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Mechanical grain harvesting is a crop production development direction. However, the residue management methods suitable for
mechanical grain harvesting have been not established. In order to study the effect of residue management modes on maize yield
formation and explore the best residuemanagement methods for mechanical grain harvesting, four crop field surveys were carried
out in Southwest China. Crops were mechanically harvested, and the residues were shredded and returned to the field using
various straw application methods including straw deep burial with plowing (SDBP), straw shallow burial with rotary tillage
(SSBRT), and straw mulching with minimum tillage (SMMT). -e first-season rape residues were returned to the field, and the
second-season maize yield under SDBP and SSBRTwas significantly higher than that under SMMT. However, with the increase in
rounds of residue application, compared with SDBP and SSBRT, SMMTcontinuously increased the soil moisture content in the
0–30 cm soil layer at the early stage of maize growth, increased the soil alkaline-hydrolyzed nitrogen content in the 0–20 cm and
40–60 cm layers, and reduced the soil compaction under 40 cm layer, which were more conducive to the root system growth.
Maize yield with the SMMT increased by 5.4% compared with that of the previous season, while the yields with SDBP and SSBRT
decreased by 16.7% and 12.7%, respectively, compared with those of the previous season. In conclusion, it is recommended to
employ the SMMTmethod during crop mechanical harvesting, which is of great significance to improve soil quality and increase
maize grain yield.

1. Introduction

Previous studies have pointed out that the long-term appli-
cation of conventional farming methods and removing crop
residues have severely disturbed and destroyed the natural
structure of the soil, resulting to a continuous decline in the
soil organic matter content, which restricts the increase of
crop grain yield [1]. As a potential bioenergy, the crop res-
idues after harvesting can be returned to the fields to combine
with soil tillage. Straw application can improve soil tilth and
fertility, maintain soil productivity, and increase crop grain
yield [2]. Straw returns could continuously increase soil or-
ganic carbon in an interannual rotation cropping system [3].

Some studies have shown that continuous straw appli-
cation significantly reduced the soil bulk density from the
4th year [4], which greatly improved the stability of soil
aggregates [5]. Straw application can regulate soil moisture
content and temperature, affect the vertical distribution of
soil available nitrogen [6], and reduce ammonia volatiliza-
tion from soils [7]. With straw application, the alkaline-
hydrolyzed nitrogen (AH-N) content of the soil increased by
6%–14% and 8%–34%, respectively, compared to that of soils
without crop residues [8]. After straw application for six
consecutive years, the soil organic carbon and available
nitrogen contents in each soil aggregate-size class increased
by 27% and 12%, respectively [2], compared with those of

Hindawi
Scientific Programming
Volume 2021, Article ID 6878176, 12 pages
https://doi.org/10.1155/2021/6878176

mailto:tlf3300@hunau.edu.cn
https://orcid.org/0000-0003-0767-6532
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6878176


soils without crop residues. In addition, straw application
significantly reduced the soil penetration resistance, leading
to a 1.4-fold increase in water infiltration rate of the soil [9].
-is effect is most significant in areas where the soils are of
poor fertility [10]. Straw application can also increase the
organic matter content and the accumulation of humus
components in the soil, improve the structure of soil humus
[11], increase the abundance of soil microbiota [5], and
facilitate the activities of soil dehydrogenase and phospha-
tase [4, 12]. Straw returns improved the fertilizer effects on
soil bulk density, soil porosity, maize root length, root
surface area, root volume, and yield by 3.99%–7.27%, 3.89%–
7.40%, 1.35%–71.01%, 19.16%–42.45%, 10.49%–22.73%, and
4.43%–7.05%, respectively [13]. -erefore, straw application
is conducive to increase crop grain yield, nitrogen use ef-
ficiency [14], and economic benefit [15].

However, the undecomposed crop residues will hinder
the emergence [16] and growth [17] of the crop in the
coming season. -erefore, in areas with multiple cropping
systems, additional nitrogen fertilizers are applied every year
after straw application to promote the decomposition of
crop residues [18, 19]. Straw application promotes the ac-
cumulation of nutrients in the surface soil layers; however,
its effect on increasing crop grain yield is related to factors
such as soil types [20] and soil tillage methods [21]. Soil
tillage methods significantly influence the accumulation and
transformation of nutrients in the soil [22]. A previous study
has demonstrated that the plowing tillage technology during
straw application can increase the organic carbon and total
nitrogen contents of the surface soil layers, thereby in-
creasing the maize grain yield and water use efficiency [23].
Other studies have shown that the carbon content of organic
matter, humus, humic acid, and fulvic acid [11], as well as
the total nitrogen release in the soil are significantly higher
using the shallow burial method than those with deep burial
treatment [24]. Straw shallow burial can significantly in-
crease the degradation rate of straws, which may be related
to the increase in the catabolic versatility of the soil
microbiota [25] and the decrease in the ratio of G+/G−

bacteria [26]. Compared with the straw deep burial, the
comprehensive indices of soil nutrients can reach their
maximums with the shallow burial method [27]. However,
soil moisture content and temperature tend to decrease
significantly whether using the deep burial with plowing
tillage method or shallow burial method, which lead to a
decrease in the emergence rate of the crop in the coming
season [28].

