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Abstract: As an important grain-producing area in China, research on the spatial correlation network
of grain production in Northeast China is of great significance to ensure food security and realize the
sustainable development of grain production. Based on the data of 40 cities in Northeast China from
1999 to 2019, we used the modified gravity model and social network analysis method to explore the
structural characteristics of the spatial correlation network of grain production. Then, we divided the
network into four blocks—net spillover block, main beneficial block, broker block, and bidirectional
spillover block—and explored the interactive relationships and spillover effects between blocks. On
this basis, corresponding policy recommendations were put forward. The results are as follows.
(1) The spatial correlation network of grain production in Northeast China presents a complicated
development trend, but the overall tightness of the network still needs to be improved. (2) The
spatial correlation network of grain production is characterized by multi-center distribution, in which
important nodes not only play the role of central actors but also act as intermediaries and bridges in
the network. (3) There are obvious spatial correlations and spillover effects between blocks, and it is
in the agglomeration stage of the agglomeration—diffusion effect.

Keywords: sustainable grain production; spatial correlation network; social network analysis;
Northeast China

1. Introduction

Food security is an important goal in achieving the United Nations 2030 Sustainable
Development Goals. According to the latest issue of the State of Food Security and Nutrition
in the World report, countries need to make great efforts and take immediate action to
promote the transformation of the agricultural food system to realize the commitment to
eradicate hunger by 2030. The safety and sustainable development of food supply all over
the world has always been a concern. As early as the 1980s, some scholars pointed out
that the reality of the basic distribution of the world’s population, wealth, and agricultural
production is not conducive to the automatic stabilization process of the world’s hungry
people, and it is more urgent to improve the grain production capacity and production
conditions of developing countries [1-3]. At the same time, as a largely agricultural country,
China has made positive contributions to safeguarding world food security in the past
decades [4]. In fact, the pattern of grain production in China has changed significantly in
space and time since 1980 [5,6]. The production center of gravity has shifted northward,
crossing the Yellow River, and grain production has been transferred to the marginal
areas with low land productivity and high natural risk—Northeast and Northwest China
have become the main contributors to increase production [7]. Although China’s grain
output continues to increase, the grain production system is more fragile and unstable than
before, with uneven and low overall grain efficiency, facing the dual challenges of lack of
motivation and limited room for growth [8-11].

Due to the importance of food security, the research on the overall and regional
evolution characteristics of grain production space and its causes is constantly deepening. In
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terms of research methods, the early descriptive discussion and simple econometric analysis
have gradually transitioned to spatial data analysis methods and spatial econometric
methods. Meanwhile, research covers different scales of the whole country, river basins,
provinces, and counties [12-15]. For example, some Chinese scholars conducted in-depth
discussions on the Central Plains Economic Zone, the Huang-Huai-Hai Plain, and the
Yangtze River Economic Belt, and found that most of the regional grain production spatial
patterns tend to shift and change, with significant spatial correlation, agglomeration,
and spillover effects, and the spatial agglomeration continues to increase [16-18]. These
abundant studies are mostly based on “attribute characteristics”. However, with the
reform of agricultural marketization in China, the urban—rural dual structure is constantly
disintegrating. Then, the agricultural production factors and agricultural products can
flow freely, interact, and trade between regions, so that grain production gradually forms
networked “relation characteristics” in space [19-21]. With the existing traditional ESDA
(Exploratory Spatial Data Analysis) method and spatial measurement technology, it is
difficult to fully reveal the overall network structure and spatial clustering mode based
on “relation data” in grain production. However, the social network research method can
just meet this demand. Its core lies in exploring the social structure and social action from
the perspective of “relation”, which has been widely used in natural and social sciences,
especially in the research of geography and economics [22,23].

Scholars have introduced social network research methods into the study of the
grain trade network, and they found that the global grain trade network becomes more
complex [24]. The network density, trade scale, and agglomeration degree increased,
showing an increasingly “small-world” characteristic [25]. The network pattern evolved
from the unbalanced pattern of United States dominance and few discrete cores to the
balanced pattern of multi-core agglomeration with Russia, the United States, Thailand, and
other important grain-exporting countries [26,27]. In addition, Ying et al. [28] previously
presented a useful demonstration. Based on the revised gravity model, authors used
the social network analysis method to explore the correlation characteristics and causes
of China’s grain production spatial correlation network and found that the main grain-
producing areas are at the core of the network, while the main grain-marketing areas and
balance areas are at the periphery. The network structure presents suitable stability and
accessibility in China, and the joint action of natural conditions and socio-economic factors
has promoted the formation of the spatial correlation network of grain production. On
the other hand, Brazilian scholars used social network analysis to measure the relation
between participant regions and grain types. They found that the mid-west and south of
Brazil were the regions with the highest yields and developed technology and also had
the greatest genetic potential for new planting forms. The results also suggested that a
new form of agricultural planning could be executed based on the centrality of the social
network analysis method, and the application of resources and enhanced technology could
be adopted in the region with the highest centrality to help producers plan agricultural
production and increase the effectiveness of grain output [29].

Generally speaking, with the development of Chinese society and economy, the spatial
connection of grain production has gradually formed a “relational data” network between
regions, and the networked grain production structure has higher security and economy,
which can better deal with crises and uncertain factors, improve the diversity of grain
products, and reduce the adverse impact on the environment. However, there is still a lack
of regional empirical research in this regard. At the same time, Northeast China is known as
the “grain market stabilizer of China” and plays an important role in maintaining national
food stability [30]. It is of great real-world significance to explore the grain correlation
characteristics in Northeast China from the perspective of the network. Therefore, taking
40 cities as research units, the main work of this paper is to explore the temporal and
spatial evolution law of grain production structure in Northeast China from 1999 to 2019,
to provide a scientific basis for the optimization of grain production network. Furthermore,
this paper attempts to explore the following questions: What are the differences between
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network and traditional research methods of grain production pattern? What advantages
does the spatial correlation network of food production have and is it more sustainable?
How should Northeast China implement countermeasures in the future? Answering the
above questions will help to better allocate agricultural production resources, optimize the
pattern of grain production, and ensure China’s food security.

