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Global climate change poses a great impact on crop growth, development and yield.
Soybean production in Northeast China, which is one of the traditional dominant
soybean production areas in China, is of great significance for developing the
domestic soybean industry and reducing dependence on imported soybeans.
Therefore, it is crucial to evaluate the impacts of future climate change on
soybean yield in Northeast China, and to propose reasonable adaptation
measures. In this study, we took Fujin city of Heilongjiang province in Northeast
China as an example, and used the CROPGRO-soybean model in DSSAT (Decision
Support System for Agrotechnology Transfer) to simulate the impacts of future
climate change on soybean yield in the four periods of the 2020s (2021-2030),
2030s (2031-2040), 2040s (2041-2050) and 2050s (2051-2060) under two
representative concentration pathway (RCP) scenarios (RCP4.5 and RCP8.5), and
further determine the best agronomic management practices. The results showed
that the calibrated and validated model is suitable for simulating soybean in the study
area. By analyzing the meteorological data under future climate scenarios RCP4.5
and RCP8.5 from the PRECIS regional climate model, we found that the average
temperature, cumulative precipitation and cumulative solar radiation would mostly
increase during the growing season in Fujin city of Heilongjiang province. Combined
with the model simulation results, it is shown that under the effect of CO,
fertilization, future climate change will have a positive impact on soybean yield.
Compared to the baseline (1986-2005), the soybean yield would increase by 0.6%
(7.4%), 3.3% (5.1%), 6.0% (16.8%) and 12.3% (20.6%) in the 2020s, 2030s, 2040s and
2050s under RCP4.5 (RCP8.5).Moreover, the optimal sowing dates and the optimal
supplemental irrigation amount under RCP4.5 (RCP8.5) are May 10 (May 5) and 50
mm (40mm), respectively. Under future climate conditions, the agronomic
management practices, such as advancing the sowing date and supplementary
irrigation in the key stage of soybean growth would increase soybean yield and make
soybean growth more adaptable to future climate change.
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soybean, future climate scenarios, DSSAT-CROPGRO-soybean model, agronomic
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1 Introduction

The uncertainty of climate change will have an impact on human
society, environment and ecosystem. Therefore, it is very important to
study the future climate change. According to the recent
Intergovernmental Panel on Climate Change (IPCC, 2021), future
changes in the global average temperature are expected to reach or
exceed 1.5 °C in the next 20 years, and human activities have increased
the occurrence frequency and intensity of extreme temperature,
precipitation and drought. Global climate change may have
disastrous impacts on nature and human social systems, especially
on agriculture industry and food security (Tao et al,, 2016; Baldos et al,,
2020). Climate plays a significant role in agricultural production, and
changes in climatic conditions directly affect crop development and
final yield (You et al., 2008; Guo et al,, 2009; Zhou and Wang, 2015;
Kassaye et al,, 2021; Lukali et al,, 2021). Studies show that 32%-39% of
the annual yield variability of corn, soybean and other crops globally is
caused by climate variability (Ray et al., 2015). In addition, the global
distribution of climate change impacts on crops is different, resulting in
different impacts on crop yield. For example, in high latitudes, the
temperature is relatively low, so increasing the temperature could
increase the land area suitable for agriculture and forestry, and
finally increase the crop yield. However, climate change at low
latitudes could reduce soil moisture and agricultural productivity,
thus reducing crop yield (Darwin et al, 1995). Due to the
uncertainty of the impacts of future climate change on crops and the
importance of agricultural production, the study of the impacts of
future climate change on agriculture has become one of the hottest
issues in the current climate change research field (Zhao et al., 2016;
Martins et al., 2019; Xiao et al.,, 2020; Zilli et al., 2020).

