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cropping areas expansion and

appropriate crop management
practices to climate change in

northern China

Xianzhong Wu'*, Jinxiang Wang! and Jiujiang Wu?

!School of Environment and Urban Construction, Lanzhou City University, Lanzhou, China, 2College
of Water Resources and Architectural Engineering, Northwest A&F University, Xianyang, China

Introduction: Global climate change has led to increases in the temperature
and decreases in the number of frost days in northern China, facilitating a shift
from a single cropping system (SCS, spring maize) to a double cropping system
(DCS, winter wheat-summer maize rotation).

Methods: Therefore, under the current climate conditions, DCS expansion
should be evaluated, and new planting schemes should be explored. In this paper,
we identified the areas with potential for DCS in northern China considering an
annual accumulated temperature of >0°C. The World Food Studies simulation
model was used to simulate the yield, irrigation requirement (IR), and net income
under various crop management conditions when considering the maximum
yield and water use efficiency (WUE) of crops.

Results: Our results indicated that the potential DCS area increased by approximately
31.51 x 10* km? in northern China, with the primary DCS areas being located in the
provinces of Gansu, Shaanxi, Shanxi, Hebei, and Liaoning. Regarding variety selection,
winter wheat and summer maize varieties with early and mid-early maturation were
found to be favored for the potential DCS areas. The sowing dates corresponding
to the maximum WUEs of the crops were later than those corresponding to the
maximum yields. In the potential DCS areas, under the maximum yield condition,
the average unit total yield, IR, and net income increased to 2700 kg ha™, 305 mm,
and 607USDha™, respectively, whereas under the maximum WUE condition,
increases of 2862 kg ha™, 284 mm, and 608 USD ha™?, respectively, were observed.
The average unit total yield of the DCS was 15927 and 13793 kg ha™ under the
maximum yield and maximum WUE condition, respectively.

Discussion: Our findings may clarify the effects of climate change on agricultural
production patterns and indicate suitable crop management practices.
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1 Introduction

The sharp continual increase in the global population necessitates a proportional increase
in global grain yield to meet food demand (Wu et al., 2006). However, industrialization,
climate change, and grain being increasingly used for non-consumption purposes (e.g., as
biofuels) pose a major challenge in terms of grain yield (Singh et al., 2020). Food shortage
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translates into higher food prices, thus affecting the economic and
social stability of a country (Ben Hassen and El Bilali, 2022).
Improving grain yield is of substantial importance in China, one of the
most populous countries in the world. Increasing yields would help
ensure regional food security and the implementation of national food
security strategies.

The three major elements of food security are cultivated land,
planting intensity (the number of harvests per year), and crop yield
(FAO, 2002). Therefore, one or more of these three elements should
be improved to increase agricultural productivity (Yang et al., 2015).
However, the large-scale expansion of arable lands is challenging in
China because of urbanization and industrialization (Gao et al.,
2019b; Zhang L. et al., 2018). Therefore, studies have focused primarily
on the effects of climate change on crop yield under the current arable
land conditions and the improvement of crop yield through
optimization of crop management practices. For example, in their
study conducted in China, You et al. (2009) demonstrated that a 1°C
increase in temperature reduced wheat yield by 3-10%; they further
reported that the increase in temperature in the last century decreased
wheat yield by approximately 4.5% in China. Because of the influence
of a continental monsoon climate, only 25-40% of the total water
requirement of the winter wheat is met by precipitation in northern
China during the crop’s growth period (Fang et al., 2010), and Zhao
et al. (2020) demonstrated that the reduction in the yield of winter
wheat under water stress conditions was 113%. On the other hand,
appropriate agricultural practices have been reported to offset some
of the effects of climate change on crop yield (Lehmann et al., 2013).
Ma et al. (2018) indicated that sowing winter wheat on the optimal
date increases yield by adjusting the growth redundancy and
physiological traits of roots and stems—for example, by improving the
water use efficiency (WUE) of the crop. Yin et al. (2018) also
demonstrated that the nitrogen use efficiency of crops may
be improved by adjusting the sowing date. A study conducted on the
North China Plain revealed that crop renewal resulted in a 12.2-22.6%
increase in crop yield (Xiao and Tao, 2014). Crop yield can also
be increased by using optimizing irrigation strategies (Xu et al., 2020;
Zhao etal., 2020; Wu et al,, 2023). In general, climate appears to be the
most direct factor influencing agricultural productivity. Hence,
climate change is anticipated to negatively affect the agriculture sector
(Ju et al, 2013). Nevertheless, global warming may offer new
opportunities for agricultural production. For example, in Europe,
crop acreage may move northward due to global warming (Carter
etal., 1996). Furthermore, the increase in temperature has facilitated
a shift from a single cropping system (SCS; spring maize) to a double
cropping system (DCS; winter wheat-summer maize rotation) in
northern China (Gao et al., 2019a; Yang et al., 2015). However, the
appropriate field management strategies in potential DCS areas
remain to be determined. Climate conditions are a crucial factor
influencing the selection of planting schemes (He et al, 2020;
Lehmann et al., 2013); however, the spatial variability of climate may
introduce uncertainties in terms of scaling up site-specific field
management strategies to the regional level. During the selection of
planting schemes, not only the crops’ irrigation requirements (Gao
etal,, 2019a) but also factors such as planting dates and crop varieties,
which considerably influence crop yield (He et al., 2015; Xiao and Tao,
2014), should be considered. However, this topic has not received
sufficient attention. As a result of climate change, the yield of spring
maize in China has decreased (Chen et al.,, 2013; Lv et al., 2015).
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FIGURE 1
Distribution patterns of meteorological stations and crop plantation
in northern China. The green line represents the boundary between
SCSs and DCSs in 1968.