2. Study Area and Methods
2.1. Study Area

As can be seen from Figure 1, Northeast China includes three northeastern provinces
and four cities in eastern Inner Mongolia, including 40 prefecture-level cities: 14 in Liaoning
Province, 9 in Jilin Province, 13 in Heilongjiang Province, and 4 in Inner Mongolia. It has
long been an important base for commodity grain production, grain transportation, and
commodity grain reserve in China.
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Figure 1. Location map of Northeast China.

Northeast China is one of the three black soil distribution areas in the world, with the
largest area of black soil in Asia, and has 16.8% of China’s cultivated land. Its Songnen Plain
and Sanjiang Plain provide basic conditions for grain production, and the per capita arable
land is twice that of China. From 1999 to 2019, the total grain output in Northeast China
had increased from 8500 tons to 16,574 tons, accounting for 25.0% of China from 16.7%.
Moreover, its per capita grain output is relatively high, and the export of commercial grain
is obvious. The commodity rate is as high as 50-60%, accounting for more than one-third
of the total amount of commercial grain in China [31].

Following, we asked the questions: As the main grain-producing area in China,
what are the characteristics and evolution of the spatial correlation network structure
of grain production at the overall and individual levels? Are there spillover effects?
Answering the above questions is of great theoretical significance and reference value
for comprehensively understanding the changing law of the current grain production
network pattern in Northeast China, understanding the spatial transmission mechanism of
grain production between regions, grasping the coordinated development direction across
regions, and formulating differentiated grain policies.

Considering the quantitative changes in grain yield and grain acreage (Figure 2), the
change process of grain production in Northeast China from 1999 to 2019 can be divided
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into three stages (Table 1). Therefore, based on the time nodes of 1999, 2003, 2012, and 2019,
the evolution characteristics of the grain production network were analyzed.
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Figure 2. Grain yield and grain acreage in Northeast China from 1999 to 2019.

Table 1. Stage characteristics of grain production development in Northeast China from 1999 to 2019.

Year Stage Characteristic
1999-2003 Fluctuating periods of decline in grain Grain yield and grain acreage showed a downward trend, and the
production and grain acreage decline rate of grain acreage is higher than that of grain yield.
It can be divided into two stages. From 2003 to 2007, the grain yield
. . . . and grain acreage increased rapidly, and the growth rate of grain
2003-2012 Flucu;itérji g;?giz Oigfr?;vcti;n egram acreage was higher than that of grain yield. From 2007 to 2012, the
p & & sown area of grain was relatively stable, and the growth rate of
grain output was obvious.
2012-2019 Periods of flat changes in grain Grain yield and grain acreage were at relatively stable levels.

production and grain acreage

2.2. Methods
2.2.1. Revised Gravity Model

Referring to the previous research [28], the correlation between regional grain pro-
duction is measured by the revised gravity model, which shows that if the gravity value
is large, the correlation between regional grain production is close, and the calculation

formula is:
Fyj = kQiQj/dii*  dij = /KyTy ¢y

where Fj; is the gravitational value of grain production between regions i and j. Q; and Q;
are the scales of grain production in regions i and j, respectively, and k is the gravitational
coefficient, usually taken as 1. d;; is the distance between the centers of region i and
j. Equation (1) shows that the spatial correlation of grain production between regions
is proportional to its scale and inversely proportional to its distance. Considering the
scientific of distance, geographic distance (K;;) and time—cost distance (T};) are introduced.
To overcome the non-directional problem of the traditional gravity model, the gravity
coefficient (k;) is corrected by the proportion of grain production in a certain region to
the sum of grain production in two related regions, and the scale of grain production is
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reflected in the two dimensions of grain yield and sown area. The calculation formula of

the revised model is:
VGiAi\/GjA; G:
Fj=kj——p 72—k

R 2
e @)
where G; and G; are the grain output in regions i and j, respectively (10* tons). A; and Aj
are the grain acreage in regions i and j, respectively (10° hectares).

2.2.2. Social Network Analysis

The gravity matrix between regions can be obtained through the revised gravity model,
which needs to be transformed into a relationship matrix for social network analysis. The
method is as follows: take the average value of each row of the matrix after removing the
extreme value as the critical value. If the gravity value is higher than the critical value for
the row, it is recorded as 1, showing that that there is a correlation of grain production
between the row city and column city. Otherwise, it will be recorded as 0, indicating
that there is no association. Using the social network analysis method, we analyzed the
structural characteristics of the grain production correlation network in Northeast China,
including the overall network characteristics, individual network characteristics, and block
model analysis [32].

The overall network characteristics study the relation and structure between all mem-
bers of the network, including density, connectedness, hierarchy, and efficiency.

Density is defined as the ratio of the actual number of connections between nodes in
the network to the maximum number of possible connections, reflecting the closeness of
the relationship. The formula is:

D=L/nn-1) 3)

where D represents the density, n represents the number of nodes in the network, and
L represents the actual number of connections that exist between nodes. The higher the
density, the closer the connection between nodes.
Connectedness is used to measure the degree of direct or indirect accessibility between
two nodes in the network.
C=1-V/(nx(n—-1)/2) 4)

Here, C represents the connectedness and V is the number of unreachable node pairs
in the network. The higher the connectedness, the stronger the robustness of the network
structure.

Hierarchy is used to measure the degree to which network members are asymmetri-
cally reachable.

H =1- K/max(K) (5)

Here, H represents the hierarchy and K is the symmetrically reachable nodes in the
network. The higher the hierarchy, the stricter the hierarchical structure, and a few members
have leading roles in the network.

Efficiency indicates how many additional connections exist in the network when
determining the number of connections between nodes.