In rain-fed arid areas, straw mulching with minimum
tillage can significantly increase the organic carbon content
[22], moisture content, and permeability [29] of the
0–100 cm soil layer, thereby increasing the crop grain yield
and soil quality. However, in areas with irrigation systems,
this method reduced the soil temperature and thus did not
contribute to crop grain yield increase [30]. In other words,
the effects of straw application with different soil tillage
methods are significantly different among different regions.

In recent years, mechanical grain harvesting has con-
tinued to develop in the main maize-producing areas in
China. Based on the limitation of harvesting machinery,

when grain is harvested by machinery, the straw is crushed
by the harvester and returned to the field. However, there
was little research about the straw application under me-
chanical grain harvesting. -e results of previous studies
were mostly obtained under the condition of manual har-
vesting. Compared with the traditional way of artificial
harvesting and straw recycling, crop residues are simulta-
neously shredded and returned to the field during me-
chanical grain harvesting, which poses new demand for
studying straw application methods. -is is also the chal-
lenge and superiority of the analysis program compared with
previous studies.

In this study, we conducted field experiments in the red
soil area of the Yunnan Plateau, which is the maize and rape
double-cropping system production region in Southwest
China. We investigated the influences of the straw appli-
cation in combination with different soil tillage methods on
soil tilth and maize grain yield and determined the most
appropriate straw application method under mechanical
grain harvesting. -e findings from this study provide a
theoretical basis and technical approach for improving the
soil quality and increasing the maize grain yield.

2. Materials and Methods

2.1. Experimental Field. -e field test was conducted be-
tween 2016 and 2018 in Jiale Village at the Town of Jinma,
Honghe Hani and Yi Autonomous Prefecture, Yunnan
Province, China (24°46′N, 103°30′E).-e region is located at
a typical production area of the maize and rape double-
cropping system. -e field has an altitude of 1,800m, a
subtropical monsoon climate, an annual average tempera-
ture of 15.2°C, and an annual precipitation of 979.7mm.-e
soil type is red soil, with adoption of rain-fed farming and
rotary tillage practices.

2.2. Straw Application Methods. -e split plot experimen-
tation scheme was adopted, maize cultivar was the main plot
factor, and straw application was the subplot factor. Jinyu 99
(JY99), an early-maturing maize cultivar, and Baoyu 9
(BY9), a late-maturing maize cultivar, were used for culti-
vation. All mechanically harvested straw was shredded and
applied to the field. -ree straw application methods were
used: straw deep burial with plowing (SDBP), straw shallow
burial with rotary tillage (SSBRT), and straw mulching with
minimum tillage (SMMT). Each experimental treatment was
repeated in three blocks, and the experimental field was
divided into 18 treatment plots (50m× 2.4m). In each plot,
four rows of maize were planted at equal distances, with a
total plot area of 2,200m2. Maize was cultivated alternatively
with rape plants (Table 1).

Mechanical grain harvesting was conducted using a
harvester (Kubota 4LZ-2.5, PRO688Q) with a semifeed
header (Jiajiale 4 YG-4A). Plowing was conducted using a
1LH-438 moldboard plow towed with a tractor (LX1204).
Rotary tillage was conducted with a rotary tiller towed with
the same type of tractor. -e detailed experimental proce-
dure is summarized in Table 1.
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2.3. Soil Samples and Collection. Soil profiles
(120× 60× 60 cm) and root samples (45× 30× 60 cm) were
manually collected in the maize ear initiation stage (V12)
and silking stage (R1) in representative areas in each plot
(Figure 1). Soil penetration resistance and water content
were tested outside of the four corners of the profile col-
lection area. -e alkaline-hydrolyzed nitrogen (AH-N)
content and root volume were tested at each depth range
(0−10, 10−20, 20−30, 30−40, 40−50, and 50−60 cm).

2.4. Soil Penetration Resistance, Water Content, and AH-N
Content. Soil penetration resistance was tested with a
penetrometer (TJSD-750), and water content was tested with
a soil moisture sensor (TZS-1K).-en, a soil drill was used to
collect soil samples. Four sampling points in the same depth
range were mixed. Roots and shedding were discarded. Each
sample was sieved with a 0.18mm filter. -e AH-N content
was determined with the alkaline hydrolysis diffusion
method.

