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Abstract: Heilongjiang Province, as the largest production and supply base for high-quality soybeans
in China, plays a vital role in optimizing the layout of soybean production and promoting the
revitalization of the soybean industry. Soybean yield is used as a key indicator of soybean production.
This study integrated soybean yield data from agricultural reclamation systems and local authorities.
A variety of statistical analysis methods, such as barycenter analysis, the Mann—Kendall test, the
space—time cube, and grey relational analysis, were used to research the spatiotemporal evolution
and influencing factors of soybean production in Heilongjiang Province from 2011 to 2021. This
paper revealed the spatiotemporal evolution mechanism and explored the reasons for the differences
in the effects of influencing factors. The results were as follows. (1) During the period between
2011 and 2021, the center of gravity of county-level soybean yield in Heilongjiang Province moved
towards the northwest over a distance of 16.82 km. The soybean yield in the province experienced a
mutation in approximately 2018, from a downward trend to an upward trend. (2) The spatiotemporal
hot spots of county-level soybean yield in Heilongjiang Province were concentrated along the line
from Hailun to Aihui. The types of hot spots included consecutive hot spots, intensifying hot spots,
sporadic hot spots, and new hot spots. (3) The spatiotemporal agglomeration patterns of county-level
soybean yield in Heilongjiang Province included only high-high clusters, only low-low clusters,
only high-low outliers and multiple types. (4) The temporal changes in soybean yield in various
counties of Heilongjiang Province had obvious regional characteristics. (5) Socioeconomic factors
had aftereffects on soybean planting decisions. (6) Sunlight hours, the price ratio of local soybeans
to local maize, average temperature, the number of soybean patents, the price ratio of imported
soybeans to local soybeans, soybean cultivation income, local soybean prices, and the number of
newly established soybean enterprises were primary influencing factors. Precipitation and soybean
import volume were secondary influencing factors. The income difference between maize and
soybeans, crops-hitting disaster area, and maize yield were general influencing factors. This study
aims to offer new pathways for alleviating the structural contradiction between soybean supply and
demand and to provide a reference for the formulation of national soybean industry policies and
food security strategies.

Keywords: soybean production; space-time cube; spatiotemporal evolution; influencing factors;
Heilongjiang Province

1. Introduction

Soybeans serve as both a plant protein source and an herbaceous oil crop, playing
an important role in human life, economic development, and food security [1]. China has
a long-standing history of soybean production. With the rapid development of soybean
cultivation in modern Northeast China, soybeans have become a landmark product in its
agricultural economic history. Soybean export trade in Northeast China once occupied a

Land 2023, 12, 2090. https://doi.org/10.3390/land 12122090

https:/ /www.mdpi.com/journal /land


https://doi.org/10.3390/land12122090
https://doi.org/10.3390/land12122090
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://doi.org/10.3390/land12122090
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land12122090?type=check_update&version=2

Land 2023, 12, 2090

2 0of 29

core position globally [2], especially in the first 30 years of the 20th century [3]. Subsequently,
factors such as the rise of soybean production in the United States, the promotion of
fertilizers in Japan, the Great Depression, and the outbreak of the Second World War
led to the gradual decline and eventual collapse of the soybean industry in Northeast
China [4]. After the establishment of the People’s Republic of China, grain production
experienced rapid growth. However, soybean cultivation has been caught in a state
of relative stagnation at a low level [5]. With the increase in population size and the
expansion of arable land in Northeast China, the soybean cultivation zone continues to
shift northwards [6]. Heilongjiang Province has become the largest soybean production
area in China.

Since the 1990s, with the development of the social economy, the increase in national
income and the upgrading of the consumption structure, there has been a strong demand
for meat, eggs and dairy products. As a result, soybean consumption has been steadily
increasing [7]. China implemented the soybean import liberalization policy in 1996, and the
country became the world’s largest soybean importer by 1999. Under the multiple impacts
of import shocks, resource constraints and declining returns, domestic soybean market
competitiveness has been weakened [8], and soybean production in Northeast China has
also faced challenges. In 2022, China produced 20.28 million tons of soybeans and imported
91.08 million tons of soybeans. The external dependence of soybean consumption is as
high as 81.79%, which seriously affects the security of China’s soybean industry [9]. To
ensure effective supply and increase farmers’ income, structural reform of the agricultural
supply side has emerged. One of the most important aspects is to adjust the planting
structure in order to address the structural contradiction of insufficient soybean supply [10].
Heilongjiang Province plays a vital role in optimizing the layout of soybean production and
promoting the revitalization of the soybean industry. Therefore, analyzing the spatiotempo-
ral evolution and influencing factors of soybean production in Heilongjiang Province in
recent years is not only an important academic objective but also an urgent need.

As an important research direction in agricultural geography, the spatiotemporal
evolution and influencing factors of soybean production have been extensively discussed
by scholars. Research on the spatiotemporal evolution of soybean production has been
performed in the United States [11], Brazil [12], Argentina [13], China [14] and other
main producers of soybeans. The Midwest of the United States is the most important
soybean production region in the world, forming a well-known soybean-maize belt [15].
Soybean production in South America has grown significantly. The soybean planting
area in Brazil has expanded from the southern region to the central-western and northern
regions [16], with the fastest growth occurring in the Amazon region from 2000 to 2019.
Centered around the provinces of Buenos Aires, Cordoba, and Santa Fe, Argentina’s main
soybean production areas have continuously expanded southwards [17]. In China, the
production advantage of the Northeast Plain has been continuously strengthened, while
that of the Huang-Huai-Hai Plain has declined. The northwest interior region, Sichuan
Basin, Yunnan-Guizhou Plateau, and Middle-Lower Yangtze Plain have become new areas
of growth [18].

Various factors affect soybean production, which can be broadly divided into two
categories: factors affecting soybean unit-yield level and factors affecting soybean planting
area. Factors affecting soybean unit-yield level include climatic conditions [19], natural dis-
asters [20], crop varieties [21], cultivation methods [22], land quality [23], etc. The soybean
planting area is mainly constrained by the quantity of arable land resources and farmers’
planting intentions. In terms of arable land resources, the yield per unit area of soybeans is
lower than that of high-yield grain crops such as rice and maize, and more cultivated land
is needed for unit soybean output [24]. Consequently, soybean production is significantly
restricted by arable land resources. In terms of planting intentions, operating income is
the main driving force of farmers’ planting decisions [25]. Factors such as production
costs [26], crop yields [27], planting subsidies [28], market conditions [29], international
trade [30], competitive crops [31], technology research [32], industrial development [33],
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and business models [34] will all have an impact on farmers’ operating income. In addition,
the willingness to plant of individual farmers is also limited by non-economic factors such
as planting habits [35], education level [36], and policy orientation [37], etc.

However, there are still some shortcomings in the current literature on the spatiotem-
poral evolution and influencing factors of soybean production. (1) When exploring the
spatiotemporal evolution of soybean production, scholars generally conduct period-by-
period spatial analysis based on spatial panel data and then integrate spatial changes
in time series. The essence of this approach is still traditional spatial analysis, without
space—time dimension integration. (2) Relevant research often focuses on the national or
regional level, with insufficient discussion about Heilongjiang Province. However, soybean
production also exhibits significant differences among counties in Heilongjiang Province.
(3) The Heilongjiang land reclamation system boasts a state-owned farm group that pos-
sesses the largest arable land area, the highest level of modernization, and the strongest
comprehensive production capacity in China, occupying a special position in Heilongjiang
agricultural production. Due to the transformation of the Heilongjiang Province Farms
and Land Reclamation Administration into an agricultural reclamation enterprise group in
2020, agricultural data originally belonging to the Heilongjiang Province Farms and Land
Reclamation Administration were merged into local authorities, resulting in an inconsistent
statistical caliber of county-level soybean yield data for Heilongjiang Province during the
research period.

On this basis, this study focused on soybean yield, integrated data from agricultural
reclamation systems and local authorities, and used methods such as barycenter analysis,
the Mann-Kendall test, the space-time cube, and grey relational analysis to research the
spatiotemporal evolution and influencing factors of soybean production in Heilongjiang
Province from 2011 to 2021. The space-time cube model integrates the spatial, temporal
and attribute information of geographical phenomena, which can effectively detect the
spatiotemporal distribution patterns and rules of soybean production in Heilongjiang
Province combined with barycenter analysis. The Mann-Kendall test and grey relational
analysis are simple to calculate and do not require samples to follow a certain distribution.
The former is not affected by a few outliers, while the latter has no special requirements for
sample size.

This study revealed the spatiotemporal evolution mechanism of soybean production in
Heilongjiang Province, explored the reasons for the differences in the effects of influencing
factors, and proposed suggestions for the development of the soybean industry. Based
on Heilongjiang Province, this paper aims to optimize the layout of soybean production,
promote the revitalization of the soybean industry, offer new pathways for alleviating the
structural contradiction between soybean supply and demand, and provide references for
the formulation of national soybean industry policies and food security strategies.

2. Materials
2.1. Study Area

Heilongjiang Province is located in Northeast China, and belongs to one of the world’s
three representative black soil belts (Figure 1). It is the largest production and supply base
for high-quality soybeans in China, known as “the hometown of soybeans”. Heilongjiang
Province has advantageous conditions for soybean cultivation, including extensive arable
land, fertile soil with a loose texture, simultaneous heat and precipitation, and abundant
sunlight. In 2022, the soybean planting area in Heilongjiang Province was 4.93 million hm?,
accounting for 48.1% of the total soybean planting area in China. Its soybean yield was
9.53 million tons, accounting for 47% of China’s total soybean yield. Soybean production in
Heilongjiang Province plays a crucial role in ensuring national food security, especially in
terms of soybean supply. Thus, Heilongjiang Province is a typical and representative area
for research.
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Figure 1. Overview of Heilongjiang Province and its location in China.

2.2. Data and Processing
2.2.1. Administrative Division Data

The administrative division data of Heilongjiang Province were obtained from the
basic geographic information database maintained by the Ministry of Natural Resources
of China (https:/ /www.webmap.cn/ (accessed on 18 April 2023)). Due to the district-to-
county reform, the administrative divisions of Yichun City underwent significant adjust-
ments in 2019. Taking into account the comparability of statistical data, the municipal
districts of each prefecture-level city in Heilongjiang Province were integrated, and then
the county-level administrative divisions were adjusted to the boundary state of 2018. This
study involved 75 county-level administrative units in Heilongjiang Province.

2.2.2. Soybean Yield Data

Soybean yield data at the county level were sourced from the Heilongjiang Statistical
Yearbook, the Statistical Yearbook of Heilongjiang State Farms, statistical yearbooks of
cities, and national economic and social development statistical bulletins issued by county
governments. To solve the problem of inconsistent statistical calibers of soybean yield data
in each county of Heilongjiang Province, the soybean yield data of farms affiliated with the
agricultural reclamation system from 2011 to 2018 were integrated into the county-level
space. By adding these farm data to the original county-level data, county-level soybean
yield data without the impact of statistical caliber changes were obtained.
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2.2.3. Physical Geographic and Socioeconomic Data

Relevant data came from the Heilongjiang Statistical Yearbook, China Statistical Year-
book, China Rural Statistical Yearbook, Compilation of National Cost and Revenue of
Agricultural Products, and some government and enterprise websites, such as the Finance
Bureau of Heilongjiang Province (https://czt.hlj.gov.cn/czt/index.shtml (accessed on
1 June 2023)), Patenthub (https://www.patenthub.cn/ (accessed on 1 June 2023)), and
Qichacha (https:/ /www.qcc.com/ (accessed on 1 June 2023)).

