cantly increased the mean weight diameter (MWD) and geometric mean
diameter (GMD), enhancing soil fertility. Additionally, T4 reduced bald tip length
while boosting the 100-Kernels weight by 24.01%, ultimately increasing maize
yield by 13.62%. Consequently, deep-plowing straw return + �at tillage
signi�cantly enhanced soil structure, augmented soil fertility, and elevated
maize production, rendering it the most appropriate tillage strategy for
this region.
KEYWORDS

maize, tillage methods, soil nutrients, aggregate, production
1 Introduction

Maize is among the most essential food crops globally. As the world’s second largest
producer of maize. China constitutes 22.4% of global maize production while employing
under 20% of the total worldwide maize growing area (FAOSTAT, 2021). The semi-arid
area in western Heilongjiang Province is a principal maize production zone in China, where
ridge tillage is the primary spring cultivation method. Prolonged agricultural automation
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and constant tillage have resulted in soil structure deterioration and
a loss in fertility (Afshar et al., 2022). The region faces arid springs
and wet summers, leading to severe soil moisture depletion under
conventional ridge tillage in spring and waterlogging risks in
summer. These conditions signi�cantly reduce maize production
in the area. Consequently, examining suitable agricultural practices
in this region is essential for guaranteeing food security and
safeguarding the agro-ecological ecosystem. Different tillage
systems can signi�cantly alter soil properties, including physical,
chemical, and biological characteristics. Conventional tillage
methods often caused substantial soil erosion and water
depletion, ultimately resulting in decreased soil fertility and
degradation of the agro-ecological environment (Huang et al.,
2018). In contrast to conventional tillage methods, no-tillage
increased soil bulk density, which could inhibit crop root growth
and development (Ji et al., 2013). Flat tillage methods could
markedly decrease soil water evapotranspiration and improve soil
moisture retention capability (Liang et al., 2021). Straw
incorporation was widely acknowledged as an essential
agricultural method for improving soil fertility (Zhao et al., 2019).
Straw mulching has been shown to increase soil organic matter
content (Akhtar et al., 2018), signi�cantly reduce soil moisture
evaporation, mitigate soil compaction, and diminish soil nutrient
loss (Lv et al., 2023). Deep plowing straw returning could
signi�cantly mitigate soil compaction and adhesion, reduce insect
and disease prevalence, facilitate straw decomposition, and improve
soil fertility (Al-Kaisi et al., 2014; Liu et al., 2022). Therefore, when
analyzing the impact of tillage systems on soil physicochemical
characteristics, it is essential to consider the incorporation of diverse
straw return schemes with tillage practices.

China’s semi-arid western regions face three critical challenges:
deteriorating soil fertility, underutilized straw resources, and
suboptimal maize productivity. Implementing conservation tillage
with straw return methods presents an effective solution to these
problems (Chen et al., 2022; Zhao et al., 2023). The ef�cacy of
conservation tillage and straw return strategies for soil
enhancement varies considerably across diverse regions and
environmental situations. We conducted a two-year �eld
experiment to evaluate different tillage and straw returning
methods on soil aggregate stability, nutrient dynamics, enzyme
activity, and maize yield. We hypothesized that deep-plowing straw
return + �at tillage improved soil aggregate stability, enhanced
fertility, and increased yield, making it the optimal tillage method
for this region. This research establishes a theoretical basis for
optimizing tillage methods, improving straw resource management,
and attaining elevated maize yields in the semi-arid areas of western
Heilongjiang Province.
2 Materials and methods

2.1 Experimental site

The research location is situated in Zhao Zhou County,
Heilongjiang Province (N 46°00�28� , E 125°3 2�81� ). The area is
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level, characterized by an average frost-free duration of 130–135
days. Supplementary Figure S1 illustrates the air temperature and
precipitation distributions for the maize growing seasons of 2021
and 2022. The soil is classi�ed as chernozem. The fundamental
fertility parameters of the topsoil at a depth of 0–20 cm are as
follows: organic carbon, 14.83 g kg-1; pH, 7.9; total nitrogen, 1.19 g
kg-1; available phosphorus, 17.2 mg kg-1; and available potassium,
240.4 mg kg-1.
2.2 Experimental design