E=1- M/max(M) (6)

Here, E represents the efficiency and M is the number of redundant lines in the
network. The lower the efficiency, the more spillover paths between nodes, and the more
stable the spatial network will be.

The characteristics of the individual network study the position and role of node in
the network through centrality, including degree centrality and betweenness centrality.

Degree centrality measures the status of nodes in the network according to the number
of relations. The higher the degree centrality, the more prominent the central position in the
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network. It can be divided into out-degree centrality and in-degree centrality. The formulas
are:

DC; = OC; + IC; ()

OCi =Y lj/(n—1) 8)
j=1

ICi: Zlﬁ/(n—l) (9)
j=1

In Equations (7)-(9), DC;, OC;, and IC; represent the degree centrality, out-degree
centrality, and in-degree centrality of node i, respectively. [;; is the relation sent by node i
to j, and I;; is the relation that node i receives directly from j. A high out-degree centrality
indicates large spillover ability, while a high in-degree centrality indicates strong cohesion
and attractiveness.

Betweenness centrality reflects the extent to which a node controls the relation between
other nodes. The higher the value, the stronger the node’s ability to control and influence
other nodes. The formula is:

BC; =) ) &u(i)/g i #k#ij<k (10)
7%

In Equation (10), BC; represents the betweenness centrality of node i, gj is the number
of shortcuts between node j and k, and gj(i) is the number of shortcuts that must pass
through city i between node j and k.

The block model is a method to study the location of network members, which form a
block by clustering with high correlation in the network. It breaks through the limitations
of traditional spatial measurement methods, so that the occurrence of spillover effect is
not limited to geographically adjacent areas [33]. The method of the block model assumes
that there are n members in the network, and there are 1, members in block By; then, the
maximum number of relations that block By may have is n (1, — 1), and the number of
all possible relations of block By in the entire network is ng(n — 1). Then, the expected
internal relation ratio of the block is ny — 1/n — 1, which can be used to divide the block
into four types. The first is net spillover block, in which there are more spillover relations
from members inside the block to members outside the block, while relatively few relations
within the block. The second is main beneficial block, which is characterized by a large
proportion of block members in the relations within the block, and a relatively small
proportion of relations that spill over to the outside. The third is broker block, which is
characterized by members in the block not only sending relations to the outside but also
accepting spillover relations from other blocks, and there are few internal relations in the
block, which mainly act as an intermediary and bridge. The fourth is bidirectional spillover
block, which is characterized by the members in the block having both the spillover relation
inside and outside of the block, but seldom receiving the overflow relation of other blocks.

2.3. Data Sources

The data involved in this paper are used to calculate the revised gravity model,
including the grain output, grain acreage, geographical and time—cost distance between
cities. Among them, the data of grain output and grain acreage of 40 cities are obtained from
Liaoning Statistical Yearbook, Jilin Statistical Yearbook, Heilongjiang Statistical Yearbook,
China Regional Economic and Social Statistical Yearbook, China Agricultural Statistical
Yearbook, municipal statistical bulletins, and government websites from 2000 to 2019.
The grain crops counted by them mainly include wheat, corn and rice. The geographical
distance is represented by the longitude and latitude distance of the geometric center of
gravity between cities, which is calculated with the help of ArcGIS tools. The time—cost
distance is calculated by dividing the shortest road mileage between cities by the average
speed, which is obtained from Baidu map.
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3. Results
3.1. Characteristics and Evolution of Spatial Correlation Network

The spatial correlation network characteristics of grain production in Northeast China
were measured and analyzed in terms of four aspects: density, connectivity, hierarchy, and
efficiency.

3.1.1. The Density of the Network

Firstly, the density value and the relation number of spatial correlation network of
grain production in Northeast China were calculated (Figure 3). Their changes remained
consistent as a whole, showing an upward trend of fluctuation. The density of the network
increased from 0.280 in 1999 to 0.293 in 2019, and the number of network relations increased
from 437 in 1999 to 458 in 2019, indicating that the overall spatial correlation of grain
production was strengthened. The grain production in Northeast China declined due to
the adjustment of grain acreage from 1999 to 2003, but this did not hinder the flow of
agricultural production factors between regions. This time was a period of rapid growth
in the density of the grain production network; the network had not yet developed until
it reached its peak of density in 2011, and has tended to stabilize gradually since 2012. In
addition, although the density of the network has increased, on the whole, the maximum
value is only 0.293, indicating that the spatial correlation of grain production in Northeast
China is still low, and closer exchanges and cooperation are needed in the future.

Density Relation
0.3+ r 465
- 460
0.295
- 455
0.29 4 - 450
L 445
0.285 4
L 440
0.28 4 - 435
F 430
0.275 4
F 425
0.27 - - 420
N O d N MST WO NDOANMSTET WM O~ N
N0 0000000 duo oo oo oo
NEOOO0O00O0O0CO00000O000O OO0 O O Year
NN AN NN AN AN NN AN NN NN AN NN NN

E=== The density of the network e The number of network relations

Figure 3. The density of the network and the number of network relations of grain production in
Northeast China.

3.1.2. The Correlation Degree of the Network

The network correlation degree of grain production space in Northeast China was
further analyzed by calculating connectedness, hierarchy, and efficiency. From 1999 to
2019, the correlation degree of the grain production network was always 1, showing that
the network had good accessibility, and the spatial correlation and spillover effect were
significant. The hierarchy was relatively stable at 0.2, suggesting that the network structure
of grain production in Northeast China was not strict, which was more conducive to the
formation of the trend of coordinated development and cooperation of grain production
between regions.