The impacts of climate change on crops have been widely
studied by the two main methods of observation experiment and
model simulation (Cai et al., 2016; Mohammed et al., 2017). The
method of using computer models to simulate and predict climate
change has been developed rapidly and has become the most ideal
method for the quantitative study of climate change impacts. Crop
model takes crops as the research object and the growth and
development process as the main content. Simulation results are
often used to quantify the impacts of climate and other factors on
crop yield (Shi et al, 2013). At present, more than 100 crop
simulation models have been developed, e.g., the Agricultural
Production System Simulator (APSIM) model from Australia, the
Soil Water Atmosphere Plant (SWAP) model from Holland, and
the Decision Support System for Agrotechnology Transfer (DSSAT)
model from the United States. These crop models have also been
widely used to evaluate the impacts of agronomic management
practices on crop yields and make some adjustments, such as
supplementary irrigation, adjustment of sowing dates and
supplementary fertilization (Humphreys et al., 2016; Mohanty
et al,, 2016; Tari et al,, 2017; Ding et al., 2020; Saddique et al.,
2020; Kim et al,, 2021; Wang et al,, 2021). Among them, DSSAT is a
process-based model that uses meteorological, soil, and field
management data to predict the growth and development of a
specific crop. It has over 42 crop modules, such as CERES (CROP
Environment Resource Synthesis) and CROPGRO (Crop Growth)
in the DSSAT Cropping System Model (CSM). The DSSAT model

Frontiers in Agronomy

10.3389/fagro.2024.1257830

has been widely used in studying the impacts of climate change on
crop growth and the evaluation (assessment) of agronomic
management practices (Jones et al, 2011). Hasan and Rahman
(2019) used the DSSAT model and PRECIS (Predicting Regional
Climate Impact Studies) model to simulate the impacts of future
climate change on rice yield in Bangladesh. The results showed that
the impacts of future climate change on the average rice yield for
2030s and 2050s are positive. However, as the temperature
continues to rise, the impact becomes negative in 2070s, which
can be mitigated by changing the transplanting date. A recent study
by Rugira et al. (2021) used the DSSAT model to simulate the maize
yield in Northern China under different agronomic management
practices, then revealed that the sowing date of May 20 and
supplementary irrigation of 170 mm during the tasseling and
grouting phases could effectively improve the maize yield in
Northern China. Moreover, the DSSAT CSM-CROPGRO-
Soybean model has been widely used to predict the growth and
development of soybean and explore the impacts of adjusting
agronomic management practices on soybean yield (Junior and
Sentelhas, 2019; Fernandes et al., 2022). Although previous studies
have investigated the impacts of climate change on agricultural
production, the application of the DSSAT-CROPGRO-Soybean
model in Northeast China, which is the main soybean production
area in China, has rarely been reported.

Soybean (Glycine max) (Glycine Max (L.) Merrill), a legume
crop, has high economic and nutritional value. As a food crop and
oil crop, soybean is widely cultivated all around the world and plays
a key role in global food security (Masuda and Goldsmithe, 2009; Li
et al,, 2010). China is the fourth largest soybean producer in the
world (Klein and Luna, 2021). Due to the increasing growth of
population, the production level still cannot meet the demand, so
improving the soybean production level is of great significance to
improve the national economy. Although soybeans are widely
cultivated across China, approximately 50% of the total area of
soybean cultivation in China is located in northeast China, due to its
moderate soil and temperature conditions. Northeast China is the
region with the highest production of spring soybean in China (He
et al,, 2013). Hence, it is important to study the impacts of future
climate change on soybean yield in Northeast China.

In this study, Fujin city of Heilongjiang province was taken as an
example, and the DSSAT-CROPGRO-Soybean model and two
Representative Concentration Pathways (RCPs)—RCP4.5 and
RCP8.5 were used. The objectives of this paper were to investigate
the simulated trends of soybean yields under two RCPs; to assess the
impacts of various agronomic management practices on soybean yield
under future climate change; and to determine the best agronomic
management practice to achieve an increase in soybean yield.

2 Materials and methods
2.1 Study area
Fujin city (132°01'E, 47°23'N) is located in the northeast of

Heilongjiang Province and the south bank of the lower reaches of
the Songhua River, with an average altitude of approximately 60 m

frontiersin.org


https://doi.org/10.3389/fagro.2024.1257830
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Li et al.

(Figure 1). It has a temperate continental monsoon climate with
four distinct seasons. During the soybean growing season (May-
September) in Fujin city from 1961 to 2020, the average
temperature was 18.2 °C, the average cumulative precipitation
was 424.9 mm (accounting for 80.7% of the annual precipitation),
and the average cumulative solar radiation was 18.32 MJ-m™. In
general, during 1986-2005, the average temperature, cumulative
precipitation and cumulative solar radiation during the soybean
growing season showed increasing trends, but the trends were not
significant (Figure 2).

