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Abstract
In order to maintain soil stability, improve soil productivity and optimize planting patterns,
the distribution characteristics of soil aggregates in sugarcane fields under different intercropping
methods were studied. We investigated the differences in organic carbon content of different particle
size aggregates and the effects of intercropping on soil organic carbon, aggregates stability, sugarcane
water content and nutrients content. The results showed that intercropping could effectively improve soil
physicochemical properties, increase soil organic carbon (SOC) content, but such an approach had little
effect on soil stability. After intercropping, the content of SOC, readily oxidized organic carbon (ROC),
dissolved organic carbon (DOC) in soil increased significantly. The content of SOC increased with the
decrease in aggregate size, and the organic carbon is more stable in the aggregates with the particle
size of R>2 mm and R<0.154 mm. The selection of soybean and mucuna pruriens as intercropping
crops in both OS//M and OM treatments was less damaging to soil stability and soil performance was
significantly improved than the other groups, making them more suitable for intercropping in sugarcane
fields. Intercropping increased the water content and N, P and K content of sugarcane plants.
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Introduction

Soil is a terrestrial carbon pool and an important
part of the global carbon cycle [1]. The concentration
of organic carbon in soil is highly affected by soil
microorganisms, fertilization and other tillage activities
[2]. The increase of organic carbon content can
improve soil quality, and improve soil productivity [3].
Organic carbon is an important cementing material
for soil aggregates [4]. Aggregates play a protective
role for the stabilization of SOC [5], and their ability
to protect organic carbon varies among particle sizes
[6]. Therefore, comparing the organic carbon content
in soils with different particle sizes is an important
method to study SOC.
ROC is the organic carbon that is easily oxidized
and decomposed in the organic carbon pool. Compared
with other variables in soil, ROC can sensitively reflect
the small differences between soil samples of each
group [7]. DOC is not only an important source of
organic carbon [8], but an indicator of the availability
of soil microorganisms [9]. DOC may be fixed through
complex interactions with soil surface [10]. The changes
of ROC and DOC content are also important for the
study of soil organic carbon.
Straw returning to the field can increase soil
organic carbon content, and increase crop yield [11,
12]. The application of chemical fertilizer can change
the distribution of organic carbon in aggregates [13,
14], and also improve the soil organic carbon content
[15]. The research results of Tan et al. [16] showed
that the application of potassium fertilizer in soil and
straw returning to the field can improve the content of
available potassium in soil.
Guangxi is the largest sugarcane planting base
in China, its sugar output accounts for more than
60 percent of the country’s total output [17], and the
soil of sugarcane field is widely distributed in Guangxi.
However, the perennial planting of sugarcane reduces
the soil quality and fertility. Intercropping refers
to a planting method where two or more crops are
planted in branches on the same field in the same
growth period. Intercropping can not only improve
land use efficiency and soil biodiversity [18] but also
make better use of environmental resources [19]. Many
studies have shown that soya-grain intercropping can
improve soil performance [20]. Intercropping of deeprooted and shallow-rooted plants can reduce nitrate
leaching [21]. Intercropping and nitrogen application
can improve the function and diversity of rhizosphere
soil microbial community [22].
We hypothesize that compared with mono-cropping,
intercropping will improve soil physicochemical
properties, effectively protected soil stability, and
increased water content of sugarcane plants and N,
P and K content in plants. In this study, soybeans,
mucuna pruriens, and watermelons were selected
for intercropping following the sugarcane crop cycle
to evaluate the effects of different co-cultivation

intercropping methods on the soil physicochemical
properties, organic carbon, aggregate stability and plant
nutrient element content of sugarcane fields. We aimed
to provide a theoretical basis for soil improvement and
optimization of intercropping in sugarcane fields.

Materials and Methods
Overview of the Study Area and Test Materials
The study area is located in Nala Tun, Duchong
Village, Dongluo Town, Fusui County, Chongzuo City,
Guangxi Zhuang Autonomous Region (107°39′29″107°40′17″E, 22°20′50″-22°20′36″N), which has
a subtropical monsoon climate with an average annual
temperature of 20.8ºC and an average annual rainfall
of 1400 mm, 80% of rainfall is concentrated in MarchSeptember. The test soil is red soil. The test sugarcane
variety is Gui sugar 42, the soybean variety is Gui
spring 3, the watermelon variety is black beauty, and
the mucuna pruriens is provided by Guangxi Academy
of Agricultural Sciences, which is a local specialty crop
in Guangxi, and no variety is introduced.

