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Abstract: The Corn Belt of Northeast China (CBNC) is the most important commercial grain base in
China. However, long-term intensive cultivation has caused the productivity of black soil to decline.
The sustainable development of corn and soybean is seriously threatened. Field experiments of a
corn–soybean rotation were conducted to evaluate the crop yields, economic returns, and water
productivity in the CBNC from 2017 to 2020. The field treatments included continuous soybean
(CS), continuous corn (CC), soybean–corn (SC), and soybean–corn–corn (SCC). The total yield for
2017–2020 is compared using the equivalent yield of corn, indicating that the crop yield of the CC
treatment was the highest and that of the CS treatment was the lowest. The crop yield of the CS
treatment was 0.58-fold lower than that of the CC treatment. The 4-year total income of the treatments
showed that the total and net revenue of the CC treatment was the highest. The 4-year total net
income of the CS treatment was 0.66- and 0.72-fold lower compared with those of the SC and SCC
treatments, respectively. There was no significant difference between the treatments of rotation. The
crop water productivity (WPC) and biomass water productivity (WPB) of the CS treatment were the
lowest, at 0.30- and 0.54-fold lower than those of the CC treatment in 2017–2020, respectively. The
WPC and WPB of the CC treatment were the largest. If soybean–corn rotation was implemented in
the CBNC, the SC treatment would be a better choice than the SCC treatment for the CBNC, and
farmers would need to be subsidized at least USD 1047.5 ha−1 to equal the income from growing
corn. In considering production, financial gains, and water productivity, the CC treatment was, as a
result, still the best planting pattern for the CBNC under the test site’s conditions.

Keywords: soybean–corn rotation; crop yield; economic benefit; water productivity

1. Introduction

The corn (Zea mays L.) belt of northeast China (CBNC) includes Heilongjiang, Jilin, and
Liaoning Provinces [1]. The CBNC is known as China’s most important production area of
corn and soybean (Glycine max L.) [2], accounting for 45% of the total soybeans and 32% of
the total corn produced in China in 2020 [3]. Soil erosion and long-term high-intensity use
have restricted the development of sustainable agriculture in this region [4–6], which results
in thinner topsoil, a reduction in organic matter, soil acidification, structural deterioration,
and the degradation of function [7,8]. The CBNC is home to a lot of black soil, one of the
most fertile soil types. A corn–soybean rotation is the most commonly used rotation in
the CBNC.

Soybean is a significant grain crop worldwide due to its ability to provide large
amounts of protein for food and feed [9,10]. In 2018, 125 M t of soybeans were produced
in just the United States [11]. More than 7.3 M t of soybeans were reportedly produced in
Canada in 2018, with central Canada accounting for the majority of that production [12]. In
2015, there were 15.1 M t of soybeans produced in China, and that increased to 22.9 M t
in 2020 [3]. Soybeans played an important role in the agricultural development of China.
However, more than 80% of the soybean supply in China currently depends on imports,
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which has seriously threatened the security of the national supply of edible oil. The planting
area of corn in China has been increasing and reached more than 41 M ha. The planting
area of soybean in 2015 and 2020 was 65% and 90% of the maximum planting area in 2005
(1995–2020), respectively, although that increased from 2015 to 2020 [3]. The United States
produces about 30% of the world’s soybeans, with Iowa leading the pack with an estimated
14 million tons of soybeans produced annually in 2014 [11]. In Iowa, soybean is typically
planted in rotation with corn in either C–S or C–C–S rotations [13]. Farmers are curious
about the effects of various crop rotation and tillage strategies on soybean yields [13].

Researchers showed that a rotation of corn–soybean could significantly increase the
yield of soybeans compared with soybean continuous cropping. A rotation includes two
or more crops, which frequently have different needs for soil moisture. The crops could
complement each other in a rotation system [14,15]. Soybean not only affects the soil
environment but also affects the yield of the next crop of corn [16,17]. Zhang et al. (2010)
showed that under the same fertilization conditions, the water use efficiency (WUE) of
rotation was higher than that of continuous cropping [18]. WUE is the expression of
the authors. WUE will be redefined as crop water productivity (WPC) as described by
Fernández et al. (2020) [19]. The rotation experiments on corn and soybean conducted
by Pikul et al. (2012) showed that the crop WUE under a corn–soybean rotation was
significantly higher than that under corn continuous cropping in a no-till rotation [20].
There have been different comprehensive studies on corn–soybean crop rotations on the
yields, economic benefits, and WUE in the CBNC [6,8,21,22]. Two of the most important
elements to consider when choosing a cropping system are crop production and economic
profitability, which is heavily reliant on local crop management, soil qualities, and weather
patterns [15]. The increased risk of soil erosion, nitrate loss owing to leaching, and loss
of organic matter due to bare soil over the winter in temperate regions are the main
reasons why the corn–soybean rotation has a detrimental impact on the health of the
soil [23,24]. Therefore, it was necessary to research the effects of the corn–soybean rotation
for sustainable agricultural development in the black soil area.