2.2 Data

2.2.1 Historical and future climate data

Historical daily climate data including average, maximum and
minimum temperatures, precipitation and sunshine duration from
1960 to 2020 in Fujin city were obtained from National
Meteorological Information Center (http://data.cma.cn/). To meet
the data requirement to force the DSSAT model, sunshine duration
was converted to solar radiation using the method provided by
Allan et al. (1998). These data were used to calibrate and verify the
genetic parameters of the soybean model and further to simulate the
impacts of climate change on soybean yield in Fujin city.

Future daily climate data including average temperatures,
cumulative precipitation and cumulative solar radiation during
the period of 2021-2060 were obtained from the Institute of
Agricultural Environment and Sustainable Development, Chinese
Academy of Agricultural Sciences. The future climate scenario data
were generated with higher horizontal resolution of 25 kmx25 km
dynamic downscaling based on the results of PRECIS (Providing
REgional Climates for Impacts Studies) nested global model
HadGEM2-ES simulation. This set of data has been widely used
in studying the impacts of climate change, and its validity has also
been verified in previous studies (Xu et al., 2006; Khiem et al., 2014;
Massey et al., 2015; Liu et al., 2020; Meng et al., 2020). We further
took the average of the gridded data within the region of Fujin city
to represent the future climate scenario data at this research site.
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FIGURE 1
Geographical location of the study experimental station in Fujin city of Hei
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Four representative concentration pathways (RCP2.6, 4.5, 6.0, 8.5)
were released by the Coupled Model Intercomparison Project phase
5 (CMIP5, Taylor et al.,, 2012). In this study, we only focus on the
moderate (RCP4.5) and high (RCP8.5) emission scenarios for
which radiative forcing rise to 4.5 W-m™ and 8.5 W-m™ by 2100,
respectively. We chose 1986-2005 as a baseline, and four future
periods representing the 2020s (2021-2030), 2030s (2031-2040),
2040s (2041-2050) and 2050s (2051-2060) to study the changes of
climate factors and soybean yield in Fujin under RCP4.5
and RCP8.5.

2.2.2 Field data

We chose Kenong 30, which is commonly planted soybean
variety in Fujin with high yield and protein, and is cultivated by
Heilongjiang Bayi Agricultural University, to conduct the
experiment. The data of field management practices, observations
during the growing season, and yield were obtained from the
experiment with phased sowing conducted at the Fujin
experimental station in 2020. The experiment was divided into
three phases, with the sowing dates of May 10, May 20 and May 30.
The planting depth was 4 cm, and the planting density was 26
plants/m®. One week before sowing, the method of ridging and
fertilizing was adopted.

The DSSAT model was used to simulate the soybean yield
during the base period of 1986-2005, and the farmland
management measures were set as follows: a) no chemical
treatment was used to control pests and diseases; b) there were
no irrigated treatments, only rain-fed treatments; c) the
recommended fertilizer levels were applied, including 200 kg/ha
DAP (diammonium phosphate), 90 kg/ha urea and 60 kg/ha
potassium chloride, and no topdressing was carried out after
sowing; d) based on the prevailing local practices, the sowing date
was on May 20, the plant density was 19 plants/m? and the planting
depth was 4 cm.

The soil data of Fujin agro-meteorological experimental station
were obtained from the Chinese soil science database (http://
vdb3.soil.csdb.cn), including soil color, type, depth, total nitrogen,
cation exchange capacity, organic carbon and PH values, etc.
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2.3 Methods

In this study, the CSM-CROPGRO-Soybean, embedded within
DSSAT version 4.7.0 (Jones et al., 2003; Hoogenboom et al., 2017;
Hoogenboom et al., 2019) was used, and meteorological data, soil
data and field management data were input into the model to
simulate soybean growth and yield under different climate
scenarios. The crop model inputs include: (1) meteorological data,
including the name, altitude, latitude and longitude of the stations,
and the daily meteorological data (maximum and minimum air
temperature, precipitation, solar radiation); (2) soil data, including
soil color, type, depth, total nitrogen, cation exchange capacity,
organic carbon and PH values; (3) field management data, including
planting method, density, depth, irrigation time and amount; (4)
genetic coefficients: there are total 16 genetic coefficients for
soybean, including SCDL, PPSEN, EM-FL, etc. Moreover, the
crop variety parameters reflect the interaction between variety
genotype and environment, which could affect the accuracy of
crop yield simulation results. We calibrated and validated the
genetic coefficients of the experimental variety with field
observations, including the dates of emergence, flowering and
maturity, above-ground biomass and final yield in 2020 at the
experimental station.