2.5. Root Volume. A stainless-steel blade was used to collect
the three sub-blocks of root samples. Samples were trans-
ferred to nylon mesh bags before the soil, and other im-
purities were washed off. All visible maize roots were
collected into Ziplock bags and scanned using a high-res-
olution scanner (Epson Perfection V700). Images were
analyzed with the plant root measurement and analysis
system (WinRHIZO Pro-2016).-e contour map of the root
system was drawn by a type of drawing software (Surfer 8.0).
-e discrete data of root volume were selected, and the
interpolation method in Surfer 8.0 was used to grid the data,
the regular grid file was obtained, and then the contour map
is drawn.

2.6. Determination of Leaf Area Index, Dry Matter Accu-
mulation, and Chlorophyll Content. For each plot, 4 plant
samples were collected in the V12 stage and R1 stage and 10
were collected in the physiological maturity (R6) stage.
Organs were separated in each plant. For leaf area indices,

Table 1: -e experimental procedure and straw application methods.

Season and
crop species Cultivation method Straw application method Cumulative number of straw

applications (CNSA)

Winter-seeded
rape plant in
2016

Sowed on 10-25-2016. Mechanical
furrowing was conducted at a depth of
8−12 cm. -en, a thin layer of soil was

applied.-inning was conducted at V2 and
final thinning at V4 during intertillage and
weeding. Fertilizers were applied at 276 kg/
ha for N, 120 kg/ha for P2O5, and 150 kg/ha
for K2O. Nitrogen fertilizer was given at
sowing, germination, and inflorescence

emergence at a ratio of 3 : 3:4. Phosphorus
and potassium fertilizers were applied at
sowing. Top dressings were applied to the

furrows between two rows. Crop
maintenance was conducted according to
the standard practice for high-yield crops.

Mechanical grain harvesting was carried
out, and straw was shredded on 4-20-

2017. SDBP: straw was buried at
30−40 cm during plowing. -en, rotary
tillage was carried out. SSBRT: straw was
buried at 15−20 cm during rotary tillage.
SMMT: straw was directly applied to the

surface of the soil.

Cumulative zero rounds of straw
application before the rape plant
was sown in 2016 (0 CNSA)

Summer-
seeded maize
in 2017

Sowed on 4-28-2017 at a density of 67,500
plants/ha. Mechanical furrowing was

conducted at a depth of 10−15cm. -e
fertilizer was applied at 180kg/ha for N,

112.5kg/ha for P2O5, and 135kg/ha for K2O.
Nitrogen and potassium fertilizers were given
at sowing and inflorescence emergence at a
ratio of 5 : 5. Phosphorus fertilizer was applied
at sowing. Fertilizers applied during the period
of inflorescence emergence were applied into
furrows, and top dressings were applied into
deep holes punched between every two crops.
Crop maintenance was conducted according
to the standard practice for high-yield crops,

and each plot was treated the same.

Mechanical grain harvesting was carried
out, and straw was shredded on 10-15-
2017. Straw application was carried out as
per the three methods of the winter-
seeded rape plant in 2016.

Cumulative one round of straw
application before maize was
sown in 2017 (1 CNSA)

Winter-seeded
rape plant in
2017

Sowed on 10-28-2017. -e same method as
winter-seeded rape plant in 2016.

Mechanical grain harvesting was carried
out, and straw was shredded on 4-25-
2018. Straw application was carried out as
per the three methods of winter-seeded
rape plant in 2016.

Cumulative two rounds of straw
application before the rape plant
was sown in 2017 (2 CNSA)

Summer-
seeded maize
in 2018

Sowed on 5-1-2018. -e same method as
summer-seeded maize in 2017.

Mechanical grain harvesting was carried
out on 10-22-2018.

Cumulative three rounds of
straw application before maize
was sown in 2018 (3 CNSA)
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the lengths and widths of all leaves were measured and the
leaf area index was calculated as length×width× coefficient,
where coefficient� 0.50 when the leaves were not fully
unrolled and 0.75 otherwise. For dry matter accumulation,
each sample was baked at 105°C and then dried at 75°C till
the weight reached constant before weighing. For samples
collected at the physiological maturity stage, biomasses and
harvest indices were calculated based on the measured dry
matter accumulation values. SPAD values were measured
with a chlorophyll meter (SPAD-502). In the V12 stage, the
top fully unrolled leaves were measured. At R1, ear leaves
were measured. Measurements were taken at a spot slightly
deviant from the center of the leaves. Fifteen consecutive
plants were measured in each plot.

2.7. Grain Yield. -e total weight of the harvested maize
grains in each plot was measured (total weight). -en, 3
random samples (>1 kg) were collected and weighed (gross
weight). Impurities from these samples were discarded
before the samples were weighed again (net weight). Im-
purity ratio was calculated: (gross weight–net weight)÷
gross weight.