Experimental Design
The experiment was conducted on a representative
sloping arable field with a sloping field surface. There
were four treatments from the top to the bottom of the
slope. The O treatment was optimized fertilization and
artificially transplanted from the harvested cane leaves
of the previous season, with an area of 513 m2. The OM
treatment was optimized fertilization + straw return
+ mucuna pruriens, mucuna pruriens were planted at
the beginning of sugarcane elongation (late May/early
June), at 2 m spacing in the middle of wide rows of
sugarcane, the area of this treatment was 447 m 2.
The OS//M treatment was optimized fertilization
+ straw return + soybean + mucuna pruriens. Soybean
was planted with three rows at a spacing of 50 cm
× 20 cm between wide rows, mucuna pruriens were
grown in the same way as before, the area of this
treatment was 553 m 2. The OW//M treatment was
optimized fertilization + straw return + watermelon
+ mucuna pruriens. Watermelon was planted with at
a spacing of 1.5 m between wide rows of sugarcane,
the area of this treatment was 893 m 2. Both soybean
and watermelon were planted at the sugarcane seedling
stage on March 7 and harvested in late May. Many
studies have shown that when the experimental area
has reached a large area, no repetition can be set
[23-26]. In consideration of the large area of each
treatment in this study and the uniform plowing of
the land, the treatment method is relatively rigorous.
Therefore, no repeated experiment was set in
this experiment. The planting method was wide and
narrow rows with row spacing of 1.5 m + 0.5 m, that
is, wide row spacing of 1.5 m and narrow row spacing
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of 0.5 m. The planting system was 1 year of new
planting and 2 years of perennial root, and the trial
year was the first year of perennial root. The amount
of straw returned to the field was the full amount of
sugarcane stems and leaves.
The fertilizer inputs for each treatment were
376.0 kg/hm2 of pure N, 135 kg/hm2 of P2O5, and
240 kg/hm2 of K 2O. Fertilizer was applied in 2 times,
seedling fertilizer and elongation fertilizer, with
nitrogen and potassium fertilizer in the ratio of seedling
fertilizer: elongation fertilizer 3:7 and phosphorus
fertilizer in the ratio of seedling fertilizer: elongation
fertilizer 1:1. The first seedling fertilizer was applied
on March 7, 2019, and the second elongation fertilizer
was applied on June 5, 2019, both by spreading in the
sugarcane planting rows. Sugarcane was harvested on
December 26.
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method, vanadium and molybdenum yellow colorimetry
and flame photometric method.

Data Processing
The stability indexes of soil aggregates include mean
weight diameter (MWD), geometric mean diameter
(GMD), large water-stable aggregates (WR0.25), and
fractal dimension (D) [28, 29, 30].
The formula for calculating the mean weight
diameter is as follow:
n

MWD = ∑ d iωi
i =1

The formula for calculating the geometric mean
diameter is as follows:

Sample Collection and Treatment Soil
Sample Collection
Soil samples were collected from 0-30 cm soil layer
by soil auger method after the sugarcane harvest. Six
sampling points were randomly selected in the S-shape
for each treatment. The soil samples were placed
in sealed bags, numbered and brought back to the
laboratory. After removing plant and animal residues
and gravel, the soil samples were dried naturally
and placed in a dry place for subsequent experiments.

Determination Method
Soil water-stable aggregates were measured by wet
screen method [27]. 100 g air-dried soil samples were
placed on a sieve group composed of 2, 1, 0.5, 0.25,
0.196 mm and put into an aggregator analyzer equipped
with deionized water. The analyzer was operated for 40
min(the upper and lower amplitude is 38 mm, vibration
30 times per minute), the soil components on each
screen were collected, their constant mass was measured
after drying, and used to calculate the stability indexes
of soil aggregates. The pH was measured by a pH
meter (water and soil ratio 2.5:1), the available K was
determined by CH3COONH4 extraction method, the
available P was determined by NaHCO3 extraction molybdenum antimony anti-spectrophotometric method,
the SOC content was determined by K 2Cr2O7 oxidationspectrophotometric method and the soil was screened
into 2, 0.9, 0.45, 0.03, 0.2, by dry sieve method. The
organic carbon content of aggregates with different
particle sizes was determined by K 2Cr2O7 oxidationspectrophotometric method after grinding through
60 mesh sieve. The ROC was determined by 330 mmol/L
KMnO4 oxidation method. The field capacity of the airdried soil samples was kept at about 60% and cultured
in a light incubator with deionized water added every
day. After 7 days, the content of DOC was measured by
TOC total organic carbon analyzer. The contents of N,
P and K in sugarcane plants were measured by kjeldahl

(1)

(2)
The formula for calculating the large water-stable
aggregates is as follows:

(3)
The formula foe calculating the fractal dimension is
as follows:

(4)
Where: d̅ i is the average diameter of each particle
size of aggregates (mm), ωi is the weight percentage of
each particle size. WR0.25 is the aggregate content (%) of
particle size R>0.25 mm aggregate content (%), Mr>0.25 is
the weight of aggregates with particle size R>0.25 mm,
MT is the total weight of aggregates (g). M(R<d̅ i ) is the
aggregate particle size smaller than the cumulative mass
sum of aggregates, and d̅ max is the average diameter of
the maximum particle size of aggregates.
Excel 2019 and SPSS25.0 were used for statistical
analysis of the data. One-way analysis of variance
(ANOVA) were used to compare the differences among
different treatments, significance level (P<0.05) and use
Origin2019 to draw.