3. Methods
3.1. Barycenter Analysis

Barycenter analysis was used to detect the spatiotemporal evolution path of the
soybean production barycenter in Heilongjiang Province [38,39]. Assuming that one region
is composed of 1 sub-regions, the coordinate of the barycenter of sub-region i is (X, Y3),
and M,; is the “weight” of sub-region i for the soybean yield attribute, then the regional
barycenter coordinate (X', Y’) of this attribute is defined as:

im1 MiX; v — 1 MY

X === ===1""1"1
n n
i=1 Mi i=1 Mi

¢y
where 1 is the number of county-level administrative units in Heilongjiang Province, with
a value in this paper of 75; (X, Y;) is taken as the coordinates of the centroid of county i
and M, is the soybean yield in county i.

3.2. Mann—Kendall Test

The Mann-Kendall test is a nonparametric statistical test method that was originally
proposed by Mann [40] and Kendall [41] and has been continuously improved by other
scholars [42].

3.2.1. Mann—Kendall Trend Test

The Mann—Kendall trend test was used to determine the changing trend of soybean
yield in Heilongjiang Province. For the soybean yield time series x (x1, x2, ..., X;), the
Mann-Kendall trend test statistic S is as follows [43]:

n—=1 n
S=Y Y sgn(xj—x) )
i=1 j=it1

where x; and x; are the i-th and j-th data values of the time series x, respectively; 7 is the
sample size and sgn(*) is the sign function. When n > 8, the statistic S approximately
follows a normal distribution, with a mean of 0 and a variance as follows:

n(n—1)(2n+5)

Var(S) = 13 3)
The standardized test statistic Z. is computed as follows:
(-1
Var(S) 5>0
— 0 S=0 (4)
(5+1) S<0
Var(S)

The size of the trend can be expressed using the Kendall inclination B, which is
calculated as follows:
. Xi—X i
B = Median(

) ©)
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where 1 <j <i <n and Median(*) is the median function. When § > 0, it indicates that the
soybean yield time series shows an upward trend; when g < 0, it indicates that the soybean
yield time series shows a downward trend. When the absolute value of Z, is greater than
or equal to 1.65, 1.96, and 2.58, the significance test has passed at the 90%, 95%, and 99%
confidence levels, respectively [44].

3.2.2. Mann-Kendall Mutation Test

The Mann-Kendall mutation test was used to determine the time point of soybean
yield mutation in Heilongjiang Province. For the soybean yield time series x (x1, X, . . ., X4),
construct an order column:

Sk:Zri (k22,3,~~~,1’l) (6)
i=1
where:
o 1 Xp > Xj . o
rl - {0 xi S xj (] - 1/2/ /Z) (7)

S is the cumulative number of times the value of i at moment i is greater than the
number of values at time j. Under the assumption of random independence of time series,
the statistic is defined as follows:

Sk — E(Sk)

where UF; = 0; E(Sx) and Var(S) are the mean and variance of S, respectively. When x1, xp,
..., Xy are independent of each other and have the same continuous distribution, they can
be approximately expressed as [43]:

Var(Sy) = HEDEES) (0 < < )

The above procedure can be repeated by x;, x,_1, ..., x1, and let UBy = —UFy (k =n,
n—1,...,1), where UB; = 0. Given the significance level « = 0.05, the critical value Uy o5 is
£1.96. Then, the curves of UFy and UBj and the straight line of the critical value can be
drawn. UFy > 0 indicates an upward trend; UF) < 0 indicates a downward trend. UFy > 1.96
suggests a significant upward trend; UFy < —1.96 suggests a significant downward trend.
If there exist intersecting points of the two curves of UFj and UBy and the value of the inter-
secting points is between the critical values, the moment corresponding to the intersection
may be the moment when the mutation starts [45].

3.3. Spatiotemporal Data Mining Based on the Space—Time Cube
3.3.1. Space-Time Cube

The space-time cube, as a three-dimensional data model, was first proposed by Héger-
strand [46]. The X-axis and Y-axis represent the spatial location of geographic objects, while
the T-axis represents time, with the bottom layer indicating the start time and the top layer
indicating the most recent time (Figure 2). Each bin in the space-time cube has a location
ID, a time step ID, and an attribute value. Bins with the same location ID form a bin time
series, while bins with the same time step ID form a time slice [47]. Each bin corresponds
to a separate attribute value. Based on the space-time cube model, emerging hot spot
analysis, local outlier analysis, and time series clustering can be performed. The description
and usage of these methods can be obtained online (https:/ /pro.arcgis.com (accessed on
1 June 2023)), so only a brief introduction in this paper. In this study, the location ID of a
bin represents the spatial location of a county-level administrative unit in Heilongjiang
Province, the time step ID represents a year, and the attribute value represents the soybean
yield of the county-level administrative unit.


https://pro.arcgis.com

Land 2023, 12, 2090

7 of 29

bin time series «— — bin
Y/ A4 4
LIy g 7
now
I : IID . - J

P - o
time slice «~——* % then

g Y

X

Figure 2. Space-time cube model.

3.3.2. Emerging Hot Spot Analysis

Emerging hot spot analysis was used to depict the spatiotemporal distribution pattern
of soybean production in Heilongjiang Province. The basic idea is to first conduct traditional
hot spot analysis based on the soybean yield space-time cube, obtain the Getis-Ord Gi*
statistic for each bin in each time slice [48], and then use the Mann—Kendall trend test to
evaluate the changing trend of hot and cold spots for each bin time series. Its neighborhood
definition takes into account the space-time dimension. A bin is considered a neighborhood
if its centroid falls within the space neighborhood range and its time interval is within a
specified time neighborhood step. The results of the emerging hotspot analysis are divided
into 17 categories, namely, new, consecutive, intensifying, persistent, diminishing, sporadic,
oscillating, and historical hot and cold spots, as well as no pattern detected [49].

3.3.3. Local Outlier Analysis

Local outlier analysis was used to reveal significant clusters and outliers in soybean
production in Heilongjiang Province, which is the spatiotemporal realization of the local
Moran’s index [50]. Its neighborhood definition is the same as that in emerging hot spot
analysis. The results of the local outlier analysis are divided into 6 categories, namely,
only high-high cluster, only high-low outlier, only low-high outlier, only low-low cluster,
multiple types, and never significant [51].

3.3.4. Time Series Clustering

Time series clustering was used to identify counties with the most similar time series
characteristics in the soybean yield space-time cube and partition them into distinct clusters.
In this study, the profile feature that tends to increase or decrease simultaneously is selected,
and the k-medoids algorithm is used to cluster soybean yield data. The optimal number
of clusters is obtained by the pseudo-F statistic [52], which is a ratio of between-cluster
variance to within-cluster variance. The larger the value, the more effective the number of
clusters. The formula for calculating the pseudo-F statistic is as follows [53]:

F= (’"15’1) (10)

T [(1-R2
m—me
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where R? is defined as follows:
2 _ SST-SSE
R* = SST 0
SST = Y’ Z;n:il i (‘/II]C - Vk) (11)

—\ 2
_ c mi v k k
SSE = ry' Ty o (Vi - VF)

where m is the number of features; m; is the number of features in cluster i; 1, is the number
of clusters; m, is the number of variables used to cluster features; VI;‘ is the value of the k-th

variable of the j-th feature in the i-th cluster; VK is the mean value of the k-th variable and
VK is the mean value of the k-th variable in cluster i.

3.4. Grey Relational Analysis

Grey relational analysis can identify the dominant factors among the influencing
factors of soybean production in Heilongjiang Province [54]. The core idea is to determine
the closeness of the relationship based on the similarity of the geometric shapes of the
sequence curves. The calculation steps are as follows:

1.  Soybean yield in Heilongjiang Province was used as the reference sequence, and
influencing factors were used as the comparability sequences. The raw data are
forward-processed based on the correlation relationship between each comparability
sequence and the reference sequence.

2. To enhance the comparability between sequences, the reference sequence and the
comparability sequences can be transformed into dimensionless forms by average-
value processing. Average-value processing divides the elements in each sequence by
the average value of the corresponding sequence.

3. The grey relational coefficient of the corresponding elements between each compara-
bility sequence and the reference sequence is calculated. The calculation formula is as
follows [55]:

i (i (1) ;1) )+ pm (1))

0(0)=5(0) pmax (maxlxo (1) —x,(0) ) (12)
i=1,2,---,13 t=1,2,---,11

ei(t) =

where xq(t) is the t-th sample value of the reference sequence after dimensionless transfor-
mation; x;(t) is the ¢-th sample value of the i-th comparability sequence after dimensionless
transformation; ey;(t) is the grey relational coefficient between x((t) and x;(t) and p is the
distinguished coefficient. In general, p is equal to 0.5 because it offers a moderate distin-
guishing effect and stability.

4. Grey relational grade is defined as the numerical measure of similarity between two
sequences, such as the reference sequence and the comparability sequence. The grey
relational grade between each comparability sequence and the reference sequence
is calculated based on the grey correlation coefficient. The calculation formula is
as follows:

11
L eoi(t)
t=1
11
where ¢, is the grey relational grade between the reference sequence and the i-th
comparability sequence. The grey relational grade between each comparability se-
quence and the reference sequence is calculated, and the influencing factors are ranked
according to the numerical value of the grey relational grade. The higher the grey

relational grade is, the greater the impact of this influencing factor on soybean yield
in Heilongjiang Province, and vice versa.

eoi = (13)
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4. Results
4.1. Spatiotemporal Evolution of Soybean Production in Heilongjiang Province
4.1.1. Overall Spatiotemporal Variation

Barycenter analysis was performed to reflect the spatiotemporal evolution of soybean
production in Heilongjiang Province as a whole (Figure 3). From 2011 to 2021, the center of
gravity of county-level soybean yield in Heilongjiang Province was mainly located in the
northeast region of Suiling County, except for 2015 and 2017. Depending on the direction
of movement, the trajectory of the center of gravity can be divided into four parts. (1) From
2011 to 2013, the center of gravity mainly moved to the southwest. (2) From 2013 to 2015,
the center of gravity rapidly shifted northwards, from Suiling to Bei’an. (3) From 2015
to 2017, the center of gravity moved southeast to the Yichun municipal district. (4) From
2017 to 2021, the center of gravity continued to move westwards. In the past 11 years,
the center of gravity of county-level soybean yield in Heilongjiang Province has shifted
to the northwest by approximately 16.82 km, indicating a continuous improvement in the
position of soybean production in northwestern Heilongjiang Province.
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Figure 3. Path of the center of gravity of county-level soybean yield in Heilongjiang Province from
2011 to 2021.

The Mann—-Kendall test was carried out on the soybean yield time series in Hei-
longjiang Province. In the Mann-Kendall trend test (Table 1), the inclination § was positive,
indicating that the soybean yield in Heilongjiang Province has shown an upward trend
in the past 11 years. However, this upward trend was not significant and did not pass
the significance test at the 0.1 level. In the Mann-Kendall mutation test (Figure 4), the
soybean yield in Heilongjiang Province showed a downward trend before 2017 and an
upward trend after 2017, but these trends were not significant. There was an intersecting
point between the UFj curve and the UBy curve, which passed the significance test at the
0.05 level. This indicated that the soybean yield in Heilongjiang Province experienced a
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mutation in approximately 2018. Meanwhile, China launched the second round of the
soybean revitalization plan in early 2019.