3 random grain samples (100 kernels) were collected and
weighed (wet weight). -en, grains were dried at 75°C till
weight became constant before weighing (dry weight). -e
grain water content was calculated as (wet weight–dry
weight)÷net weight. -e yield assuming a 14% water
content was calculated as total weight × (1 – impurity
ratio)× (1−water content)÷ (1− 14%).

2.8. Statistical Analysis. Data were organized with Microsoft
Excel 2016. -e data-processing system of SPSS statistics 8.0
software was used for analysis of variance. Analysis of
variance (ANOVA) was followed by LSD tests at P � 0.05
where appropriate. -e least significant difference was

adopted for the multiple comparisons in the analysis of var-
iance of experimental treatment, and the significance level was
0.05. -e LSD algorithm between different levels of different
varieties and straw application is LSD0.05 � t0.05(df)

������
MSe/ar


,

where t0.05(df) is the critical t-value of factor degree freedom
under the F test,MSe is the error mean square, a is the factor
level number, and r is the experimental treatment repetition
times. -e LSD algorithm of variety× straw application
interaction is LSD0.05 � t0.05(dfe)

������
2MSe/r


, where dfe is the

test error degree freedom.

3. Results

3.1. Yield and Harvest Index. -e maize yield in each season
was significantly affected by the straw application methods
(Table 2). After the first straw application (from the rape plant
harvest, 1 CNSA), the maize yields using the SDBP and
SSBRT were higher than that using the SMMT by 26.8% and
17.7%, respectively. However, after three seasons of straw
application (rape, maize, and rape, 3 CNSA), the yields and
biomasses using the SDBP, SSBRT, and SMMT were not
significantly different (P> 0.05). Furthermore, compared to
the first maize harvest, with the increase in rounds of me-
chanical harvesting and straw application, the yields with the
SDBP and SSBRT were reduced by 16.7% and 12.7%, re-
spectively, whereas the yield using the SMMT was increased
by 5.4%. -e increase in yield was mainly a result of the
increase in biomass, i.e., the harvest indices were barely
changed.-e yield (average of 2017 and 2018 harvests) of late-
maturing cultivar BY9 was significantly higher than the early-
maturing cultivar JY99 (8.4% and 7.7%, respectively), mainly
due to the higher biomasses and harvest indices of BY9.

3.2. DryMatter Accumulation before Silking, Leaf Area Index,
and Leaf Chlorophyll Content. Our results indicate that
straw application methods strongly influenced dry matter

S

R

S

S

Figure 1: Soil samples and collection. maize plant. locations of top-dressing application. soil profile collection region (120× 60× 60 cm).
sampling points for soil penetration resistance and water content test. maize root sampling area (45× 30× 60 cm), including three sub-
blocks at the plant, left to the plant, and right to the plant. Tests on soil and root samples were carried out at 0−10, 10−20, 20−30, 30−40,
40−50, and 50−60 cm in depth. -e capital R stands for maize root sampling area and the S stands for soil sampling points.
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accumulation before silking, leaf area index, and SPAD value
(Table 3). After the first straw application, dry matter ac-
cumulation, leaf area index, and SPAD during V12 and R1
stages were significantly higher while using the SDBP than
with SSBRT and SMMT, whereas after three consecutive
straw applications, the SPAD value during the V12 stage and
all three index values during the R1 stage were higher with
SMMT. Furthermore, the three index values had a trend of
reduction after three rounds of straw application with the
SDBP and SSBRT, whereas for the SMMT, these numbers
either increased or did not significantly change.

By comparing between the two cultivars, we found that
straw application methods only affected SPAD values during
the first season, whereas dry matter accumulation before
silking and leaf area index were not significantly affected.
Considering BY9 had a higher yield, we deduce that the dry
matter accumulation after silking, compared to before
silking, contributes more to the high yield of the late-ma-
turing cultivar.

3.3. Volume and Distribution of the Root System. Figure 2
illustrates the root volume and distribution in each straw
application method (average of the two cultivars). We found
that, after one straw application, the SDBP and SSBRT
methods showed higher average root volume in 0−60 cm
depth range compared with the SMMT. In contrast, after
three consecutive straw applications, the root volumes using
the SDBP and SSBRTwere not notably higher than using the
SSMT. Particularly, the average root volume of the 0−40
depth range with the SDBP was less than that using the
SMMT by 29.6% at V12 and 7.5% at R1, after three con-
secutive straw applications.

In addition, we found that even after one round of
straw application, the root volume in the 40–60 cm soil
layer was not significantly different among the SMMT,
SDBP, and SSBRTmethods. As the root volume at deeper
soil layers is positively correlated with yield, these data
suggest that the immediate increase of root volumes with
the SDBP and SSBRTmay not have a strong benefit on the
increase of yield. By comparing root volumes between one
straw application and three straw applications, we found
that in the R1 stage, 0−60 cm root volume with the SMMT
was increased by 18.2%, whereas that using SDBP was
decreased by 28.0% and that by SSBRT was not signifi-
cantly changed. -ese results suggest that the SMMTmay
have a delayed but long-term advantage in enhancing
maize root volume.