Observing Figure 4, it can be seen that the efficiency of the network in Northeast China
experienced a fluctuating process of first decreasing, then increasing, and then slightly
decreasing. From 1999 to 2007, the decline in network efficiency was obvious. During this
period, China put forward the decision to completely abolish agricultural tax in 2006, which
advanced the spatial flow and cooperation of grain production factors, and the network
structure tended to be stable. However, as a result of the 2008 financial crisis, the network
efficiency increased, and there were more redundant connections in the network, which
had affected its stability and had a temporary negative impact on spatial correlation. In
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the later period, the efficiency of the network gradually decreased again, and the spillover
paths in the network increased, indicating that its stability was improving in volatility.
Therefore, the spatial correlation network of grain production has a development trend and
space for continuous intensification in Northeast China.

The efficiency of the network
0.67
0.665
0.66
0.655
0.65
0.645
0.64
0.635
0.63

0.625

Year

2006 IEE——
2007 pe—

1999
2000
2001
2002
2003
2004
2005
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

Figure 4. The efficiency of spatial correlation network of grain production in Northeast China.

The characteristics and evolution of the overall correlation network show that the
policy of the “grain subsidy policy” and the “Northeast Revitalization” in 2003 accelerated
the formation of the grain production network in Northeast China, while the impact of
the financial crisis in 2008 brought about a structural adjustment of agriculture. Since
2012, along with the stability of the national grain policy, the agricultural market system
in Northeast China has matured, further enhancing the stability of the network structure.
In general, the grain production among cities in Northeast China has gradually moved
from independent to interrelated, and the spatial transfer and cross-regional cooperation
such as rural labor and agricultural machinery became more extensive. Moreover, the grain
transaction cost has been reduced, the spatial correlation between regions has increased
gradually, and the coordinated development and spillover effects have become increasingly
prominent.

3.2. Individual Network Characteristics of Spatial Association

By measuring the degree centrality and betweenness centrality of 40 cities in Northeast
China, the centrality characteristics were analyzed to reveal the position and role of cities
in the grain production network.

3.2.1. Degree Centrality

The degree centrality is shown in Table 2. According to calculations, the average
degree centrality values of the grain production correlation network in 1999, 2003, 2012,
and 2019 were 56.026, 58.977, 58.725, and 58.724, with little overall change. Over the past
20 years, cities such as Tieling, Harbin, Tongliao, Shenyang, Changchun, Siping, Songyuan,
Qigihar, and Jilin have been at the forefront and higher than the average of degree centrality,
indicating that they play leading roles in the grain production network. Most of these cities
are on a large scale or areas with rich black land resources and intensive grain production
conditions, such as the Sanjiang Plain and Songnen Plain. Their spatial correlation of grain
production is relatively concentrated, other cities have more direct relations with these
regions, and the stability of the overall network structure depends on these cities to a high
extent. In the four research years, Tieling has the highest mean degree centrality with
87.820; that is, Tieling occupies a central position in the spatial pattern of grain production
in Northeast China, and there are spatial correlations and spillover effects between it and
another 34 cities. On the other hand, the degree centrality of Daxinganling, Benxi, Baishan,
and other cities in the correlation network is in a low position. On the whole, they have
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less correlation with other cities, and the production scale is relatively small. The status of
grain production is not prominent, so they are in a subordinate position in the network.

Table 2. Degree centrality (DC) of spatial correlation network of grain production in Northeast China.

Ranking 1999 DC 2003 DC 2012 DC 2019 DC

1 Tieling 87.179 Tongliao 92.307 Changchun 87.179 Suihua 92.308
2 Tongliao 84.615 Changchun 89.743 Tieling 87.179 Tieling 89.743
3 Shenyang 84.615 Tieling 87.179 Tongliao 84.616 Harbin 87.179
4 Songyuan 79.487 Shenyang 87.179 Shenyang 84.615 Tongliao 82.052
5 Changchun 79.487 Jilin 84.616 Suihua 82.051 Shenyang 82.051
6 Harbin 79.487 Harbin 82.051 Siping 82.051 Changchun 82.051
7 Siping 71.795 Songyuan 79.487 Harbin 82.051 Siping 82.051
8 Fuxin 69.231 Qigihar 79.487 Songyuan 76.923 Songyuan 76.923
9 Anshan 69.231 Suihua 74.359 Jilin 74.359 Qigihar 74.359
10 Qigihar 66.667 Siping 74.359 Qigihar 71.795 Jilin 69.231
11 Jilin 66.666 Anshan 71.795 Anshan 64.192 Fuxin 64.192
12 Mudanjiang 64.102 Daging 69.231 Fuxin 64.192 Heihe 64.102
13 Liaoyang 61.538 Fuxin 66.666 Daqing 61.628 Mudanjiang 64.102
14 Chifeng 58.974 Baicheng 64.192 Heihe 61.538 Anshan 64.102
15 Jinzhou 58.974 Chifeng 61.539 Mudanjiang 61.538 Daging 61.628
16 Daqing 58.974 Liaoyang 61.538 Liaoyang 61.538 Baicheng 61.628
17 Baicheng 58.974 Dandong 58.975 Baicheng 61.538 Jinzhou 58.974
18 Dandong 56.41 Tonghua 58.974 Dandong 58.975 Jiamusi 58.974
19 Tonghua 56.41 Jinzhou 58.974 Tonghua 58.974 Dandong 56.41
20 Heihe 53.847 Mudanjiang 56.41 Jinzhou 58.974 Xinganmeng 56.41
21 Chaoyang 53.846 Xinganmeng 56.41 Jiamusi 58.974 Liaoyang 56.41
22 Panjin 53.846 Jiamusi 53.846 Chifeng 56.41 Tonghua 53.846
23 Yingkou 51.282 Panjin 53.846 Xinganmeng 53.846 Shuangyashan  53.846
24 Jiamusi 51.282 Huludao 51.282 Panjin 53.846 Chifeng 51.282
25 Xinganmeng 48.718 Yingkou 51.282 Yanbian 51.282 Panjin 51.282
26 Liaoyuan 48.718 Liaoyuan 48.718 Huludao 48.718 Yanbian 48.718
27 Dalian 48.718 Chaoyang 48.718 Fushun 48.718 Yingkou 48.718
28 Fushun 46.154 Fushun 46.154 Chaoyang 46.154 Fushun 48.718
29 Huludao 43.59 Dalian 46.154 Dalian 46.154 Hegang 48.718
30 Hegang 43.59 Yanbian 46.154 Yichun 46.154 Chaoyang 48.718
31 Benxi 41.026 Yichun 46.154 Yingkou 46.154 Liaoyuan 46.154
32 Shuangyashan  41.026 Jixi 46.154 Liaoyuan 46.154 Yichun 46.154
33 Suihua 41.026 Benxi 41.026 Hulunbeir 43.589 Huludao 43.59
34 Yichun 41.026 Hulunbeir 41.026 Shuangyashan  41.026 Dalian 43.59
35 Baishan 41.025 Shuangyashan  41.026 Qitaihe 41.026 Hulunbeir 43.589
36 Yanbian 41.025 Qitaihe 41.026 Jixi 41.026 Jixi 41.026
37 Hulunbeir 38.461 Heihe 41.025 Hegang 41.026 Qitaihe 38.462
38 Jixi 35.898 Hegang 35.898 Baishan 41.025 Baishan 38.461
39 Daxinganling ~ 33.333 Baishan 35.897 Benxi 38.462 Benxi 35.898
40 Qitaihe 30.77 Daxinganling ~ 28.205 Daxinganling ~ 33.333 Daxinganling ~ 33.333