Results
Physical and Chemical Properties of Soil under
Different Intercropping Methods
The physical and chemical properties of soil under
different intercropping methods were shown in Table 1.
The content of SOC of available P and available K
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Table 1. Soil physical and chemical properties under different intercropping methods.
Intercropping
methods

pH

Conductivity
(S·m-1)

Available P
(mg·kg-1)

Available K
(mg·kg-1)

SOC
(g·kg-1)

O

4.51±0.02a

34.70±0.21d

43.10±2.66d

56.73±0.98c

6.89±0.87d

OM

4.02±0.07c

55.60±1.11b

234.81±4.37b

85.97±2.32b

15.38±0.48b

OS//M

4.28±0.08b

65.90±1.82a

257.68±10.31a

103.90±1.54a

22.98±2.40a

OW//M

4.54±0.12a

41.10±2.01c

171.05±6.72c

82.02±1.95b

9.67±0.63c

Note: Data in the table are mean standard deviations and different lowercase letters indicate significant differences under different
intercropping methods (P<0.05).

in soil under the four treatment methods were OS//M,
OM, OW//M, O in descending order. Among them,
available P, available K and SOC content in OS//M
were the highest, and the difference was significant
with other intercropping methods. Compared with
O, the SOC content of available P and available K in
OS//M, OM, OW//M, were significantly increased, and
the available P content increased by 498.00%, 444.93%,
296.96%, respectively; The content of available K
increased by 83.15%, 51.54%, 44.58%, respectively;
SOC content increased by 233.33%, 123.19% and
44.93%, respectively.

Distribution Characteristics of Soil Aggregates
under Different Intercropping Methods
The composition of soil aggregates was shown in
Fig. 1. The number distribution of soil aggregates under
different intercropping methods was basically the same.
The contents of aggregates with different particle sizes
under the same intercropping method were different.
The aggregate composition of the four intercropping
modes were mainly R>2 mm aggregates. Its content was
much higher than other particle sizes, and the content
was between 34.57% and 46.66%. The aggregates
content of R<0.196 mm particle size was the second,
which ranged from 19.61% to 27.86%. The OS//M and
OM intercropping methods had the lowest soil aggregate
content of 0.196 mm~0.25 mm particle size, and the O
and OW//M intercropping methods had the lowest soil
aggregate content of 0.5 mm ~ 1 mm particle size. The
content of aggregates with the same particle size was
different in different intercropping methods. Under the
particle size of R>2 mm, the aggregate content was the
highest in O, and the lowest in OM. When the particle
size was R<0.196 mm, the aggregate content was the
highest in OM and the lowest in O.
The indexes of aggregates under different
intercropping modes were shown in Table 2. WR0.25
varies from 0.64 to 0.73 under the four intercropping
modes. The range of MWD was 1.06~1.22. The range
of GMD was 0.68~0.82. The range of the three indexes
from large to small was O, OS//M, OW//M, OM.
The variation range of D was 2.18~2.36, and from large
to small, it was OM, OW//M, OS//M, O. Comparing
the indicators of agglomerates, the values of MWD,

GMD, WR0.25 of O treatment were the highest, and the
value of D was the lowest; while the values of MWD,
GMD, WR0.25 of OM were the lowest, and the value of
D was the highest.

Characteristics of Soil Organic Carbon under
Different Intercropping Methods
Characteristics of Soil active Organic Carbon
under Different Intercropping methods
As can be seen from Fig. 2, soil DOC content
was significantly affected by different intercropping
methods, and the order of DOC content from high to
low was OS//M, OM, OW//M, O. DOC content in
OS//M was significantly higher than that in other three
intercropping methods. Compared with O, the soil DOC
content of the OS//M, OM, and OW//M intercropping
methods increased by 75.38%, 124.61%, and 283.07%,
respectively. Soil ROC content is different under
different intercropping methods. The ROC content of
the four intercropping methods in descending order
was OW//M, OM, O, OS//M. Compared with O, OW//M

Fig. 1. Composition characteristics of soil aggregates under
different intercropping methods.
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Table 2. Indexes of aggregates under different intercropping methods.
Intercropping
methods

MWD

GMD

D

WR0.25

O

1.22±0.01a

0.82±0.04a

2.18±0.19a

0.73±0.07a

OM

1.06±0.02b

0.68±0.03a

2.36±0.07a

0.64±0.03a

OS//M

1.12±0.06ab

0.76±0.06a

2.27±0.11a

0.71±0.04a

OW//M

1.10±0.07ab

0.72±0.07a

2.32±0.09a

0.68±0.06a

Note: Data in the table are mean standard deviations and different lowercase letters after data in the same column which indicates
that there is no significant difference under different intercropping methods (P<0.05)

and OM increased by 31.69% and 23.12% respectively;
OS//M decreased by 25.83%.
Characteristics of organic carbon of different particle
sizes under different intercropping methods

Fig. 2. Soil easily oxidized organic carbon soluble organic
carbon content under different intercropping methods.

According to the distribution characteristics of
organic carbon of different particle sizes in Fig. 3,
intercropping increased the content of organic carbon
in aggregates of different particle sizes. As the particle
size decreased, the content of SOC in aggregates
showed an increasing trend.The organic carbon content
of agglomerates with R<0.196 mm under the four
intercropping methods was the highest among all the
agglomerates of particle size. Among them, the organic
carbon content of different particle sizes of O increased
in turn with the decrease of the aggregate size.
The change trend of OW//M organic carbon content
with the decrease of aggregate size is not obvious.