We used the statistical indices of root mean square error
(RMSE), normalized root mean square error (NRMSE),
correlation coefficient (R?) and Willmott’s index of agreement (D)
for the simulated and observed data to evaluate the calibrated
model. These indices were calculated (Equations 1-4) as follows:

k

RMSE = \/E(Yi - X)?/k x 100% 1)
i=1

NRMSE = RMSE/X x 100 % (2)

2
: k _ _ k ok 0
R = |3[X-X][Y,-Y]| /3 (X-X)3(v;-Y)" )
i=1 i=1 i=1
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D=1 —ﬁ(y,- —X,.)Z/ﬁ(in ~X|+ X -X|)°
i i=1

i=1

(4)

Where k is the number of samples,X;and Y;are the i™ observed
and simulated data, and X and Y are the mean values of all observed
and simulated samples.

In the DSSAT-CROPGRO-Soybean model, we adjusted two
agronomic management practices that are adjusting sowing date and
supplementary irrigation to analyze their effects on soybean yield. In
this study, we ran crop simulations by adjusting sowing dates at an
interval of 5 days from April 30 to June 9, a total of 9 adjustment plans
of sowing dates. Supplemental irrigation was applied four times in the
key stage of soybean growth (flowering and podding period), with an
interval of 20 days starting from 20 days before the flowering date. The
sprinkler irrigation was used, and the irrigation amount was set for five
levels of 10, 20, 30, 40 and 50 mm.

3 Results
3.1 Model calibration and validation

In the DSSAT-CROPGRO-Soybean model, we calibrated and
validated the genetic coefficients of the experimental soybean
variety with field data during the growing season in 2020 at the
experimental station in Fujin city of Heilongjiang province. The
black dotted line in Figure 3 is 1:1 line. The closer the value is to the
1:1 line, the closer the model simulation value is to the observed
value. We found that the simulated and observed values for the
length of growing season (days after sowing), above-ground
biomass and yield were round the 1:1 line, showing high
goodness of fitting for these indices. Moreover, we calculated the
statistical indices of root mean square error (RMSE), normalized
root mean square error (NRMSE), correlation coefficient (R?) and
Willmott’s index of agreement (D) between the simulated and
observed agricultural indices including emergence, flowering and
maturity dates, above-ground biomass and yield. The results
showed that the values of both R? and D were close to 1, and the
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Comparison of simulated values (Y-axes) and observed values (X-axes) for (A) days after sowing, (B) above-ground biomass and (C) yield in 2020 at

the experimental station in Fujin of Heilongjiang province.

NRMSE was below 20% (Table 1). Therefore, the calibrated
DSSAT-CROPGRO-Soybean model is suitable for simulating
soybean in Fujin.

3.2 Climate projections

3.2.1 Cumulative precipitation change

During the study period of 2021-2060, the cumulative
precipitation during the growing season showed large fluctuations
from 292.8 mm to 734.3 mm under RCP4.5, and from 299.9 mm to
808.8 mm under RCP8.5. The cumulative precipitation during the
growing season was basically below 700 mm, and only exceeded
700 mm in 2038 under RCP4.5 and in 2050s under RCP8.5.The
average values under RCP4.5 and RCP8.5 were 458.4 mm and
479.8 mm, respectively (Figure 4). Under RCP4.5, there was no
significant increasing or decreasing trend in precipitation during
the growing season. However, there was an increasing trend under
RCP8.5 at a rate of 24.8 mm per decade (p>0.05) (Figure 4B).

