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Abstract
China is the largest soybean-consuming country in the world, but its self-sufficiency rate (SSR) of 16% is very low and it 
therefore has to heavily rely on imports. To solve the soybean dilemma in China, it is necessary to examine the maximum 
amount of soybean that could be grown on the land currently used, how much land could reasonably be used to expand soy-
bean acreage, and whether China could sustainably increase soybean self-sufficiency to reduce the risks of import reliance. 
To answer these questions, our paper presents a high-resolution spatial analysis of potential soybean production in China 
using primary data of weather and crop production practices that govern this potential. We employed a “bottom-up” scaling 
protocol to estimate gaps between potential yield with optimal management and current yields in three major soybean-
planting regions, namely, Northeast China, Central China, and South China. We found that current soybean yield gap (Yg) 
in China is 49% and 45% of potential yield under irrigated and rainfed cropping systems, respectively. By closing the yield 
gap, Northeast China could provide additional soybean production equivalent to 32% of the current national total. Our results 
show that SSR could only be increased to 21–23% in 2030 by Yg closure alone but could be increased to a maximum of 
52% by combining Yg closure and a reasonable area expansion. Even so, at least 61.08 million tons of soybean accounting 
for 38% of global soybean trade would still need to be imported to meet future domestic demand. We discuss strategies for 
soybean production increase based on Yg closure in the most valuable areas and cropland expansion in a sustainable manner 
in order to increase SSR as well as lessen the import pressure on the global market.

Keywords  Soybean · Potential yield · Yield gap · Self-sufficiency rate · Maize-soybean intercropping system

1  Introduction

Soybean (Glycine max (L.) Merrill) is an important crop 
for China with an annual domestic demand of 117 million 
tons (Mt), of which 13% is consumed as food and 84% is 
processed into soybean meal and edible oil (CAOC 2021; 
USDA 2022). The demand for soybean meal and oil has 
been increasing greatly in the last two decades in China 
(Fig. 1a) due to the increase in people’s income accom-
panied by a dietary change and the rapid development of 
animal husbandry (Gale et al. 2019; Zhao et al. 2021a). 
Currently, domestic soybean production only meets ca. 
16% of national demand, and the rest depends on imports 
from other countries, mainly the USA, Brazil, and Argentina 
(Gale et al. 2019). Due to the high price linkage coefficient 
(0.92) between domestic and international soybean prices, 
farmers’ income is greatly affected by the fluctuation in the 
global soybean market, especially under the climate change 
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environment (Bhattarai et al. 2017; CAAS 2022). Generally, 
China’s annual soybean imports have accounted for approxi-
mately 60% of global soybean trade in recent years already 
(USDA 2022). However, it is projected by the China Agri-
cultural Outlook Committee (CAOC) that China’s soybean 
consumption is increasing at a fast speed and will increase 
continuously by ca. 9% in 2030 (CAOC 2021).

The heavy dependence on soybean imports has threatened 
China’s edible oil security in recent years, and the Chinese 
government has issued several policies to increase national 
soybean production and ensure soybean market stability 
since 2016. For example, a National Planting Structure 
Adjustment Plan was released, and a soybean target price 
policy was implemented (MARA 2016). As a result, soy-
bean area has been increasing rapidly (Fig. 1c), especially in 
Northeast China with plain terrain and high mechanical rate 
(Fig. 1d at the experimental site was shown as an example). 
With a 71% soybean area increase through area transforma-
tion from the low-yielding paddy fields that have excessively 
consumed groundwater resources since 2016, the area dedi-
cated to soybean in Northeast China currently accounts for 
65% of the country’s level (NBSC 2022). However, the rapid 
expansion of soybean areas has also caused many problems 

such as intensified water stress and drought frequency (Li 
et al. 2022; Zhao et al. 2022), and the cultivation system in 
Northeast China is becoming increasingly vulnerable. The 
other two major soybean-growing regions only account for 
35% of soybean area, namely, Central China and South-
ern China, due to the mountainous and hilly topography 
which lacks smaller machines and irrigation intrastation 
(Iqbal et al. 2019), resulting in a slow area expansion and 
difficulty in production increase (Fig. 1, Fig. S1). Multiple 
policies have been released to promote an innovative inter-
cropping system for soybean production increases in Central 
China and South China (MARA 2019). However, it remains 
largely unclear to what extent soybean production could be 
increased and where would be the most valuable regions for 
R&D investment by implementing these policies and meas-
ures. It is therefore vital for the edible oil security in China 
to determine whether the country can get out of this dilemma 
and increase its self-sufficiency rate (SSR).