Table 1. The Mann-Kendall trend test of soybean yield in Heilongjiang Province from 2011 to 2021.

Sample Inclination B . Significance
Heilongjiang 220,706.62 1.55 Nonsignificant
Province
35¢
UF,
30+ UB,
2.5 0.05 Significant level

2.0
1.5
1.0
0.5

Statistic

0.0
-0.5

-1.0
-1.5F

------- boo-e-epoccecopeceocopocoooopocoooopoceooofpomooacfomoenponnan]

-2.0
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Year

Figure 4. The Mann—Kendall mutation test of soybean yield in Heilongjiang Province from 2011
to 2021.

4.1.2. Spatiotemporal Model Construction

A space-time cube was constructed based on the soybean yield data of 75 county-level
administrative units in Heilongjiang Province from 2011 to 2021. The spatial granularity of
the space-time cube is at the county level, and the time step is 1 year. It contains 75 bin time
series, each of which includes 11 time slices. Therefore, the soybean space-time cube is
made up of 825 bins, and each bin corresponds to the soybean yield of a specific county in
a specific year (Figure 5). According to the space-time cube, the interannual variation and
spatiotemporal agglomeration of soybean yield in each county of Heilongjiang Province
can be directly observed. Soybean yield data were divided into five categories according
to the natural breakpoint method, where darker colors indicate higher soybean yields.
The results showed that the soybean yield in the counties located in the northern part of
Songnen Plain was relatively high, and an obvious soybean production agglomeration area
was formed at the junction of Heihe, Qigihar and Suihua. The counties in the middle of
the Sanjiang Plain ranked second, among which Fujin and Baoqing had higher soybean
yields. However, the average county-level soybean yield in the northern Songnen Plain
was significantly higher than that in the Sanjiang Plain. In addition, the latter’s production
capacity distribution was more scattered, while interannual fluctuations correspondingly
increased. The soybean yield in the southern counties of Heilongjiang Province was
relatively low, and the production advantage was not prominent. Based on this, Heihe,
Qigihar, and Suihua have resource advantages for building a cross-administrative soybean
industry cluster.
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Figure 5. The county-level soybean yield space-time cube in Heilongjiang Province.

4.1.3. Spatiotemporal Hot Spot Distribution

Taking the space-time cube as input data, an emerging hot spot analysis was carried
out on the soybean yield of 75 county-level administrative units in Heilongjiang Province
(Figure 6). The spatiotemporal relationship among features was constructed by a fixed
distance. The default spatial neighborhood distance is 107.76 km, which ensures that each
county-level administrative unit has at least one neighboring element. The neighborhood
time step is 1 year. Four types of hot spots were detected, but no cold spots were found.
Hot spots were generally distributed in a north-south direction, concentrated along the
line from Hailun to Aihui. Specifically, Hailun and Suiling are the southern boundaries of
the hot spot area and were continuously displayed as hot spots during the study period,
so they were identified as consecutive hot spots. Bei’an, Wudalianchi, Nenjiang, Aihui,
Kedong and Keshan have also been identified as hot spots in the past 11 years, and the
intensity of the hot spots has been continuously strengthening over time. As a result, they
were recognized as intensifying hot spots. Sunwu and Baiquan were located on the edge of
the hot spot area, where the hot spot pattern was unstable. They were only recognized as
hot spots in some years, so they were classified as sporadic hot spots. In addition, Yi’an,
located in the southwest of the hot spot area, was a county that was a statistically significant
hot spot for the final time step and had never been a statistically significant hot spot
before, so it was identified as a new hot spot. Overall, most of Heihe City, the northeastern
part of Qiqgihar City, and the northern part of Suihua City are the only concentrated and
contiguous hot spots in Heilongjiang Province. They form the largest soybean production
area in Heilongjiang Province, and this position continues to strengthen. This is also in line
with the general trend of the center of gravity of soybean yield in Heilongjiang Province
moving to the northwest.
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Figure 6. Spatiotemporal hot spots of county-level soybean yield in Heilongjiang Province from 2011
to 2021.

4.1.4. Spatiotemporal Agglomeration Pattern

Combining the space-time cube model and the local outlier analysis method, this
study explored the spatiotemporal agglomeration pattern of county-level soybean yield
in Heilongjiang Province from 2011 to 2021 (Figure 7). The definition of spatiotemporal
relationships among features is the same as that employed for the emerging hot spot
analysis. The counties with the only high-high cluster pattern were distributed in the
northwestern part of Heilongjiang Province, and their regional scope highly overlapped
with the spatiotemporal hot spots. This region is the largest soybean production area
in Heilongjiang Province, and the soybean yields in nearby counties are relatively high,
thereby demonstrating the only high-high cluster pattern. The counties showing the
only low-low cluster pattern extended from Longjiang to Suibin, forming a ring-shaped
distribution around the outer periphery of the counties with the only high-high cluster
pattern. These counties include geographical units such as the southern part of the Songnen
Plain, the Songhua River Valley, and the western part of the Sanjiang Plain. The distribution
direction is consistent with the main streams of the Nen River and Songhua River. These
areas have flat terrain, fertile soil, and favorable climate conditions, making them more
economically advantageous for growing rice and maize than for growing soybeans. The
soybean sown area and yield are relatively small, showing only a low-low cluster pattern.
In this study, Linkou and Muling were identified as counties with the only high-low outlier
pattern, and no county had the only low-high outlier pattern. Linkou and Muling are
located in the hilly and shallow mountainous areas of southeastern Heilongjiang Province.
Their unique natural ecological environment and regional microclimate are suitable for
soybean growth. Boli, Yilan, and Fangzheng on the north side of these two counties
exhibited the only low-low cluster pattern. In addition, the neighboring Jixi municipal
district and Mudanjiang municipal district are mostly urbanized areas with limited land
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resources and less soybean production. Maize is the main food crop in Jidong, Hailin,
Ning’an and Dongning, and soybean production is not dominant. Therefore, the soybean
yields in Linkou and Muling are higher than those of surrounding counties, showing the
only high-low outlier pattern. The distribution of counties with the multi-type pattern
was relatively scattered, involving Sunwu, Luobei, Huanan, and Shangzhi. These areas
experienced significant fluctuations in soybean yields and exhibited different types of
agglomeration patterns during the research period.

A

Local Outlier Analysis

Only Low-Low Cluster E
] Only High-Low Outlier ‘ 0 100 km

Only High-High Cluster
1 Multiple Types L

Never Significant

Figure 7. Spatiotemporal analysis of local outliers of county-level soybean yield in Heilongjiang
Province from 2011 to 2021.

4.1.5. Time Series Analysis

Based on the space-time cube model, time series clustering was carried out on county-
level soybean yield in Heilongjiang Province from 2011 to 2021 (Figure 8). The clustering
characteristic is the correlation of profiles, which means that counties with soybean yields
that tend to increase or decrease proportionally at the same time will be clustered together.
When the number of clusters was 2, the pseudo-F statistic was the largest, with a value
of 75.63. As a result, the 75 county-level administrative units were grouped into two
clusters. There were 35 counties in Cluster 1, mainly distributed in geographical units such
as the Greater Khingan Mountains, the southern part of the Lesser Khingan Mountains,
the southern part of the Songnen Plain, the Songhua River valley, and the mountainous
and hilly areas of southeastern Heilongjiang Province. There were 40 counties in Cluster 2,
mainly distributed in geographical units such as the northern part of the Lesser Khingan
Mountains, the central-northern part of the Songnen Plain, and the Sanjiang Plain. The
average county-level soybean yield for each cluster from 2011 to 2021 was calculated
(Figure 9), and the Mann—-Kendall trend test was performed (Table 2). The average time
series of Cluster 1 showed a certain downward trend, but it did not pass the significance
test. In contrast, the average time series of Cluster 2 demonstrated a significant upward
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trend. The temporal changes in soybean yield in various counties of Heilongjiang Province
have obvious regional characteristics. This also partially explains the overall increase in
soybean yield in Heilongjiang Province, but the upward trend is not significant.

Time Series Clustering

[ Clusterl
I Cluster2

0 100 km

Figure 8. Time series clustering of county-level soybean yield in Heilongjiang Province from 2011
to 2021.
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Figure 9. Average county-level soybean yield time series for each cluster.
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Table 2. The Mann-Kendall trend test of average time series for each cluster.
Sample Inclination B Z; Significance
Cluster 1 —850.22 —0.15 Nonsignificant
Cluster 2 6486.7 2.49 Significant increase

In addition, the Mann—Kendall trend test was conducted on the soybean yield series
of each county-level administrative unit in Heilongjiang Province (Figure 10). From 2011 to
2021, 33.33% of county-level administrative units in Heilongjiang Province experienced
a decreasing trend in soybean yield, while 66.67% of county-level administrative units
showed an increasing trend in soybean yield. Among them, there were 23 counties where
soybean yields increased significantly. These counties are mainly located in the northern
part of the Songnen Plain and the western part of the Sanjiang Plain, including most areas
of Suihua, Hegang, and Shuangyashan cities, as well as the central-southern part of Heihe
City, the southern part of Qigihar City, and the eastern part of Daqging City. These areas
have become the major contributors to the growth of soybean production in Heilongjiang
Province. The counties with a significant decrease in soybean yield were scattered and
the number was relatively small, including only Kedong, Tieli, Boli, and Dongning. At
the time series clustering level, the counties with a significant decrease in soybean yield
all belonged to Cluster 1, while the counties with a significant increase in soybean yield
all belonged to Cluster 2. In Cluster 1, 57.14% of counties showed a downward trend in
soybean yield, with only 10 exceptions. In Cluster 2, all counties showed an upward trend
in soybean yield, with 57.5% of counties passing the significance test at the 0.1 level.
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Figure 10. Variation tendency of soybean yield in counties of Heilongjiang Province from 2011
to 2021.

4.2. Influencing Factors of Soybean Production in Heilongjiang Province
4.2.1. Determination of Influencing Factors

The soybean production process combines natural reproduction and economic repro-
duction and is influenced by many factors [8]. This study macroscopically explored the
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influencing factors of soybean production in Heilongjiang Province at the provincial level.
Based on the principles of indicator scientificity and data availability, soybean yield was
used to characterize soybean production level, and 13 variables from eight dimensions
were selected as influencing factors for analysis (Table 3). The time span of the data was
from 2011 to 2021.

Table 3. Influencing factors and descriptions.