Fig. 3. Soil organic carbon content of different grain sizes under different intercropping methods.
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Table 3. Sugarcane yield under different intercropping methods.
Intercropping methods

O

OM

OS//M

OW//M

Sugarcane production (kg/hm2)

70668.45a

60595.20b

57550.50c

60627.30b

Sugarcane leaves production (kg/hm2)

11831.13a

9653.01c

10978.47b

9232.29d

Note: Data in the table are mean standard deviations and different lowercase letters after data in the same column which indicates
that there is no significant difference under different intercropping methods (P<0.05).

Water Content of Sugarcane Plants under Different
Intercropping Methods
There were differences in water content of sugarcane
plants under different intercropping methods. The water
content in sugarcane stems under the four treatments
was OS//M, OM, OW//M, and O in descending order.
Compared with O, the water content in sugarcane stems
increased by 4.00%, 2.87%, and 2.31% for OS//M,
OM, and OW//M, respectively. The water content in
sugarcane leaves in descending order was OM, OS//M,
OW//M, O. Compared to O, the water content in OM,
OS//M, OW//M sugarcane leaves increased by 36.11%,
30.12%, and 9.65%, respectively.

Fig. 4. Water content of sugarcane plants under different
intercropping methods.

Sugarcane yield under different intercropping
methods
As can be seen from Table 3, in 2019 sugarcane
production showed O>OM>OW//M>OS//M. Compared
with O, OM, OW//M, and OS//M sugarcane production
decreased by 14.25%, 16.57%, and 21.64%, respectively.
Sugarcane leaves production showed O>OS//
M>OM>OW//M, compared with O, OS//M, OM, and
OW//M sugarcane leaves yield decreased by 9.24%,
18.41%, and 26.92%, respectively.

N, P and K Contents in Sugarcane Plants under
Different Intercropping Methods
The N, P, and K contents of sugarcane plants
differed significantly among different intercropping
methods. Under the four treatments, the N content
of sugarcane stems was OS//M, OM, O and OW//M
in descending order; the P and K contents were OM,
OS//M, O and OW//M in descending order. Compared
to O, P content in OM sugarcane stems increased by
25.00% and K content increased by 53.33%; N content
in OS//M sugarcane stems increased by 1.96% and K
content increased by 4.44%; N content in OW//M cane
stems decreased by 7.84, P content decreased by 25%
and K content decreased by 15.56%. The N, K contents
of sugarcane leaves were OM, OS//M, OW//M, and O
in descending order; the P contents were OS//M, OM,
OW//M, and O in descending order. compared with
O, the N, P, and K contents of OM sugarcane leaves

Fig. 5. N, P, K content of sugarcane plants under different intercropping methods.
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increased by 16.05%, 43.14%, and 121.82%, respectively;
the N, P, and K contents of OS//M sugarcane leaves
increased by 13.70%, 47.06%, and 90.13%, respectively;
and N, P, and K content in OW/M sugarcane leaves
increased by 8.02%, 31.37%, and 0.32%, respectively.

Discussion
Effects of Different Intercropping Methods
on Soil Fertility
Compared with sugarcane monocropping, the
three intercropping treatments significantly increased
the content of soil available K, available P and
organic carbon in sugarcane field, and the SOC in
OS//M increased the most. This is due to legumes
such as soybeans and mucuna pruriens fix N2 in the
atmosphere, and planting legume plants increased the
content of litters. Such high-quality organic matter from
legume plants and improved nitrogen utilization rate
accelerated the decomposition of organic residues [31],
thus increasing the organic carbon content. At the same
time, intercropping can improve the H+ concentration
and phosphatase activity in rhizosphere soil, thus
promoting the activation of P and increasing the content
of available [32, 33].
Intercropping soil in different ways, leads to the
differences between organic carbon of soil exogenous
input [34]. In this study, ROC content of the three
intercropping treatments is significantly increased
comparing with monocropping. In OS//M, soybeans
and mucuna pruriens have developed root systems.
The dead leaves of plants return to the soil, and the
fallen leaves are easy to decompose. The amount of
external input carbon is relatively high, so the ROC
content in this treatment is high. The O crop is single,
and the amount of external carbon input is small, so
the ROC in O is the lowest among all intercropping
methods.
In this study, compared with monocropping, OW//M,
OM increased DOC content, while OS//M reduced
DOC content. This shows that OS//M reduced soil
DOC loss and is conducive to soil carbon sequestration.
To sum up, the intercropping method of OS//M can well
improve soil performance and reduce the loss of DOC.

Effects Of Different Intercropping Methods
On Soil Aggregate Stability
The higher the values of WR0.25, MWD and GMD
is, the more stable the soil structure [35]. The smaller
the D value is, the smaller the soil aggregates dispersion
and the stronger the soil aggregate effect is. Among
all intercropping treatments, the stability of soil
aggregates in O treatment is the best, OS//M is the
second, and OM is the worst. O treatment as sugarcane
monocropping has a certain protective effect on the
stability of soil aggregates, which may be because
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tillage affects the number and type of aggregates
[36], thus changing the stability of aggregates. Monocropping can protect the stability of aggregates to some
extent. The number of plant residues is an important
factor to form and stabilize the structure of aggregates.
Plant roots and residues are the main organic skeleton,
which bond soil particles together to form aggregates
[37]. Legumes such as soybeans and mucuna pruriens
have well-developed root systems which can fix plants
to absorb nutrients and water through soybeans. In the
study of April Stainsby et al. [38], legumes improved
the stability of aggregates, which is consistent with the
results of this study. In OW //M treatment, compared
with legumes, watermelon has a weaker role of plant
roots and a greater damage to soil stability. Under
the four intercropping methods, OS//M treatment has
a smaller impact on soil stability and the soil condition
is relatively stable.