The decision of local farmers to plant soybean or corn in the CNBC depends on the
crop’s economic benefit, which is based on market demand, prices, and governmental
policies. The prices of corn and soybean vary each year, which affects the choice of crops
planted by farmers. Further study is required to determine whether this strategy will be
effective in the region, considering that the government is encouraging farmers to produce
more soybeans. By comparing crop yields, production costs, net revenues, and water
productivity across various crop rotation systems, we sought to identify cropping systems
that were both economically and environmentally sustainable. These aims can confirm
whether or not the measures of “corn to soybean” are suited to the CNBC and whether or
not the crops are consistent with the local resource allocation law and economic benefit.

2. Materials and Methods
2.1. Site Description

Field experiments were carried out in Lishu County, Jilin Province, China (43.29◦ N,
124.44◦ E, and altitude 184 m) from 2017 to 2020. The study area has a semi-humid conti-
nental monsoon climate. Based on meteorological data obtained from the Lishu Country
Meteorological Service that covered a 40-year period (1981–2020), the mean annual temper-
ature (◦C) was 5.9 ◦C, cumulative temperature (≥10 ◦C) was 2136 ◦C, frost-free duration
was 142 d, precipitation was 573 mm, and evaporation was 808 mm, respectively. The
climatic characteristics are summarized in Table 1. Early May to the end of September had
the most precipitation, which was the crop growing season, with amounts of 478, 465, 533,
and 558 mm in 2017, 2018, 2019, and 2020, respectively. The mean amount of precipitation
for the growing season from 1980 to 2020 was 479.3 mm (Figure 1). According to the pre-
cipitation anomaly percentage (PAP) ([actual precipitation-average precipitation]/average
precipitation × 100%), the precipitation years were characterized as dry (PAP < −15%),
normal (−15% ≤ PAP ≤ 15%), and wet (PAP > 15%) precipitation years (Standardization
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Administration of the People’s Republic of China, 2008). The total precipitation during
the 2017, 2018, 2019, and 2020 growing seasons was 478 mm (PAP = −0.2%, normal year),
465 mm (PAP = −3%, normal year), 533 mm (PAP = 11%, normal year), and 558 mm
(PAP = 16%, wet year), respectively, from early May to the end of September (Figure 1).
In 2017, July and September were wet months, while June was a dry month. In 2018,
August was a wet month, while May, June, and September were the dry months. In order
to maintain crop growth, manual irrigation was performed at the time of sowing in May.
Each treatment was irrigated at a depth of 20 mm. In 2019, May and August were wet
months, while June and September were the dry months. In 2020, August and September
were wet months, while June and July were the dry months.

Table 1. Primary soil properties of the study site.

Depth Silt Clay Sand BD θFC TN OM AP AK pH

cm — —%— — g cm−3 cm−3 — —g kg−1— — — —mg kg−— —

0–38 76 8 16 1.45 0.32 1.54 22.75 30.06 110.88 6.50

38–75 78 16 6 1.37 0.35 1.02 14.38 10.79 103.50 6.45

75–108 83 13 4 1.52 0.35 0.80 7.63 6.20 104.81 6.87

108–200 78 13 9 1.61 0.33 0.74 5.35 3.45 100.53 6.70

Note: The percentages of sand, silt, and clay were the composition ratio of particles; BD, bulk density, measured
using the undisturbed soil core method; θFC, field capacity; TN, total nitrogen, determined using the Kjeldahl
method; OM, organic matter, measured using the K dichromate titrimetric method; AP, available phosphorus,
measured using the Olsen method; AK, available potassium, measured using the ammonium acetate extraction
flame photometric method; and pH (1:2.5 soil/water), measured using a pH meter.
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Figure 1. Monthly rainfall and fallow season distribution from 2017 to 2020 and the mean historical
precipitation from 1980 to 2020 in Lishu County, Jilin Province, China.

The soil was a coarse–silty, mixed, superactive, and mesic Haplocryoll soil that con-
tained 16% sand, 76% silt, and 8% clay, which was formed from alluvial deposits and
defined as silt loam soil [25]. Furthermore, it had 1.45 g cm−3 bulk density, 0.32 cm3 cm−3

field capacity, 6.5 pH, 22.75 g kg−1 organic matter content, 1.54 g kg−1 total nitrogen,
30.06 mg kg−1 available phosphorus, and 110.88 mg kg−1 available potassium in the
0–38 cm soil layer. Table 1 summarizes the soil characteristics.
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2.2. Experimental Design and Field Management

The study consisted of four experimental treatments of farming systems compris-
ing continuous corn (CC), continuous soybean (CS), soybean–corn rotation (SC), and
soybean–corn–corn rotation (SCC). Both treatments had a row spacing of 60 cm with three
replications. Each plot was 10 m wide and 6 m long. All the plots were rotary plowed to a
depth of 15 cm before planting in the spring of 2017. The experimental plots were arranged
in a random block design with three replications.