Dimension Influencing Factors Symbol Description Unit Relationship
Obtained by averaging the sunlight
hours of 13 major prefecture-level cities
. in Heilongjiang Province from May to
Sunlight hours X1 . h +
September. The soybean growing
season in Heilongjiang Province is from
L May to September.
Chm.a.tlc Obtained by averaging the
condition .
temperatures of 13 major o
Average temperature X2 e . " C +
prefecture-level cities in Heilongjiang
Province from May to September.
vecipitato of 1y mejor The closer to
Precipitation X3 precip e yor mm 600 mm, the
prefecture-level cities in Heilongjiang better
Province from May to September.
Area of crops influenced by natural
Natural Crops-hitting disaster x4 disasters in Heilongjiang Province. hm? _
disaster area Disaster types include drought, floods, m
hail, freezing and typhoons.
Obtained by subtracting cash costs
Planting Soybean cultivation from the totall ogtput value a.nd adding )
. . X5 soybean subsidies, representing the net  yuan/hm +
income income .
income per hectare of soybean
cultivation in Heilongjiang Province.
Mar.k.e t Local soybean prices X6 Ayeragt? selhpg price O.f local soybeans yuan/kg +
condition in Heilongjiang Province each year
Technology Number of soybean The n.umk?er of > oyb(.e.an-relatec% patents .
X7 filed in Heilongjiang Province unit +
research patents
each year
. Number of newly The number of newly established
Industrial . .. .
established soybean X8 soybean-related enterprises in unit +
development . ; .. .
enterprises Heilongjiang Province each year
Soybean import Soybean import volume in
X9 . I . t -
I conal volume Heilongjiang Province each year
nternzglona Price ratio of imported Average price of imported soybeans in
trade soybeans to local X10 Heilongjiang Province/average price of % +
soybeans local soybeans in Heilongjiang Province
Maize yield X11 Maize yield in Heilongjiang Province ¢ _
each year
Price ratio of local Average price of local soybeans in
Competitive soybeans: to local X12 Hellongju?ng .PI'OVI.I‘ICG/ average price of Yo +
o maize local maize in Heilongjiang Province
p Net income per hectare of maize
Income difference cultivation in Heilongjiang
between maize and X13 Province-net income per hectare of yuan/ hm? —

soybeans

soybeans cultivation in
Heilongjiang Province

Note: + represents a positive correlation; — represents a negative correlation.
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As an agricultural production behavior, soybean cultivation has typical natural at-
tributes and is greatly influenced by factors such as climatic conditions and natural disasters.
In terms of climatic conditions, soybeans are heliophilous and short-day crops. They are not
shade-tolerant and are highly sensitive to the length of sunlight. Sunlight hours were used
to characterize the sunshine conditions of soybean production in Heilongjiang Province.
The sunlight hour data were from the Heilongjiang Statistical Yearbook. Soybeans are also
warm-season crops, and high and low temperatures should be avoided throughout their
entire growth period. When the temperature is lower than 13 °C or more than 40 °C, it will
affect the yield and quality of soybean [56]. The average temperature was used to reflect the
temperature conditions of soybean production in Heilongjiang Province. The average tem-
perature data were from the Heilongjiang Statistical Yearbook. For Heilongjiang Province,
improving the utilization rate of light and heat resources is an effective way to achieve high
soybean yields. Therefore, there is generally a positive relationship between the two and
soybean yield in Heilongjiang Province [57,58]. Soybeans are sensitive to moisture and
require more water for growth than other crops. For soybean planting areas in Northeast
China, the soybean yield is highest when rainfall is approximately 600 mm during the
soybean growth period from May to September [59]. Precipitation was used to represent
the moisture conditions of soybean production in Heilongjiang Province. The precipitation
data were from the Heilongjiang Statistical Yearbook. In addition, natural disasters are
an important reason for the reduction in soybean production. The crops-hitting disaster
area was used to reflect the severity of natural disasters in Heilongjiang Province. The
crops-hitting disaster area data were from the China Rural Statistical Yearbook.

Soybean cultivation is also considered an agricultural management activity with clear
socioeconomic attributes. Soybean yields are determined not only by natural environmental
conditions but also by farmers” land management decisions. Planting income, market
conditions, international trade, competitive crops, technology research, and industrial
development are all important aspects that affect farmers’ willingness to plant soybeans in
Heilongjiang Province.

Planting income, market conditions, technology research, and industrial development
often have a positive impact on soybean production in Heilongjiang Province. As soybean
farmers prioritize profitability, the higher their income is, the greater their motivation to
participate in soybean cultivation. The rise in soybean market prices directly improves
the profitability of soybean farmers and enhances their confidence in soybean cultivation.
Technology research can improve the yield and quality of soybeans, increase the efficiency
of planting operations, and ensure income growth for farmers. Industrial development
is conducive to broadening sales channels and increasing the added value of products.
Increased income, favorable market conditions, technological progress, and prosperous
industries will all attract more farmers to enter the soybean cultivation sector, thereby
increasing soybean yields. In terms of planting income, soybean cultivation income was
used to characterize the profitability of soybean production in Heilongjiang Province.
The total output value and cash cost per hectare of soybeans were from the Compilation
of National Cost and Revenue of Agricultural Products, and the subsidy per hectare
of soybeans was from the Finance Bureau of Heilongjiang Province. In terms of market
conditions, local soybean prices were used to represent the overall market situation of soybeans
in Heilongjiang Province. The local soybean price data were from the Compilation of National
Cost and Revenue of Agricultural Products. In terms of technology research, the number
of soybean patents was used to reflect the technological output status in the soybean field
in Heilongjiang Province. The patent data were from the Patenthub website (https://www.
patenthub.cn/ (accessed on 1 June 2023)). In terms of industrial development, the number
of newly established soybean enterprises was used to characterize the development trend of
the soybean industry in Heilongjiang Province. The enterprise data were from the Qichacha
website (https://www.qcc.com/ (accessed on 1 June 2023)).

International trade and competitive crops often have a negative impact on soybean
production in Heilongjiang Province. In terms of international trade, compared with that
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of major soybean-producing countries such as the United States and Brazil, Heilongjiang’s
soybean production scale is limited. Soybean varieties grown in Heilongjiang Province
are non-transgenic soybeans, which leads to higher production costs and lower soybean
yields. Therefore, they lack a price advantage in market competition. The influx of low-
priced imported soybeans compresses the market space of domestic soybeans, suppresses
local soybean market prices, and exerts a crowding-out effect on soybean production in
Heilongjiang Province. The soybean import volume was used to represent the soybean
import scale in Heilongjiang Province, while the price ratio of imported soybeans to local
soybeans was used to reflect the price gap between the two. The soybean import data
were from the Heilongjiang Statistical Yearbook. In terms of competitive crops, maize and
soybeans, which are both dryland crops, have the most intense competition in Heilongjiang
Province. In most years, the actual returns of planting maize are higher than those of
soybeans, which affects farmers’ planting decisions. Farmers replace a portion of soybean
acreage with high-yielding maize, resulting in a reduction in soybean production. Maize
yield was used to represent the scale of maize production in Heilongjiang Province. The
maize yield data were from the Heilongjiang Statistical Yearbook. The price ratio of local
soybeans to local maize was used to reflect the price gap between the two. The local
maize price data were from the Compilation of National Cost and Revenue of Agricultural
Products. The income difference between maize and soybeans was used to reflect the actual
planting profit gap between the two, and this variable takes into account the impact of
differentiated subsidies for maize and soybeans in Heilongjiang Province. The total output
value and cash cost per hectare of maize were from the Compilation of National Cost and
Revenue of Agricultural Products, and the subsidy per hectare of maize was from the
Finance Bureau of Heilongjiang Province.

4.2.2. Analysis of Influencing Factors

Grey relational analysis is essentially based on the similarity of geometric shapes of
sequence curves to judge the closeness of the relationship. Therefore, it is crucial to forward-
process the raw data based on the correlation relationship between each comparability
sequence and the reference sequence. X4, X9, X11, and X13 are negative indicators. The
higher the values of these indicators are, the greater the negative impact on soybean
production in Heilongjiang Province. X1, X2, X5, X6, X7, X8, X10, and X12 are positive
indicators. The higher the values of these indicators are, the greater the positive impact on
soybean production in Heilongjiang Province. X3 is an intermediate indicator. The closer
the value is to 600 mm, the more favorable it is for soybean production in Heilongjiang
Province. Therefore, intermediate and negative indicators must be processed before grey
relational analysis can be carried out.

Agricultural production has periodic and seasonal characteristics [60]. Different from
climatic conditions and natural disasters, socioeconomic factors such as planting income,
market conditions, international trade, competitive crops, technology research, and in-
dustrial development often indirectly affect soybean yields by affecting farmers’ planting
decisions. Farmers need to make planting decisions early in the year. The previous year’s
market trends and the current year’s market expectations are often used as reference infor-
mation. However, the actual data for this year are mostly released after farmers’ planting
activities are implemented, with a significant time lag. In addition, factors such as informa-
tion asymmetry, lack of professional knowledge and skills, blind conformity, and uncertainty
in the agricultural production process also make farmers’ planting decisions more difficult.
This year’s soybean production is directly affected by this year’s climatic conditions and
natural disasters, as well as by this year’s and last year’s socioeconomic factors.

Based on this, this study performed a comparative analysis of normal sequences,
misaligned sequences, and moving smooth sequences. In the case of normal sequences,
the reference sequence and the comparability sequences are contemporaneous. In the case
of misaligned sequences, the reference sequence and some comparability sequences are
contemporaneous. However, the comparability sequence data from the dimensions of
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planting income, market conditions, international trade, competitive crops, technology
research, and industrial development are replaced by data from the previous year. In
the case of moving smooth sequences, the reference sequence and some comparability
sequences are contemporaneous. Only the comparability sequences of the above social-
economic dimensions are processed by moving smoothing, with a moving period of 2 years.
The processed data are the average of the original data from the same period and the
previous period. The average grey relational grade between soybean yield and influencing
factors in Heilongjiang Province was calculated based on different sequences (Table 4).
The study revealed that the average grey relational grade obtained based on moving
smooth sequences was significantly higher than those of normal sequences and misaligned
sequences, and the difference between the average grey relational grades of the latter two
sequences was relatively small. As a result, moving smooth sequences are most in line
with the actual situation. Farmers’ planting decisions are influenced by both past market
conditions and current market expectations, and socioeconomic factors have aftereffects on
soybean planting decisions.

Table 4. Average grey relational degree between soybean yield and influencing factors in
Heilongjiang Province.

Sequence Type Average Grey Relational Grade
Normal sequence 0.739
Misaligned sequence 0.729
Moving smooth sequence 0.797

The grey relational grade between soybean yield and each influencing factor in Hei-
longjiang Province was calculated based on moving smooth sequences (Table 5). Influencing
factors are divided into primary, secondary and general factors based on the numerical
value of grey relational grade, and the classification method is the natural breakpoint
method. Among them, X1, X12, X2, X7, X10, X5, X6, and X8 are primary influencing
factors, X3 and X9 are secondary influencing factors, and X13, X4, and X11 are general
influencing factors. Overall, sunlight hours (X1) had the strongest correlation with soybean
yield in Heilongjiang Province, while maize yield (X11) had the weakest correlation. In
terms of natural geographical factors, the impacts of sunlight hours (X1) and average
temperature (X2) on soybean yield were significantly higher than those of precipitation (X3)
and crops-hitting disaster areas (X4). In terms of socioeconomic factors, compared with
scale indicators such as maize yield (X11) and soybean import volume (X9), the soybean
yield in Heilongjiang Province was more sensitive to the price ratio of local soybeans
to local maize (X12), as well as the price ratio of imported soybeans to local soybeans
(X10). The impact of these two price ratios on soybean yield in Heilongjiang Province
was even higher than those of soybean cultivation income (X5) and local soybean prices
(X6). Among them, the price ratio of local soybeans to local maize (X12) had a higher
impact than the price ratio of imported soybeans to local soybeans (X10). Technology
research and industrial development also had a significant positive impact on soybean
yield in Heilongjiang Province. The number of soybean patents (X7) and the number of
newly established soybean enterprises (X8) were both primary influencing factors, but the
influence of X7 was higher than that of X8. In contrast, the income difference between
maize and soybeans (X13), crops-hitting disaster area (X4), and maize yield (X11) had a
relatively small impact on soybean yield in Heilongjiang Province.
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Table 5. Grey relational degree between soybean yield and each influencing factor in Heilongjiang
Province from 2011 to 2021.