Effects of Different Intercropping Methods
on the Organic Carbon of Aggregates
with Different Particle Sizes
Under different intercropping treatments, soil organic
carbon content in different particle size aggregates are
significantly increased, showing that intercropping can
improve soil organic carbon content. This is because,
on the one hand, intercropped crops are organic carbon
sources that can directly supplement the organic carbon
in aggregates; on the other hand, the organic carbon
can be wrapped in aggregates or exist in pores in the
form of particles to reduce the decomposition of organic
carbon. The roots of leguminous plants can promote
the formation of aggregates, reduce the decomposition
of organic carbon, and thus increasing the content
of organic carbon. The content of organic carbon in
aggregates generally increases with the decrease of
aggregate size. Studies have shown that the stability
of soil aggregate organic carbon generally increases
with the decrease of aggregate size [39, 40]. Huang
et al. [41] found that after the straw is returned to the
field, the new carbon would be preferentially stored in
the soil aggregates of 2 mm, which is consistent with
the increasing trend of organic carbon of aggregates
with R>2 mm particle size in each treatment in this
study. The organic carbon content of R>0.45 mm
aggregates continued to increase, while the organic
carbon content of 0.45~2 mm aggregates decreased to
different degrees, which indicated that straw returning
and intercropping can improve organic carbon content
in R>2mm and R<0.45 mm aggregates. The content of
organic carbon in R<0.154 mm aggregate is the highest
in each intercropping methods. At the same time, the
organic carbon content in R>2 mm and R<0.45 mm
aggregates are higher than the organic carbon content of
2~0.45 mm aggregates. This shows that the aggregates
with R>2 mm and R<0.45 mm are more stable and can
protect organic carbon.
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Effect of Different Intercropping Methods
on Sugarcane Yield

The results showed that sugarcane yield was better in
the mono-cropping treatment than in each intercropping
treatment, which can be attributed to interactive
competition [42]. The decrease in sugarcane yield may
be due to the intense competition between intercropping
plants and sugarcane, and may also be attributed
to the difference in planting time between crops, for
example, soybean and watermelon were planted at the
beginning of sugarcane seedling stage, and the growth
of soybean and watermelon used a lot of soil nutrients
resulting in a decrease in sugarcane yield, while cat
bean was planted at the beginning of sugarcane
elongation, leaving enough space for sugarcane growth
in the early stage, resulting in a smaller decrease in
sugarcane yield.

Effects of Different Intercropping Methods
on Water Content, N, P, K Contents of Sugarcane
Plant water content is an important indicator
to characterize physiological processes such as
photosynthesis and respiration [43]. Once the water
metabolism of plants is out of balance, it will disrupt
the normal physiological activities of the plant, and
in severe cases, it can cause plant death. The water
content in sugarcane stems and leaves was significantly
increased in the intercropping treatments compared
with mono-cropping, with OM and OS//M treatments
being more effective in increasing the water content in
sugarcane stems and leaves, indicating that these two
intercropping methods can fix the water in sugarcane
well and protect the growth of sugarcane.
Plant nutrient uptake is the basis of its growth and
development, and different intercropping treatments
exerted significant effects on sugarcane stems and
leaves N, P and K nutrient uptake. In the intercropping
system, the nutrient uptake advantage was mainly
derived from the complementary effect of combined
crops on resources in time and space [44]. Rhizobium
infects legumes to form nodules, nitrogen in the
atmosphere is reduced to ammonia for plant absorption
and utilization [45]. In this study, the N content in
sugarcane steams and leaves under intercropping is
higher than that of mono-cropping sugarcane, which is
due to the biological nitrogen fixation of legumes [46],
and also indicated that intercropping improved the rate
of soil nitrogen fixation, resulting in the change of N
content in sugarcane plants. During the intercropping of
sugarcane and soybean, Yang et al. [47] found that the
nitrogen uptake of crops under intercropping increased
to a certain extent compared with the monocropping
model , which is consistent with the results of this study.
At the same time, P content in sugarcane steams
and leaves under intercropping is significantly higher
than that of mono-cropping sugarcane. This is because
legumes can significantly acidify the rhizosphere

of plants, which is conducive to the activation and
absorption of insoluble soil P, and thus increasing the
P content in sugarcane plants. Similar research results
have also been reported. For example, in the study
of Li et al. [48], intercropping between corn and broad
bean increased phosphorus content in corn plants.
Sugarcane plants under different intercropping
treatments not only increased nitrogen and phosphorus
content, but also changed potassium content. The
potassium content of OS//M and OM sugarcane steams
and leaves are higher than that of sugarcane monocropping, while the potassium content of OW//M is
slightly lower than that of sugarcane mono-cropping. It
has been shown that key transporters for root nitrogen
and potassium uptake are regulated by the same set of
protein phosphorylation mechanisms, and there is also
synergistic regulation between nitrogen and potassium
[49, 50]. This shows that intercropping can increase
the potassium content in crop plants. In summary,
both OS//M and OM treatments significantly increased
water content and N, P, K content in sugarcane plants,
indicating that these two intercropping treatments are
helpful to increase plants water content and utilization
of N, P, and K in the soil.