Corn cultivar ‘Liangyu 99’ was used in this study and was provided by the Dan-
dong Liangyu Seed Industry Co., Ltd. (Dandong, China). On 8 May 2017, 8 May 2018,
8 May 2019, and 10 May 2020, the seeds were manually planted 5 cm deep with a hole driller,
with a row spacing of 60 cm, plant spacing of 28 cm, and a planting density of approx-
imately 60,000 plants ha−1. A controlled-release fertilizer that contained 260 kg N ha−1,
44 kg P ha−1, and 100 kg K ha−1 was applied in 10 cm deep furrows located 10 cm from
the corn rows before the corn was planted. The controlled-release fertilizer was named
Tianyixing and was provided by Lishu-xian Zhongying Agricultural Production Materials
Co., Ltd. (Lishu, China). The soybean cultivar ‘Jiyu 47’ was used and was produced
by Jiyu Seed Industry Co., Ltd. (Changchun, China). On 9 May 2017, 14 May 2018,
16 May 2019, and 15 May 2020, the seeds were manually planted 5 cm deep with a hole
driller, with a row spacing of 60 cm, plant spacing of 8.5 cm, and a planting density of ap-
proximately 200,000 plants ha−1. A controlled-release fertilizer that contained 48 kg N ha−1,
32 kg P ha−1, and 50 kg K ha−1 was applied in 10 cm deep furrows located 10 cm from
the soybean rows before the soybean was planted. The controlled-release fertilizer was
named Libaijia and produced by Heilongjiang Beifeng Agricultural Production Group
(Haerbin, China).

2.3. Measurements and Calculations

During the crop growth period, daily precipitation and radiation were obtained from
the automatic weather station of experimental station and Lishu County Meteorological
Bureau. The rainfall data were measured by a self-recording rain gauge placed in the
field experiments.

At intra-row and inter-row positions of the corn or soybean in each plot, the soil
volumetric water content was collected by a time-domain reflectometer (TRIME-PICO IPH,
IMKO Micromodultechnik GmbH, Ettlingen, Germany) with probes that were 20 cm long
and PVC tubes that were 2 m long (with a 44 mm outer diameter, 42 mm inner diameter,
and steel cutting shoe). Each plot had two tubes, with one in the intra-row and one in the
inter-row. Thus, the soil water content in seven 20 cm strata of the 0–140 cm soil profile was
assessed. Every seven to ten days, as well as before and after periods of rainfall, the water
was measured. The average of the soil water contents at the row and interrow positions in
each plot served as the soil water content for each soil layer.

The following equations were used to compute the relative soil water content (RSWC)
and soil water storage (SW, mm) of the crop root zone:

SW = ∑n
i=1 θv × Zi (1)

RSWC = SW/SWFC (2)

where Zi is the depth of the i-th soil layer (cm), and θv is soil volumetric water content
of the ith layer. In Equation (2), SWFC is field capacity (mm). During the growing phase,
the crop’s root zone was at different depths of 20, 40, and 60 cm, respectively [26–28]. The
RSWC calculated three different water stress levels: a light stress level of 0.6, a medium
stress level of 0.5, and a severe stress level of 0.4 [29].

By using reference evapotranspiration, crop coefficients, and soil water status, evapo-
transpiration can be indirectly estimated [30]. Based on our experimental results, evapo-
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transpiration (ETc act) was calculated directly using the soil–water balance equation from
References [31,32], as follows:

ETc act-d = ∆SW + P + I - D − R + CR (3)

where ∆SW is the two-point average of the data on the volumetric water content of the soil
and represents the difference in water storage in the 0–140 cm soil profile between sowing
and harvest (mm). P stands for precipitation amount (mm), I for irrigation amount (mm),
R for surface runoff (mm), and CR for capillary rise (mm). The soil surface was even, the
groundwater table was 10 m below it, and the CR and R values were negligible. As stated
earlier, the only irrigation utilized was 20 mm on 15 May 2018, which was applied to all the
plots. D represents the drainage below the 140 cm soil layer. It was calculated that the extra
water percolated into the deeper zones, when the sum of the soil water storage (SW) in the
0–140 cm deep soil profile plus the precipitation exceeded the field capacity (FC), according
to the following equation:

D =

{
0, SW + P − FC ≤ 0

SW + P − FC, SW + P − FC > 0
(4)

WPC was calculated using the following equations [19]:

WPC =
Y

ETa act−v
(5)

WPB =
YB
ET

(6)

ETc act−v = ETc act−d/1000 × 10000 (7)

where WPC is the crop water productivity (kg m−3); Y represents the yield of commercial
grain of corn or soybean (kg ha−1); WPC is the biomass water productivity (kg m−3); YB
represents the final corn or soybean biomass (kg ha−1); and ETc act-v is the actual evap-
otranspiration representing the water volume per hectare (m3 ha−1) during the entire
growing season.