In this study, we conducted a soybean yield gap (Yg) study 
at different spatial levels to identify the areas with large poten-
tial for further production increase in China. Yield gap repre-
sents the difference between yield potential (Yp) and current 
farm yield (Ya). The analysis of Yg provides insights into 

Fig. 1   Information on soybean production system in China. a Soy-
bean production and consumption (Mt) in China. b Major soybean 
planting regions and provinces in China. c Historical changes in soy-
bean area (Mha) in three major soybean planting regions, namely, 

Northeast China (NEC), Central China (CC), and South China (SC). 
d Soybean was planted in one of our experimental sites in Heihe, 
Heilongjiang Province, as an example.
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where the most valuable areas for yield increase are on exist-
ing cropland and informs research prioritization with adequate 
spatial resolution and agronomic relevance (van Wart et al. 
2013c; Cassman and Grassini 2020). Yield potential is defined 
as the highest yield with optimal management practices in a 
given region, which is only determined by local climate con-
ditions without the impact of biotic or abiotic stresses (Evans 
and Fischer 1999). For a rainfed cropping system, the potential 
yield is defined as water-limited potential yield (Yw) with the 
impact of water (van Ittersum et al. 2013). Many studies have 
evaluated soybean Yg in major soybean-producing countries 
such as the USA (10–30% of Yp), Brazil (42% of Yw), Argen-
tina (32% of Yw), and India (54% of Yw and 67% of Yp) 
(Bhatia et al. 2008; Grassini et al. 2015a; Merlos et al. 2015; 
Sentelhas et al. 2015). Few studies on soybean Yg have been 
performed in China. Liu et al. (2021) reported a large soybean 
Yg of 52% of Yp in China based on county-level data aggre-
gation and a maximum SSR of 45% by Yg closure and area 
expansion from the shifting of maize area. A recent study has 
shown the different Yp limitations in the three major soybean 
regions which should have different yield increase strategies 
(Wu et al. 2023). More studies are needed on the evaluation 
of Yg at different spatial levels, such as agricultural zones and 
specific areas to explicitly explore the potential for soybean 
production increase in China.

Global Yield Gap Atlas protocol (GYGA, www.​yield​gap.​
org) was used for Yg evaluation, which has been widely used 
at large spatial scales (Monzon et al. 2021; Wang et al. 2022; 
Huang et al. 2023). It is a bottom-up upscaling approach that 
includes agronomic climate zone (CZ) classification, refer-
ence weather station (RWS) selection, crop modeling, and 
data collection with strict data quality control (Grassini et al. 
2015b; van Bussel et al. 2015; van Wart et al. 2013c). In 
China, although more than 95% of the soybean area in North-
east China is rainfed, only 50% and 67% of soybean areas in 
Central China and South China are rainfed, respectively (Yu 
et al. 2020), which means that the importance of irrigation 
to production increases is also worth studying. In this study, 
a spatially explicit yield gap analysis at different levels fol-
lowing GYGA protocols was conducted in China to evalu-
ate the Yp, Yw, Ya, and Yg of soybean at the climate zone, 
regional, and country levels; investigate exploitable production 
at the regional and country levels; identify the areas with great 
potential for further production increases; and evaluate future 
soybean SSR under reasonable scenarios.

2 � Materials and methods

2.1 � Data source and quality control

Daily weather data of 836 weather stations covering all over 
China from 2010–2019 (Fig. 2a) were provided by China 

Meteorological Administration (CMA  2022) including 
maximum temperature, minimum temperature, and precipi-
tation. Radiation data were obtained from NASA POWER 
Data Access Viewer (NASA 2022). It was proven that radi-
ation data from NASA POWER in combination with the 
meteorological data on the ground were suitable for model 
simulation (van Wart et al. 2013a; White et al. 2011). The 
weather data were processed to exclude outliers and fill in 
missing data following the GYGA protocols (Grassini et al. 
2015b; van Wart et al. 2013b). Soil data for model simu-
lation were from the Global High-Resolution Soil Profile 
Database, including soil properties and hydraulic proper-
ties such as soil bulk density, texture, organic carbon, pH, 
saturated hydraulic conductivity, field capacity, and wilt-
ing point (Han et al. 2015; Komarek et al. 2018). The data 
of actual soybean area and yield were from the national 
and municipal bureau of statistics (NBSC 2013–2020). 
The soybean harvested area map was from spatial produc-
tion allocation model (SPAM) of the latest version SPAM 
2010 (Yu et al. 2020; IFPRI 2019). The SPAM 2010 is 
widely used worldwide by using a cross-entropy approach 
to make plausible estimates of both rainfed and irrigated 
crop distribution within the data of crop production, crop-
land, population density, etc.

2.2 � Adjustment of soybean area

Soybean area in Northeast China from SPAM 2010 was 
adjusted based on municipal data from NBSC because of 
the shifts of major soybean areas within Northeast China in 
the last decade, which could not be well depicted by SPAM 
2010 with the data from 2009 to 2011. In brief, soybean area 
in Northeast China at the municipal level was aggregated by 
using the NBSC data from 2018 to 2020 and compared with 
the area in SPAM 2010. The ratio of changes was calculated 
to adjust the area in SPAM 2010 as follows:

where ACZ indicates the adjusted area in a CZ; n indicates 
the number of cities that have a spatial intersection within a 
CZ; ASTAT indicates the statistical soybean area in NBSC and 
ASPAM indicates the gridded soybean area in SPAM 2010 of a 
city; ACity indicates the gridded soybean area in SPAM 2010 
where city and CZ have a spatial intersection. More details 
of area adjustment can be found in Fig. S2.