Therefore, further evaluation of the feasibility of transitioning from an
SCS to a DCS in northern China is urgently required, and suitable
field management strategies must be identified.

Northern China is the primary base for grain production in
China, accounting for 72 and 83% of China’s total wheat and maize
production, respectively (National Bureau of Statistics of China).! This
region is highly sensitive to climate change. Therefore, to enhance land
productivity and ensure regional food security, the effect of climate
change on agricultural production patterns must be determined. In
this paper, we sought to identify potential DCS areas in northern
China and investigate the temporal and spatial effects of various crop
management conditions on crop yield, irrigation requirement (IR),
WUE, and net income. Our findings may offer key insights into
appropriate crop management practices and help predict the effects of
climate change on the patterns of agricultural production.

2 Materials and methods

2.1 Study area

The crop planting systems used in northern China can be divided
into the SCS and DCS (Figure 1, Liu and Han, 1987). The SCS
primarily refers to spring maize, whose growth period is generally
April to October. By contrast, the DCS primarily refers to the winter
wheat-summer maize rotation system; winter wheat is generally sown
in October of Year 1 and harvested between late May and early June
of Year 2, whereas summer maize is sown between mid and late June
and harvested between late September and early October. Global
warming has resulted in the continuous northward expansion of DCS
areas in China. Therefore, in this study, potential DCS areas (with a
shift from an SCS to a DCS) were defined as the study area.

1 https://www.stats.gov.cn/
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Additionally, this region is predominantly characterized by a
temperate continental climate and a temperate monsoon climate. The
average annual rainfall ranges from 400 to 1,000 mm; however, it is
unevenly distributed throughout the year, with most precipitation
occurring between July and October. The average annual temperature
ranges between 8.5°C and 12.7°C, with a decreasing trend observed
from south to north.

2.2 Dataset

Meteorological data (1968-2020) obtained from the China
Meteorological Network® comprised daily maximum and minimum
temperatures, relative humidity, wind speed, precipitation, and
sunshine hours. Daily solar radiation was calculated using the
Angston-Prescott Equation 1 (Liu et al,, 2009). The Kriging method
was employed for spatial interpolation, with a spatial resolution of
1km. However, missing data may arise from anomalies in the
operation of meteorological stations. Therefore, we initially identified
the latitude and longitude of the affected locations and retrieved the
corresponding meteorological data from the fifth generation ECMWF
atmospheric reanalysis V5° and the National Oceanic and
Atmospheric Administration.* Finally, we computed the average value
of the multi-source datasets to minimize errors and replace the
missing meteorological data.

We employed China 1:1,000,000 soil data obtained from the
world soil database® regarding two layers: the 0-30-cm and
30-100-cm layers. The soil parameters required for the WOFOST
model were calculated using data from the aforementioned soil
database, as described previously (Brunet et al., 2010; Montzka et al.,
2011; Su et al., 2014). The data used in this paper can be found in
Table 1.

Due to the varying spatial resolutions among different data
sources, we utilized the Python GDAL and Xarray libraries to
resample the data to a 1km resolution using cubic convolution
interpolation prior to performing data analysis.

2.3 Methods

2.3.1 Study area identification

We divided the crop planting systems used in northern China
into SCS and DCS areas (Liu and Han, 1987); the classification
criteria are shown in Table 2. An annual accumulated temperature
of >0° (AATO) was calculated first. AATO was defined as the
accumulated value of the daily mean temperature during a period
when the temperature was stable at >0°C; it was calculated

as follows:
b
AATO=Y"T;T; >0 (1)
i=a
2 https://data.cma.cn/
3 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
4 https://www.noaa.gov/
5 https://www.fao.org/statistics/data-dissemination/agrifood-systems/en
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TABLE 1 Data used in this paper.

DETERAY ol Sources

Meteorological data https://data.cma.cn/

Meteorological data https://www.ecmwf.int./en/forecasts/dataset/ecmwf-

reanalysis-v5

Meteorological data https://www.noaa.gov/

Soil data https://www.fao.org/statistics/data-dissemination/

agrifood-systems/en

TABLE 2 Standards for the single and double cropping systems in China.