Plant samples were collected to determine the aboveground biomass, and enzyme
activity was eliminated through drying the samples at 105 ◦C over 30 min. The samples
were then dried to a constant weight at 80 ◦C and weighed. The samples were then
converted to weight per hectare. The final yields of corn and soybean grain were determined
by harvesting all the plants in the 12 m2 sampling area, which was composed of 4 rows 5 m
long. The yields of commercial grain included 14% water content.

The soybean yield was also converted to the corn equivalent yield (YE) using
Equation (8) [33,34]. Both the corn and soybean prices were determined by the market
prices at harvest month of every year.

YE (kg ha−1) = soybean yield (kg ha−1) × soybean price (USD kg−1)/Corn price (USD ha−1) (8)

The prices of corn and soybean prices were set by the market prices at harvest each
year in order to calculate the economic benefits of each treatment. The total inputs included
labor and machinery costs as well as fertilizers, seeds, and pesticides, which are shown in
Table 2. The economic benefit was calculated using the following equations:

Total revenue (USD ha−1) = yield (kg ha−1) × price (USD kg−1) (9)

Net revenue = Total revenue − Total inputs (10)
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Table 2. Economic benefits of each treatment from 2017 to 2020.

Years Treatments Total Input Total Income Net Income

---------------- USD ha−1 ---------------
2017 CC 1057 a 3004 a 1948 a

CS 773 b 1084 b 311 b
SC 773 b 1103 b 330 b

SCC 773 b 1114 b 341 b

2018 CC 1009 a 2921 a 1912 a
CS 734 b 1936 b 1202 b
SC 1009 a 2904 a 1895 a

SCC 1009 a 2832 a 1822 a

2019 CC 989 a 2708 a 1719 a
CS 719 b 1762 b 1043 b
SC 719 b 1974 b 1255 b

SCC 989 a 2742 a 1753 a

2020 CC 1042 a 4019 a 2977 a
CS 757 b 2566 b 1808 b
SC 1042 a 4178 a 3136 a

SCC 757 b 2878 b 2121 b

2017–2020 CC 4097 a 12,653 a 8556 a
CS 2983 d 7348 c 4366 c
SC 3543 b 10,159 b 6616 b

SCC 3528 c 9565 b 6037 b
Note: CC: continuous corn, CS: continuous soybean, SC: one year of soybean followed by one year of corn,
SCC: one year of soybean followed by two years of corn. Different lowercase letters refer to the significance of the
difference in economic benefits between different treatments each year (p <0.05).

2.4. Data Analysis

With treatment and block as the primary effects, all the data were arranged in MS
Excel 2019 (Redmond, WA, USA) and examined for normality of distribution using the
PROC UNIVARIATE and GLM procedure in SAS version 9.2 (SAS Institute, Inc., Cary, NC,
USA). Each crop year’s data were analyzed separately. At the p < 0.05 level of significance,
Fisher’s protected least significant difference (LSD) test was used to compare the means.
All the images were diagramed using SigmaPlot version 12.5 (SYSTAT Software, Inc.,
San Jose, CA, USA). All the tables were prepared in MS Excel 2019 (Redmond, WA, USA).

3. Results
3.1. Commercial Crop Yield and Corn Equivalent Yield

The commercial yield performance of continuous corn and soybean varied among
different years from 2017 to 2020 (Figure 2). The yield of the commercial grain of continuous
soybean (CS) in 2017 was lower than that of the other years. The yield of the commercial
grain of the CS treatment was the highest in 2018 and began to decrease from 2019 onward.
The yields of commercial grain in 2018 were 1.14- and 1.16-fold compared with those in
2019 and 2020, respectively. The treatments performed differently under different types of
years, and there was no significant difference between the continuous crops and rotation
crops. The yield of the commercial grain of continuous corn (CC) in 2019 was lower than
that of the other years, and there was no significant difference in the yield of commercial
grain in the other years.

The annual soybean yield from 2017 to 2020 was calculated into equivalent corn yield
for statistical comparison (Figure 3). In 2017, the highest yield of commercial grain of
the CC treatment was higher than that of all the other treatments, which was 2.74-fold
higher than that of the CS treatment. The commercial yield of the grain of the CC, SC,
and SCC treatments of corn in 2018 was higher than that of the CS treatment, and the
yield of the commercial grain of the CS treatment was 0.66-fold lower than that of the CC
treatment. In 2019, the CC and SCC treatments had the highest yield of commercial grain,
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which was higher than that of the CS and SC treatments. The yield of the commercial
grain of the CS treatment was 0.65-fold lower than that of the CC treatment. In 2020, the
yield of the commercial grain of the CC and SC treatments was higher than that of the CS
and SCC treatments, and the yield of the commercial grain of the CS treatment was 0.64-
and 0.61-fold lower than that of the CC and SC treatments, respectively. The yield of the
commercial grain of the CC and SC treatment was the highest. After a comprehensive
analysis of the four-year rotation of 2017–2020, the yield of the commercial grain of the CS
treatment was determined to be 0.58-, 0.78-, and 0.76-fold lower than that of the CC, SC,
and SCC treatments, respectively. There was no difference in the yield of the commercial
grain between the SC and SCC treatments.
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3.2. Relative Soil Water Content and Evapotranspiration