2.3 � Selection of reference weather station

Based on the GYGA protocol, for RWS selection, CZs 
were used first to distinguish the regions with similar cli-
mate conditions by considering harvested area of major 
food crops and the matrix of three categorical variables: 10 

(1)ACZ =
∑n

i=1
ASTATi

∕ ASPAMi
× ACityi

http://www.yieldgap.org
http://www.yieldgap.org
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degrees of growing degree days with base temperature of 
0°C, 10 degrees of aridity index (annual total precipitation 
divided by annual total potential evapotranspiration), and 3 
degrees of temperature seasonality (the standard deviation 
of monthly average temperature). More details about CZ 
classification can be found in van Wart et al. (2013c). In 
total, China was divided into 139 CZs (Fig. 2a). After CZ 
classification, a 100 km radius buffer zone was created for 
836 weather stations and was subsequently clipped by the 
CZ border (Fig. 2b). Then, the soybean area in each clipped 
buffer zone was calculated and ranked from the largest to the 
smallest, and the buffer zones with the largest crop area were 
selected as RWSs until the summed soybean area reached ca. 
50% of the national soybean area. If the distance between 
the two adjacent RWSs within one CZ was less than 180 km, 
one of them was removed. More details can be found in van 
Bussel et al. (2015) and GYGA website (www.​yield​gap.​org). 

As a result, a total of 23 RWSs were selected, covering 43% 
of total soybean area, and the RWSs were distributed in 13 
CZs, accounting for 74% of total soybean area (Fig. 2c, d). 
The selection was slightly less than 50% due to the sparse 
distribution of soybean areas in South China with small area 
buffer zones (Fig. 2c).

2.4 � Potential yield simulation

For Yp simulation, CROPGRO-Soybean model embed-
ded in the Decision Support System for Agrotechnology 
Transfer (DSSAT, v4.7) was used in this study, which has 
been used widely for soybean growth simulation and man-
agement practice improvement worldwide (Bebeley et al. 
2022; da Silva et al. 2021; Guo et al. 2023; Mulazzani 
et al. 2022; Perondi et al. 2022). In this model, soil, plant, 
and soil-plant-atmosphere systems were simulated on a 

Fig. 2   Reference weather station (RWS) selection. a 836 weather sta-
tions (red dots) and 139 climate zones (CZ, different colors) in China. 
b The 100 km buffer zones of 836 weather stations (round gray cir-

cles). c Selected RWSs (red dots) with clipped buffer zones (irregular 
gray circles). d Distribution of selected CZs with different colors.

http://www.yieldgap.org
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daily basis (Boote et al. 1998; Jones et al. 2003). To simu-
late Yp, CROPGRO-Soybean model was first calibrated 
and validated based on crop data of phenology, biomass, 
and grain yield from multiyear or multilocation high-
yielding experiments conducted in major soybean regions 
(Table 1). Crop data from one year or one location were 
used for calibration, and the data from the other year or 
location of the same experiment were used for validation. 
Management practices followed the high-yielding experi-
ments, which were set according to local high-yielding 
management practices with dominant cultivars, sufficient 
water and fertilizer supply, and strict control of pests, dis-
eases, and weeds by major soybean research institutes and 
universities in China. The data we used for calibration 
and validation for each variety are from one high-yielding 
experiment with a dominant local variety over two years 
or two sites.

For model calibration and validation, the trial-and-error 
method and the generalized likelihood uncertainty estima-
tion (GLUE) method were used to calibrate crop param-
eters. The GLUE method has been widely used for model 
calibration in previous studies, and desirable calibration 
results could be achieved by setting a large prior distri-
bution (He et al. 2010; Jones et al. 2011). Specifically, 
trial-and-error was used first to narrow down the ranges of 
phenology-related parameters of each local dominant cul-
tivar. Then, the parameter coefficients were optimized by 
GLUE based on soybean growth duration. After that, crop 
growth parameters were calibrated by biomass in different 
stages and grain yield following similar processes. The 
information on crop parameters used in calibration and the 
calibrated parameter coefficients are shown in Table S2–4. 
Model performance was evaluated using three coefficients, 
namely, the coefficients of determination (R2), root mean 
square error (RMSE), and normalized RMSE (nRMSE). 
The coefficients of RMSE and nRMSE are usually used to 
evaluate the difference between simulated and measured 
values. These three coefficients were calculated as follows:

where yi and xi are the simulated value and measured value, 
respectively; y and x are the average of simulated value and 
measured value, respectively; and n indicates the amount of 
data. The RMSE and nRMSE values are close to 0 and the R2 
value is close to 1, representing better model performance.

After calibration, Yp and Yw in each RWS of 10 years 
(2010–2019) were simulated by calibrated crop model. Con-
sidering the variations in soil properties in an RWS, we com-
bined the gridded soil data from Global High-Resolution 
Soil Profile Database and harvested area from SPAM 2010 
to select the reference soil type (Han et al. 2015). Specifi-
cally, we selected 2–3 grids with the largest soybean area 
in an RWS and used the related soil data in the selected 
2–3 grids as identical soil types for an RWS. We simulated 
Yp and Yw by each selected soil type and used the average 
results to represent the evaluated results of an RWS (details 
for soil type selection can be seen in Fig. S3).