Compared to the baseline (1986-2005), when the average
cumulative precipitation during the growing season was 389.8
mm, the average cumulative precipitation in each decadal period
would all increase. They would increase by 18.7%, 15.2%, 11.4% and
19.0% in the 2020s (2021-2030), 2030s (2031-2040), 2040s (2041-
2050) and 2050s (2051-2060) under RCP4.5, while under RCP8.5,
precipitation would increase by 19.6%, 4.3%, 20.6% and 34.5%,
respectively (Figure 5).

3.2.2 Cumulative solar radiation change

During the study period of 2021-2060, the cumulative solar
radiation during the growing season showed an increasing trend
under both RCP4.5 at a rate of 32.7 MJ-m™ per decade (p>0.05) and
RCP8.5 at a relatively slower rate of 14.0 MJ-m™ per decade
(p>0.05). The range of cumulative solar radiation fluctuations
under RCP8.5 was larger than that under RCP4.5, from 2300.9
MJ-m? to 3041.7 MJ-m* (Figure 6).

Compared to the baseline when the cumulative solar radiation
during the growing season was 2766.8 MJ-m, the solar radiation
would increase by 1.5%, 2.9%, 3.1% and 5.3% in the 2020s, 2030s,
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2040s and 2050s under RCP4.5, while under RCP8.5, they would
increase by 0.3%, 0.9%, 0.7% and 1.8%, respectively (Figure 7).

3.2.3 Average temperature change

The average temperature during the growing season showed a
significant increasing trend from 2021 to 2060 under both RCP4.5
and RCP8.5. The amplitude of the increasing trend under RCP8.5
(0.81 °C per decade, p<0.001) was greater than that under RCP4.5
(0.51 °C per decade, p<0.001) (Figure 8), due to the higher
concentration of greenhouse gas emissions.

The average temperature during the period of 1986-2005 varied
from 16.3 °C to 19.9 °C, and the projected average temperature
would vary from 18.3 °C to 21.9 °C under RCP4.5 and from 17.8 °C
to 22.5 °C under RCP8.5, respectively, for 2021-2060. Compared to
the baseline, the average temperature would gradually increase over
timer for the four future decades under both RCP 4.5 and RCPS.5,
and the increase in the 2020s, 2030s, 2040s and 2050s under RCP4.5
(RCP 8.5) would be 7.8% (6.1%), 8.3% (9.7%), 10.5% (9.8%), and
16.8% (20.4%), respectively (Figure 9).

3.3 Potential impacts of future climate
scenarios on soybean yield

According to the IPCC AR5 (IPCC, 2013), the CO,
concentrations in the 2020s, 2030s, 2040s and 2050s under
RCP4.5 (RCP 8.5) will be 424 ppm (433 ppm), 449 ppm (470
ppm), 475 ppm (517 ppm) and 499 ppm (574 ppm), respectively.
Considering the effect of CO,, the soybean yield in Fujin city would
increase in the future as compared to the base period of 1986-2005,
and the relative increase rate under RCP8.5 would be higher than
that under RCP4.5 except for the 2030s. Compared to the baseline,
the soybean yield would increase by 0.6%, 3.3%, 6.0% and 12.3% in
the 2020s, 2030s, 2040s and 2050s under RCP4.5. Moreover, under
RCP8.5, the average soybean yield would increase at rates of 7.4%,
5.1%, 16.8% and 20.6%, respectively (Figure 10). The results
indicated that future climate change in Fujin city was beneficial to
the increase in soybean yield. Furthermore, the increasing rate
under RCP8.5 was greater than that under RCP4.5.

frontiersin.org


https://doi.org/10.3389/fagro.2024.1257830
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Li et al.

10.3389/fagro.2024.1257830

TABLE 1 Statistical indices including root mean square error (RMSE), normalized root mean square error (NRMSE), correlation coefficient (R?) and
Willmott's index of agreement (D) between simulated and observed agricultural indices including emergence, flowering and maturity dates, above-
ground biomass and yield in 2020 at the experimental station in Fujin city of Heilongjiang province.