The tube and soil in 2017 had a fitting process until the fifth measurement, when
the results became accurate, but the trend of each treatment could still be noticed in the
first four times because the experiment had just begun treatment (Figure 4). Moisture test
measurements are impacted by persistent typhoon rainfall at the experiment site from June
to August 2020. From 2017 to 2020, all treatments took place under low-stress conditions
for a shorter period of growing time (Figure 4). The RSWC of the CC treatment was higher
than the other treatments (soybean) in 2017. The RSWC of the CS treatment was higher
than the other treatments in the normal year (2018 and 2019), with the CC treatment being
higher than the rotational crop treatment (SC and SCC). All soybean crop treatments (CS
and SC) had a higher relative water content than corn crop treatments (CC and SCC) in
2019. The RSWC of the CS treatment was lower than the other treatments in the wet year
(2020), with the CC treatment being lower than the rotation treatments (SC and SCC). The
relative soil water content of the treatments with soybean and corn exhibited different
results in each year.

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 16 
 

 
Figure 4. Relative soil water content (RSWC) in the corn root zone in different treatments from 2017 
to 2020. CC: continuous corn, CS: continuous soybean, SC: one year of soybean followed by one year 
of corn, and SCC: one year of soybean followed by two years of corn. “*” refers to the significance 
of the difference in RSWC between different treatments (p < 0.05). No labels indicate no significant 
difference among different treatments at the p < 0.05 probability level. 

The CS treatment consumed less water from 2017 to 2020 than the CC treatment, but 
the ETc act-d of the CC treatments was lower from 2017 to 2020 (Table 3). In 2017, the ETc act-

d of the CC treatment was the smallest of all the treatments because the ΔSW of the CC 
treatment was the smallest of all the treatments. The ETc act-d of the SC treatment was higher 
than those of the CC and CS treatments, and the ΔSW of the SC treatment was higher than 
that of the CC and CS treatments. The D of SC treatment was significantly smaller than 
that of all the other treatments. In 2018, the ETc act-d of the CS treatment was smaller than 
that of the other treatments. The ΔSW of the CC and SCC treatment was positive; the ΔSW 
of other treatments was negative, and the ΔSW of the CS treatment reached −31.1 mm. In 
2019, the ETc act-d of all the treatments did not differ significantly. In 2020, the ETc act-d of the 
SC treatment was the largest because the ΔSW was the largest, and D was the smallest. 
The ETc act-d of the CS treatment was the smallest, and there was no difference between the 
CC and SCC treatments. 

Table 3. Soil–water balance of each treatment from 2017 to 2020. 

  2017 2018 2019 2020 
ΔSW CC 59.9 b 17.1 a 47.0 ab −24.2 ab 

 CS 68.9 b −31.1 b 60.8 a −26.2 b 
 SC 104.4 a −8.1 ab 38.2 b −10.1 a 
 SCC 84.1 ab 10.2 a 48.6 ab −46.4 c 

D CC 30.2 a 33.9 a 146.1 0.0 b 
(mm) CS 14.0 ab 31.2 a 114.9 18.3 a 

 SC 0.0 b 1.5 b 84.6 0.0 b 

Figure 4. Relative soil water content (RSWC) in the corn root zone in different treatments from 2017
to 2020. CC: continuous corn, CS: continuous soybean, SC: one year of soybean followed by one year
of corn, and SCC: one year of soybean followed by two years of corn. “*” refers to the significance
of the difference in RSWC between different treatments (p < 0.05). No labels indicate no significant
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The CS treatment consumed less water from 2017 to 2020 than the CC treatment,
but the ETc act-d of the CC treatments was lower from 2017 to 2020 (Table 3). In 2017, the
ETc act-d of the CC treatment was the smallest of all the treatments because the ∆SW of
the CC treatment was the smallest of all the treatments. The ETc act-d of the SC treatment
was higher than those of the CC and CS treatments, and the ∆SW of the SC treatment was
higher than that of the CC and CS treatments. The D of SC treatment was significantly
smaller than that of all the other treatments. In 2018, the ETc act-d of the CS treatment was
smaller than that of the other treatments. The ∆SW of the CC and SCC treatment was
positive; the ∆SW of other treatments was negative, and the ∆SW of the CS treatment
reached −31.1 mm. In 2019, the ETc act-d of all the treatments did not differ significantly. In
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2020, the ETc act-d of the SC treatment was the largest because the ∆SW was the largest, and
D was the smallest. The ETc act-d of the CS treatment was the smallest, and there was no
difference between the CC and SCC treatments.

Table 3. Soil–water balance of each treatment from 2017 to 2020.