Extreme ;

. o Period of
Cropping AATO (°C minimum 50°C
system day) temperature o

9 termination
(°C)
Single cropping < 4,000-4,200 <=20° Early August-early
September
Double cropping | > 4,000-4,200 > —20° Early September-late
September

where a and b are the start and end dates, respectively, of a year
when the daily mean temperature (T;) is consistently >0°C. For each
meteorological station, we used a 5-point moving average method on
an annual basis to filter the original daily mean temperatures and to
determine the period during which the temperature was stable at
>0°C. This period corresponded to that between a and b. We then
used ordinary kriging to spatially interpolate AATO calculated from
different stations, in addition, Sens slope method (Gocic and
Trajkovic, 2013) was utilized to assess trends in climate data. We chose
the AATO method based on its proven effectiveness in previous studies
and its suitability for the specific research area (Gao et al., 2019a; Yang
etal, 2015). The AATO method is straightforward and well-suited for
large-scale historical data analysis. Additionally, we considered the
constraints of minimum temperature and the period of 20°C
termination, ensuring the survival of winter wheat and sufficient
growth time for summer maize. Based on these criteria, we employed
ArcGIS (Version 10.2) to delineate the boundary lines of SCS and DCS
planting areas using contour lines. In accordance with the method of
Gao etal. (2019a), we considered the range of limit line changes from
1968 to 2000 as the potential DCS areas, which served as our study
area. And the performance of SCSs and DCSs under different field
management conditions from 2001 to 2020 were evaluated. Choosing
the time range of 1968-2020 for evaluating limit line changes for DCS
may increase uncertainty due to anomalous temperatures in certain
years. Furthermore, a longer duration is required to assess the impact
of field management on crop production, with a generally accepted
timeframe of 20 years considered suitable.

2.3.2 Model simulation and crop management
conditions

The WOFOST model developed at Wageningen University was
used to simulate daily crop growth. The input parameters for the
simulation were primarily meteorological, soil, crop management, and
crop variable data; the output data included the daily crop leaf area
index, biomass, yield, and evapotranspiration (Wit et al., 2019). The
WOFOST model has been widely used and validated in China (Wu
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TABLE 3 Various crop management conditions for spring maize, summer maize, and winter wheat.

Crop types  Varieties

Spring maize Liaochun18 (SPV1), Jidi816 (SPV2), Pingquan13

(SPV3), Xianyu335 (SPV4), and Tunyu65 (SPV5)

Sowing dates

April 10th (SPS1), 15th (SPS2), 20th
(SPS3), 25th (SPS4) and 30th (SPS5)

Irrigation strategies

SPI1: sowing (50 mm)
SPI2: sowing (50 mm) and filling (50 mm)

Summer maize Zhonghel07 (SUV1), Yudan9953 (SUV?2),

Zhengdan958 (SUV3) and Qinlong18 (SUV4)

June 5th (SUS1), 10th (SUS2), 15th
(SUS3), 20th (SUS4) and 25th (SUS5)

SUI1: sowing (50 mm)
SUI2: sowing (50 mm) and filling (50 mm)

Winter wheat Hengguan35 (WV1), Xiaoyan22 (WV2), Wanmai52

(WV3), Lantian28 (WV4) and Zhongmail75 (WV5)

October 5th (WS1), 10th (WS2), 15th
(WS3), 20th (WS4) and 25th (WS5)

WI1: wintering (75 mm)

WI2: wintering (75 mm) and flowering (75 mm)
WI3: wintering (75 mm) and green-up (75 mm)
WI4: wintering (75 mm), green-up (75mm) and

flowering (75 mm)

etal, 2022; Zhuo et al,, 2022). To simulate the biophysical parameters
of maize and wheat, we used PCSE 5.5,° which is a Python package
based on the WOFOST model (Wit et al., 2019).

The acreage potentially available for DCS has increased due to
global warming. However, proper selection of crop management
practices suitable for local climate conditions remains a challenge. In
this paper, we explored three crop management conditions: crop
variety, sowing date, and irrigation strategy (Table 3). The crop
varieties used commonly in the five provinces (Gansu, Shaanxi,
Shanxi, Hebei, and Liaoning) of northern China between 2001 and
2020 were selected. Supplementary Tables S1-S3 present the main
crop parameters for each variety, and most of them were obtained
from Master’s thesis of China. The statistical yearbook data for the
years 2010-20207 were used to evaluate the performance of model
parameters (Figure Al). The results indicated R* values of 0.75, 0.82,
and 0.76, with RMSE values of 432, 752, and 728 Kg ha™" for winter
wheat, summer maize, and spring maize, respectively. Meaning that
the WOFOST model and its selected parameters can be effectively
utilized for simulating the yield of wheat and maize. AATO is a key
determinant of SCSs and DCSs (Table 2). Therefore, TSUM1 and
TSUM?2 are the primary parameters that differ between crop varieties.
These parameters represent the accumulated temperatures from
germination to flowering and from flowering to maturity, respectively,
which play a crucial role in determining crop maturity dates (Ceglar
etal, 2019; Zhao et al., 2013). Smaller values of TSUM1 and TSUM?2
indicate that crops require less heat, and that they mature earlier. In
this study, the average planting dates for different crop types in five
provinces were determined on the basis of previous research (Sun
etal., 2007; Lv et al., 2013; Sun et al., 2016; Gao et al., 2018) and local
field management practices. Specifically, spring maize was planted on
April 20, summer maize was planted on June 15, and winter wheat was
planted on October 15. On the basis of the average sowing dates in the
five provinces, we determined a sowing date range by considering 5
and 10days before and 5 and 10 days after the average sowing date.
Considering the key water demand stages of the varieties, the
irrigation periods determined for spring maize and summer maize
were the sowing and filling stages, whereas those determined for
winter wheat were the wintering, green-up, and flowering stages.
Irrigation was limited to 50 mm/application for maize and 75mm/
application for winter wheat. Thus, we considered two irrigation