2.5 � Yield gap evaluation

The representative Ya of RWS was weighted by Ya of 3–5 
counties in the RWS with the largest soybean area, and aver-
age Ya was calculated as follows:

(2)R
2 =

⎡⎢⎢⎢⎣

∑�
xi − x

��
yi − y

�
�∑�

xi − x
�2 ∑�

yi − y
�2

⎤⎥⎥⎥⎦

2

(3)RMSE =

√∑(
yi − xi

)2
∕n

(4)nRMSE =
RMSE

y
× 100%

(5)Ya_RWS =

∑n

i=1
Ya_countyi × Acountyi∑n

i
Acountyi

Table 1   Information on high-yielding experiments in universities and institutes in China.

Cultivar (full name) Location (city, province) Longitude, latitude Year Sowing date Growth 
duration 
days

University/institute

HH43 (Heihe 43) Nenjiang, Heilongjiang 45.77°N, 126.93°E 2018 5/4 148 Northeast Agricultural University
2019 5/8 148

DS7 (Dongsheng 7) Hailun, Heilongjiang 47.67°N, 126.88°E 2018 5/8 144 Northeast Institute of Geography and 
Agroecology, CAS2019 5/3 150

JY86 (Jiyu 86) Gongzhuling, Jilin 43.52°N, 124.81°E 2017 4/28 159 Jilin Academy of Agricultural Sciences
2018 4/26 156

XD18 (Xudou 18) Xuzhou, Jiangsu 34.17°N, 117.17°E 2019 6/21 97 Nanjing Agricultural University
Chuzhou, Anhui 32.32°N, 118.30°E 2019 6/18 96 Nanjing Agricultural University
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where Ya_county indicates Ya and Acounty indicates the soybean 
area of selected counties within an RWS.

The Yg and Yg of Yp (%) were calculated as follows:

Here, we used Yg under an irrigated system as an 
example, and Yg under rainfed system was calculated 
by replacing Yp with Yw. In addition, it is important to 
investigate the effect of water stress on yield reduction in 
different regions since China’s soybean is mostly rainfed. 
In our study, the water limitation index (WLI) was used 
to evaluate water stress (van Loon et al. 2018). WLI was 
calculated as follows:

2.6 � Upscaling

Based on GYGA protocols, results were upscaled from RWS 
level to CZ, regional, and country levels by a bottom-up 
upscaling method. Here, we use Yp as an example, as well 
as Yw and Ya.

where Yp_CZ , Yp_region , and Yp_country indicate yield potentials 
at CZ, regional, and country levels, respectively. RWS rep-
resents reference weather station; CZ is climate zone. A rep-
resents soybean area.

2.7 � Evaluation of production gap

Previous studies have shown that increasing Ya to 80% of 
Yp is feasible while a continuous increase in Ya is not cost-
effective due to the high production input (Grassini et al. 
2011; Lobell et al. 2009). Therefore, 80% of Yp is defined 
as exploitable yield (van Ittersum et al. 2013). Exploitable 
production was defined as the production on current soybean 
land when Ya reached 80% of Yp. The exploitable produc-
tion and production gap of each region were evaluated based 

(6)Yg = Yp − Ya

(7)Yg of Yp(%) = (Yp − Ya)∕Yp × 100%

(8)WLI =
(
Yp − Yw

)
∕Yp × 100%

(9)Yp_CZ =

∑n

i=1
Yp_RWSi

× ARWS buffer zonei∑n

i=1
ARWS buffer zonei

(10)Yp_region =

∑n

i=1
Yp_CZi

× ACZi∑n

i=1
ACZi

(11)Yp_country =

∑n

i=1
Yp_CZi

× ACZi∑n

i=1
ACZi

on upscaled yield and statistical area and were calculated 
as follows:

where Yp and Ya are upscaled yield potential and actual yield 
at regional level, respectively. Area represents soybean area 
in different regions. The annual average Ya and area data 
from 2017 to 2019 were collected from NBSC.

2.8 � Future scenarios

With the support of government policies, it is promising 
for further soybean area expansion in China. An estima-
tion from CAOC of potential soybean area expansion of 
0.66 million hectares (Mha) in Northeast China would be 
possible by the transformation of other types of arable 
land (CAOC 2021; MARA 2019). For Central China 
and South China, the government support policy for the 
implementation of maize-soybean intercropping system 
in the two regions provides a positive way for soybean 
area expansion by multiple cropping. Therefore, the poten-
tially soybean expanding area would be the maize area of 
15.95 Mha in Central China and 6.60 Mha in South China 
(NBSC 2018-2020). However, since soybean yield in an 
intercropping system would be different from that under 
sole crop planting, we collected soybean yields in many 
experiments that had treatments of both single soybean 
yield and soybean yield in a maize-soybean intercropping 
system in Central China and South China from published 
studies (Liu et al. 2018; Li et al. 2020; Rahman et al. 2017; 
Yang et al. 2015a, 2017). Based on these studies, we cal-
culated the lower and upper limits of 40% and 120% of 
soybean Ya within a maize-soybean intercropping system 
and evaluated the maximum room for national soybean 
production increase if soybean would be intercropped with 
maize in all the maize planting areas in Central China and 
South China.