Conclusion
In this study, different intercropping treatments
were applied to sugarcane soils and the effects of
different treatments on soil physicochemical properties,
aggregates distribution characteristics, soil stability,
active carbon fraction, sugarcane yield and sugarcane
water content and N, P and K content were compared.
The results showed that two intercropping methods,
OS//M and OM, using soybean and mucuna pruriens
as sugarcane intercrops, significantly improved soil
physicochemical properties, effectively protected soil
stability, and increased water content of sugarcane
plants and N, P and K content in plants, indicating
that these two intercropping methods are feasible
agricultural practices.

Acknowledgments
The authors sincerely acknowledge the financial
support from the National Key Research and
Development Project (2020YFD1000605), the Natural
Science Foundation of China (32060293, 31860350,
31860159, 31860157), Guangxi Science and Technology
Project (GK AA17204078-2, GK AB18221027),
Fund of Guangxi Academy of Agricultural Sciences
(2021YT036), Key Laboratory of Ecology of Rare and
Endangered Species and Environmental Protection
(Guangxi Normal University), Ministry of Education,
China (ERESEP2021Z13), Guangxi Key Science and
Technology Innovation Base on Karst Dynamics (KDL
and Guangxi202102), Open Fund of Key Laboratory

Effects of Different Intercropping Methods...
of Agro-ecological Processes in Subtropical Region,
Chinese Academy of Sciences (ISA2021102), Open
Fund of Key Laboratory of Geospatial Technology for
the Middle and Lower Yellow River Regions (Henan
University), Ministry of Education (GTYR202103),
Guangxi General project (2022GXNSFAA035555), The
Found of Guangxi Agricultural Science and Technology
Innovation Alliance (202213).

3595

13.

14.

Conflict of Interest
The authors declare no conflict of interest in this
paper.

15.

Reference
1. BATJES N.H. Total carbon and nitrogen in the soils of the
world. European Journal of Soil Science, 65 (1), 2, 2014.
2. ZHAO Z.H., ZHANG C.Z., Li F., GAO S.F., ZHANG
J.B. Effect of compost and inorganic fertilizer on
organic carbon and activities of carbon cycle enzymes
in aggregates of an intensively cultivated Vertisol. PLoS
ONE, 15 (3), e0229644, 2020.
3. LAL R. Soil Carbon Sequestration Impacts on Global
Climate Change and Food Security. SCIENCE, 304 (5677),
1623, 2004.
4. BRONICK C.J., LAL R. Soil structure and management: a
review. Geoderma, 124 (1-2), 3, 2005.
5. CHENG M., XIANG Y., XUE Z J., AN S.S., FRÉDÉRIC
DARBOUX. Soil aggregation and intra-aggregate carbon
fractions in relation to vegetation succession on the Loess
Plateau, China. Catena, 124, 77, 2015.
6. LI Q., DU H.H., CHEN W L., HAO J.L. HUANG Q.Y.,
CAI P., FENG X.H., Aging shapes the distribution of
copper in soil aggregate size fractions. Environmental
Pollution, 233 (FEB), 569, 2018.
7. ZHANG S.J., XIANG W.H., SUN W.J., FANG X. Effects
of Land Use on Soil Readily Oxidized Carbon and Carbon
Management Index in Hilly Region of Central Hunan
Province. Ecology and Environmental Sciences, 25 (06),
911, 2016 [In Chinese].
8. JIANG Y.M., CHEN R., LIU Y.Q., XU Z.H. Soil soluble
organic carbon and nitrogen pools under mono- and mixed
species forest ecosystems in subtropical China. Journal of
Soils and Sediments, 10 (6), 1071, 2010.
9. Li Y., Li Z., CUI S., LIANG G.P., ZHANG Q.P. Microbialderived carbon components are critical for enhancing
soil organic carbon in no-tillage croplands: A global
perspective. Soil and Tillage Research, 205, 104758, 2021.
10. JARDINE P.M., WEBER N.L., MCCARTHY J.F.
Mechanisms of Dissolved Organic Carbon Adsorption
On Soil. Soil Science Society of America Journal, 53 (5),
1378, 1989.
11. HTUN Y.M., TONG Y.A., GAO P.C., JU X.T. Coupled
effects of straw and nitrogen management on N2O and
CH4 emissions of rainfed agriculture in Northwest China.
Atmospheric Environment, 157, 156, 2017.
12. ZHAO Y.C., WANG M.Y., HU S.J., ZHANG X.D.,
OUYANG Z., ZHANG G.L., HUANG B., ZHAO S.W.,
WU J.S., XIE D.T., ZHU B., YU D.S., PAN X.Z., SU
S.X., SHI X.Z. Economics- and policy-driven organic
carbon input enhancement dominates soil organic carbon