6 https://pcse.readthedocs.io/en/stable/index.html
7 http://www.stats.gov.cn/sj/ndsj/
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strategies for spring maize and summer maize (we assumed that
irrigation must be performed on the sowing date to ensure maize
growth) and four irrigation strategies for winter wheat. We set the
planting density for spring maize, summer maize, and winter wheat at
70000, 65000, and 4.5 million plants per hectare, respectively, in
accordance with previous research (Sun et al., 2016; Gao et al., 2018;
Wang H. et al, 2018; Wang Y. et al., 2018). We also assumed the
absence of nutrient stress in crops. To simplify the calculation and
statistical analysis, we divided the study area into grids with a spatial
resolution of 20kmx20km (788 grids in total). To this end,
we assumed the same planting patterns and meteorological conditions
in each grid. Therefore, the value (soil and climate data) for each grid
was the mean of all pixels within that grid coverage.

SPV, SPS, and SPI represent the varieties, sowing date, and
irrigation strategy, respectively, for spring maize. SUV, SUS, and SUI
represent the varieties, sowing date, and irrigation strategy,
respectively, for summer maize. WV, WS, and WI represent the
varieties, sowing date, and irrigation strategy, respectively, for winter
wheat. For each crop, the three aforementioned parameters under
different sets of crop management conditions are indicated using
additional numerical numbers corresponding to the conditions used
in paper.

2.3.3 IR and net income

Northern China is a semi-arid region where irrigation is
necessary for field crops to achieve optimal yield. Therefore,
evaluating crop water requirements (CWR) and water use efficiency
(WUE) under different field management practices is crucial.
Although the WOFOST model can simulate changes in soil moisture,
field sampling data were unavailable in this study; thus, the
parameters related to the model's water module could not
be optimized. In addition, in accordance with previous research
(Rotter et al., 20125 Palosuo et al., 2011), the simulated soil moisture
results of the WOFOST model were deemed unacceptable. Therefore,
the potential evapotranspiration (ET,) was calculated using the
Penmen-Monteith equation (Equation 2), which is recommended by
the United Nations Food and Agriculture Organization (Allen et al.,
1998). The potential crop water requirement was calculated by
multiplying the crop coeflicient K, by ET, (Equation 3). Additionally,
due to the water limitations in Northern China, this study assumed
the absence of surface runoff and deep percolation; thus, IR was
calculated as the difference between CWR and effective precipitation
(Equations 4, 5). WUE was defined as the ratio of yield to CWR
(Equation 6), This method has been used in previous studies (Liu
et al.,, 2022; Gao et al., 2019a; Wu et al., 2019).
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o 0.408A(R, —G)+y(900/T +273)Us (e5 —e,)
0" A+y(1+0340,) @
CWR=K,.xET, (3)
IR=CWR-P, (4)
P AT-02xP o oo,
F = 4.17 (5)

4.17+0.1xP P>834

WUE = Yield
CWR

(6)

where ET, is the daily reference evapotranspiration (mm d™'), R,
is the net radiation (MJm™= d™"), G is the soil heat flux (MJm™ d™!),
A is the slope of a saturated vapor pressure-temperature curve (kPa
°C™), y is the psychrometric constant (kPa °C™"), and T is the daily
average temperature (°C). U, is the wind speed at an altitude of 2m
(ms™), e, is the saturated vapor pressure (kPa), and e, is the actual air
vapor pressure (kPa). P, is the effective precipitation (mm), and P is
the daily precipitation (mm d™").

Studies have reported strong correlations between K, and the leaf
area indices of wheat and maize (Guo et al., 2020; Kang et al., 2003);
therefore, the daily leaf area index simulated using the WOFOST
model was used to calculate crop coefficients (Equations 7, 8).

Kemaize = 0.7531x LAI pjatte" )
Ke whear = 0.8667 x LAIY}5¢! (8)

Where K, ,,.4i.. and K .. were K. for maize and wheat, respectively.

In order to evaluate the economic benefits of switching from SCS
to DCS, we calculated the average profit (gross income minus total
costs) per kg of summer maize and winter wheat according to previous
studies (Chen et al., 2022; Fan et al., 2014; Sun et al., 2021; Zhang
M. et al., 2018), which were 0.172 USD Kg™' for summer maize and
0.196 USD kg™' for winter wheat.