Evaluation index (unit) RMSE NRMSE (%) R? D

Emergence, flowering and maturity dates (day) 2.08 3.36 0.9996 0.999
Above-ground biomass (kg/ha) 613.03 19.78 0.9822 0.993
Yield (kg/ha) 141.88 4.67 0.9426 0.855

3.4 Agronomic management practices

To adapt to the impact of future climate change on crop yield,
agronomic management practices are often adopted to achieve yield
increase, such as changing crop varieties, adjusting sowing date,
supplementary irrigation (Moradi et al., 2013; Teixeira et al., 2018;
Zabel et al,, 2021). As the temperature increases under future climate
conditions, the length of growing season will change, so selecting
suitable sowing date could promote the growth and development of
soybean. Moreover, due to the large water consumption of soybean
growth, we also adopted the method of supplementary irrigation
during soybean growth and development to achieve an increase in
soybean yield under future climate conditions.

In this study, we used the DSSAT-CROPGRO-Soybean model
to evaluate two agronomic management practices that are adjusting
sowing date and supplementary irrigation, in order to propose
optimal agricultural measures to maximize soybean yield in Fujin
under future climate change.

3.4.1 Adjustment of sowing date

In this paper, we ran crop simulations by adjusting sowing dates
at an interval of 5 days from April 30 to June 9 to assess the impact
of such adjustments on the soybean yield, in order to determine the
optimal sowing date. The results showed that advancing the sowing
date is beneficial to the adaptation of soybean production to future
climate change in Fujin. As shown in Figure 11, the sowing date was
set on May 10 to achieve the maximum yield under RCP4.5, which

would increase by 3.6% relative to the yield at the unadjusted
sowing date. Under RCP8.5, the maximum soybean yield would be
achieved on the sowing date of May 5, 15 days earlier than the
prevailing local sowing date. In addition, the soybean yield would
increase by 9.2% relative to that at the unadjusted sowing date.
From the perspective of decadal analysis, the sowing dates for
soybean yield maximization in different decades are different. As
shown in Figure 12, the optimal sowing dates in the 2020s, 2030s,
2040s and 2050s are May 10 (April 30), May 5 (April 30), April 30
(May 5) and May 10 (May 5) respectively, under RCP4.5 (RCP8.5).

3.4.2 Supplemental irrigation

Supplemental irrigation was applied four times in the key stage
of soybean growth (flowering and podding period), with an interval
of 20 days starting from 20 days before the flowering date. The
irrigation amount was set for five levels of 10, 20, 30, 40 and 50 mm.
We adopted four time supplemental irrigation treatments in the
soybean simulation in Fujin. The results showed that during the
study period of 2021-2060, the optimal supplemental irrigation
amount was 50 mm (200 mm in total) under RCP4.5 with a
potential 28.2% increase in soybean yield as compared to the
rain-fed treatment, whereas under RCP8.5, the optimal
supplemental irrigation amount was 40 mm (160 mm in total)
with a potential 10.3% increase in soybean yield as compared to the
rain-fed treatment (Figure 13). Moreover, the highest increase in
soybean yield as compared to the rain-fed treatment was at the
irrigation amount of 40 mm (40 mm), 50 mm (50 mm), 40 mm
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FIGURE 4

Time series of cumulative precipitation during the growing season of soybean from 2021 to 2060 under (A) RCP4.5 and (B) RCP 8.5 in Fujin city of

Heilongjiang province.
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FIGURE 5

Changes in cumulative precipitation during the growing season of
soybean in the four periods (2020s, 2030s, 2040s and 2050s)
relative to the baseline(1986-2005) under RCP4.5 and RCP8.5 in
Fujin city of Heilongjiang province.(The lower and upper boundary
lines of the box are the first and third quartiles of the data. Two solid
vertical lines indicate the remaining data. Inside the box, the solid
black line indicates the median of the data and the dashed black line
indicates the mean of the data.).

(10 mm) and 50 mm (30 mm) in the 2020s, 2030s, 2040s and 2050s,
respectively, under RCP4.5 (RCP8.5) (Figure 14).