Influencing Factors Grey Relational Grade Rank
Sunlight hours X1 0.915 1
Price ratio of local soybeans to local maize X12 0.883 2
Average temperature X2 0.874 3
Number of soybean patents X7 0.863 4
Price ratio of imported soybeans to local soybeans X10 0.847 5
Soybean cultivation income X5 0.846 6
Local soybean prices X6 0.834 7
Number of newly established soybean enterprises X8 0.817 8
Precipitation X3 0.758 9
Soybean import volume X9 0.753 10
Income difference between maize and soybeans X13 0.693 11
Crops-hitting disaster area X4 0.665 12
Maize yield X11 0.610 13

5. Discussion
5.1. Spatial Evolution Mechanism of Soybean Production in Heilongjiang Province

The spatial pattern of soybean production in Heilongjiang Province is dynamically

changing and is mainly characterized by three features: the shift of the production center
to the northwest, spatial agglomeration of core production areas, and spatial differentiation
in yield changes.

1.

With global warming and advances in agricultural technology, the soybean production
center in Heilongjiang Province is constantly shifting to the northwest [61]. Soybeans
have a strong adaptability to the environment, but their distribution is also restricted
by natural conditions. Except for non-irrigated areas where the active accumulated
temperature (>10 °C) is below 1900 °C and the precipitation is below 250 mm, soy-
bean cultivation can be found in almost all agricultural areas [25]. Heilongjiang
Province has favorable conditions, such as simultaneous heat and precipitation, large
temperature differences between day and night, and long sunshine hours in summer.
In addition, soybeans exhibit a strong tolerance to cold temperatures. As long as
suitable varieties are selected, soybeans can still achieve high yields even in the frigid
climate of northern Heilongjiang Province [62]. If other crops, such as maize or rice,
are grown in this cold region, their stability is inferior to that of soybeans [63].

The current soybean production hot spots are concentrated at the junction of Heihe
City, Suihua City, and Qiqihar City [64]. With Hailun and Suiling as the southern
boundaries and Aihui as the northern boundary, the type of cultivated land in this
area is mainly dry land. It is not a dominant planting area for maize. In contrast,
soybean production has a greater advantage. The area to the north of Aihui belongs to
the Greater Khingan Mountains forest region, with limited arable land resources and
an active accumulated temperature (>10 °C) below 1900 °C. Its natural conditions
cannot meet the needs of large-scale soybean cultivation. The latitude of northeastern
Heilongjiang Province is relatively low, and the cultivated land type is mainly paddy
fields. Rice is the main crop in this area [65]. In the southern part of Heilongjiang
Province, where the accumulated temperature is higher, rice and maize cultivation
have higher benefits, while soybeans lack a competitive advantage [25].

From 2011 to 2021, there was a significant spatial difference in soybean yield fluc-
tuations in different counties of Heilongjiang Province. Overall, the growth trend
of soybean yield in northern counties was higher than that in southern counties.
The most significant increase is observed in the northern part of the Lesser Khingan
Mountains, the central-northern part of the Songnen Plain, and the Sanjiang Plain [66].
These areas are rich in arable land resources and have a solid foundation for agricul-
tural production. The majority of the low-yield, low-quality, and low-efficiency corn
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and rice production areas in Heilongjiang Province are concentrated here. At the same
time, these areas are also the core regions for promoting the rotation between soybeans
and other crops in Heilongjiang Province. In other county-level administrative units,
soybean yield changes are not significant due to factors such as planting income,
topography, and cultivated land types. Only soybean yields in Kedong, Tieli, Boli and
Dongning decreased significantly.

5.2. Temporal Evolution Mechanism of Soybean Production in Heilongjiang Province

From 2011 to 2021, the soybean yield in Heilongjiang Province showed a non-significant

fluctuating upward trend (Figure 11). Depending on the direction of yield changes, the
research period can be divided into 7 specific time periods, as follows:

1.

From 2011 to 2013, the soybean yield in Heilongjiang Province declined year by year,
which was caused by factors such as rising soybean planting costs, low comparative
returns, crop rotation, international market shocks, and high national grain reserve
standards. The production factor cost of soybean cultivation is constantly increasing,
and the comparative benefit is lower than those of competitive crops such as rice and
maize [67]. Soybean cultivation requires crop rotation to reduce pests and diseases,
prevent soil nutrient imbalance, and eliminate the toxic effects of root and microbial
secretions. As a result, soybean acreage undergoes periodic reductions [68]. Imported
soybeans have the characteristics of low prices and high oil extraction rates, which at-
tract large-scale oilseed processing enterprises to concentrate in coastal areas. This has
a crowding-out effect on soybean production in Heilongjiang Province [69]. Although
the temporary soybean purchasing and storage policy to some extent guarantees the
income of soybean farmers, the national purchasing and storage agencies have high
quality requirements for soybeans. Farmers still need to bear the expenses of short-
distance transportation, grain losses, accommodation, etc. Therefore, the problem of
limited soybean sales still exists [70]. In addition, the precipitation in Heilongjiang
Province increased abnormally in the winter of 2012, resulting in snow covering a
wide area and persisting for a long time. As a result, severe soil waterlogging occurred
in the spring of 2013, and spring plowing activities were severely disrupted [71]. In the
summer of 2013, Heilongjiang Province experienced frequent rainfall and insufficient
sunlight. Some major soybean-producing areas suffered from floods, which greatly
affected soybean production [72].

In 2014, soybean yield showed a recovery of growth. The weather conditions in 2014
were favorable for soybean planting in Heilongjiang Province. The soil moisture was
good, the temperature was normal, and the sunshine was ample. The growth and
development of soybeans was better than that in previous years [73]. In the same year,
Heilongjiang Province changed its temporary soybean purchasing and storage policy
to the soybean target price policy.

In 2015, due to the impact of various factors, such as the low comparative benefits
of soybean cultivation and the import of foreign transgenic soybeans, an increasing
number of farmers in Heilongjiang Province switched to planting maize. In addition,
the soybean target price policy temporarily did not have a significant impact on
the increase in soybean production in Heilongjiang Province, and soybean yield
declined [74].

In 2016 and 2017, the soybean yield in Heilongjiang Province increased. In November
2015, the Ministry of Agriculture and Rural Affairs of China issued guiding opinions
on the structural adjustment of maize in the ‘Liandaowan’ areas, which promoted the
increase in the soybean planting area in Heilongjiang Province [75]. In March 2016,
China officially canceled the temporary maize purchasing and storage policy in the
three provinces of Northeast China and the Inner Mongolia Autonomous Region. The
cancellation of the temporary purchasing and storage policy led to the expectation
of falling maize prices, and some farmers switched to planting soybeans instead. In
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addition, Heilongjiang Province launched a pilot subsidy for maize-soybean rotation
in 2016, which further strengthened farmers’ willingness to plant soybeans.

In 2018, the soybean yield in Heilongjiang Province decreased. Maize prices continued
to rise at the end of 2017, which resulted in a decline in farmers’ interest in planting
soybeans. In addition, the northwestern region of Heilongjiang Province suffered
from low temperatures and frosty weather in September 2018, which also led to a
certain reduction in soybean yields [76].

In 2019 and 2020, the soybean yield in Heilongjiang Province increased rapidly. In 2019,
China launched the second round of the soybean revitalization plan and issued an
implementation plan, which clearly stated the goal of increasing the effective supply
of soybeans. Since 2018, the difference in producer subsidies between soybeans and
maize has widened in Heilongjiang Province. Soybean subsidies far exceed maize
subsidies, resulting in a higher income of soybeans than of maize in 2018. Farmers’
enthusiasm for planting soybeans increased, and soybean yield increased in 2019. On
the basis of continuing to implement differentiated producer subsidies for maize and
soybeans, the weather conditions for soybean cultivation in Heilongjiang Province in
2020 were ideal, resulting in a further increase in soybean yields.

In 2021, the soybean yield in Heilongjiang Province showed a downward trend. Rising
maize prices in 2020 have led to a significant increase in maize profits. Farmers had
a strong desire to expand maize planting, which squeezed out part of the soybean
planting area [77].
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Figure 11. Soybean yield in Heilongjiang Province from 2011 to 2021.

5.3. Discussion on the Differences in Grey Relational Grade of Influencing Factors

Soybean production in Heilongjiang Province is influenced by multi-dimensional

factors, and the action strength of different influencing factors is different.

5.3.1. Primary Influencing Factors

The primary influencing factors include sunlight hours (X1), the price ratio of local

soybeans to local maize (X12), average temperature (X2), the number of soybean patents
(X7), the price ratio of imported soybeans to local soybeans (X10), soybean cultivation
income (X5), local soybean prices (X6), and the number of newly established soybean
enterprises (X8).
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Soybeans are crops that prefer light and warmth. Sufficient sunlight and suitable
temperature are beneficial to the growth and maturity of soybeans. Due to the short
frost-free period, the soybean varieties selected for planting in various regions of
Heilongjiang Province are strictly restricted by temperature conditions. The farther
north in Heilongjiang Province, the more farmers tend to choose soybean varieties
with a shorter growing period and stronger cold-resistant characteristics [78]. The
length of the growth period and the accumulated temperature basically determine
the unit-yield level of soybeans [63]. Liu and Dai similarly found that temperature
and sunlight are the main factors influencing soybean phenology [79].

The soybean yield in Heilongjiang Province is extremely sensitive to the price ratio of
local soybeans to local maize, as well as the price ratio of imported soybeans to local
soybeans. The relative prices of local soybeans and local maize directly determine
farmers’ planting choices, while price fluctuations in the international soybean market
profoundly affect the supply—demand relation of soybeans in Heilongjiang Province.
The impacts of these two price ratios on soybean yield in Heilongjiang Province are
even higher than those of soybean cultivation income and local soybean prices. The
impact intensity of local maize is greater than that of imported soybeans. This is
because Heilongjiang Province is located in the inland area. Compared to coastal
areas, the transportation time of imported soybeans is longer, and the transportation
cost is higher. As a result, the price advantage of imported soybeans is greatly reduced.
In addition, the main uses of domestic soybeans and imported soybeans are different,
and the substitution relationship is limited. Domestic soybeans are non-transgenic
soybeans with a high protein content and are mainly used for soybean food processing.
Imported soybeans have advantages in terms of oil extraction rate and are mainly
used for oil extraction and feed production [80]. Due to the preference for green food,
some consumers in the soybean market prefer higher-priced non-transgenic soybeans,
which also enhances the development resilience of local soybeans in Heilongjiang
Province [81]. The competition between local maize and local soybeans is very
intense. The climatic conditions in Heilongjiang Province are also suitable for maize
cultivation, and the comparative profit of maize is generally higher than that of
soybeans. Faced with the realistic pressure of rising land transfer prices, farmers
pursue higher profits and continuously expand maize cultivation areas, resulting in a
decline in soybean yields.