From the view of out-degree centrality, the temporal and spatial distribution is shown
in Figure 5; it increased from 28.013 to 29.488 from 1999 to 2019 in Northeast China,
indicating that its external radiation driving ability has been enhanced as a whole. In the
past 20 years, the cities with higher-than-average centrality have shifted from five in Jilin
Province, three in Heilongjiang, five in Liaoning, and two in Inner Mongolia to four in
Jilin Province, five in Heilongjiang, four in Liaoning, and four in Inner Mongolia. The
proportion of cities with above-average centrality from Heilongjiang and Eastern Inner
Mongolia has gradually increased, indicating that their radiation power and the spillover
effects of grain production have gradually enhanced. The cities with the highest out-degree
centrality in the four research years are Tongliao, Heihe, Jilin, and Dandong, and they
were the main spillovers in the spatial correlation network of grain production. The cities
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near the bottom are Jixi, Chaoyang, Qitaihe, and so on, which are mainly concentrated in
marginal areas and have weak external radiation capabilities.
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Figure 5. Temporal and spatial distribution of out-degree centrality in Northeast China.

From the perspective of in-degree centrality, the temporal and spatial distribution
is shown in Figure 6. Tieling, Tongliao, Harbin, and Shenyang ranked high for a long
time, indicating that they have a strong ability to absorb agricultural resources. In the
comparison of out-degree centrality and in-degree centrality, the out-degree centrality of
Heihe, Dalian, and other cities is larger than their in-degree centrality, which plays a greater
role in the spillover effects. The in-degree centrality of Harbin, Shenyang, and other cities
is greater than their out-degree centrality, which benefits more than the spillover in the
associated network.

At the same time, it can be found that for the cities with large degree centrality, their
in-degree is usually larger than the out-degree, demonstrating that the cities occupying the
central position in the grain network production have stronger cohesion, which also reveals
that the grain production factors in Northeast China are still in the process of agglomeration,
and the diffusion capacity remains to be tapped. It is noteworthy that Tongliao has high
out-degree centrality and high in-degree centrality, which signifies that it could not only
benefit from the network but also overflow into the network. It can be said that Tongliao
has strengthened its connection with other cities by relying on its geographical conditions
and production environment, attracting agricultural resources and elements to the area,
and continuously integrating and utilizing external resources for diffusion.
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Figure 6. Temporal and spatial distribution of in-degree centrality in Northeast China.

3.2.2. Betweenness Centrality

In the social network, the betweenness centrality measures the extent to which a point
participates in the transmission of information in the network. In terms of time, the average
betweenness centrality values of cities in 1999, 2003, 2012, and 2019 were 3.304, 3.215, 3.237,
and 1.943, showing that it has mainly weakened in the past 20 years. As shown in Figure 7,
the number of cities acting as intermediaries in the network has been reduced, the links
between cities are closer and more direct, and the dependence on intermediary cities is no
longer so intense. It shows that the spatial correlation of grain production in Northeast
China is prone to be balanced, and the network structure tends to be stable.

From a spatial point of view, within Heilongjiang Province and Liaoning Province, a
core-edge structure with Harbin, Shenyang, and Qiqihar as the core and small cities as the
edge has been formed. The direct effect is more significant, and the intermediary effect
is not obvious in Jilin Province and Eastern Inner Mongolia. At the same time, Tongliao
has the highest average betweenness centrality of 48.51% in the four research years, which
shows that the shortest connections of nearly half of the nodes in the network need to pass
through Tongliao, fully demonstrating the city’s important hub status in the network. Cities
such as Changchun, Shenyang, and Tieling with higher degree centrality also have higher
intermediary centrality, indicating that they play the role of central actors, can connect
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with other cities more quickly and effectively in the network, and have strong control
capabilities over them. However, cities such as Panjin, Huludao, Hegang, and Yichun have
low betweenness centrality, revealing that these cities are limited by their small scale of
grain production or poor geographical location, and act as marginal actors in the correlation
network. They are vulnerable to the influence of cities with large betweenness centrality
and it is difficult for them to dominate the grain production in other regions.
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Figure 7. Temporal and spatial distribution of betweenness centrality in Northeast China.

3.3. Block Model Analysis

Using Ucinet 6.0 software for block model analysis, we set the maximum segmentation
depth to 2 and the concentration standard to 0.2. The spatial correlation network of grain
production in Northeast China can be divided into net spillover block, main beneficial block,
broker block, and bidirectional spillover block. Based on the results of the research years,
the composition of the blocks is relatively stable. Therefore, taking 2019 as an example, the
total number of correlations is 407, the number of relations within the four blocks is 244,
and the number of relations between blocks is 163, which indicates that there are obvious
spatial correlations and spillover effects in grain production between blocks (Table 3).