Our study evaluated the SSR of soybeans in China in 
2030 based on four scenarios. Current status (CS) assumed 
future soybean production would remain at current level 
based on the assumption that both soybean yield and 
area were not expected to increase further. Scenario 1 
(S1) assumed an increase in future soybean production 
solely through Yg closure to 80% of Yp while maintain-
ing the current soybean area. Scenario 2 (S2) assumed 
the potentially expanding soybean area of 0.66 Mha in 
Northeast China, 15.95 Mha in Central China, and 6.60 
Mha in South China. Under S2, soybean yield was defined 
as 40–120% of Ya as a single crop. For scenario 3 (S3), 

(12)Exploitable production = 80% × Yp × Area

(13)Production gap =
(
80% × Yp − Ya

)
× Area
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soybean production increase in China was evaluated by 
combining Yg closure on current soybean area in S1 and 
Yg closure on potentially expanding area in S2. Specifi-
cally, for Northeast China, Yg would be close to 80% of 
Yp with 0.66 Mha area expansion. For Central China and 
South China, Yg would be close to 80% of Yp in the cur-
rent soybean area, and area expansion would be 15.95 Mha 
for Central China and 6.60 Mha for South China, while the 
soybean yield in those areas was 40–120% of Ya rather 
than a yield close to 80% of Yp due to the yield penalty 
in intercropping. The SSR was calculated as the national 
production under each scenario divided by consumption 
in 2030 of 127 Mt forecasted by CAOC (2021).

3 � Results

3.1 � Soybean area adjustment in Northeast China

The soybean area in Northeast China decreased from 
2010 to 2015 and has increased rapidly since 2016 after 
new policy implementation (Fig. 1c). Compared with 
SPAM 2010, although the overall soybean area increase 
was only 0.19 Mha in Northeast China, our results 
showed that the area expansion was mainly in the north 
of Northeast China in CZ 1403 and 1503, which have 
increased by 82% (0.34 Mha) and 84% (0.43 Mha), 
respectively (Fig. 3). Soybean area has decreased by 
2–31% in other CZs in Northeast China, especially the 
CZ 2053 in the southern part, which decreased by 31% 
(0.39 Mha). Therefore, it is necessary to adjust soybean 
area of each CZ in Northeast China in SPAM 2010 to 
accurately locate major soybean-growing regions and 
estimate the regional and national Yp at present. The 
remaining regions had moderate changes in soybean area 
so we did not adjust those regions.

3.2 � Model calibration and validation

Model calibration and validation results are shown in 
Fig. 4 by comparison between simulated and measured 
data of growth period, aboveground biomass, and yield 
at maturity. It was found that the simulated and measured 
data have good agreement in calibration as small nRMSEs 
of 2%, 13%, and 3% were observed for growth period, 
aboveground biomass, and yield, respectively, and R2 val-
ues were above 0.96 for these parameters. The validation 
results also showed good agreement between measured 
and simulated data as small nRMSEs of 3%, 16%, and 9% 
were observed for growth period, aboveground biomass, 
and yield, respectively, and the R2 values were above 0.92 

for the three parameters. In conclusion, the above results 
of model calibration and validation indicated that CROP-
GRO-Soybean model was suitable for simulating soybean 
growth process and Yp in a wide range of soybean-grow-
ing regions in China.

3.3 � Yield potential and yield gap

3.3.1 � Climate zone level

The upscaled results at CZ level showed that there were 
significant variations within the three soybean regions 
(Fig. 5). The locations of CZs can be found in Fig. 2d. For 
Northeast China, the highest Yp and Yw were both found 
in CZ 2603 located in the south of Northeast China mainly 
located in southeastern Heilongjiang Province (hereafter 
as Heilongjiang). The lowest Yp and Yw were found in 
CZ 1503 located in the north of Northeast China mainly 
in northwestern Heilongjiang and northeastern Nei Mon-
gol Autonomous Region (hereafter as Nei Mongol). The 
highest Ya was found in CZ 1403 located in northeastern 
Nei Mongol, with the smallest Yg of Yp (36%) and Yg 
of Yw (34%). The highest Yg of Yw (51%) and Yg of Yp 
(58%) were in CZ 2503 and CZ 2303, respectively, and 
both CZs were in the south of Northeast China located 
in southern Heilongjiang. For Central China, the Yp and 
Yw among CZs had small variations. The highest Yp and 
Yw and lowest Ya were found in CZ 5503 in the south of 
Central China mainly located in northwestern Jiangsu, 
northern Anhui, and southern Henan provinces, resulting 
in the largest Yg of Yp (65%) and Yg of Yw (60%) with 

Fig. 3   Changes in soybean area in different climate zones (CZ)  in 
Northeast China. The blue bars represent soybean harvested area 
from SPAM map 2010 (average of 2009–2011), and green bars repre-
sent soybean area from NBSC (average of 2018–2020).
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large potential for further yield increase. The Ya of CZ 
5303 in the north of Central China located in northern 
Henan and western Shandong provinces was the high-
est at 2875 kg ha−1, with the smallest Yg of Yp (39%) 
and Yg of Yw (27%). For South China, the highest Yp 
and Yw were both found in CZ 6803 located in the north 
of South China in southeastern Hubei and northeastern 
Hunan, resulting in the largest Yg of Yp (46%) and Yg of 
Yw (24%). The highest Ya was found in CZ 6702 located 
in the east of South China mainly in Sichuan, with the 
lowest Yg of Yp (31%) and Yg of Yw (8%).