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

accumulation in Chinese croplands. Proceedings of the
National Academy of Sciences of the United States of
America, 115 (16), 4045, 2018.
XIE H.T., LI J.W., ZHANG B., WANG L.F., WANG J.K.,
HE H.B., ZHANG X.D. Long-term manure amendments
reduced soil aggregate stability via redistribution
of the glomalin-related soil protein in macroaggregates.
Scientific Reports, 5, 14687, 2015.
XIE J.Y., XU M.G., CIREN Q.J., YANG Y., ZHANG S.L.,
SUN B.H., YANG X.Y. Soil aggregation and aggregate
associated organic carbon and total nitrogen under longterm contrasting soil management regimes in loess soil.
Journal of Integrative Agriculture. 14 (12), 2405, 2015.
BHATTACHARYYA R., PRAKASH V., KUNDU S.,
SRIVASTVA A.K., GUPTA H.S., MITRAET S. Long
term effects of fertilization on carbon and nitrogen
sequestration and aggregate associated carbon and
nitrogen in the Indian sub-Himalayas. Nutrient Cycling in
Agroecosystems, 86 (1), 1, 2010.
TAN D.S., JIN L Y., HUANG S.W., LI S.T., HE P. Effect
of Long-Term Application of K Fertilizer and Wheat Straw
to Soil on Crop Yield and Soil K Under Different Planting
Systems. Agricultural Sciences in China, 6 (2), 200, 2007.
XIE X.C., YANG Y.C., TIAN Y., LIAO L.P., MO C.X.,
WEI J.P., ZHOU J.Y. Sugarcane planting area and growth
monitoring based on remote sensing in Guangxi. Chinese
Journal of Eco-Agriculture, 29 (2), 410, 2021 [In Chinese].
SMITH M.A., CARTER P.R., Strip Intercropping Corn
and Alfalfa. Journal of Production Agriculture, 11 (3), 345,
1998.
EAGLESHAM A.R.J., AYAXABA A., RANGA-RAO
V., ESKEW D.L. Improving the nitrogen nutritioa of
maize by intercropping with cowpea. Soil Biology and
Biochemistry, 13 (2), 169, 1981.
MUCHERU-MUNA M., PYPERS P., MUGENDI D.
A staggered maize-legume intercrop arrangement
robustly increases crop yields and economic returns in the
highlands of Central Kenya. Field Crops Research, 115 (2),
132, 2010.
DING Y., HUANG X., LI Y., LIU H.Y., ZHANG Q.C., LIU
X.M., XU J.M., DI H.J. Nitrate leaching losses mitigated
with intercropping of deep-rooted and shallow-rooted
plants. Journal of Soils and Sediments, 21 (12), 2020.
ZHANG X.L., TENG Z.Y., ZHANG H.H., CAI D.J.,
ZHANG J.Y., MENG F.J., SUN G.Y. Nitrogen application
and intercropping change microbial community diversity
and physicochemical characteristics in mulberry and
alfalfa rhizosphere soil. Journal of Forestry Research,
2021.
GUZMÁN G., VANDERLINDEN K., GIRÁLDEZ J.V.,
GÓMEZ J.A., Assessment of Spatial Variability in Water
Erosion Rates in an Olive Orchard at Plot Scale using a
Magnetic Iron Oxide Tracer. Soil Science Society of
America Journal. 77, 350, 2013.
FRANCIA MARTINEZ JR., DURAN ZUAZO V.H.,
MARTINEZ RAYA A. Environmental impact from
mountainous olive orchards under different soilmanagement systems (SE Spain). Sci Total Environ. 358,
46, 2006.
PARRAS-ALCANTARA L., LOZANO-GARCIA B.,
KEESSTRA., CERDA A., BREVIK E.C. Long-term
effects of soil management on ecosystem services and soil
loss estimation in olive grove top soils. Sci Total Environ.
571, 498, 2016.
VANWALLEGHEM T., AMATE J.I., DE MOLINA M.G.,
FERNÁNDEZ D.S., GÓMEZ J.A. Quantifying the effect

3596

27.
28.
29.

30.
31.

32.

33.

34.

35.

36.

37.
38.