Imported soybean prices and local maize prices have a greater impact on soybean
yield in Heilongjiang than soybean import volume and maize yield. Imported soy-
bean prices and local maize prices directly affect farmers’ planting income, which
subsequently affects the soybean yield in Heilongjiang Province by changing farmers’
planting decisions. However, the effect mechanism of soybean import volume and
local maize yield on soybean yield in Heilongjiang Province is more complicated, the
influence process is more tortuous, and the influence intensity is relatively limited.
The number of soybean patents and the number of newly established soybean enter-
prises are also primary factors influencing soybean yield in Heilongjiang Province.
The greater the number of soybean patents, the greater the investment in soybean re-
search and the faster the technological progress. Technological innovations in soybean
breeding, planting, processing, and other aspects collectively play a significant role in
enhancing soybean yields [82]. The increasing number of newly established soybean
enterprises indicates a positive development trend in the soybean industry and a
strong demand in the soybean market. This stimulates more farmers to engage in
soybean cultivation, which subsequently leads to an increase in soybean production
in Heilongjiang Province. In addition, the agglomeration of soybean enterprises is the
foundation of the soybean industry cluster. The upgrading of the industrial model will
lead to many benefits [83], such as external economy, scale economy, and knowledge
exchange, promote the revitalization of the soybean industry, and better transform
resource advantages into economic advantages.
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5.3.2. Secondary Influencing Factors

Precipitation (X3) and soybean import volume (X9) are secondary influencing factors.
With the development of agricultural irrigation facilities and precipitation forecasting
technology, the ability of soybean production to cope with floods or droughts has increased,
leading to a decrease in the correlation between precipitation and soybean yield [84]. As
China’s largest soybean-producing region, Heilongjiang Province has a high soybean yield
and a limited demand for imported soybeans. As a result, its soybean yield is less affected
by soybean import volume.

5.3.3. General Influencing Factors

The income difference between maize and soybeans (X13), crops-hitting disaster area
(X4), and maize yield (X11) are general influencing factors. First, Heilongjiang Province
introduced differentiated subsidies for maize and soybeans, which partially narrows the
income gap between maize and soybeans and reduces the correlation between this income
gap and soybean yield [85]. Second, the statistical object of the crops-hitting disaster area in
this paper is all crops in Heilongjiang Province, not just soybean crops, which also reduces
the impact of this factor on soybean yield. Finally, farmers are often more responsive to the
prices of competitive crops rather than their yields when making planting decisions, so the
grey relational grade between maize yield and soybean yield is also relatively low.

5.4. Development Suggestions for Soybean Industry in Heilongjiang Province
5.4.1. Cluster Development

First, Heilongjiang Province should focus on core soybean production areas such as
Heihe, Suihua, and Qiqihar, accelerate the cultivation, introduction and agglomeration
of soybean enterprises, form a synergistic relationship in the industrial chain, and build
a cross-administrative soybean industry cluster. Second, cluster development should be
characterized by non-transgenic high-protein edible soybeans. Finally, efforts should be
made to vigorously develop deep processing of soybeans, extend the industrial chain,
increase added value, achieve high quality and good prices in the market, drive farmers to
increase production and income, and continuously improve the market competitiveness of
soybeans in Heilongjiang Province.

5.4.2. Production Optimization

First, the planting structure should be optimized, the area of maize in non-dominant
cultivation areas and the area of rice with low yield, low quality and low efficiency should
be reduced, and the area of soybeans should be appropriately increased. Second, the
agricultural production technology service system should be improved. The organic
combination of farmers and modern agriculture can be achieved through land trusteeship,
joint management and other means. Finally, the construction of agricultural infrastructure
should be accelerated, moderate-scale management should be promoted, the mechanization
level of soybean production should be improved, and the cost of soybean cultivation should
be reduced.

5.4.3. Policy Guidance

First, differentiated producer subsidies for maize and soybeans should be imple-
mented, and the maize-soybean rotation system should be promoted. Second, efforts
should be made to increase support for soybean-leading enterprises and provide specific
support in taxation, finance, etc. Finally, adhering to the “going out” development strategy,
Heilongjiang Province can strengthen investment and trade cooperation with the Russian
Far East in soybean production. Abundant arable land resources abroad could be utilized
to establish soybean production bases and expand soybean supply channels.
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5.4.4. Technology Investment

First, a government-industry-university-research institute development alliance should
be established to enhance technology exchange and knowledge sharing. Second, biotech-
nology should be actively developed, high-quality soybean varieties should be cultivated,
and farming methods should be innovated. Finally, the protection of black soil should
be strengthened to provide environmental support and ecological security for the devel-
opment of the soybean industry in Heilongjiang Province. The construction of regional
agricultural brands such as “Black Soil Premium Products” and “Cold Zone Black Glebe”
should be promoted.

6. Conclusions

With a focus on soybean yield, this study integrated multi-source data and used a
variety of statistical analysis methods, such as barycenter analysis, the Mann—-Kendall
test, the space—time cube, and grey relational analysis, to research the spatiotemporal
evolution and influencing factors of soybean production in Heilongjiang Province from
2011 to 2021. On this basis, this study revealed the spatiotemporal evolution mechanism
of soybean production in Heilongjiang Province, explored the reasons for the differences
in the effects of influencing factors, and proposed suggestions for the development of the
soybean industry from the perspectives of cluster development, production optimization,
policy guidance, and technology investment. The main research conclusions are as follows.

1.  In terms of the overall spatiotemporal variation, the center of gravity of county-level
soybean yield in Heilongjiang Province moved towards the northwest over a distance
of 16.82 km from 2011 to 2021. The soybean yield in the province experienced a
mutation in approximately 2018, from a downward trend to an upward trend.

2. Interms of the spatiotemporal hot spot distribution, the spatiotemporal hot spots of
county-level soybean yield in Heilongjiang Province were concentrated along the line
from Hailun to Aihui. Specifically, Hailun and Suiling were consecutive hot spots;
Bei’an, Wudalianchi, Nenjiang, Aihui, Kedong, and Keshan were intensifying hot
spots; Sunwu and Baiquan were sporadic hot spots and Yi’an was a new hot spot.

3. In terms of the spatiotemporal agglomeration pattern, the spatiotemporal agglomera-
tion patterns of county-level soybean yield in Heilongjiang Province included only
high-high clusters, only low-low clusters, only high-low outliers and multiple types.

4. Interms of the time series analysis, the temporal changes in soybean yield in various
counties of Heilongjiang Province had obvious regional characteristics. There was no
significant change in county-level soybean yield in the following regions: the Greater
Khingan Mountains, the southern part of the Lesser Khingan Mountains, the southern
part of the Songnen Plain, the Songhua River valley, and the mountainous and hilly
areas of southeastern Heilongjiang Province. Meanwhile, the county-level soybean
yield in the northern part of the Lesser Khingan Mountains, the central-northern part
of the Songnen Plain, and the Sanjiang Plain showed a significant upward trend.

5. In terms of the action mode of influencing factors, socioeconomic factors had after-
effects on soybean planting decisions. This year’s soybean production is directly
affected by this year’s climatic conditions and natural disasters, as well as by this
year’s and last year’s socioeconomic factors.

6. Interms of the impact intensity of influencing factors, sunlight hours, the price ratio
of local soybeans to local maize, average temperature, the number of soybean patents,
the price ratio of imported soybeans to local soybeans, soybean cultivation income,
local soybean prices, and the number of newly established soybean enterprises were
the primary influencing factors. Precipitation and soybean import volume were sec-
ondary factors. The income difference between maize and soybeans, crop-hitting
disaster areas, and maize yield were general influencing factors. For physical geo-
graphical factors, the impacts of sunlight hours and average temperature on soybean
yield were significantly higher than those of precipitation and crop-hitting disaster
areas. For socioeconomic factors, compared with scale indicators such as maize yield
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and soybean import volume, the soybean yield in Heilongjiang Province was more
sensitive to the price ratio of local soybeans to local maize, as well as the price ratio of
imported soybeans to local soybeans. The impact of these two price ratios on soybean
yield in Heilongjiang Province was even higher than those of soybean cultivation
income and local soybean prices. Compared to that of imported soybeans, the impact
of local maize was stronger. Technology research and industrial development also
had a significant positive impact on soybean yield in Heilongjiang Province. The
government’s differentiated subsidy policy played an important role in stabilizing
soybean production.

Based on Heilongjiang Province, this paper integrated data from agricultural reclama-
tion systems and local authorities, considered both space and time, and enriched the current
research on the spatiotemporal evolution and influencing factors of soybean production.
However, this paper still has some limitations that demand a more thorough exploration
in the future. On the one hand, due to the limitations of the collected data, the research
scale of influencing factor analysis was limited to the provincial level, and the selection of
influencing factors was also limited. Factors such as crop varieties, land quality, cultivation
methods, and differences among farmers were not considered. On the other hand, the
treatment of natural geographical factors was simplified in the analysis of influencing
factors. The impact of different natural conditions in different regions of Heilongjiang
Province on soybean production has not been deeply analyzed. It should be strengthened
in the future.

Author Contributions: T.W.: Conceptualization, Methodology, Software, Visualization, Writing Orig-
inal draft preparation, Writing-Reviewing and Editing. Y.M.: Investigation, Supervision, Validation.
S.L.: Data curation. All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by the Strategic Priority Research Program of the Chinese
Academy of Sciences under Grant number XDA28070501.

Data Availability Statement: Data are contained within the article.

Acknowledgments: We would like to express our gratitude to the editors and anonymous reviewers
for their helpful suggestions and corrections, as well as to the social survey activities of the University
of the Chinese Academy of Sciences for their support of this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, Z;Ying, H.; Chen, M,; Bai, ].; Xue, Y.; Yin, Y.; Batchelor, W.D.; Yang, Y.; Bai, Z.; Du, M.; et al. Optimization of China’s maize
and soy production can ensure feed sufficiency at lower nitrogen and carbon footprints. Nat. Food 2021, 2, 426-433. [CrossRef]

2. Mizuno, H.; Prodohl, I. Mitsui Bussan and the Manchurian soybean trade: Geopolitics and economic strategies in China’s
Northeast, ca. 1870s-1920s. Bus. Hist. 2023, 65, 880-901. [CrossRef]

3. Hu, C. China’s soybean exports and markets in various countries in the early 20th century. J. Northeast. Norm. Univ. (Philos. Soc.
Sci.) 1996, 2, 23-28. (In Chinese) [CrossRef]

4. Yin, G. Reasons for the decline of soybean export trade in Northeast China (1929-1945). Agric. Archaeol. 2015, 3, 47-53. (In Chinese)

5. Xie, Y. Evolution of China’s soybean trade pattern and countermeasures. Rural Econ. 2022, 10, 10-17. (In Chinese)

6. Tang, P; Chen, Z; Liu, Z.; Yang, P; Yao, Y. A study on spatio-temporal change of soybeans distribution in Northeast China using
a cross-entropy method. Chin. J. Agric. Resour. Reg. Plan. 2018, 39, 62-73. (In Chinese) [CrossRef]

7. He, G.; Zhao, Y.; Wang, L.; Jiang, S.; Zhu, Y. China’s food security challenge: Effects of food habit changes on requirements for
arable land and water. J. Clean. Prod. 2019, 229, 739-750. [CrossRef]

8. Chen, Y, Jiang, Y.; Zhang, Y. Spatio-temporal evolution and influencing factors of soybean production in China. Econ. Geogr. 2022,
42,87-94. (In Chinese) [CrossRef]

9.  Fares, T.M. Food security and power struggle in the Chinese ‘battle of the beans’. J. Peasant Stud. 2022, 50, 2024-2049. [CrossRef]

10. Guo, T. Study on Dilemma and Way out of China’s Soybean Production; China Social Sciences Press: Beijing, China, 2017; pp. 5-7.
(In Chinese)

11.  Assefa, Y.; Bajjalieh, N.; Archontoulis, S.; Casteel, S.; Davidson, D.; Kovacs, P.; Naeve, S.; Ciampitti, I.A. Spatial characterization of
soybean yield and quality (amino acids, oil, and protein) for United States. Sci. Rep. 2018, 8, 14653. [CrossRef]