3.4. Soil Penetration Resistance. Figure 3 illustrates soil
penetration resistance at different depths during V12 and R1
stages with different straw application time periods. By com-
paring SDBP and SMMT, we found that soil penetration re-
sistance with the SDBP was lower than that with SMMT at
0−30 cm range by an average of 32.8% (on average between 1
CNSA and 3 CNSA; the same below). However, soil pene-
tration resistance was higher with the SDBP at 40−60 cm range
by over 60.0%. We also compared SSBRTand SMMT, and we
found that while soil penetration resistance at 0−20 cmwas not
significantly different, the SSBRTmethod had a 24.8% higher
soil penetration resistance than SMMT method at 20−60 cm.
Furthermore, we also found that the deep-layer soil penetration
resistance (50−60 cm) increased after three straw applications
in both the SSBRT (791.9KPa) and SDBP (427.3KPa)
methods.

Table 2: Maize yields and harvest indices under different practices of crop straw application.

CNSA Treatments Kernel yield (t/ha) Biomass (t/ha) Harvest index (%) -eoretical yield (t/ha)

1

Straw returns
SDBP 11.46± 0.50a 21.12± 0.86a 52.96± 0.68a 12.76± 0.61a
SSBRT 10.64± 0.47b 20.07± 0.82b 53.65± 1.43a 12.30± 0.62a
SMMT 9.04± 0.27c 18.11± 0.74c 54.31± 1.02a 11.22± 0.56b

Cultivars BY9 10.80± 0.43a 20.56± 0.87a 54.72± 1.12a 12.81± 0.66a
JY99 9.96± 0.39b 18.97± 0.74a 52.55± 0.96b 11.37± 0.53b

Interaction

BY9×SDBP 11.53± 0.56a 21.58± 0.87a 53.03± 0.95bc 13.05± 0.65a
BY9×SSBRT 11.16± 0.49a 21.47± 0.87a 54.72± 1.64ab 13.40± 0.76a
BY9×SMMT 9.72± 0.25b 18.62± 0.87bc 56.41± 0.77a 11.97± 0.57bc
JY99×SDBP 11.39± 0.43a 20.66± 0.85ab 52.89± 0.40bc 12.46± 0.56ab
JY99×SSBRT 10.12± 0.44b 18.67± 0.76bc 52.57± 1.21c 11.19± 0.47c
JY99×SMMT 8.36± 0.29c 17.59± 0.60c 52.20± 1.27c 10.47± 0.55c

3

Straw returns
SDBP 9.55± 0.29a 17.38± 0.56b 54.11± 1.28a 10.74± 0.39b
SSBRT 9.29± 0.35a 16.79± 0.72b 52.64± 1.24b 10.09± 0.60c
SMMT 9.53± 0.28a 18.50± 0.60a 54.06± 1.08a 11.43± 0.31a

Cultivars BY9 9.80± 0.32a 18.58± 0.66a 55.41± 1.25a 11.74± 0.34a
JY99 9.10± 0.28b 16.53± 0.59b 51.79± 1.14b 9.76± 0.52b

Interaction

BY9×SDBP 9.83± 0.30ab 18.25± 0.50b 55.78± 1.17a 11.60± 0.20b
BY9×SSBRT 9.52± 0.36ab 17.47± 0.78bc 54.59± 1.28a 10.87± 0.63bc
BY9×SMMT 10.06± 0.30a 20.03± 0.71a 55.85± 1.31a 12.75± 0.20a
JY99×SDBP 9.26± 0.27bc 16.50± 0.61bc 52.44± 1.39ab 9.87± 0.58d
JY99×SSBRT 9.05± 0.33c 16.11± 0.66c 50.68± 1.20b 9.31± 0.56d
JY99×SMMT 9.00± 0.25c 16.97± 0.49bc 52.26± 0.84ab 10.11± 0.42 cd

Groups labeled with different letters were significantly different (P< 0.05). -e ± sign is followed by the standard deviation. CNSA: cumulative number of
straw returns.
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Together, these results suggest that, although SDBP and
SSBRT methods can effectively decrease soil penetration
resistance in the shallow and medium soil layers, they can
also increase the deep-layer soil penetration resistance. In
contrast, SMMT cannot effectively decrease soil penetration
resistance in the shallow layer, but it will not have a serious
adverse impact on the deeper soil structure.