3 Results

3.1 Potential DCS expansion area and its
climate characteristics

From 1968 to 2000, the potential DCS expansion area increased
by 31.51x 10*km? in northern China (Figure 2), and Liaoning had the
largest potential DCS area (10.3x10*km?), followed by Shaanxi
(6.64 x 10°km?), Hebei (5.50 x 10* Km?), Shanxi (4.98 x 10*km?), and
Gansu (4.09 x 10*km?).
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FIGURE 2
Potential DCS expansion area in northern China.

Over the last century, global warming has substantially altered the
spatiotemporal distributions of temperature and precipitation in
China. In each province, the annual AATO was found to be higher in
the southern region (Figure 3A). Gansu Province had the highest
annual AATO (4,782°C), followed by Shanxi (4,672°C), Shaanxi
(4,423°C), Liaoning (4,391°C), and Hebei (4,386°C). The annual
AATO in the five provinces exhibited a strong increasing trend
(Figure 3B; increasing from 77°C decade™ to 100°C decade™). This
suggested that the potential DCS areas may continue to expand due
to further warming.

Liaoning Province had the highest amount of annual precipitation
(702mm) and decreased from southeast to northwest. For the other
provinces, annual precipitation was lower at greater latitude
(Figure 3C); the amounts of annual precipitation in Gansu, Hebei,
Shanxi, and Shaanxi were 630, 568, 536, and 530 mm, respectively.
We noted a decreasing trend in annual precipitation since 1968; in
particular, prominent downward trends were noted for western
Liaoning and eastern Hebei, whereas no clear trends were found for
the other areas (Figure 3D).

3.2 Effects of various crop management
conditions on yield

3.2.1 Spring maize

The average yield in the five provinces under SPI2 was 4.29% higher
than that under SPI1 over the entire period 2001-2020 (Figure 4).
Considering the SPI2 condition, SPV4 and SPS5 ensured the maximum
yield in Gansu (13,679kgha™") and SPV5 ensured the maximum yield
in the other provinces when considering SPS3 in Shaanxi, SPS4 in
Shanxi, SPS3 in Hebei, and SPS5 in Liaoning; the corresponding yields
were 13,182, 13,193, 12,667, and 13,783kgha™", respectively.

3.2.2 Summer maize

The average yield in the five provinces under SPI2 was 2.59% higher
than that under SPI1 over the entire period 2001-2020 (Figure 5).
Considering the SPI2 condition, SUV2 ensured the maximum yield in
all five provinces when considering SPS1 in Gansu and Shaanxi, SPS2 in
Shanxi and Hebei, and SPS3 in Liaoning; the corresponding yields were
10,493, 10,396, 10,008, 9,889, and 9,378 kgha™", respectively.
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FIGURE 3
Distribution of annul accumulated temperature (A) and its trend (B) during a period when the temperature was stable at >0°C, and distribution of
annual precipitation (C) and its trend (D) between 1968 and 2020 in the potential DCS areas. An AATO trend of >18°C decade indicates moderate
significance (p < 0.05), whereas that of >58°C decade™ indicates high significance (p <0.01). A precipitation trend of less than —9 mm decade indicates
moderate significance (p <0.05), whereas that of less than —18 mm decade™! indicates high significance (p < 0.01).

3.2.3 Winter wheat

The average yield of winter wheat under W12, WI3, and W14 was
46.51, 8.84, and 53.04% higher than that under W11 for the entire
period 2001-2020 (Figure 6). Therefore, irrigation at the green-up
stage appears to be crucial for improving the yield of winter wheat.
Considering the WI4 condition, WV1 ensured the maximum yield
when considering WS4 in Gansu, WS3 in Shaanxi, and WS3 in Shanxi
and WV2 ensured the maximum yield when considering WS2 in
Hebei and WS1 in Liaoning; the corresponding yields were 7,042,
5,803, 5,582, 5,415, and 5,775kgha™!, respectively.

In general, the varieties with mid-late and delayed maturation and
mid-late and delayed sowing dates were selected for spring maize to
ensure high yield. For summer maize, the varieties with mid-early
maturation and early and mid-early sowing dates were selected to
ensure high yield. Finally, for winter wheat, the varieties with early and
mid-early maturation were selected to ensure high yield; however, the
sowing date varied depending on the local climate conditions.

3.3 Temporal variation in yield
corresponding to different cropping
systems and its driving factors

In potential DCS areas, when different crop types reached their
maximum yield under various field management practices, the
most significant yield increase from SCS to DCS was observed in
Gansu, with an average yield increase of 2,807 kgha™ (Figure 7),
followed by Shaanxi (1748 kgha™), Liaoning (1,501 kgha™'), Hebei
(1,439kgha™), and Shanxi (1,197 kgha™"). Notably, although the
overall yield of DCS was higher than that of SCS in the potential
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DCS areas we assessed, the yield of DCS was not higher than that
of SCS for all years (e.g., 2001, 2004, 2007, 2011, 2017, 2019, and
2020). This suggests that there is still uncertainty in DCS areas, and
the winter wheat-summer maize rotation system is significantly
influenced by climatic factors.