This experiment included a positioning assessment, with data
collected annually from 2021 to 2022. In this paper, positioning
research denotes the process of ongoing investigation, observation,
and analysis conducted at a designated site, maintaining both the
testing location and agricultural practices throughout the study.
Seven treatments were employed for comparison in the experiment:
rotary ridge tillage (Con), no-tillage (T1), straw return + no-tillage
(T2), deep-plowing straw return + ridge tillage (T3), deep-plowing
straw return + �at tillage (T4), straw crushing and return + ridge
tillage (T5), and straw crushing and return + �at tillage (T6)
(Table 1). Rotary ridge tillage was used as a Con. The tested
variety is ‘Dongxu 20’. Each treatment was repeated three times
with a random block arrangement, and the experimental plot was
designed to be 0.33 hm2 (100 m×32.5 m). The planting density of
the maize was 75000 plants hm-2, and the compound fertilizer was
applied at 650 kg hm-2 (N:P2O5:K2O = 27:10:12). All the farming
practices including herbicide and insecticides were performed in
each plot and consistent with local agronomic practices during the
entire experimental seasons. Maize was planted on 2 May 2021 and
28 April 2022 and harvested on 1 October 2021 and 2 October 2022.
2.3 Sample collection

Soil samples were taken at depths of 0–10 cm, 10–20 cm, and
20–30 cm using a soil auger during the maize jointing, tasseling, and
maturity phases throughout the 2021–2022 growth seasons for each
treatment. Residual roots, straw pieces, and other contaminants
were manually extracted from the soil samples, which were
subsequently brought to the laboratory in sealed containers for
drying, grinding, and sifting prior to analysis. Soil water-stable
aggregates were categorized by the wet sieving technique (Elliott,
1986), yielding six speci�c size classi�cations: >5 mm, 2–5 mm, 1–2
mm, 0.5–1 mm, 0.25 - 0.5 mm, and<0.25 mm.
2.4 Measurement and methods

2.4.1 Measurement of the soil nutrient content
The soil organic matter content was determined via the

potassium dichromate volumetric method (Nelson, 1982). The
soil total nitrogen content was determined via digestion with
H2SO4 and an automatic Kjeldahl apparatus (Nelson and
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Sommers, 1980). The soil-available nitrogen was determined via the
sodium hydroxide-boric acid-available nitrogen diffusion method
(Mulvaney and Khan, 2001). Soil-available phosphorus was
extracted via the 0.5 mol L-1 NaHCO3 colorimetric method
(Truog, 1930). Soil-available potassium was measured via atomic
absorption spectrophotometry with 0.5 mol L-1 NH4OAc
(Mehlich, 2008).

2.4.2 Measurement of soil enzyme activity
Fron
1. The catalase activity was determined based on the method
described by (Ren et al., 2016). Two grams of each air-dried
soil sample was weighed and placed in a 100 ml conical
bottle, 5 mL of 3% H2O2 solution and 40 mL of deionized
water were added, and the mixture was shaken for 20 min
and then �ltered. Five milliliters of H2SO4 solution
containing 1.5 mol L-1 H2SO4was added to the clear
liquid, and then 25 ml of H2SO4 solution was removed
after �ltration. The volume of KMnO4 solution consumed
was recorded by titrating with 0.02 mol L-1 KMnO4

solution until the liquid was slightly red and did not
change color for 30 s.

2. The urease activity was determined based on the method
described by Ren et al. (2016). Fresh soil samples (5 g) were
transferred to a 100-ml conical �ask and were incubated by
adding citrate solution (20 ml, pH 6.7) and urea solution
(10 ml, 10%, w/v) for 24 h at 37°C. The mixed solution was
shaken at 180 rpm for 20 min and then �ltered. Then, the
�ltrate (1 ml), sodium hypochlorite solution (3 ml), and
sodium phenol solution (4 ml) were mixed in a 50-ml
volumetric �ask. Deionized water was added to the
volumetric �ask to a constant volume of 50 ml. The
tiers in Plant Science 03
absorbance of the solution was measured at 578 nm using
a spectrophotometer (UV2550, Shimadzu, Japan).