2017 2018 2019 2020

∆SW CC 59.9 b 17.1 a 47.0 ab −24.2 ab
CS 68.9 b −31.1 b 60.8 a −26.2 b
SC 104.4 a −8.1 ab 38.2 b −10.1 a

SCC 84.1 ab 10.2 a 48.6 ab −46.4 c

D CC 30.2 a 33.9 a 146.1 0.0 b
(mm) CS 14.0 ab 31.2 a 114.9 18.3 a

SC 0.0 b 1.5 b 84.6 0.0 b
SCC 18.0 a 0.2 b 97.3 0.0 b

P CC 473.8 480.6 543.6 554.8
(mm) CS 473.8 463.4 537.2 554.8

SC 473.8 480.6 537.2 554.8
SCC 473.8 480.6 543.6 554.8

ETc act-d CC 503.5 b 483.8 a 444.4 530.6 ab
(mm) CS 528.7 b 421.2 b 483.1 510.3 b

SC 578.2 a 491.0 a 490.8 544.7 a
SCC 540.0 ab 510.6 a 494.9 508.4 b

Note: CC: continuous corn, CS: continuous soybean, SC: one year of soybean followed by one year of corn,
SCC: one year of soybean followed by two years of corn. ∆SW is the change in soil water storage in the 0–140 cm
deep soil profile during the season of corn growth; P is the precipitation during the entire corn growth season; D
is the drainage below 140 cm; and ETc act-d is the actual total evapotranspiration. Different lowercase letters refer
to the significance of the difference between treatments (p < 0.05).

3.3. Water Productivity

The WPC and WPB of the CC treatment were higher than those of the CS treatment
each year. However, the WPC and WPB of soybean under the rotation did not differ
from those of soybean under a continuous rotation (Figure 5). In 2017, the WPC of the
CC treatment was 6.73-, 7.24-, and 6.71-fold higher than those of the CS, SC, and SCC
treatments, respectively. The WPC of soybean treatments did not differ significantly. In
2018, the WPC of the CS treatment was 0.43-fold lower than that of the CC treatment. The
WPC of the CC treatment was higher than that of the SCC treatment. In 2019, the WPC of the
CC and SCC treatments for corn planting was larger than that of the CS and SC treatments.
The WPC of the CS treatment was 0.31-fold lower than that of the CC treatment. The WPC
of the CS and SC treatments was smaller than those of the CC and SCC treatments. In 2020,
the WPC of the CC and SC treatments were larger than those of the CS and SCC treatments.
The WPC of the CS treatment was 0.35-fold lower than that of the CC treatment. The
average WPC of the CS treatment was the lowest after thoroughly examining the four-year
rotation from 2017 to 2020. It was 0.30, 0.50, and 0.54 times lower than that of the CC, SC,
and SCC treatments. The CC treatment had the largest WPC.

In 2017, the WPB of the CS treatment was 0.67-fold lower than that of the CC treatment.
The WPB of the SC treatment was the lowest. The WPB of the CC treatment was the largest.
In 2018, the WPB of the CS treatment was 0.51-fold lower than that of the CC treatment.
The WPB of the CC and SC treatments was higher than that of the SCC treatment. In 2019,
the WPB of the CC and SCC treatments for corn planting was higher than that of the CS
and SC treatments. The WPB of the CS treatment was 0.39-fold lower than that of the CC
treatment. In 2020, the WPB of the CC and SC treatment was higher than that of the CS
and SCC treatments. The WPB of the CS treatment was 0.56-fold lower than that of the CC
treatment. A comprehensive analysis of the four-year rotation of 2017–2020 indicated that
the WPB of the CS treatment was the lowest and was 0.54-, 0.77-, and 0.74-fold lower than
that of the CC, SC, and SCC treatments. The WPB of the CS treatment was the smallest
treatment. The WPB of the CC treatment was the largest treatment.
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Figure 5. Crop water productivity (WPC) and biomass water productivity (WPB) of each treat-
ment during 2017–2020. Different lowercase letters refer to the significance of the difference in
yield of commercial grain between different treatments each year (p < 0.05). CC: continuous corn,
CS: continuous soybean, SC: one year of soybean followed by one year of corn, and SCC: one year of
soybean followed by two years of corn.

3.4. Economic Benefits

The economic benefits of each treatment were evaluated statistically from 2017 to 2020.
The total income and the net income of the corn were higher than those of the soybean each
year (Table 2). The total income of the CC treatment was 2.77-, 2.72-, and 2.70-fold higher
than that of the CS, SC, and SCC treatments in 2017. In 2018, the total income of the CC,
SC, and SCC treatments was 1.50-, 1.50-, and 1.46-fold higher than that of the CS treatment.
In 2019, the total income of the CC and SCC treatments was the highest, while the total
income and net income of the CS and SC treatments of the soybean crops were the lowest.
The total income of the CC and SCC treatments was 1.54- and 1.56-fold higher than that
of the CS treatment. In 2020, the total income of the CC and SC treatments was 1.57- and
1.63-fold higher than that of the CS treatment. The total 4-year income of the treatments
from 2017 to 2020 varied between crops. Although there was less input of soybean planting,
the total income of the CC treatment was the highest and significantly higher than that of
the CS, SC, and SCC treatments. The 4-year total income of the CC treatment was 1.72-,
1.25-, and 1.32-fold higher than that of the CS, SC, and SCC treatments, respectively. The
4-year total income of the CS treatment was the lowest. There was no significant difference
between the SC and SCC treatments.