3.5. SoilWaterContent. We found that the straw application
methods significantly affected the soil water content, as
shown in Figure 4. During the V12 stage (averaged between
1 CNSA and 3 CNSA; the same below), the SMMTmethod
produced higher water content in the 0–30 cm soil layer than
SDBP and SSBRT methods (by 15.2% and 18.0%, respec-
tively). Similar differences were observed in the 30−60 cm
layer as well (11.3% and 7.3%, respectively). Importantly, in
the superficial soil layer (0−10 cm), which is essential for
maize germination, the SMMT still produced the highest
water content, followed by SDBP (21.3%) and SSBRT
(19.0%). During the R1 stage, the water content by the
SMMTremained significantly higher than that by the SDBP
(by 19.4% in the 0−30 cm layer and 6.9% in the 30−60 cm
layer), while not significantly different from that by SSBRT.

3.6. Alkaline-Hydrolyzed Nitrogen Content. Figure 5 shows
that straw application methods strongly impacted the AH-N
content in the soil. In the V12 stage, the SMMT showed
significantly more AH-N content in the 0−20 cm and
40−60 cm layers, compared with SDBP and SSBRT (15.9%

and 22.7% for 0−20 cm and 7.9% and 48.6% for 40−60 cm,
respectively, calculated with the averages between 1 CNSA
and 3 CNSA). In comparison, the SDBP and the SSBRTonly
showed higher content in the 20−40 cm layer (21.5% and
16.7% higher than SMMT, respectively). During the R1
stage, in the 0−20 cm layer, AH-N content by the SMMTwas
significantly higher than that by the SDBPmethod (by 9.7%),
but it was not significantly different from that by the SSBRT;
in the 20−40 cm layer, AH-N content with the SMMT was
higher than that with the SSBRT but lower than with SDBP
(by 12.8% and 5.5%, respectively); in the 40−60 cm layer,
AH-N content with the SMMTwas significantly higher than
with SDBP and SSBRT (by 73.8% and 71.9%, respectively).

In addition, by comparing the data from one and three
straw applications, we found that during V12, AH-N content
with the SMMT in the 0−20 cm and 40−60 cm layers in-
creased by 3.1% and 16.9%, respectively, and the number
decreased in the 20−40 cm layer by 12.9%, but the overall
(0−60 cm) AH-N content increased by 2.6%. -ese results
demonstrate that SMMT is overall advantageous in the
continued improvement of AH-N content, particularly in
the deep soil layers.

4. Discussion

-e soil tillage and straw burial depth during straw appli-
cation are determinants affecting soil tilth and maize grain
yield [31]. Previous studies have demonstrated that com-
pared with straw mulching with minimum tillage, straw
deep burial with plowing and straw shallow burial with
rotary tillage can improve the soil structure and root growth

Table 3: Dry matter accumulation, leaf area index, and SPAD value of maize under different practices of crop straw application.

CNSA Treatments
Maize ear initiation stage (V12) Silking stage (R1)

Dry matter
weight (t/ha)

Leaf area index
(m/m)

Leaf SPAD
values

Dry matter
weight (t/ha)

Leaf area index
(m/m)

Leaf SPAD
values

1

Straw
returns

SDBP 0.39± 0.04a 4.28± 0.14a 51.88± 2.11a 9.67± 0.33a 5.19± 0.18a 56.40± 0.83a
SSBRT 0.26± 0.02b 3.15± 0.11b 47.37± 1.26b 6.71± 0.23b 4.37± 0.13b 53.15± 1.28b
SMMT 0.25± 0.01b 3.12± 0.18b 47.53± 1.12b 6.34± 0.21c 4.29± 0.18b 47.38± 1.10c

Cultivars BY9 0.29± 0.02a 3.42± 0.11a 50.05± 1.96a 7.33± 0.25a 4.58± 0.17a 51.51± 1.12b
JY99 0.30± 0.02a 3.61± 0.18a 47.79± 1.03b 7.80± 0.27a 4.64± 0.15a 53.11± 1.01a

Interaction

BY9×SDBP 0.35± 0.03b 3.92± 0.09b 53.43± 2.01a 9.57± 0.30a 5.25± 0.16a 55.73± 0.75ab
BY9×SSBRT 0.26± 0.02c 3.14± 0.07c 49.39± 2.16b 6.37± 0.24 cd 4.17± 0.15c 52.47± 1.48c
BY9×SMMT 0.27± 0.01c 3.21± 0.16c 47.34± 1.70bc 6.06± 0.20d 4.33± 0.20bc 46.33± 1.14d
JY99×SDBP 0.42± 0.04a 4.64± 0.19a 50.32± 2.20ab 9.76± 0.36a 5.12± 0.20a 57.07± 0.91a
JY99×SSBRT 0.26± 0.01c 3.15± 0.15c 45.35± 0.35c 7.04± 0.23b 4.57± 0.10b 53.83± 1.07bc
JY99×SMMT 0.23± 0.02c 3.03± 0.20c 47.71± 0.54bc 6.61± 0.22bc 4.24± 0.15c 48.43± 1.05d