3. The alkaline phosphatase activity was determined based on
the method described by Ren et al. (2016). Five grams of
air-dried soil was placed in a 200-triangle bottle with 2.5 ml
of toluene. After 15 min, 20 ml of 0.5% sodium
phenyldisodium phosphate was added, the reaction
mixture was incubated at 37°C, the mixture was cultured
for 24 h, 100 ml of 0.3% aluminum sulfate solution was
added to the culture medium, and the mixture was �ltered
with dense �lter paper. Three milliliters of �ltrate was
placed into a 50 ml volumetric bottle, 5 ml of buffer and
4 drops of chloroform-p-benzoquinone imide reagent were
added to each bottle, the mixture was diluted to scale after
color development, and the color at a wavelength of 660 nm
was compared via a spectrophotometer.
2.4.3 Evaluation of soil aggregate stability indices
(1) The mass percentage of aggregates at a given particle size

level was calculated according to the method described by
(Choudhury et al., 2014)

Wi =
Mi

M
� 100 %

where Mi is the mass of the i-level soil water-stable aggregate
after sieving (g), and M was applied to determine the total mass of
the aggregates (g).

(2) Soil aggregate stability was determined using the MWD and
GMD. The calculation formulas of MWD and GMD (Haynes and
Swift, 1990) are as follows:
TABLE 1 Experimental design.

Treatment Measure

Rotary ridge tillage (Con)
After mechanical harvesting in autumn, all straw was removed from the �eld. In spring, rotary tillage and ridging were
conducted at a depth of 15–20 cm, followed by sowing and a one-time application of base fertilizer into the 15–20 cm soil layer.

No-tillage (T1)
After mechanical harvesting in autumn, all straw was removed from the �eld. In spring, no-tillage practices were
implemented, followed by �at sowing of maize and a one-time application of base fertilizer into the 15–20 cm soil layer.

Straw returning + no-tillage (T2)
After autumn harvest, all straw was crushed to sh0 cm lengths and evenly distributed as surface mulch. In spring, no-
tillage practices were implemented, followed by �at sowing of maize and a one-time application of base fertilizer into
the 15–20 cm soil layer.

Deep plowing straw returning + ridge tillage (T3)
After mechanical harvesting in autumn, all straw was crushed to sh0 cm lengths and the straw was deep plowed into
the �eld to a depth of 25–30 cm. In spring, rotary tillage and ridging were conducted, followed by sowing and a one-
time application of base fertilizer into the 15–20 cm soil layer.

Deep plowing straw returning + �at tillage (T4)
After mechanical harvesting in autumn, all straw was crushed to sh0 cm lengths and the straw was deep plowed into
the �eld to a depth of 25–30 cm. Without ridging, sowing was conducted in spring, accompanied by a one-time
application of base fertilizer into the 15–20 cm soil layer.

Straw crushing and returning + ridge tillage (T5)
After mechanical harvesting in autumn, all straw was crushed to sh0 cm lengths and evenly distributed on the soil surface. The
straw was then incorporated into the 0–20 cm soil layer using a combined soil preparation machine. In spring, rotary tillage and
ridging were conducted, followed by sowing and a one-time application of base fertilizer into the 15–20 cm soil layer.

Straw crushing and returning + �at tillage (T6)

After mechanical harvesting in autumn, all straw was crushed to sh0 cm lengths and evenly distributed on the soil
surface. The straw was then incorporated into the 0–20 cm soil layer using a combined soil preparation machine.
Without ridging, sowing was conducted in spring, accompanied by a one-time application of base fertilizer into the
15–20 cm soil layer.
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MWD = on
i=1 WiXið Þ

on
i=1Wi

� �

GMD = exp on
i=1 Wi ln Xið Þ

on
i=1Wi

� �

where Wi is the weight percentage of each aggregate (%), and Xi

is the average diameter (mm) of each particle size.
(3) The fractal dimension of the soil water-stable aggregates was

calculated following (Rasiah et al., 1993)

D = 3 � lg‰
M(r < Xi)

MT
�=lg‰

Xi

Xmax
�

where M (r< Xi) is the aggregate weight (g) with a particle size
smaller than Xi, MT is the total weight of the aggregates, Xi is the
average diameter of a certain level of the aggregate, and X max is the
maximum particle size of the aggregates.