The same pattern of the net income of all the treatments was found from 2017 to 2020.
The net income of the CC treatment was 6.26-, 1.59-, 1.65-, and 1.65-fold higher than that of
the CS treatment in 2017, 2018, 2019, and 2020, respectively. The 4-year total net income of
the CC treatment was 1.96-, 1.29-, and 1.42-fold higher than that of the CS, SC, and SCC
treatments. A comprehensive analysis of the four-year rotation from 2017 to 2020 indicated
that the total income and net income of the corn were higher than that of the soybean each
year. The total income and net income under the rotation of corn (soybean) did not differ
compared with the continuous planting of corn (soybean).

4. Discussion
4.1. Yield and Economic Benefits under the Rotation of Soybean and Corn

Yield or equivalent yield and the economic benefits are important indices for analyzing
crop productivity, and they have been widely utilized in rotation cropping systems. The
soybean–corn rotation mode is the most common in Heilongjiang Province, China. The field
experiments were established in Lishu, Jilin Province, China (the middle of the northeast
corn belt), during the growing season from 2017 to 2020. In 2019, the yield of the CC
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treatment was lower than that of the other years, which was found to be related to the
climatic conditions in 2019. Rainfall during the anthesis and kernel-filling periods was
found to be positively correlated with corn yield under the corn–soybean rotation [35].
In the study of Yuan et al. (2022), a similar trend was obtained for rainfall from May
to September, with the yields of corn and soybean appearing to decline as precipitation
decreased from 410.9 mm in 2015 to 282.2 mm in 2016 [36]. In the current study, the
rainfall in May, June, and July was 2.14, 0.56, and 0.90 times that of the average rainfall in
1980–2020, which could have had some impact on the growth and development of corn
in 2019. The yield of the commercial grain of the continuous cropping soybean (CS) in
2017 was significantly lower than that in other years in particular, which was related to the
planting density of that year. The yield under the rotation of corn (soybean) did not differ
compared with that under the continuous cultivation of corn (soybean) (Figure 2). The
equivalent yield of corn was higher than that of soybean each year (Figure 3). Therefore,
the effects of the corn–soybean rotation may not have had significant effects in the short
term, which was similar to the findings of a study by Wang (2019), who found that the
grain yield of rotated maize was significantly higher than that of continuous maize only
after five years of crop rotation [22]. This was similar to the results of Ru et al. (2021), where
there was some increase but no significant difference in yield and biomass in the maize
and soybean rotation pattern compared with the maize continuous crop [37]. However,
since the adjustment of measures to local conditions is the key, we cannot blindly adopt the
same measures.

In this study, the yield of soybean did not decrease from 2018 to 2020, and the yield of
soybean under rotation did not improve (Figure 2). A different result was also reported by
Agomoh et al. (2021), who showed that the soybean yield was reduced when it was grown
continuously, but it was higher when grown in rotation with cereal crops [38]. One of the
reasons was that the comparatively low aboveground and belowground biomass of soybean
could reduce the levels of soil organic C [34]. The conditions of the test field ensured a high
yield of crops (Table 1). The same phenomenon was found in the corn rotation as in soybean,
i.e., the yield of corn under rotation did not improve (Figure 2). The yields of rotated crops
vary in different places. These field experiments were established in the middle of the
northeast corn belt, where the tillage layer is 38 cm deep, and the organic matter content
is as high as 22.75 g kg−1. This experiment showed that the yields of corn and soybean
increased by 1.0 and 0.4 t ha−1, respectively, compared with the continuous cropping of
corn and soybean in Illinois, USA [39]. When wheat (Triticum aestivum L.) was added
as the third crop of the corn–soybean rotation, the yield of soybean and corn increased
compared with that of continuous cropping [40]. Compared with the soybean–corn rotation
system, the yield of corn in the soybean–corn rotation system increased by 0.4 t ha−1, and
the yield of soybean increased by 0.7 t ha−1. Research conducted by the South African
Grain Research Laboratory NPC (Pretoria, South Africa) showed that the yield of corn
could increase by 11–13% when corn was planted in soybean stubble under traditional
plowing [39]. The important factors for the yield of soybeans were sowing time, density,
and row spacing. Long-term experiments in Missouri (USA) also showed that the yield of
soybean in soybean–corn rotation was higher than that in soybean continuous cropping,
with an average annual increase of 7.3%. Copeland et al. (1992) found that a two-year
rotation of soybean and a one-year rotation of corn resulted in the highest yields of soybean
and corn [16]. Han et al. (2016) found similar results in Hailun (Heilongjiang Province,
China) and Gongzhuling (Jilin Province, China). The results showed that the rotation of
the corn–soybean treatment and the corn–corn–soybean treatment could improve the yield
of both systems by 8.8% and 11.2% compared with the continuous corn treatment [41].