However, the climatic drivers of yield gaps vary by region (Table 4).
Temperature favors an increase in yield gaps, primarily due to a
decrease in spring maize yield and an increase in winter wheat yield. A
continuous rise in temperature shortens the growth cycle of spring
maize while reducing the impact of low-temperature stress on winter
wheat. Additionally, precipitation was negatively correlated with yield
gaps because the water consumption of spring maize during its growth
period is much higher than that of summer maize or winter wheat. Soil
moisture replenished by precipitation significantly increases spring
maize yield, thereby reducing yield gaps. The impact of solar radiation
on yield differences was more complex, being negatively correlated in
Shanxi and Hebei but positively correlated in other regions. Solar
radiation is the direct energy source for photosynthesis and indirectly
affects respiration. Different hydrothermal conditions play an important
regulatory role, thereby modulating the effects of solar radiation.

3.4 Comparison of potential DCS areas in
terms of production indicators and net
income

34.1Yield, IR, and WUE

Figure A2 presents the spatial distribution of crop management
conditions in 2001-2020 when considering the maximum yields of
spring maize, summer maize, and winter wheat. In Gansu, Shaanxi,
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Effects of variety and sowing date on the average yield of spring maize in Gansu (A,F), Shaanxi (B,G), Shanxi (C,H), Hebei (D,1), and Liaoning (E,J)
between 2001 and 2020 under irrigation strategies 1 (A—E) and 2 (F-J). SPV1, SPV2, SPV3, SPV4, and SPV5 represent spring maize varieties 1, 2, 3, 4,
and 5, respectively. SPS1, SPS2, SPS3, SPS4, and SPS5 represent spring maize sowing dates 1, 2, 3, 4, and 5, respectively.
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FIGURE 6
Effects of variety and sowing date on the average yields of winter wheat in Gansu (A,F,K,P), Shaanxi (B,G,L,Q), Shanxi (C,H,M,R), Hebei (D,I,N,S), and
Liaoning (E,J,0,T) between 2001 and 2020 under irrigation strategies 1 (A—E), 2 (F-J), 3 (K-0), and 4 (P-T). WV1, WV2, WV3, WV4, and WV5 represent
winter wheat varieties 1, 2, 3, 4, and 5, respectively. WS1, WS2, WS3, WS4, and WS5 represent winter wheat sowing dates 1, 2, 3, 4, and 5, respectively.

Shanxi, Hebei, and Liaoning, the average yield of the DCS was
17,962, 16,282, 15,706, 15,520, and 15,224kgha™" and the average
IR was 516, 630, 624, 598, and 374 mm, respectively (Figure A3).
Compared with the findings corresponding to the SCS in Gansu,
Shaanxi, Shanxi, Hebei and Liaoning, the average yield of the DCS
was 3,589, 2,915, 2,317, 2,338, and 2,343 kgha™" higher (Figure 8A)
and the average IR was 285, 333, 349, 329, and 231 mm higher
(Figure 8B), respectively; the average WUE was 4.7, 3.9, 5.1, 5.1,
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and 4.5kgmm™" ha™' lower, respectively (Figure 8C). In the study
area, the yield of winter wheat served as the primary factor
determining the difference in yield between SCSs and DCSs, with
a coefficient of determination (R?) of 0.58 for winter wheat
(Figure 9), followed by the coefficients for summer maize
(R*=0.51) and spring maize (R*=0.21). However, in the provinces
of Shaanxi, Shanxi, and Hebei, the yield of summer maize exhibited
the highest correlation with the yield difference (Table 5); this
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FIGURE 7
Yield gap between DCS and SCS when spring maize, summer maize, and winter wheat reach their maximum yields under different field management
practices across five provinces from 2001 to 2020.

result indicated that adopting a DCS and increasing the yield of
summer maize would be more effective than increasing the yield
of winter wheat, thus enhancing land productivity. Similar results
were obtained for winter wheat in the provinces of Gansu
and Liaoning.

Figure A4 presents the spatial distribution of crop management
conditions in 2001-2020 when considering the maximum WUEs of
spring maize, summer maize, and winter wheat. In Gansu, Shaanxi,
Shanxi, Hebei, and Liaoning, the average yield of the DCS was 16,618,
14,021, 13,007, 13,123, and 13,261 kgha™', and the average IR was 443,
529,521, 510, and 291 mm, respectively (Figure A3). Compared with
the findings corresponding to the SCS in Gansu, Shaanxi, Shanxi,
Hebei, and Liaoning, the average yield of the DCS was 4,809, 2,434,
1,063,2,511, and 3,493 kgha™" higher (Figure 10A) and the average IR
was 306, 295, 288, 329, and 202 mm higher (Figure 10B), respectively;
the average WUE was 8.2, 5.1, 5.5, 6.5, and 6.7kgmm™" ha™' lower
(Figure 10C), respectively. The determination coefficients for the
correlations of yield gap with the yields of spring maize, summer
maize, and winter wheat were 0.39, 0.02, and 0.44, respectively
(Figure 11). Table 6 presents the determination coefficients
corresponding to each province. Yield gap was most strongly
correlated with winter wheat yield in Gansu and Liaoning and with
spring maize yield in Shaanxi, Shanxi, and Hebei. Compared with the
increases noted when considering the maximum WUEs of the crops,
the DCS yield was 1,344-2,699 kgha™" higher and the average IR was
73-103mm higher when considering the maximum yields of
the crops.