3

Straw
returns

SDBP 0.17± 0.01a 2.53± 0.15a 42.78± 1.00b 5.12± 0.18ab 4.42± 0.20b 53.43± 1.07b
SSBRT 0.18± 0.01a 2.56± 0.15a 44.27± 0.87ab 4.80± 0.17b 4.24± 0.17c 53.67± 1.04ab
SMMT 0.17± 0.01a 2.45± 0.11a 45.95± 1.10a 5.30± 0.12a 4.61± 0.19a 54.65± 0.83a

Cultivars BY9 0.18± 0.01a 2.60± 0.11a 44.63± 0.95a 5.20± 0.17a 4.49± 0.18a 52.94± 0.87b
JY99 0.16± 0.01a 2.43± 0.16b 44.03± 1.03a 4.94± 0.13a 4.35± 0.18a 54.89± 1.09a

Interaction

BY9×SDBP 0.19± 0.01a 2.86± 0.13a 43.33± 0.74 cd 5.53± 0.20a 4.76± 0.22a 52.13± 0.67d
BY9×SSBRT 0.17± 0.01bc 2.45± 0.12bc 44.33± 0.92bc 4.65± 0.15c 4.12± 0.17 cd 53.10± 1.23 cd
BY9×SMMT 0.17± 0.01bc 2.48± 0.08bc 46.23± 1.19a 5.41± 0.17a 4.60± 0.16ab 53.60± 0.71bc
JY99×SDBP 0.14± 0.01d 2.20± 0.16c 42.23± 1.26d 4.70± 0.15c 4.07± 0.17d 54.73± 1.46ab
JY99×SSBRT 0.18± 0.00ab 2.66± 0.18ab 44.20± 0.82bc 4.95± 0.18bc 4.36± 0.17bc 54.23± 0.85ab
JY99×SMMT 0.16± 0.01c 2.42± 0.14bc 45.67± 1.01ab 5.18± 0.07ab 4.62± 0.21a 55.70± 0.95a

Groups labeled with different letters were significantly different (P< 0.05). -e ± sign is followed by the standard deviation. CNSA: cumulative number of
straw returns.
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environment, reduce the soil bulk density of the 0–20 cm
arable layer, and increase the permeability and water re-
tention performance of the soil, which promote root ex-
pansion and improve the capacity of roots to absorb water
and nutrients [32]. Straw application with plowing tillage

can restrict the horizontal water flow, promote straw de-
composition, and increase soil moisture content and ac-
cumulation of available nutrients, thereby increasing the
utilization of nitrogen fertilizer andmaize grain yield [33]. In
addition, the maize grain yield is higher with straw deep

So
il 

de
pt

h 
(c

m
)

So
il 

de
pt

h 
(c

m
)

So
il 

de
pt

h 
(c

m
)

So
il 

de
pt

h 
(c

m
)

Corn root volume (cm3/4800 cm3)

1 CNSA-SDBP-V12

0

-10

-20

-30

-40

-50

-60

1 CNSA-SDBP-R1

0

-10

-20

-30

-40

-50

-60

3 CNSA-SDBP-V12

0

-10

-20

-30

-40

-50

-60

3 CNSA-SDBP-R1

0

-10

-20

-30

-40

-50

-60

1 CNSA-SSBRT-R1

0

-10

-20

-30

-40

-50

-60

3 CNSA-SSBRT-V12

0

-10

-20

-30

-40

-50

-60

3 CNSA-SSBRT-R1

0

-10

-20

-30

-40

-50

-60

1 CNSA-SMMT-R1

0

-10

-20

-30

-40

-50

-60

3 CNSA-SMMT-V12

0

-10

-20

-30

-40

-50

-60

3 CNSA-SMMT-R1

0

-10

-20

-30

-40

-50

-60

1 CNSA-SSBRT-V12

0

-10

-20

-30

-40

-50

-60
1 CNSA-SMMT-V12

0

-10

-20

-30

-40

-50

-60 0
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32

0
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Figure 2: Maize root distribution under different practices of crop straw application.

Scientific Programming 7



burial with plowing compared to that with straw shallow
burial [34].