2.4.4 Measurement of maize yield
At the maize maturity stage, four rows (5 m long with 0.65 m

row spacing) were selected from the central area of each plot. All
maize ears were harvested, and the grain moisture content was
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measured using a PM8818 moisture analyzer. The �nal yield was
adjusted to a standard moisture content of 14%.
2.5 Statistical analysis

Excel 2010 was used to organize the data. Different treatments
were compared via Duncan’s test at the 0.05 probability level (P �
0.05). Analysis of variance was performed for grain yield, soil
aggregates, organic carbon, soil nitrogen, and soil enzyme activity
via SPSS22.0 (SPSS Inc., Chicago, USA). Origin 2021 software
(Origin Lab, USA) was used for �gure preparation.
3 Results

3.1 Soil water - stable aggregates

Y and T had signi�cant effects on soil aggregate content(P<0.01;
Figure 1). In 2021 and 2022, the content of soil water-stable
aggregates gradually increased as the aggregate particle size
decreased. Compared to the Con treatment, all other treatments
FIGURE 1

Effects of tillage methods on the particle size composition of soil water-stable aggregates. Con (rotary ridge tillage), T1 (no-tillage), T2 (raw return +
no-tillage), T3 (deep plow straw return + ridge tillage), T4 (deep plow straw return + �at tillage), T5 (raw crushing and return + ridge tillage), and T6
(raw crushing and return + �at tillage). Different alphabets indicate the signi�cance within the same year at 5% level by Duncan' tests. In ANOVA, Y, T
represent the variable year, treatment. NS, not signi�cant, (p > 0.05). **, Signi�cant at p < 0.01.
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increased the content of large aggregates. In the 0–10 cm soil layer,
all other treatments signi�cantly increased the content of large
aggregates compared to the Con treatment. In the 10–20 cm soil
layer, the T4 treatment showed the highest contents of water-stable
aggregates in the size fractions of > 5 mm, 2–5 mm, 1–2 mm, and
0.5–1 mm, with increases of 54.88%, 45.04%, 42.16%, and 27.01%,
respectively, compared to the Con treatment. In the 20–30 cm
soil layer, the T4 treatment exhibited the highest content of
R > 0.25mm.
3.2 Soil water - stable aggregate stability

Y and T signi�cantly in�uenced MWD (P< 0.01), while T
signi�cantly affected GMD (P< 0.01), and T also had a notable
impact on GMD (P< 0.05; Figures 2a, b). In the 0–10 cm soil layer,
the T2 treatment showed the highest MWD and GMD, with
signi�cant increases of 25.42% and 23.91%, respectively,
compared to the Con treatment. In the 10–20 cm soil layer, all
treatments except T1 signi�cantly increased the MWD and GMD of
aggregates compared to the Con treatment. In the 20–30 cm soil
layer, the T4 treatment exhibited the highest MWD and GMD
values, with signi�cant increases of 15.72% and 15.89%,
respectively, compared to the Con treatment.
3.3 Organic carbon in soil water - stable
aggregate

T signi�cantly in�uences the organic carbon content of
aggregates (P< 0.01; Figure 3). In the 0–10 cm soil layer, all
treatments signi�cantly increased the water-stable organic carbon
content in soil aggregates compared to the Con treatment. In the
10–20 cm soil layer, the organic carbon content of aggregates larger
than 5 mm, between 2–5 mm, and between 1–2 mm in the T4
treatment was considerably elevated compared to the Con
treatment, with increases of 12.96%, 10.43%, and 12.83%,
respectively. Within the 20–30 cm soil layer, the T4 treatment
had the greatest organic carbon concentration across all aggregate
size fractions.
3.4 Soil organic carbon content