Generally, converting an SCS to a DCS increases the grain yield
per unit of land area. However, this conversion is accompanied by an
increase in IR and a decrease in WUE.

3.4.2 Net income

Considering the maximum yields of the crops, the net income from
the DCS yields in Gansu, Shaanxi, Shanxi, Hebei, and Liaoning was 787,
641, 533, 533, and 542 US dollar (USD) ha™" higher, respectively
(Figure 12A), than for the SCS. Considering the maximum WUEs of
the crops, the net income in Gansu, Shaanxi, Shanxi, Hebei, and
Liaoning was 978, 524, 281, 531, and 727 USD ha™" higher, respectively
(Figure 12B); in some areas of Shaanxi, Shanxi, and Hebei, the net
income from the DCS yield was lower than that from the SCS yield.
Furthermore, compared with the net income obtained when considering
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the maximum yields of the crops, those obtained when considering the
maximum WUEs were 191, =117, —251, —2, and 185 USD ha™" higher
in Gansu, Shaanxi, Shanxi, Hebei, and Liaoning, respectively.

4 Discussion

4.1 Potential DCS areas and their crop
management conditions

Although global warming has shortened the growth periods of
crops and reduced the number of frost days (extreme low-temperature
conditions; Estrella et al., 2007), it has expanded the areas available for
multiple cropping. Previous studies have confirmed the northward shift
of the DCS in China (Gao et al., 2019a; Yang et al., 2015), which aligns
with our findings. However, the potential DCS area identified in this
study is approximately 50,000 km? larger than those of Gao (Gao et al.,
2019a), with Shaanxi showing the most significant difference. This
discrepancy may be attributed to differences in study periods, as the
trend of global warming varies over different time frames, contributing
to the uncertainty. Furthermore, with the current intensification of
global warming, adhering to unchanged field management practices
may no longer be effective (Chen et al., 2020; Liu et al., 2021; He et al,
2015). Therefore, we analyzed the impacts of various field management
practices from multiple perspectives, including yield, water use
efficiency, and economic performance. This analysis better demonstrates
the feasibility of transitioning from SCS to DCS in potential DCS areas.
Winter wheat is the primary cereal crop involved in northward DCS
expansion in northern China. The vernalization stage is considered to
be important for winter wheat (Wang et al., 1995); this indicates the
ability of winter wheat to grow normally at low temperature for a certain
period. However, accumulated temperature theory holds that the
development rate of organisms is dependent on temperature. Sufficient
effective accumulated temperature is essential if crops are to move from
one phenological stage to another (McMaster and Smika, 1988).

In the present study, considering the maximum yields and WUEs
of the crops, we identified a tendency favoring the selection of winter
wheat and summer maize varieties with early and mid-early maturation
for cultivation in the potential DCS areas (Figures Al, A3) because
these varieties require relatively low accumulated temperatures for an
effective phenological cycle and normal crop growth. Conversely, some

10 frontiersin.org
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studies conducted on the North China Plain have reported that to
adapt to global warming, crop varieties that require higher temperatures
should be introduced to ensure high yield; the dry matter accumulation
time and the key growth period of winter wheat should coincide with
the rainy season (Wang et al.,, 2013; Xiao et al,, 2013). However, because
of the low AATO in potential DCS areas, the introduction of varieties
with delayed maturation may affect not only the normal development
of the first crop but also the seeding of the next crop. The sowing dates
should be selected by considering different purposes. The pursuit of
yield requires early sowing to ensure high accumulated temperature,
whereas the pursuit of WUE requires delayed sowing to reduce soil
water consumption. Therefore, crop management practices must
be optimized by considering local climate conditions and purposes.

4.2 Prospects and challenges of SCS to
DCS conversion

The yield per unit area increased when a SCS was changed to a
DCS. Notably, the increase in winter wheat yield was higher than the
decrease in maize yield. Although the demand for wheat has increased
only slightly in China, industrial and feeding demands have surged in
recent years, particularly in 2020 and 2021, leading to a situation where
the demand for winter wheat has exceeded its yield (Chen and Lu,
2019). Amidst a complex international situation, the likelihood of a food
crisis in some parts of the world has been increasing (Ben Hassen and
El Bilali, 2022; Sosa et al.,, 2022). Therefore, despite China having solved
its food rationing problem, increasing food production is crucial in light
of international trade and national food security strategies. Maize, used
for producing biofuel, has emerged as a significant contributor to
economic growth. In the United States, 35% of the total maize produced
is used for ethanol production (Sarwer et al.,, 2022), establishing a long-
term, stable, and controllable processing and conversion channel,
thereby enhancing the country’s ability to regulate its food market.
However, China still lags behind developed countries in biofuel
production. The conversion of SCS to DCS appears to improve the
utilization of arable lands, unit yield of crops, and net income of farmers.