3.3.2 � Regional and national level

After upscaling the results from CZ to the regional level, 
the highest Yp of 4677 kg ha−1 and Yw of 3994 kg ha−1 
were found in Central China, which were 18–27% and 
11–41% higher than the two other regions, respectively 
(Table 2). South China had the highest Ya (2352 kg ha−1) 
among the three regions, and it was 23% and 14% higher 
than that in Northeast China and Central China, respec-
tively. The Yg of Yw in Northeast China and Central 

China were both over 47%, indicating a large potential to 
increase yield. However, Yg of Yw in South China was 
only 17%. The upscaled results showed that the national 
soybean Yp, Yw, and Ya were 3933, 3619, and 1987 kg 
ha−1, respectively, resulting in a Yg of Yp of 49% and a 
Yg of Yw of 45%.

3.4 � Water limitation index

In this study, we found that WLI of Northeast China, 
Central China, and South China was 2%, 15%, and 29%, 
respectively, and it was positively correlated with interan-
nual variation in Yw (Fig. 6a). The WLI of CZs in South 
China was higher than 25%, while that in Northeast China 
(except for CZ 2303) was less than 3% (Fig. 5f). Water 
limitation index in South China was the highest with a 
large coefficient of variation (CV) of approximately 40% 
for Yw. The ranges of CV of Yw in Northeast China and 
Central China were 6–30% and 16–29%, respectively. The 
results showed that the CV of Yw was negatively corre-
lated with Yw in Central China and South China, while 
there was no relationship in Northeast China except for 
CZ 2303 (Fig. 6b).

Fig. 4   Model calibration and validation results. Comparison between simulated and measured data of the growth period, aboveground biomass, 
and yield for model calibration (a–c) and validation (d–f).
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3.5 � Production gap

By Yg closure to 80% of Yw, soybean production in China 
could increase by at least 8.07 Mt (Table 3), of which North-
east China would provide an additional production of 5.67 
Mt, followed by Central China (2.01 Mt). However, under 
rainfed system, there was no room for production increase 
in South China since its Ya had already reached the yield 
ceiling of exploitable yield, namely, 80% of Yw. However, 
since the WLI was the highest in South China and 67% of 
soybean area was rainfed, irrigation could be an efficient 
way to further increase Ya. In total, our results indicated that 
irrigation could provide an additional production of 2.69 
Mt nationally, of which Northeast China, Central China, and 

South China could provide 0.43, 0.96, and 1.30 Mt of addi-
tional production, respectively.

3.6 � Scenarios

Additional production and SSR in 2030 were further eval-
uated under different scenarios (Fig. 7). Figure 7a shows 
the previously reported land equivalent ratio (the ratio of 
intercropping crop yield to monocropping yield at the same 
density) for both soybean and maize in maize-soybean inter-
cropping system. Our results showed that if soybean area 
and yield were the same as current level (CS), SSR would 
slightly decrease from 16% to 15% with the consumption 
increase in 2030. By Yg closure to 80% Yw and Yp on cur-
rent soybean area (S1), additional production of 7.68–10.37 
Mt would be achieved, and SSR would be increased to 
21–23%, which was still much lower than soybean import 
amount (117 Mt). By soybean area expansion in Northeast 
China and adopting maize-soybean intercropping system in 
South China and Central China (S2), the total soybean pro-
duction could be increased to 37.54–55.56 Mt (the range 
was due to the assumption that soybean yield ranged from 
40% to 120% of Ya in maize-soybean intercropping system), 
and SSR could reach 30–44%. By combining Yg closure and 
area expansion to exploitable yield (S3), the total soybean 

Fig. 5   Potential yield under irrigated (Yp, a) and rainfed (Yw, b) systems, current farm yield (Ya, c), yield gap under irrigated (Yg of Yp, d) and 
rainfed (Yg of Yw, e) systems, and water limitation index (WLI, f) at climate zone level.

Table 2   Potential yield (Yp), actual yield (Ya), and yield gap (Yg) of 
soybean in main soybean-growing regions in China. NEC Northeast 
China, CC Central China, SC South China.

Region Yp Yw Ya Yg of Yp Yg of Yw
(kg ha−1) (kg ha−1) (kg ha−1) (%) (%)

NEC 3696 3606 1918 48 47
CC 4677 3994 2057 56 48
SC 3971 2830 2352 41 17



	 Y. Wang et al.

1 3

47  Page 10 of 15

production increase would reach 47.90–65.92 Mt, and the 
maximum SSR would be 38–52%, revealing that at least 
61.08 Mt of soybean accounted for 38% of world soybean 
trade would still be imported to meet the domestic demand.