The in�uence of Y and T on the soil organic carbon content was
highly signi�cant (P<0.01; Figure 4). In 2021 and 2022, the SOC
content across all treatments shown a progressive decline with
increasing soil depth. In the 0–10 cm soil layer, T2 treatment
demonstrated a substantial increase of 16.77% relative to the Con
treatment. In the 10–20 cm soil layer, the SOC content of the
treatments ranked as follows: T4 > T3 > T2 > T5 > T6 > T1 > Con.
The T4 treatment exhibited a notable increase of 18.45% in the 20–
30 cm soil layer compared to the Con treatment.
Frontiers in Plant Science 05
3.5 Soil nitrogen content

In the 0–10 cm soil layer, the T2 treatment exhibited the
greatest TN content during the growth phases from jointing to
tasseling (Table 2). In the 10–20 cm soil layer, the T4 treatment
demonstrated the most signi�cant improvement in TN content,
with increases of 15.58%, 16.36%, and 15.26%, respectively,
compared to the Con treatment. In the 20–30 cm soil layer, the
T3 and T4 treatments shown elevated TN content relative to the
Con treatment.
3.6 Soil available phosphorus content

T and Y exerted substantial impacts on AP (P<0.01; Table 3).
The AP content of the T2 treatment in the 0–10 cm soil layer was
superior to that of the T1 treatment. In the 10–20 cm soil layer, the
T4 treatment had a markedly higher AP content than the T6
treatment, with increases of 10.81%, 13.92%, and 27.27% from the
jointing stage to the maturity stage. In the 20–30 cm soil layer, the
T4 treatment exhibited a notable increase in AP content relative to
the Con treatment during all growth stages, with increments of
23.54%, 29.88%, and 36.24%, respectively.
3.7 Soil available potassium content

T and Y exerted substantial impacts on AK (P<0.01; Table 4). In
the 0–10 cm soil layer, T2 treatments enhanced the AK content at every
growth stage, achieving a statistically signi�cant difference at maturity,
with a 14.76% increase relative to the Con treatment. The T4 treatment
demonstrated signi�cantly elevated AK content in the 10–20 cm soil
layer across all growth stages, with increases of 11.21%, 15.83%, and
12.09%, respectively, compared to the Con treatment. In the 20–30 cm
soil layer, the average AK content across treatments exhibited the
following descending order: T4 > T3 > T5 > T6 > T2 > T1 > Con.
3.8 Soil alkaline phosphatase activity

T had a signi�cant impact on soil alkaline phosphatase activity
(P<0.01; Figure 5). In both 2021 and 2022, the enzyme activity in
the 0–30 cm soil layer for all treatments initially diminished and
subsequently grew progressively during the growth period. The
alkaline phosphatase activity in the 0–10 cm soil layer was lowest in
the Con treatment at every growth stage. In the 10–20 cm soil layer,
the T4 treatment exhibited the highest soil alkaline phosphatase
activity at each development stage.
3.9 Soil urease activity

T had a considerable impact on soil urease activity (P<0.01;
Figure 6). Compared to the T1 treatment, the T2 treatment
frontiersin.org
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markedly enhanced soil urease activity in the 0–10 cm soil
layer during several growth stages of maize, with increases of
36.29%, 28.40%, and 26.68%, respectively. In the 10–20 cm
soil layer, all treatments enhanced soil urease activity relative
Frontiers in Plant Science 06
to the control treatment. In the 20–30 cm soil layer, the soil
urease activity in the T3 and T4 treatments was signi�cantly
elevated compared to the Con treatment at each maize
development stage.
FIGURE 2

Effects of tillage methods on soil water-stable aggregate stability. Mean weight diameter (MWD) (a) and geometric mean diameter (GMD) (b). Con
(rotary ridge tillage), T1 (no-tillage), T2 (raw return + no-tillage), T3 (deep plow straw return + ridge tillage), T4 (deep plow straw return + �at tillage),
T5 (raw crushing and return + ridge tillage), and T6 (raw crushing and return + �at tillage). MWD, mean weight diameter; GMD, geometric mean
diameter. Different alphabets indicate the signi�cance within the same year at 5% level by Duncan' tests. In ANOVA, Y, T represent the variable year,
treatment. NS, not signi�cant, (p > 0.05). *, Signi�cant at p < 0.05. **, Signi�cant at p < 0.01.
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