There are 12 cities in block I: Harbin, Yanbian, Jixi, Hegang, Shuangyashan, Heihe,
Yichun, Jiamusi, Qitaihe, Mudanjiang, Daxinganling, and Suihua. The cities that make
up block I are mainly the central cities of urban agglomeration. There are 93 relations
generated within the block, 47 relations sent outside the block, and 31 relations received
from the external block. The expected proportion of internal relations is 28.205%, and the
actual proportion of internal relations is 47.778%. The net spillover effects of block I are
obvious, so it belongs to the “net spillover block”. It shows that the members of block I
can not only achieve self-sufficiency in grain production but also overflow grain factor
resources to other regions.
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Table 3. Network spillover effects of grain production in Northeast China in 2019.

Number of Received Number of Sent Relations The Expected The Actual
Block Relations within the within the Block Outside Proportion of Proportion of Block Characteristic
Block Outside the Block the Block Internal Relations  Internal Relations
Block I 43 31 43 47 28.205 47.778 net spillover block
Block II 72 76 72 49 23.077 59.504 main beneficial block
Block IIT 22 27 22 31 22.820 34.921 broker block
Block IV 57 29 57 26 28.205 68.675 bidirectional spillover block

There are 10 cities in block II: Daging, Changchun, Jilin, Siping, Hulunbeir, Xinganling,
Tongliao, Songyuan, Baicheng, and Qigihar. The members of block II are mainly cities
in eastern Inner Mongolia and Central Jilin Province, generating 72 internal relations,
49 relations sent outside the block, and 76 external relations received by the block. The
expected internal relation ratio is 23.077%, and the actual is 59.504%; that is, the number of
relations received by the block from other blocks is significantly higher than spilled out.
Therefore, it belongs to the “main beneficial block”, indicating that they can gather and
attract the entire grain production network. Factors of production tend to flow into the
block and concentrate internally, giving the block members an advantageous position in
the grain production network.

Block III consists of Tonghua, Tieling, Benxi, Fushun, Baishan, and Liaoyuan, which
are mostly located in the center of Northeast China. There are 22 relations generated within
the block, 31 relations sent to the outside, and 27 relations received from the external block.
The expected internal relation proportion is 22.820%, and the actual is 34.921%. It can be
found that block III not only spills outward, but also receives spillover from other blocks,
and the number of internal relations is the same as spillover relations, so it is classified as
the “broker block”. The members of block III are at the core of the network, with obvious
advantages in grain production scale and policy, and can play the role of “intermediary”
and “bridge.”

There are 12 cities in block IV, which is composed of Shenyang, Anshan, Fuxin,
Yingkou, Panjin, Dalian, Chaoyang, Huludao, Liaoyang, Dandong, Jinzhou, and Chifeng,
most of which belong to Liaoning Province. There are 57 relations generated within the
block, 26 relations sent to the outside, and 29 received externally. The expected internal
ratio is 28.205%, and the actual is 68.675%, so it is classified as the “bidirectional spillover
block”. That is, the block not only receives spillovers from other blocks but also produces
more spillover effects on other blocks. It shows that the grain production factors of the
members of block IV can meet self-sufficiency and overflow to other regions.

Furthermore, according to the conversion rules, the density value of the entire corre-
lation network in 2019 is 0.294. If the block density is greater than 0.294, it is specified as
1; otherwise, it is specified as 0. Therefore, the network density matrix can be converted
into an image matrix (Table 4) to determine the correlation between blocks and reflect its
overflow path.

In the image matrix, it can be seen that all the elements on the diagonal equal 1,
showing that the internal correlation of grain production in the blocks is strong, and the
agglomeration effect is produced. Combined with the diagram of the relation between
the four major grain production blocks in Northeast China (Figure 8), it can be found that
in addition to the internal correlation, block IV also has spillover effects on block III, and
block IIT has spillover effects on block II. Therefore, block III plays an intermediary role in
the correlation network. Block IV establishes the spillover relation with block II through
the transmission of block III, while block I produces spillover effects on block II directly.
The matrix shows that there are structural characteristics of transitive relations between
block II, block III, and block IV. The above transmission process also shows that the grain
production network has obvious spillover characteristics. Among them, the beneficial effect
of the second block is significant, and the “centralized trend” structure appears in it.
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Table 4. Density matrix and image matrix of each block of grain production spatial correlation
network in Northeast China in 2019.

Density Matrix Image Matrix
Block I Block II Block III Block IV Block I Block II Block III Block IV
Block I 0.705 0.358 0.056 0.000 1 1 0 0
Block II 0.233 0.800 0.200 0.075 0 1 0 0
Block III 0.042 0.300 0.733 0.278 0 1 1 0
Block IV 0.000 0.125 0.292 0.742 0 0 1 1

Block I - net spillover Block II - main beneficial

Daging, Tongliao, Siping
Jilin, Hulunbeir, Qigihar,
Xinganmeng, Baicheng,
Changchun, Songyuan

Harbin, Yanbian, Jixi,

Hegang, Shuangyashan,

Heihe, Yichun, Jiamusi,
Qitaihe, Mudanjiang,
Daxinganling, Suihua A

Block IV - bidirectional spillover Block 11l - broker

Yingkou, Anshan, Fuxin, Panjin
Chifeng, Shenyang, Liaoyang,
Chaoyang, Huludao, Dandong,
| Dalian,Jinzhou

Tonghua, Tieling, Benxi,
Fushun, Baishan, Liaoyuan

Y

Figure 8. Relation between four blocks of grain production in Northeast China.