4 � Discussion

It is important for China to increase soybean production 
and SSR to lower import reliance and better address 
unexpected changes such as COVID-19 and natural dis-
asters, as well as trade barriers (Wu et al. 2020; Yang 
et al. 2015b; Yao et al. 2020). In this study, we evalu-
ated Yp, Yw, and Yg at different levels to investigate the 
production gap by CROPGRO-Soybean model simula-
tion and a “bottom-up” upscaling method based on the 
data from high-yielding experiments in typical soybean-
growing regions in China. We acknowledge that the 
current study with only one model for the simulation 

has some limitations and uncertainties compared with 
multiple model simulations (Li et al. 2015; Paleari et al. 
2022). Besides, for the calibration and validation pro-
cess, more detailed data in Northeast China and Central 
China were used, while fewer data points were used in 
South China, where soybean research infrastructure is 
relatively poor. However, as this model has been widely 
used for soybean simulation (Bebeley et al. 2022; da 
Silva et  al. 2021; Guo et  al. 2023; Mulazzani et  al. 
2022; Perondi et al. 2022; Rizzo et al. 2022) and has 
shown good performance compared with other soybean 
models (Sun et al. 2022), and the data we collected from 
experimental sites and varieties were selected strictly 
to represent typical soybean-growing regions in China 
following local high-yielding management practices, we 
believe the model and data we used are robust for the 
simulation of Yp in current soybean system. More mod-
els and process data in South China are needed for the 
wide application of our results in the future. Our results 
showed that national soybean yield only reached 55% 
of Yw and 51% of Yp, indicating a large room for soy-
bean yield increase. Because Northeast China, Central 
China, and South China are three major soybean-grow-
ing regions in China that are usually used for regional 
policymaking and R&D investment by government and 
researchers, we discussed the differences in Yg and pro-
duction increase within each region and the sustainable 
ways for further soybean production improvement.

Northeast China is the most important soybean produc-
tion region in China. Our results showed that an additional 
32% of national production at maximum could be provided 
by Yg closure alone in Northeast China with low water stress 
(WLI of 2%). In terms of production increase, the north and 
south of Northeast China have large difference. Soybean 
area has increased by over 80% in the north of Northeast 

Fig. 6   The correlation between 
coefficient of variation (CV) of 
Yw and WLI (a) and between 
CV of Yw and Yw (b) in differ-
ent regions. WLI water limited 
index. The CV of Yw was the 
annual variation of simulated 
Yw within 10 years.

Table 3   Current soybean  production and production gap in main 
soybean-growing regions in China. NEC Northeast China, CC Cen-
tral China, SC South China. Current production was calculated as 
soybean area multiplied by regional actual yield (NBSC, 2018–2020). 
Production gap was calculated as exploitable production (the addi-
tional production when yield reaches 80% of potential yield) minus 
current production.

Region Harvested area Current production Production gap
(Mha) (Mt) (Mt)

Rainfed Irrigated

NEC 5.87 11.26 5.67 6.10
CC 1.76 3.63 2.01 2.97
SC 1.57 3.69 0.00 1.30
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China (especially in CZ 1403 in northwestern Heilongji-
ang and northeastern Nei Mongol) with a higher Ya than 
in the rest of Northeast China mainly caused by the intro-
duction of soybean subsidies and a high mechanical rate 
in the north (Yang et al. 2019; CAMI 2018). However, the 
Yw was the lowest in the north of Northeast China which 
was largely due to the limited heat resources at high lati-
tudes (Zhao et al. 2023; Wu et al. 2023), resulting in the 
smallest Yg. However, it was noticeable that Yw in the north 
of Northeast China is promising to increase under future 
global warming conditions with the northward shift of crop 
planting boundaries and larger spring-sowing window (He 
et al. 2020; Li et al. 2021; Liu and Dai 2020). Except for the 
north of Northeast China, the remaining areas had a high 
Yg of 46–58% especially in southernmost Heilongjiang and 
eastern Jilin Province, which was caused by many existing 
problems such as long-term continuous cropping, unreason-
able intercropping, lack of high potential cultivars, and poor 
management practices (Li et al. 2010; Liu et al. 2012; Zhen 
et al. 2012). Some possible solutions have been proposed 
in previous studies such as breeding disease-resistant and 
high-yield varieties, converting single cropping system into 
rotation system, establishing conservation tillage systems, 
and increasing planting density (Chen et al. 2011; Liu and 
Herbert 2002; Liu et al. 2008; Jin et al. 2010).

Currently, the contribution of Central China and South 
China to national soybean production is quite low. However, 
production increases in Central China and South China are 
of great importance for alleviating the ecological pressure of 
soybean production in Northeast China. For Central China 
with the highest Yp and large Yg (56% of Yp), an additional 
production of 2.82 Mt could be provided by Yg closure on 

the current soybean area. The highest Yp was found in Cen-
tral China among three regions which might due to the plen-
tiful heat and light resources with an affordable water supply 
(Meng et al. 2013; Sun et al. 2018). Meanwhile, Yg was also 
large in this region, especially in the south of Central China 
(CZ 5503), which is one of the most important grain pro-
ducers in China mainly including northern Anhui, southern 
Henan, and northwestern Jiangsu provinces (Zhang et al. 
2019). In addition to local soil conditions that limit land 
productivity such as waterlogging and salinization (Shi et al. 
2021; Xiao et al. 2019), there are also many shortcomings 
in cultivation technology in Central China such as the lack 
of special harvesters with suitable varieties for mechanical 
soybean harvest, resulting in high yield loss during mechani-
cal harvesting process (Ni et al. 2019). In addition, the dif-
ficulties in dealing with the residue from winter crops also 
largely limit soybean growth and yield (Yan et al. 2017). 
Hence, further yield gap closure is promising if more atten-
tion could be paid to those regions by improving soil condi-
tions and optimizing cultivation technologies, especially the 
practices during harvest process.