4 Discussion

4.1 The variation of future
climate resources

From the perspective of precipitation, Wu et al. (2019) pointed
out that, by the end of the century, the average precipitation in China
would increase by 8% (12%) under RCP4.5 (RCP8.5) relative to the
average during the period of 1971-2000, and spatially, precipitation in
the north is expected to increase more than that in the south. From

3200 RCP4.5

10.3389/fagro.2024.1257830

the perspective of temperature, You et al. (2014) predicted that the
average temperature in China would increase by 0.29 °C per decade
(0.43 °C per decade) under RCP4.5 (RCP8.5) during 2021-2040. In
Northeast China, Chu et al. (2017) pointed out that the temperature
increase rate is expected to be 0.19 °C per decade (0.48 °C per decade)
under RCP4.5 (RCP8.5) during 2005-2099. By the end of this century,
precipitation in the growing season generally showed an increasing
trend, but the increasing trend was not obvious. Dong et al. (2018)
also pointed out that the Northeast region is expected to experience
significant warming under the RCP4.5 scenario during 2020-2050. In
this study, we found similar trends in cumulative precipitation and
average temperature in soybean growing season during 2021-2060 in
Fujin city of Heilongjiang Province in Northeast China.

4.2 Effects of future climate conditions on
soybean yield

Soybean is a thermophilic crop, and the optimum temperature
during the growing season is above 20 °C (Hesketh et al., 1973;
Hatfield et al., 2011). However, Fujin city is located in Northeast
China with higher latitude and lower temperature. The average
temperature from May to September is lower than 20 °C.
Therefore, future temperature increases under RCP4.5 and RCP8.5
would promote soybean yield in Fujin. Chen et al. (2012) studied the
relationship between temperature and soybean yield in Northeast
China, then found that crop yield increased with the increasing
temperature in Northeast China. This suggests that climate warming
may be beneficial to future crop production in the study area, which is
consistent with the results of this study. At the same time, under the
two climate scenarios, the atmospheric CO, concentration would
increase in the future, which would increase photosynthesis of crop
leaves and thus improve crop productivity. This phenomenon is
called the “CO, fertilization effect”, which is obvious in Cs crops
(soybean, rice, wheat, etc.) (Kimball et al., 2002). In addition, under
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FIGURE 6

Time series of cumulative solar radiation during the growing season of soybean from 2021 to 2060 under (A) RCP4.5 and (B) RCP 8.5 in Fujin city of

Heilongjiang province.
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Changes in cumulative solar radiation during the growing season of
soybean in the four periods (2020s, 2030s, 2040s and 2050s)
relative to the baseline(1986-2005) under RCP4.5 and RCP8.5 in
Fujin city of Heilongjiang province.(The lower and upper boundary
lines of the box are the first and third quartiles of the data. Two solid
vertical lines indicate the remaining data. Inside the box, the solid
black line indicates the median of the data and the dashed black line
indicates the mean of the data.).

non-stress conditions, when the CO, concentration increases by 200
ppm, the yield of C; crops would increase by 18% (Ainsworth and
Long, 2020). This may be one of the possible reasons for the increase
in soybean yield in the future in Fujin city.

4.3 Adjustment of agronomic
management practices

Sunshine duration and temperature have a great impact on the
length of soybean growth period, and thus affect the yield of
soybean. For soybean, the availability of these climatic factors is
determined by sowing date. Appropriate adjustment of sowing date
can minimize the loss of soybean yield caused by adverse

10.3389/fagro.2024.1257830

meteorological conditions (Cober and Voldeng, 2001; Serafin-
Andrzejewska et al., 2021). Zhang et al. (2019) studied the
variation in the irrigation water requirement of soybean under
future climate scenarios (RCP2.6, RCP4.5 and RCP8.5), and found
that with the increase in future temperature and CO, concentration,
the soybean planted may have lower nutrients, which would
increase the amount of water needed for soybean to produce the
required calories, so supplementary irrigation at the critical stage of
soybean growth may increase soybean yield. Therefore, in order to
make the growth of soybean in Fujin city adapt to the future
climatic conditions and achieve higher yield, it is necessary to
adjust the agronomic management practices, including adjusting
sowing date and supplementing irrigation in the key stage of
soybean growth.