On the whole, led by large cities such as Harbin, the internal cities of Heilongjiang
Province mainly constitute the net spillover block, which may be due to its rich agricultural
resources and the smaller distance between cities. Therefore, the number of relations
within the block is obvious. The central part of Jilin Province and the cities of eastern Inner
Mongolia, mainly Changchun and Tongliao, constitute the main beneficial block. These
members usually have a large scale of grain production and a high degree of centrality,
giving them stronger absorption of agricultural resources. Moreover, the beneficial effect
is more significant, and a closer relation of grain production is formed between cities.
Regional central cities such as Tonghua and Tieling are geographically connected to major
nodes in the network and act as intermediaries to promote the flow of grain resources
in space. In addition, with Shenyang in Liaoning Province as the core, the bidirectional
spillover block is formed, which contains the radiation effect of the central city on the edge
cities, and the spatial correlation is quite complex.

4. Discussion

Close network cooperation is of great significance for ensuring grain production in
developing countries. Taking as a case study Northeast China, the main grain-producing
area in China, we used the social network analysis method to study its grain production pat-
terns and analyze the spillover effects brought by networked grain production. The results
are generalizable and can provide reference for promoting the networked development of
grain production in similar agricultural areas in other countries.

4.1. What Are the Differences between Network and Traditional Research Methods of Grain
Production Pattern?

Different from the methods of previous studies, traditional studies mostly use attribute
data to examine the patterns of grain production and specifically use relevant methods
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such as the center of gravity migration, coefficient of variation, hotspot analysis, and
spatial autocorrelation [34,35]. Although these methods can characterize the distribution
of attribute data, they ignore the correlation existing in the space of grain production in
different regions, rely on geographical proximity, limit the connection within the region or
administrative boundary, and cannot explain the role of cross-regional cooperation [36].
As an economic activity, grain production must have some connection in different regions
due to the cross-regional flow of agricultural products, agricultural labor, and other factors.
The traditional research methods for grain production patterns have limited ability to
characterize this connection. The emergence of the social network analysis method provides
the possibility to make up for this defect. It is originally a sociological research method
to analyze the relationship between social actors and network structure. Previously, it
has been widely used in the research of transportation network, urban network, and
enterprise network in geography and economics [37-39]. While the research applied to the
grain production network still needs to be improved, many studies on grain production
patterns ignore the existing form of the network. In general, with the development of social
economy, networked space is surpassing geographic space to become a new form of spatial
organization. It is more practical to discuss the position of a region in the network than to
talk about the region alone. Therefore, social network analysis is used to explore the deep
logic of grain production connection and spatial organization in Northeast China, which
can be said to be an expansion and improvement of research methods to some extent.

4.2. Compared with the Previous Research on Grain Production, What Are the Improvements of the
Results Obtained by Spatial Correlation Network Method?

In terms of grain production patterns in Northeast China, Chinese scholars studied
the grain production levels with attribute data and found that more productive areas are
mainly distributed in the western part of Jilin Province and Heilongjiang Province; Liaoning
Province, and the middle and eastern parts of Jilin Province are relatively low [40]. The
research results based on “attribute data” and “relation data” will have certain similarities
and differences. Based on this paper, we can infer that the overall spatial correlation of
grain production is on the rise, and the radiation and spillover effects of grain production in
Heilongjiang and eastern Inner Mongolia are gradually increasing. In the future, network
production can be further promoted to drive grain production in the central and eastern
parts of Jilin Province and Liaoning Province. Moreover, the network structure of grain
production in Northeast China is not strict, and the dominant position of members is
weak, which is more conducive to the formation of the trend of coordinated development
and cooperation between regions. In terms of grain production blocks and spillover
effects, it has been found that the spatial correlation network of grain production in China
can be divided into four blocks, and the spillover effects between blocks have gradient
transmission characteristics [28]. We further discovered that grain production in Northeast
China has also formed four homologous stable blocks. The spatial correlation and spillover
effect between blocks are obvious, and they are still in the agglomeration stage of the
agglomeration—diffusion effect. That is to say, some cities, based on innate advantages such
as agricultural location, resources, and policies, attract the inflow of superior resources from
other blocks, thereby realizing the development and upgrading of the grain industry. In
order to develop the diffusion effect and avoid the excessive Matthew Effect, the marginal
areas should be assisted to seek the development of grain production and turn a zero-sum
game into win-win cooperation.

4.3. What Are the Advantages of the Spatial Correlation Network of Food Production and Is It
More Sustainable?

As a new grain production mode, the formation of a grain production spatial correla-
tion network does not only depend on physical boundaries, surmounting the traditional
agricultural location theory centered on geographical distance. It can also be said that it
breaks the market segmentation and administrative barriers, makes the agricultural re-
sources and technologies interconnected and complementary, and could realize large-scale
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production and cross-regional services, promoting the transformation of agricultural re-
search from a static hierarchical structure to a dynamic bi-directional network system. The
reason why we believe that the network spatial structure has higher sustainable implica-
tions is because of the existence of externality, which can realize the integrated development
of grain production by reducing the matching and transaction costs and promoting indus-
trial division and cooperation [41-45]. This can improve the efficiency of food production
and strengthen the resilience of food supply to better ensure the sustainability and security
of grain production in developing countries. Therefore, in the formulation of China’s
grain production strategy, it is necessary to consider the impact of the development of the
spatial correlation network, and make full use of the externality and stability of the network
to ensure grain supply. For Northeast China, the future network optimization of grain
production should take advantage of national policies and financial support, implement
linkage grain production and marketing strategies, build a grain-trading platform to share
information and resources, strengthen the construction of the grain circulation network and
infrastructure, reduce the cost of circulation, and transform the comparative advantages
of grain production into agricultural economic advantages. Through the cooperation of
the space network for grain production, this can improve the diversity of agriculture and
the resilience when dealing with risks, enhance the competitiveness of the regional grain
industry, and effectively guarantee the sustainable development of national food supply.

4.4. In Order to Optimize the Spatial Correlation Network of Grain Production, How Should
Members of Different Blocks Develop in the Future?