of historical soil management on soil erosion rates in
Mediterranean olive orchards. Agriculture, Ecosystems &
Environment. 142, 341, 2011.
ELLIOTT E.T. Aggregate Structure and Carbon, Nitrogen,
and Phosphorus in Native and Cultivated Soils. Soil
Science Society of America Journal, 50, 627, 1986.
BURROUGH P.A. Multiscale sources of spatial variation
in soil. I. the application of fractal concepts to nested levels
of soil variation. Journal of Soil Science, 34, 577, 1983.
LI Q.X., JIN Z.W., CHEN X.M., JING Y., HUANG
Q.R., ZHANG J.B. Effects of biochar on aggregate
characteristics of upland red soil in subtropical China.
Environmental Earth Sciences, 76 (11), 372.1-372.11, 2017.
MANDELBROT., BENOIT B. The Fractal Geometry of
Nature. American Journal of Physics, 51 (3), 468, 1998.
RONG G.H., ZHANG X.J., WU H.Y., GE N.N., YAO
Y.F., WEI X.R. Changes in soil organic carbon and
nitrogen mineralization and their temperature sensitivity
in response to afforestation across China’s Loess Plateau.
Catena, 202, 105226, 2021.
DISSANAYAKA
D.M.S.B.,
MARUYAMA
H.,
MASUDA G., WASAKI JUN. Interspecific facilitation of
P acquisition in intercropping ofmaize with white lupin
in two contrasting soils as influenced by different rates
and forms of P supply. Plant and Soil, 390 (1-2), 223,
2015.
LATATI M., BARGAZ A., BELARBI B., LAZALI M.,
BENLAHRCH S., TELLAH S., KACI G., DREVON J.J.,
OUNANE S.M. The intercropping common bean with
maize improves the rhizobial efficiency, resource use and
grain yield under low phosphorus availability. European
Journal of Agronomy, 72, 80, 2016.
IQBAL J., HU R.G., DU L.J., LU L., LIN S., CHEN T.,
RUAN L.L. Differences in soil CO2 flux between different
land use types in mid-subtropical China. Soil Biology and
Biochemistry, 40 (9), 2324, 2008.
YE L P., TAN W.F., FANG L.C., JI L.L., DENG H. Spatial
analysis of soil aggregate stability in a small catchment of
the Loess Plateau, China: I. Spatial variability. Soil and
Tillage Research, 179, 71, 2018.
SIX J., ELLIOTT E.T., PAUSTIAN K., DORAN J.W.
Aggregation and Soil Organic Matter Accumulation
in Cultivated and Native Grassland Soils. Soil Science
Society of America Journal, 62 (5), 1367, 1998.
BLANCO-CANQUI H., LAL R. Mechanisms of Carbon
Sequestration in Soil Aggregates. Critical Reviews in Plant
Sciences, 23 (6), 481, 2004.
STAINSBY A., MAY W.E., LAFONG G.P., ENTZ M.H.
Soil aggregate stability increased with a self-regenerating
legume cover crop in low-nitrogen, no-till agroecosystems
of Saskatchewan, Canada. Canadian Journal of Soil
Science, 100 (3), 314, 2020.

Hu L., et al.
39. ASHMAN M.R., HALLETT P.D., BROOKES P.C. Are
the links between soil aggregate size class, soil organic
matter and respiration rate artefacts of the fractionation
procedure? Soil Biology and Biochemistry, 35 (3), 435,
2003.
40. PUGET P., CHENU C., BALESDENT J, Dynamics of soil
organic matter associated with particle-size fractions of
water-stable aggregates. European Journal of Soil Science,
51 (4), 595, 2010.
41. HUANG R., TIAN D., LIU J., LV S., HE X H., GAO
M. Responses of soil carbon pool and soil aggregates
associated organic carbon to straw and straw-derived
biochar addition in a dryland cropping mesocosm system.
Agriculture Ecosystems & Environment, 265, 576, 2018.
42. GITARI H.I., NYAWADE S.O., KAMAU S., KARANJA
N.N., GACHENE C.K.K., RAZA M.A., MAITRA S.,
SCHULTE-GELDERMANN E. Revisiting intercropping
indices with respect to potato-legume intercropping
systems. Field Crops Research. 258, 2020.
43. Quemada C., Pérez-Escudero J.M., Gonzalo
R., Ederra I., Santesteban L.G., Torres N.,
Iriarte J.C. Remote Sensing for Plant Water Content
Monitoring: A Review. Remote Sensing. 13, 2021.
44. LI L., SUN J., ZHANG F., GUO T., Bao X., Smith F.A.,
Smith S.E. Root Distribution and Interactions between
Intercropped Species. Oecologia. 147, 280, 2006.
45. HICHRI I., MEILHOC E., BOSCARI A., BRUAND
C., FRENDO P., BROUQUISSE R. Chapter Ten Nitric Oxide: Jack-of-All-Trades of the Nitrogen-Fixing
Symbiosis? In: Wendehenne D (Editor), Advances in
Botanical Research. Academic Press, 193, 2016.
46. XIU L.Q., ZHANG W.M., WU D., ZHANG H.G., GU
W.Q., WANG Y.N., MENG J., CHEN W.F. Biochar can
improve biological nitrogen fixation by altering the root
growth strategy of soybean in Albic soil. Science of the
Total Environment, 773 (1), 144564, 2021.
47. YANG W.T., LI Z.X., WANG J.W., WU P., ZHANG Y.
Crop yield, nitrogen acquisition and sugarcane quality
as affected by interspecific competition and nitrogen
application. Field Crops Research, 146, 44, 2013.
48. LI H.G., ZHANG F.S., RENGEL Z., SHEN J.B.
Rhizosphere properties in monocropping and intercropping
systems between faba bean (Vicia faba L.) and maize
(Zea mays L.) grown in a calcareous soil. Crop and Pasture
Science, 64 (10), 976, 2013.
49. LI H., YU M., DU X.Q., WANG Z.F., WU W.H.,
QUINTERO F.J., JIN X.H., LI H.D., WANG Y.
NRT1.5/NPF7.3 Functions as a Proton-Coupled H (+)/K (+)
Antiporter for K(+) Loading into the Xylem in Arabidopsis.
Plant Cell. 29, 2016, 2017.
50. HO C.H., LIN S.H., HU H.C., TSAY Y.F. CHL1 functions
as a nitrate sensor in plants. Cell. 138, 1184, 2009.