However, the transition from SCS to DCS is often challenging.
Changing the cropping structure entails increased labor, higher water
consumption, and alterations in the industrial structure, which poses a
significant challenge for Northern China (Liu et al., 2014; Xiao et al.,
2018). Throughout the growth period of winter wheat, precipitation can
only meet 25-40% of its water requirements (Fang et al., 2010). Most
potential DCS areas are located in arid or semi-arid regions with scarce
water resources, necessitating increased groundwater extraction, which
further exacerbates environmental degradation. Additionally, terrain
and economic factors are significant constraints to altering cropping
structures. Currently, China is still dominated by small-scale farming,
and the fragmentation of arable land, combined with the mountainous
and hilly terrain in the study region, hinders the operation of large
agricultural machinery. Moreover, the need to keep food prices within
reasonable limits for social stability has led to more farmers seeking
work outside agriculture. Our results indicate that in most areas of
Gansu and Shaanxi, when accounting for maximum yield, the yield and
net income increase from DCS can exceed 4,000kgha™" and 700 USD
ha™’, respectively. These regions benefit the most from climate change,
and the increase in yield and income is a significant driving force for
altering the cropping structure. Nonetheless, altering the cropping
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TABLE 5 Determination coefficients for the correlations of yield gap with
the yield of spring maize, summer maize, and winter wheat in each
province between 2001 and 2020 when considering the maximum yields
of spring maize, summer maize, and winter wheat.

Crop types

Provinces Spring Summer Winter

maize maize wheat
Gansu 0.21°%* 0.18* 0.56%*
Shaanxi 0.34%* 0.75%* 0.35%*
Shanxi 0.00 0.48% 0.08
Hebei 0.04 0.46% 0.227%
Liaoning 0.02 0.02 0.52%*

Significance levels of *P<0.05 and **P <0.01, respectively.

structure is a complex challenge involving social, economic, and
environmental factors. Further studies are necessary to determine the
optimal cropping system at the national level.

4.3 Limitations and future works

The ordinary kriging method was employed for spatial interpolation
of meteorological data. However, due to the uneven distribution of
meteorological stations and the variations caused by topography, this
interpolation may introduce discrepancies, which could ultimately

Frontiers in Sustainable Food Systems

result in uncertainties in the simulation outcomes (Shen et al., 2014;
Shen et al., 2018; Wang et al., 2016). Furthermore, this study primarily
utilized ATTO and temperature constraints to determine potential DCS
areas. However, this process did not comprehensively account for the
growing degree days and actual growth cycles of different crops. Such
simplification may lead to overlapping growth periods for winter wheat
and summer maize (Figures Al, A3), affecting crop growth and yield.
Additionally, given the varying temperature and growth requirements
of different crops, using only ATTO and temperature constraints for
regional delineation might not adequately capture the optimal planting
times and growth environments for the crops. This, to some extent,
constrains the accuracy and applicability of the study’s findings.
Nevertheless, in this study, we compared the performance of various
crop varieties and planting dates, thus providing useful guidance for
local DCS field management. In future research, we will incorporate
various cropping system models to accurately determine potential DCS
areas. Additionally, we will synthesize local climate data with actual
planting conditions to implement a series of adjustments to field
management, considering various optimization objectives.

5 Conclusion

We identified the areas potentially suitable for DCS in northern
China and evaluated the effects of various crop management
conditions on yield, IR, and net income. The total potential DCS area
in northern China (31.51 x 10*km?) was discovered to be distributed
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TABLE 6 Determination coefficient for the correlations of yield gaps with
the yield of spring maize, summer maize, and winter wheat in each
province between 2001 and 2020 when considering the maximum WUEs
of spring maize, summer maize, and winter wheat.

Crop types

Provinces Spring Summer Winter

maize maize wheat
Gansu 0.15% 0.06 048
Shaanxi 0.78% 0.08 0.47%%
Shanxi 0.9% 0.34%% 0.19%
Hebei 0.67°% 0.32%% 0.36%+
Liaoning 0.12% 0.08 0.19%

Significance levels of #*P<0.05 and **P<0.01, respectively.

among Gansu, Shaanxi, Shanxi, Hebei, and Liaoning provinces.
Winter wheat and summer maize varieties with early or mid-early
maturation are likely to be selected for cultivation in the potential
DCS areas to ensure a normal phenological cycle and high yield. The
sowing date was found to be dependent on the actual local climate
conditions and planting purposes; however, the sowing dates
corresponding to the maximum WUEs of the crops were later than
those corresponding to the maximum yields. Generally, under
maximum yield and WUE conditions in potential DCS areas, DCSs
increase the unit total yield and net income compared with SCSs.
However, this increase is accompanied by an increase in IR and a

Frontiers in Sustainable Food Systems

decrease in WUE. Gansu exhibited the maximum increase in crop
yield, and Shanxi and Hebei exhibited the largest increase in IR.
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