12.  Aratjo, M.L.S.d.; Sano, E.E.; Bolfe, E.L.; Santos, ].R.N.; Santos, J.S.d.; Sliva, EB. Spatiotemporal dynamics of soybean crop in the

Matopiba region, Brazil (1990-2015). Land Use Policy 2019, 80, 57—67. [CrossRef]


https://doi.org/10.1038/s43016-021-00300-1
https://doi.org/10.1080/00076791.2019.1687688
https://doi.org/10.16164/j.cnki.22-1062/c.1996.02.005
https://doi.org/10.7621/cjarrp.1005-9121.20180909
https://doi.org/10.1016/j.jclepro.2019.05.053
https://doi.org/10.15957/j.cnki.jjdl.2022.03.009
https://doi.org/10.1080/03066150.2022.2054701
https://doi.org/10.1038/s41598-018-32895-0
https://doi.org/10.1016/j.landusepol.2018.09.040

Land 2023, 12, 2090 27 of 29

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Shangguan, Y; Li, X,; Lin, Y.; Deng, J.; Yu, L. Mapping spatial-temporal nationwide soybean planting area in Argentina using
Google Earth Engine. Int. ]. Remote Sens. 2022, 43, 1725-1749. [CrossRef]

Zhang, Z.; Lu, C. Clustering analysis of soybean production to understand its spatiotemporal dynamics in the North China Plain.
Sustainability 2020, 12, 6178. [CrossRef]

Hu, Q.; Xiang, M.; Chen, D.; Zhou, J.; Wu, W.; Song, Q. Global cropland intensification surpassed expansion between 2000 and
2010: A spatio-temporal analysis based on GlobeLand30. Sci. Total Environ. 2020, 746, 141035. [CrossRef]

Cattelan, A.].; Dall’Agnol, A. The rapid soybean growth in Brazil. OCL-Oilseeds Fats Crops Lipids 2018, 25, D102. [CrossRef]
Song, X.; Hansen, M.C.; Potapov, P.; Adusei, B.; Pickering, J.; Adami, M.; Lima, A.; Zalles, V.; Stehman, S.V.; Di Bella, C.M,;
et al. Massive soybean expansion in South America since 2000 and implications for conservation. Nat. Sustain. 2021, 4, 784-792.
[CrossRef]

Chen, W,; Zhang, B.; Kong, X.; Wen, L.; Liao, Y.; Kong, L. Soybean production and spatial agglomeration in China from 1949 to
2019. Land 2022, 11, 734. [CrossRef]

Guo, S.; Zhang, Z.; Guo, E.; Fu, Z.; Gong, ].; Yang, X. Historical and projected impacts of climate change and technology on
soybean yield in China. Agric. Syst. 2022, 203, 103522. [CrossRef]

Nguyen, H.; Thompson, A.; Costello, C. Impacts of historical droughts on maize and soybean production in the southeastern
United States. Agric. Water Manag. 2023, 281, 108237. [CrossRef]

Vogel, ].T.; Liu, W.; Olhoft, P; Crafts-Brandner, S.J.; Pennycooke, ].C.; Christiansen, N. Soybean yield formation physiology—-A
foundation for precision breeding based improvement. Front. Plant Sci. 2021, 12, 719706. [CrossRef]

Gaweda, D.; Nowak, A.; Haliniarz, M.; Wozniak, A. Yield and economic effectiveness of soybean grown under different cropping
systems. Int. ]. Plant Prod. 2020, 14, 475-485. [CrossRef]

Gao, X.; Xie, Y.; Liu, G.; Liu, B.; Duan, X. Effects of soil erosion on soybean yield as estimated by simulating gradually eroded soil
profiles. Soil Tillage Res. 2015, 145, 126-134. [CrossRef]

Wang, W.; Liu, A.; Qiang, W. Virtual land trades and external dependences of China’s soybean resources. J. Nat. Resour. 2011, 26,
1139-1147. (In Chinese)

Yang, G. Soybean Industrial Economy in China from Industry Chain Perspective; China Agricultural University Press: Beijing, China,
2016; pp. 52-62+288. (In Chinese)

Huang, G.; Yao, G.; Zhao, ].; Lisk, M.D.; Yu, C.; Zhang, X. The environmental and socioeconomic trade-offs of importing crops to
meet domestic food demand in China. Environ. Res. Lett. 2019, 14, 094021. [CrossRef]

Yu, J.; Qiao, J.; Gong, C. Technical progress and technical efficiency analysis of soybean production in China. J. Agrotech. Econ.
2007, 4, 41-47. (In Chinese)

Di, Y;; You, N.; Dong, J.; Liao, X.; Song, K.; Fu, P. Recent soybean subsidy policy did not revitalize but stabilize the soybean
planting areas in Northeast China. Eur. J. Agron. 2023, 147, 126841. [CrossRef]

Li, M,; Xiong, T. Dynamic price discovery in Chinese agricultural futures markets. J. Asian Econ. 2021, 76, 101370. [CrossRef]
Sun, J.; Yang, L.; Zhao, F.; Wu, W. Domestic dynamics of crop production in response to international food trade: Evidence from
soybean imports in China. J. Land Use Sci. 2020, 15, 91-98. [CrossRef]

Li, Q.; Liu, W.; Du, G.; Faye, B.; Wang, H; Li, Y.; Wang, L.; Qu, S. Spatiotemporal evolution of crop planting structure in the black
soil region of northeast China: A case study in Hailun County. Land 2022, 11, 785. [CrossRef]

Rahman, S.U.; McCoy, E.; Raza, G.; Ali, Z.; Mansoor, S.; Amin, . Improvement of soybean; A way forward transition from genetic
engineering to new plant breeding technologies. Mol. Biotechnol. 2023, 65, 162-180. [CrossRef]

Qin, P; Wang, T.; Luo, Y. A review on plant-based proteins from soybean: Health benefits and soy product development. J. Agric.
Food Res. 2022, 7, 100265. [CrossRef]

Sentelhas, P.C.; Battisti, R.; Camara, G.M.S,; Farias, ].R.B.; Hampf, A.C.; Nendel, C. The soybean yield gap in Brazil-magnitude,
causes and possible solutions for sustainable production. J. Agric. Sci. 2015, 153, 1394-1411. [CrossRef]

Liu, S.; Zhang, P.; Marley, B.; Liu, W. The factors affecting farmers’ soybean planting behavior in Heilongjiang Province, China.
Agriculture 2019, 9, 188. [CrossRef]

Nget, R.; Aguilar, E.A.; Cruz, P.C.S,; Reano, C.E.; Sanchez, P.B.; Reyes, M.R,; Prasad, P.V.V. Overview of farmers’ perceptions of
current status and constraints to soybean production in Ratanakiri province of Cambodia. Sustainability 2021, 13, 4433. [CrossRef]
Notice from the Ministry of Agriculture and Rural Affairs of the People’s Republic of China on the issuance of the “Implementation
Plan for the Soybean Rejuvenation Plan”. Available online: http://www.moa.gov.cn/nybgb/2019/0201903/201905/t20190525_
6315395.htm (accessed on 17 June 2023).

Warntz, W.; Neft, D. Contributions to a statistical methodology for areal distributions. J. Reg. Sci. 1960, 2, 47-66. [CrossRef]

Li, E.; Coates, K; Li, X.; Ye, X.; Leipnik, M. Analyzing agricultural agglomeration in China. Sustainability 2017, 9, 313. [CrossRef]
Mann, H.B. Nonparametric tests against trend. Econometrica 1945, 13, 245-259. [CrossRef]

Kendell, M.G. Rank Correlation Methods, 4th ed.; Charles Grrffin: London, UK, 1970; pp. 49-51.

Sneyers, R. On the Statistical Analysis of Series of Observations; World Meteorological Organization: Geneve, Switzerland, 1990;
pp. 10-14.

Xu, J. Mathematical Methods in Contemporary Geography, 3rd ed.; Higher Education Press: Beijing, China, 2017; pp. 133-138.
(In Chinese)


https://doi.org/10.1080/01431161.2022.2049913
https://doi.org/10.3390/su12156178
https://doi.org/10.1016/j.scitotenv.2020.141035
https://doi.org/10.1051/ocl/2017058
https://doi.org/10.1038/s41893-021-00729-z
https://doi.org/10.3390/land11050734
https://doi.org/10.1016/j.agsy.2022.103522
https://doi.org/10.1016/j.agwat.2023.108237
https://doi.org/10.3389/fpls.2021.719706
https://doi.org/10.1007/s42106-020-00098-1
https://doi.org/10.1016/j.still.2014.09.004
https://doi.org/10.1088/1748-9326/ab3c10
https://doi.org/10.1016/j.eja.2023.126841
https://doi.org/10.1016/j.asieco.2021.101370
https://doi.org/10.1080/1747423X.2020.1742811
https://doi.org/10.3390/land11060785
https://doi.org/10.1007/s12033-022-00456-6
https://doi.org/10.1016/j.jafr.2021.100265
https://doi.org/10.1017/S0021859615000313
https://doi.org/10.3390/agriculture9090188
https://doi.org/10.3390/su13084433
http://www.moa.gov.cn/nybgb/2019/0201903/201905/t20190525_6315395.htm
http://www.moa.gov.cn/nybgb/2019/0201903/201905/t20190525_6315395.htm
https://doi.org/10.1111/j.1467-9787.1960.tb00834.x
https://doi.org/10.3390/su9020313
https://doi.org/10.2307/1907187

Land 2023, 12, 2090 28 of 29

44.

45.

46.
47.

48.
49.

50.
51.

52.

53.

54.
55.

56.
57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Wang, J.; Zhao, J.; Li, C.; Zhu, Y,; Kang, C.; Gao, C. The spatial-temporal patterns of the impact of human activities on vegetation
coverage in China from 2001 to 2015. Acta Geogr. Sin. 2019, 74, 504-519. (In Chinese) [CrossRef]

Liu, Z.; Ding, Y,; Jiao, Y. Spatiotemporal patterns of precipitation changes and their impacts on food supply in Southwest China
from 1988 to 2018: A case study in Yunnan Province. Acta Geogr. Sin. 2021, 76, 2297-2311. (In Chinese) [CrossRef]

Hégerstrand, T. What about people in regional science? Pap. Reg. Sci. Assoc. 1970, 24, 7-21. [CrossRef]

Visualize the Space-Time Cube. Available online: https://pro.arcgis.com/en/pro-app/3.0/tool-reference/space-time-pattern-
mining/visualizing-cube-data.htm (accessed on 3 July 2023).

Getis, A.; Ord, J.K. The analysis of spatial association by use of distance statistics. Geogr. Anal. 1992, 24, 189-206. [CrossRef]
How Emerging Hot Spot Analysis Works? Available online: https://pro.arcgis.com/en/pro-app/3.0/tool-reference/space-time-
pattern-mining/learnmoreemerging.htm (accessed on 8 November 2023).

Anselin, L. Local indicators of spatial association—LISA. Geogr. Anal. 1995, 27, 93-115. [CrossRef]

How Local Outlier Analysis Works? Available online: https://pro.arcgis.com/en/pro-app/3.0/tool-reference/space-time-
pattern-mining/learnmorelocaloutlierhtm (accessed on 8 November 2023).