The following suggestions are put forward according to the different positions of each
block in the grain production network. (1) The net spillover block should pay attention to
the motivation to stimulate the spatial spillover effect, increase the construction of channels
and the number of network connections between regions, provide more opportunities for
elements to flow across regions, and realize the interconnection between nodes. Moreover,
the net spillover block should continue to strengthen the transmission of agricultural labor,
agricultural capital, and other resource elements. Additionally, the net spillover block
should pay attention to the ecological and high-quality development of agriculture; intro-
duce and apply modern information, agricultural technology, and equipment; improve the
efficiency of resource utilization, and form a bilateral circulation of agricultural economic
growth and grain production network improvement. (2) For the main beneficial block, we
should fully display the income advantages of node cities in the grain production network,
strengthen the influence and distribution capacity of agricultural resources, continue to
promote the accumulation and protection of regional agricultural capital, and realize the
transformation from quantitative to qualitative changes in agricultural development as
soon as possible. At the same time, the main beneficial block should give full play to the ad-
vantages of local resources, take the majorization and adjustment of grain crop structure as
the core of improving resource allocation, promote the refinement and intensive production
of grain, and vigorously advance the development of agriculture with distinctive character-
istics. (3) For cities in the broker block, attention should be paid to fostering strengths and
avoiding weaknesses, making full use of the intermediary adjustment capabilities of node
cities in regional grain division and cooperation, and providing a transit and acceptance
platform for beneficial areas and spillover areas. The broker block should also prioritize the
development of the agricultural resource control capabilities of important node cities, and
further enhance and exert the transmission function to increase the frequency of spillover
effects in the network. Moreover, it should give priority to the development of important
node cities’ abilities to control agricultural elements and further enhance the transmission
function to increase the frequency of spillover effects in the network. In the meantime, it is
necessary to eliminate the existence of too many intermediary cities through regulation and
control to reduce the loss and redundancy in the flow and allocation of grain production
factors. (4) Cities in the bidirectional spillover block should improve the capacity of over-
flow, promote the improvement of agricultural infrastructure construction, break down
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the barriers of administrative boundaries, and reduce the flow and transportation costs in
space. Furthermore, the bidirectional spillover block should strengthen the accessibility and
structure of the network to be embedded in the higher-level grain production network and
enhance the position of power and influence, while enhancing the radiating and driving
role of core nodes and promoting the transformation of node cities in the subordinate
position of grain production to the equal status of bidirectional connection, which narrows
the gap in technology and talents of grain production within the block and improves the
stability of the grain production network.

5. Conclusions
5.1. The Spatial Correlation Network of Grain Production in Northeast China Shows a Complex
Trend and the Structure Is Not Strict

In terms of overall characteristics, the density value and network relation number of
the grain production network show a fluctuating and rising evolution trend, indicating a
continuous close and complex development, but the degree is still not high, indicating that
closer communication and cooperation are needed in the future. Moreover, the network
structure of grain production in Northeast China is not strict, and the dominant position of
members is weak, which provides favorable conditions for the coordinated development
and cooperation of grain production between regions in the future.

5.2. The Spatial Correlation Network of Grain Production in Northeast China Presents a
Multi-Center Distribution and the Connection Is More Direct

The spatial correlation network of grain production is characterized by multi-center
distribution in light of individual characteristics. Tieling, Tongliao, Changchun, Harbin,
and other cities have had leading roles as important nodes in the past 20 years. These
important nodes not only occupy the status of central actors, but also play the roles of
intermediary and bridge, illustrate that they can connect with other cities more quickly and
effectively, and have a significant impact on the spatial correlation of grain production in
other cities. Meanwhile, the gap in the intermediary role between cities has been narrowing
gradually, and the dependence on intermediary cities is decreasing, signifying that the
connection between cities is closer and more direct, and the spatial correlation structure of
grain production in Northeast China tends to be balanced and stable.

5.3. The Four Grain Production Blocks in Northeast China Have Obvious Flows of Agricultural
Factors and Are in the Stage of Agglomeration

As far as the block characteristics and spillover effects are concerned, grain production
in Northeast China has formed four stable blocks. Under the leadership of Harbin, the cities
of Heilongjiang mainly constitute the net spillover block. The central part of Jilin Province
and the eastern Inner Mongolia, dominated by Changchun and Tongliao, make up the main
beneficial block. The broker block is composed of Tonghua, Tieling, and other regional
central cities. Taking Shenyang as the core city, it forms the bidirectional spillover block with
cities mainly in Liaoning Province. There is an active flow of agricultural factors between
the four functional blocks, and the spatial correlations and spillover effects are obvious. In
addition, agricultural resources flow to areas with high degrees of centrality, indicating that
they are still in the agglomeration stage in the process of agglomeration—diffusion. In the
future, policy regulation should be used to achieve the optimal development of the spatial
correlation network of grain production in Northeast China.

5.4. Analysis of the Shortcomings and Research Prospects

The shortcomings of this paper must be addressed. First, in the absence of direct data
on regional grain production and circulation, the gravity model is used to describe the
grain production network. Even if it is intuitive and representative, it is only an idealized
grain production network, and the results were obtained by inferring their exchanges and
economic connections through indicators such as geographical distance, grain output, and
grain planting area, and thus could not be fully consistent with the actual situation. Second,
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the multi-dimensional description of the construction of the grain production network is
not detailed enough. Existing studies have shown that corn, rice, and soybeans planted
in Northeast China have different spatial layout [46], and the structural characteristics
of their network have not been explored. This should be taken as the starting point of
future work, to further consider the specific conditions of different grain crops, which
is of great significance to the industrialization and refined development of grain crops.
Third, we have not conducted an in-depth analysis of the driving factors of the grain
production network. In the future, the driving mechanism affecting the evolution of the
grain production network should be explored, and a long-term and multi-scale extension
study should be carried out.
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