4.4 DSSAT-CROPGRO-soybean model

According to previous studies, the DSSAT model can be used
for a wide range of purposes, for example, simulating crop yields
under future climate change, such as maize, wheat, soybean and
other crops (Boote et al., 2017; Liu et al., 2020; Bai and Gao,
2021); evaluating the impacts of management practices, such as
adjusting sowing date and irrigation amount on crop yield
(Banterng et al., 2010; Wang et al., 2020). Moreover, the
CROPGRO-Soybean model has been widely used to simulate
the growth and development of soybean and explore the impacts
of management practices on soybean yield (Ruiz-Nogueira et al.,
2001). However, the application of the DSSAT-CROPGRO-
Soybean model in Northeast China, which is the main soybean
production area in China, has rarely been reported. Our case
study in Fujin city is a pioneer to adopt this model to simulate
the soybean yield under future climate change and investigate
the impacts of different agronomic measures on soybean yield,
which has some practical guiding significance.
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FIGURE 9

Changes in average temperature during the growing season of
soybean in the four periods (2020s, 2030s, 2040s and 2050s)
relative to the baseline(1986-2005) under RCP4.5 and RCP8.5 in
Fujin city of Heilongjiang province.(The lower and upper boundary
lines of the box are the first and third quartiles of the data. Two solid
vertical lines indicate the remaining data. Inside the box, the solid
black line indicates the median of the data and the dashed black line
indicates the mean of the data.).

4.5 Limitations and prospects of the study

However, there are some limitations of the results in this study.
First, our case study was limited to one experimental station in
Fujin city. To expand the research to the entire Northeast China and
even the whole country, more experimental stations would need to
be involved. Second, there were few schemes to explore better
agronomic management practices for the future climate change.
In summary, future studies on the impacts of future climate change
on soybean yield should focus on the following: 1) collecting crop
data from multiple experimental stations to expand the research to
the entire Northeast China and even the whole country; 2) testing
out more relevant agronomic management practices; 3) the
experiment time in this paper was short, and more experimental
data are needed in the future to improve the accuracy of the model;
4) we only used the DSSAT model in this study, and more models

10.3389/fagro.2024.1257830

could be applied and compared to simulate the impacts of future
climate change on soybean yield in the future; and 5) in this study,
only a single soybean crop variety was studied. Future research
could involve multiple soybean varieties to assess their adaptability
to future climate change and determine the best soybean varieties to
adapt to future climate change.

5 Conclusions

In this study, we used the DSSAT-CROPGRO-Soybean model
to simulate the changes in soybean yield under two future climate
scenarios (RCP4.5 and RCP8.5) during the period of 2021-2060 in
Fujin city of Heilongjiang Province, and evaluated the impacts of
different agronomic management practices such as adjustment of
sowing date and supplemental irrigation on soybean yield under
future climate change conditions to determine the best agronomic
management practice to adapt to future climate change.

The results showed that the cumulative solar radiation and
average temperature during the growth period of soybean from
2021 to 2060 in Fujin city showed an increasing trend under RCP4.5
and RCP8.5, and average temperature was expected to significantly
increase at the rate of 0.5 °C per decade (0.8 °C per decade) under
RCP4.5 (RCP8.5). The cumulative precipitation during the soybean
growing season in Fujin city was expected to fluctuate greatly with
no obvious trend during 2021-2060. Compared to the baseline
(1986-2005), these three meteorological elements would increase in
the next four decades. In addition, the soybean yield in Fujin city
would increase by 5.0% (12.0%), 8.3% (3.3%), 11.5% (24.3%) and
17.2% (25.8%) in the 2020s, 2030s, 2040s and 2050s relative to the
baseline (1986-2005) under RCP4.5 (RCP8.5). Moreover, under
RCP4.5 (RCP8.5), the optimal sowing date of May 10 (May 5) and
the optimal supplemental irrigation amount of 50 mm (40 mm),
which would result in an increase in soybean yield by 3.6% (9.2%)
and 28.2% (10.3%), respectively. These results provide a scientific
basis for farmers from the perspective of tackling future climate
change and ensuring yields, but these measures have timeliness,
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FIGURE 10

Changes in soybean yield during the growing season of soybean in the four periods (2020s, 2030s, 2040s and 2050s) relative to the baseline(1986-
2005) under (A) RCP4.5 and (B) RCP 8.5 in Fujin city of Heilongjiang province.(The lower and upper boundary lines of the box are the first and third
quartiles of the data. Two solid vertical lines indicate the remaining data. Inside the box, the solid black line indicates the median of the data and the
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therefore, we suggest paying continuous attention to the adjustment
of agronomic management practices in the future, and cultivating
new varieties, in order to achieve a high and stable soybean yield in
Heilongjiang province.
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