After a statistical evaluation of the economic benefits of each round of continuous
cropping treatment from 2017 to 2020, the total income of corn was significantly higher
than that of soybean during the same year, and there was no significant impact on the
economic benefits between rotation corn and continuous cropping corn in the same year. If
the government subsidies for planting soybeans were not considered, the economy of the
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CC treatment was the best crop-planting pattern. The yield and economic benefit of crops
are the two key factors that affect whether or not farmers adopt rotation and no-till farming.
The combination of no-till and C–S rotation was a high-yield and high-benefit system,
which was suitable for the black soil in northeast China, in which droughts frequently occur
in the spring [6]. The rotation of C–S had both yield and benefit advantages compared
with those of C–C–C and C–C–S. In drought years, the advantages of no-till were more
obvious [42]. However, the research of Zhou et al. (2015) was conducted in the Dehui
Experimental Base, Northeast Institute of Geography and Agroecology, Chinese Academy
of Sciences (44.2◦ N, 125.6◦ E), which belongs to a mid-temperate continental monsoon
climate with an average annual temperature of 4.4 ◦C and an average annual precipitation
of 471 mm [42]. These conditions were only the same for other regions with similar soil
types and climatic conditions. This experiment was conducted in Lishu County, Siping
City, Jilin Province (43.3◦ N, 124.4◦ E). The average annual temperature was 5.9 ◦C, and the
average annual precipitation was 572.8 mm.

Similarly, the research of Canalli et al. (2020) showed that incomes increased as the
rotation systems became more diversified. That study was conducted in the experimental
station of the Agricultural Research Institute of Parana State, Pontagolsa City, Parana State,
Brazil (25.1◦ S, 50.1◦ W), with an average annual temperature of 18 ◦C and an average
annual precipitation of 1550 mm [21]. The economic benefit of the rotation system with low
diversity was negative. The rotation system, including soybeans, had the highest economic
benefit. Therefore, even in other regions with similar soil types and climatic conditions, the
yield and economic benefits results of soybean–corn rotation were not the same, but they
also differed in different countries. The continuous cropping of corn was a better choice in
terms of yield and economic benefits in the Corn Belt of Northeast China, particularly in
the central Jilin region.

4.2. Water Productivity under the Rotation of Soybean and Corn

Many studies showed that the improvement in crop water productivity was closely
related to the process of crop growth and development in China and throughout the
world [21,43–46]. The WPC and WPB of the CC treatment during 2017–2020 were the
highest in all the treatments, while those of the CS treatment were the lowest. The WPC
and WPB of each treatment of rotation did not differ from the CC treatment each year
from 2017 to 2020. These results were not quite the same as those obtained by many
other researchers. These results were similar to those obtained by Yang et al. (2019).
Their results indicated that the WUE of soybean was significantly lower than that of corn
because soybean consumes large amounts of water [46]. The crop yield did not improve
during rotation (2017–2020). It is difficult to improve the water productivity of crops if
the crop yield cannot be increased during a rotation [8]. At crop anthesis in the rotations,
spring wheat and corn had different densities of root lengths [47], which may have caused
variations in the uptake of water and nutrients by crops [48] and changes in the amount
and activity of microorganisms, ultimately leading to different grain yields for the crops
that were subsequently planted [15]. This is also the focus of future research on the rotation
of corn and soybean in the CBNC.

5. Conclusions

The yield of the commercial grain of the CC treatment was higher than that of the CS
treatment each year. By comparing the equivalent yield of corn, the yield of the commercial
grain of the CS treatment was 0.37-, 0.66-, 0.65-, and 0.64-fold higher than that of the CC
treatment in 2017, 2018, 2019, and 2020, respectively. There was no continuous cropping
obstacle in the commercial yield of the CC and CS treatment in the experimental conditions
for four years. The 4-year total income and net income of the CC treatment were the highest
and were significantly higher than those of all the other treatments, although there was
less investment in planting soybeans. The 4-year total income and net income of the CC
treatment were 1.72- and 1.96-fold higher than those of the CS treatment, respectively. The
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farmers that planted corn earned USD 1048 more annually per hectare per year than those
that planted soybeans under the conditions of this experiment. The waste and consumption
of local resources should also be considered in addition to the economic benefits to farmers.
The CS treatment consumed less water from 2017 to 2020 than the CC treatment, but the
ETc act-d of the CC treatments was not the highest each year. The WPC and WPB of the
CC treatment were higher than those of the CS treatment in each year. The WPC and
WPB of soybean under the rotation did not differ from those of soybean under continuous
cultivation. Therefore, the continuous cropping corn (CC) was the best planting pattern in
CBNC. If the soybean–corn rotation is implemented in the CBNC, the SCC treatment is a
better choice than the SC treatment.
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