Soybean yield in South China had little room for fur-
ther increase under rainfed system with the highest WLI of 
25–31%. Interestingly, during modeling process, we found 
that although the total rainfall was sufficient in South China, 
the rainfall in critical soybean growth periods such as flow-
ering to grain filling stage in some years was inadequate, 
thus posing water stress to crop growth (data not shown). Lv 
(2015) also found soybean water shortages in South China 
with mountainous and hilly areas in autumn. Besides, the 
soybean yield was restricted by many factors such as varie-
ties, topography, planting patterns (Wu et al. 2023). With 

Fig. 7   Additional production increase and self-sufficiency rate (SSR) 
of soybean under different scenarios in 2030. a Land equivalent ratio 
(LER) of soybean and maize. The LER is calculated as the maize or 
soybean yield from intercropping system to the yield from a single 
crop. Red and gray dots represent experiments conducted in Central 
China and South China, respectively. Data are from previous research 

articles. b Production increase and SSR under four scenarios: CS, 
current status; S1, soybean production increase by yield gap clo-
sure to 80% of potential yield on current soybean area; S2, soybean 
production increase by potentially expanding soybean area in three 
regions; S3, soybean production increase by combining Yg closure in 
S1 on the current area and in S2 on potentially expanding area.
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optimized management practices under irrigation system, 
Ya in South China was supposed to increase further with 
higher yield stability due to the close relationship between 
WLI and CV of Yw (Fig. 6). However, it is not the priority 
to develop due to the high cost of the development of related 
technology and infrastructure in this region.

Maximum soybean production could meet only 21–23% 
of SSR by Yg closure alone and reach more than 50% of SSR 
by combining with reasonable area expansion in China, and 
soybean imports would decrease from 60% to 38% of current 
global soybean trade at maximum. Hence, area expansion is 
vital for higher SSR and edible oil safety in the future. How-
ever, due to the lower economic returns of planting soybean 
and the difficulties of developing soybean-special harvest-
ers and related cultivation technologies, farmers have been 
less motivated to plant soybeans than other crops in recent 
years (CAMI 2018; Liu et al. 2021; Ren et al. 2021; Wu 
et al. 2023). Maize-soybean intercropping is a good choice 
for soybean area expansion, but it usually has yield penal-
ties for both crops. Based on the yields we collected from 
studies conducted in maize-soybean intercropping system, 
soybean yield could be decreased by as much as 60%. How-
ever, with innovative cultivation technology, soybean yield 
in intercropping system could be similar to that in monocul-
ture system and even increase to 120% (Fig. 7a), such as by 
using optimized fertilizer management and planting struc-
ture with planting in wide and narrow rows (Liu et al. 2018; 
Yang et al. 2015a, 2017; Chen et al. 2017). It is important to 
note that the implementation of innovative technology and 
an increase in soybean yield in farmers’ fields are still huge 
challenges. However, the government’s strong support for 
this intercropping system with more R&D investment makes 
it promising to popularize on a larger scale (State Council 
2023; https://​ngx.​net.​cn/​ztzl/​ddym). In addition, more soy-
bean area expansion is still needed to increase SSR in China. 
Some innovative cropping systems for area expansion, e.g. 
transforming other low-yielding cropland into soybean and 
developing agroforestry such as planting with fruit trees are 
also promising for further soybean production increases (Liu 
et al. 2020; Liu et al. 2021; Liu and Zhang 2022; Zhao et al. 
2021b).

5 � Conclusion

To understand current and exploitable soybean production 
in China, we conducted a detailed spatial Yg analysis at 
different levels throughout China and found a Yg of 49% of 
Yp and 45% of Yw, which revealed that large room existed 
for soybean yield increase at the national level. Although 
the north of Northeast China has the largest soybean area, 
Yg is hard to close further due to low Yp compared with 

other regions. Yield gap closure in the south of North-
east China (including southern Heilongjiang and northern 
Jilin provinces) and in the south of Central China (includ-
ing northern Anhui, northwestern Jiangsu, and southern 
Henan provinces) is important under rainfed systems, while 
more irrigation in South China is needed for further yield 
increases. Scenarios in this study indicate that SSR could be 
increased from 15% to 23% by Yg closure alone and could 
reach a maximum of 52% in 2030 by combining Yg clo-
sure and reasonable area expansion. Therefore, to increase 
SSR to a higher level, more arable land and agricultural 
innovation technologies are still needed to increase soybean 
production.
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