Zhang, Q.; Xu, D.; Ding, Y. Spatio-temporal pattern mining of the last 40 years of drought in China based on SPEI index and
spatio-temporal cube. Agric. Res. Arid Areas 2021, 39, 194-201. (In Chinese) [CrossRef]

How Multivariate Clustering Works? Available online: https:/ /pro.arcgis.com/en/pro-app/3.0/tool-reference/spatial-statistics /
how-multivariate-clustering-works.htm (accessed on 3 July 2023).

Deng, J. Control problems of grey systems. Syst. Control Lett. 1982, 1, 288-294. [CrossRef]

Jiang, H.; Zhang, W.; Zhang, J.; Duan, J. The spatial pattern of transnational migrants and its influence on FDI in Africa since the
21st century. Geogr. Res. 2021, 40, 725-742. (In Chinese) [CrossRef]

Hu, L.; Ding, Y. Crop Cultivation Science, 2nd ed.; Higher Education Press: Beijing, China, 2019; p. 251. (In Chinese)

Jiang, L.; Li, S; Li, X.; Zhang, L.; Du, C. Impacts of climate change on development and yield of soybean over past 30 years in
Heilongjiang Province. Soybean Sci. 2011, 30, 921-926. (In Chinese)

Wang, C.; Zhao, H.; Feng, N.; Zheng, D.; Liang, X.; Qi, D.; Huang, W. Differences in light and heat utilization efficiency and yield
of soybean in two ecological zones and their response to chemical control regulators. Chin. . Appl. Ecol. 2018, 29, 3615-3624.
(In Chinese) [CrossRef]

Yu, Z. Monographs on Crop Cultivation (North of China), 2nd ed; China Agriculture Press: Beijing, China, 2013; pp. 205-207.
(In Chinese)

Kong, X. Agricultural Economics, 2nd ed; China Renmin University Press: Beijing, China, 2019; pp. 4-5. (In Chinese)

Du, C,; Gong, L.; Zhang, Z.; Zhao, H.; Wu, S.; Tian, B.; Zhao, F. Characteristics and effects on crop production of heat resources
changes in Heilongjiang Province. Chin. J. Eco-Agric. 2018, 26, 242-252. (In Chinese) [CrossRef]

Song, W.; Sun, S.; Wu, T,; Yang, R.; Tian, S.; Xu, C.; Jiang, B.; Yuan, S.; Hou, W.; Wu, C.; et al. Geographic distributions and the
regionalization of soybean seed compositions across China. Food Res. Int. 2023, 164, 112364. [CrossRef]

Aubert, C.; Zhu, X. The Changing Role of Soybean in China’s Food System: A Study in Its Production, Processing, Consumption and Trade;
China Agriculture Press: Beijing, China, 2002; pp. 154-161. (In Chinese)

Li, X;; Yu, L.; Peng, D.; Gong, P. A large-scale, long time-series (1984-2020) of soybean mapping with phenological features:
Heilongjiang Province as a test case. Int. |. Remote Sens. 2021, 42, 7332-7356. [CrossRef]

Pan, T.; Zhang, C.; Kuang, W.; Luo, G.; Du, G.; DeMaeyer, P; Yin, Z. A large-scale shift of cropland structure profoundly affects
grain production in the cold region of China. J. Clean. Prod. 2021, 307, 127300. [CrossRef]

Pei, W,; Fu, Q.; Liu, D,; Li, T.; Cheng, K.; Cui, S. Study of the variation trend, abrupt behavior and relationship between climate
and planting structure in a cold region of China: A case study of Heilongjiang Province. J. Water Clim. Chang. 2017, 8, 510-523.
[CrossRef]

Yan, H.; Chen, Y.; Ku, H.B. China’s soybean crisis: The logic of modernization and its discontents. J. Peasant Stud. 2016, 43,
373-395. [CrossRef]

Hall, S.J.; Russell, A.E.; Moore, A.R. Do corn-soybean rotations enhance decomposition of soil organic matter? Plant Soil 2019, 444,
427-442. [CrossRef]

Yang, X.; Liu, A.; Jia, P.; Xue, L. Spatial pattern and evolution mechanism of China’s soybean processing plants. J. Nat. Resour.
2019, 34, 1440-1456. (In Chinese) [CrossRef]

Tang, Q. The decrease in soybean planting area and soybean market trend analysis in Heilongjiang Province in 2011. Agric.
Outlook 2011, 5, 22-25. (In Chinese)

Zhao, X,; Jiang, Y. Climatic characteristics of low temperature and waterlogging in spring and its influence on spring sowing in
northeast China in 2013. |. Northeast Agric. Univ. 2018, 49, 50-57. (In Chinese) [CrossRef]

Duan, W.; He, B.; Nover, D.; Fan, J.; Yang, G.; Chen, W.; Meng, H.; Liu, C. Floods and associated socioeconomic damages in China
over the last century. Nat. Hazards 2016, 82, 401-413. [CrossRef]

Wang, X. 2014 Heilongjiang Province soybean market analysis report. Heilongjiang Grain 2015, 5, 34-36. (In Chinese)

Dai, Y. 2015 Heilongjiang Province soybean market analysis report. Heilongjiang Grain 2016, 5, 20-22. (In Chinese)

Liu, S.; Zhang, P,; Liu, W.; He, X. Key factors affecting farmers’ choice of corn reduction under the China’s new agriculture policy
in the ‘Liandaowan’ areas, Northeast China. Chin. Geogr. Sci. 2019, 29, 1039-1051. [CrossRef]

Chen, Z; San, X. 2018 Heilongjiang Province soybean market analysis report. Heilongjiang Grain 2019, 5, 12-15. (In Chinese)


https://doi.org/10.11821/dlxb201903008
https://doi.org/10.11821/dlxb202109018
https://doi.org/10.1111/j.1435-5597.1970.tb01464.x
https://pro.arcgis.com/en/pro-app/3.0/tool-reference/space-time-pattern-mining/visualizing-cube-data.htm
https://pro.arcgis.com/en/pro-app/3.0/tool-reference/space-time-pattern-mining/visualizing-cube-data.htm
https://doi.org/10.1111/j.1538-4632.1992.tb00261.x
https://pro.arcgis.com/en/pro-app/3.0/tool-reference/space-time-pattern-mining/learnmoreemerging.htm
https://pro.arcgis.com/en/pro-app/3.0/tool-reference/space-time-pattern-mining/learnmoreemerging.htm
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://pro.arcgis.com/en/pro-app/3.0/tool-reference/space-time-pattern-mining/learnmorelocaloutlier.htm
https://pro.arcgis.com/en/pro-app/3.0/tool-reference/space-time-pattern-mining/learnmorelocaloutlier.htm
https://doi.org/10.7606/j.issn.1000-7601.2021.03.24
https://pro.arcgis.com/en/pro-app/3.0/tool-reference/spatial-statistics/how-multivariate-clustering-works.htm
https://pro.arcgis.com/en/pro-app/3.0/tool-reference/spatial-statistics/how-multivariate-clustering-works.htm
https://doi.org/10.1016/s0167-6911(82)80025-x
https://doi.org/10.11821/dlyj020200674
https://doi.org/10.13287/j.1001-9332.201811.021
https://doi.org/10.13930/j.cnki.cjea.170621
https://doi.org/10.1016/j.foodres.2022.112364
https://doi.org/10.1080/01431161.2021.1957177
https://doi.org/10.1016/j.jclepro.2021.127300
https://doi.org/10.2166/wcc.2017.152
https://doi.org/10.1080/03066150.2015.1132205
https://doi.org/10.1007/s11104-019-04292-7
https://doi.org/10.31497/zrzyxb.20190708
https://doi.org/10.19720/j.cnki.issn.1005-9369.2018.03.006
https://doi.org/10.1007/s11069-016-2207-2
https://doi.org/10.1007/s11769-019-1078-3

Land 2023, 12, 2090 29 of 29

77.

78.

79.

80.

81.

82.

83.

84.

85.

Zheng, Z. Current situation and related suggestions for the domestic soybean market. Heilongjiang Grain 2021, 5, 46—48.
(In Chinese)

Tan, Q.; Liu, Y.; Dai, L.; Pan, T. Shortened key growth periods of soybean observed in China under climate change. Sci. Rep. 2021,
11, 8197. [CrossRef]

Liu, Y,; Dai, L. Modelling the impacts of climate change and crop management measures on soybean phenology in China. J. Clean.
Prod. 2020, 262, 121271. [CrossRef]

Liu, H. Empirical Research on the Chinese Soybean Industry Security; China Agricultural University Press: Beijing, China, 2016;
pp. 33-35. (In Chinese)

National Soybean Industrial Technology System. Research on Sustainable Development Strategy of Modern Agricultural Industry in
China (Soybean); China Agriculture Press: Beijing, China, 2016; pp. 50-56. (In Chinese)

Cheng, Y. Supply-side reform and Heilongjiang soybean industry development research. Soybean Sci. 2018, 37, 126-130.
(In Chinese) [CrossRef]

Li, E. The formation, evolution and innovative development of agricultural clusters in China: Case of the cluster nature of
“Shouguang Mode”. Sci. Geogr. Sin. 2020, 40, 617-627. (In Chinese) [CrossRef]

Gaji¢, B.; Kresovi¢, B.; Tapanarova, A; Zivoti¢, L.; Todorovi¢, M. Effect of irrigation regime on yield, harvest index and water
productivity of soybean grown under different precipitation conditions in a temperate environment. Agric. Water Manag. 2018,
210, 224-231. [CrossRef]

Wang, X.; Si, W.; Feng, X.; Zhao, Q. The impacts of soybean producer subsidies on farmers’ land input decision-making? An
empirical analysis based on the data of national fixed observation points in rural areas in China. China Rural Surv. 2023, 1, 20-39.
(In Chinese) [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-021-87618-9
https://doi.org/10.1016/j.jclepro.2020.121271
https://doi.org/10.11861/j.issn.1000-9841.2018.01.0126
https://doi.org/10.13249/j.cnki.sgs.2020.04.014
https://doi.org/10.1016/j.agwat.2018.08.002
https://doi.org/10.20074/j.cnki.11-3586/f.2023.01.002

	Introduction 
	Materials 
	Study Area 
	Data and Processing 
	Administrative Division Data 
	Soybean Yield Data 
	Physical Geographic and Socioeconomic Data 


	Methods 
	Barycenter Analysis 
	Mann–Kendall Test 
	Mann–Kendall Trend Test 
	Mann–Kendall Mutation Test 

	Spatiotemporal Data Mining Based on the Space–Time Cube 
	Space–Time Cube 
	Emerging Hot Spot Analysis 
	Local Outlier Analysis 
	Time Series Clustering 

	Grey Relational Analysis 

	Results 
	Spatiotemporal Evolution of Soybean Production in Heilongjiang Province 
	Overall Spatiotemporal Variation 
	Spatiotemporal Model Construction 
	Spatiotemporal Hot Spot Distribution 
	Spatiotemporal Agglomeration Pattern 
	Time Series Analysis 

	Influencing Factors of Soybean Production in Heilongjiang Province 
	Determination of Influencing Factors 
	Analysis of Influencing Factors 


	Discussion 
	Spatial Evolution Mechanism of Soybean Production in Heilongjiang Province 
	Temporal Evolution Mechanism of Soybean Production in Heilongjiang Province 
	Discussion on the Differences in Grey Relational Grade of Influencing Factors 
	Primary Influencing Factors 
	Secondary Influencing Factors 
	General Influencing Factors 

	Development Suggestions for Soybean Industry in Heilongjiang Province 
	Cluster Development 
	Production Optimization 
	Policy Guidance 
	Technology Investment 


	Conclusions 
	References