However, soil macroaggregates are easily broken to form
microaggregates or sand-to-clay-sized particles due to the
strong disturbance of the arable layer by plowing or rotary
tillage [35, 36], resulting in a decrease in the organic carbon
content [37], which affects the growth and development of
maize root systems [38]. Previous studies have indicated that
compared with conventional soil rotary tillage, straw
mulching with minimum tillage can provide a suitable soil
environment for crop growth. -is method can significantly
increase the soil organic carbon [39–42] and moisture
contents [43] and enhance the activities of urease, dehy-
drogenase, alkaline phosphatase, and other enzymes [44],
which ultimately increases maize kernel weight [45] and
grain yield [39, 40]. Compared with continuous straw ap-
plication with plowing tillage, the straw mulching with
minimum tillage method can significantly increase the
content and mean mass diameter of water-stable aggregates
in the 20–50 cm soil layer, which effectively reduces the
damage of soil aggregate structure and increases the water
storage capacity of the 0–200 cm soil layer. -e crop grain

yield and water use efficiency by this method were increased
by 15.1% and 27.5%, respectively, compared with continuous
straw application with plowing tillage [46]. Some studies also
implied that the crop grain yield by straw mulching with
conventional tillage is higher than that by straw mulching
with minimum tillage; however, the operability and eco-
nomic benefits of the latter are greater than those of the
former [47, 48].

Our results show that comparedwith strawmulching with
minimum tillage, straw deep burial with plowing and straw
shallow burial with rotary tillage methods can reduce the
density of surface soil layers and increase the root system
volume after the first straw application, which plays a leading
role in increasing the maize grain yield. However, after
consecutive rounds of mechanical harvesting and straw ap-
plication, soil density of 0−40 cm layer was significantly in-
creased with straw deep burial with plowing and straw
shallow burial with rotary tillage.-e interaction between soil
tillage and straw application is the main factor affecting soil
porosity. Specifically, themixture of straws and soils increased
the soil porosity [49] and reduced moisture content of the
0−30 cm soil layer and AH-N content of the 0−20 and

b

b
c

b

a

a

a

ab

a
a

a

a

a

a
b

c b
b

0-10 10-20 20-30 30-40 40-50 50-60

SDBP
SSBRT
SMMT

1 CNSA-V12

Soil depth (cm)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

So
il 

pe
ne

tr
at

io
n 

re
sis

ta
nc

e
(×

10
3  K

Pa
)

0-10 10-20 20-30 30-40 40-50 50-60

SDBP
SSBRT
SMMT

b
c

b

a a a

ab

a
a

a
b

b

a

b
a

b

c
c

1 CNSA-R1

Soil depth (cm)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

So
il 

pe
ne

tr
at

io
n 

re
sis

ta
nc

e
(×

10
3  K

Pa
)

SDBP
SSBRT
SMMT

Soil depth (cm)

c

b b

a

a

a

b

b

a
a b

b

a

a

a

a
b

c

0-10 10-20 20-30 30-40 40-50 50-60
0.0

1.0

2.0

3.0

4.0

5.0

6.0

So
il 

pe
ne

tr
at

io
n 

re
sis

ta
nc

e
(×

10
3  K

Pa
)

b

c b

a a
a

ab

b

a

a b b

a

a a
a

b
c

0-10 10-20 20-30 30-40 40-50 50-60

SDBP
SSBRT
SMMT

3 CNSA-R13 CNSA-V12

Soil depth (cm)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

So
il 

pe
ne

tr
at

io
n 

re
sis

ta
nc

e
(×

10
3  K

Pa
)

Figure 3: Soil penetration resistance in the maize-growing season under different practices of crop straw application.
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40−60 cm soil layers at the early stage of maize growth. As a
result, the growth and development of the maize root system
are suppressed, leading to a significant lowermaize grain yield
compared with that of the previous season. In the Yunnan
Plateau in Southwest China, considering frequent seasonal
droughts during maize planting and poor soil fertility of the
arable layer, the employment of straw mulching with mini-
mum tillage method can increase soil moisture and nutrient
contents, which is of great significance in improving themaize
emergence rate and grain yield.

Nevertheless, there are some issues associated with the
straw mulching with minimum tillage during maize seeding
process. Either in mechanical ditching with manual seeding
or mechanical seeding, the removal of straw covers by
ditching a shovel or seed meter will increase water loss in the
soil, which, in turn, leads to a decrease in maize emergence
rate [50, 51]. -erefore, the utilization of appropriate
equipment for seeding and increase in the seeding depth are
required to provide a suitable soil environment for seed
germination and emergence.
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Figure 4: Soil water content in the maize-growing season under different practices of crop straw application.
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5. Conclusion

During mechanical harvesting, the maize grain yield
significantly decreases with repeated straw applications
using straw deep burial with plowing and straw shallow
burial with rotary tillage methods. In contrast, the straw
mulching with minimum tillage method can increase the
soil moisture content of the arable layer, increase the
alkaline-hydrolyzed nitrogen content of shallow or deep
soil layers, and promote the growth and development of
the maize root system, thus increasing the maize grain
yield.
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Engenharia Agŕıcola, vol. 35, no. 1, pp. 98–108, 2015.

[51] M.-P. Hiel, S. Barbieux, J. Pierreux et al., “Impact of crop
residue management on crop production and soil chemistry
after seven years of crop rotation in temperate climate, loamy
soils,” PeerJ, vol. 6, p. e4836, 2018.

12 Scientific Programming


