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How to ensure a coordinated development between land urbanization and grain
production has been a key issue that needs to be urgently addressed to achieve
sustainable development in China. Taking Jiangsu province as an example, this
paper measures the coupling coordination degree (CCD) between county land
urbanization and grain production from 2010 to 2020 based on the coupling
coordination degree model (CCDM). In addition, the exploratory spatial data
analysis method and the space Durbin model are combined to explore the spatial
correlation and influencing factors of the CCD between land urbanization and
grain production. The main conclusions are as follows: (1) From a temporal
perspective, the CCD between county land urbanization and grain production in
Jiangsu is dominated by basically coordinated, with an overall stable rising trend
and a distribution pattern of Northern Jiangsu > Central Jiangsu > Southern
Jiangsu. (2) From the perspective of spatial distribution, the CCD between the
two is dominated by basically coordinated in the Southern, Central and Northern
Jiangsu regions. The spatial clustering characteristics are significant, and the
distribution of counties with basically coordinated shows concentrated and
contiguous characteristics. (3) From the perspective of spatial correlation, the
CCD between the two shows a low level of positive spatial autocorrelation. The
state of agglomeration is significant in Northern Jiangsu, while spatial
agglomeration is sporadic in Southern Jiangsu and insignificant in Central
Jiangsu. (4) The factors affecting the CCD between county land urbanization
and grain production in Jiangsu province are determined by many factors
together. Based on a driver perspective, Per capita GDP and chemical fertilizer
application intensity have a negative effect on it. Highway network density and
mobile internet penetration rate have a positive effect on it. Population density,
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advanced industrial structure, per capita grain planting area and agro-industrial
agglomeration are not significant. This study offers useful insights for promoting
the coupled and coordinated development of county urbanization and grain
production in China.

KEYWORDS

land urbanization, grain production, coupling coordination degree (CCD),
spatiotemporal evolution, space Durbin model (SDM), Jiangsu province

Introduction

Urbanization is essentially a process of change and integrated
transformation of production factors from rural to urban
development (Yang et al., 2015). Land and population are
considered to be two key dimensions in describing the
urbanization process (Lu et al, 2018). Since the 1950s, the
harmonization of urbanization and grain production has attracted
the attention of people from all walks of life. This is due to the fact
that many countries and regions are facing serious challenges of
unsustainable development by adopting urban boundary expansion
as their development direction (Cui et al., 2019; Lv et al., 2019). In
addition, according to data published by the United Nations, the
urbanization rate of the population is expected to rise from 30% to
69% from 1950 to 2050 (Deng et al., 2015; Sulemana et al., 2019). It
is well known that urban construction land is the spatial carrier for
the development of population urbanization (Tsutsumida et al.,
2015; Lv et al, 2019). Therefore, the development of population
urbanization also drives the process of land urbanization. However,
land is a scarce resource and the total amount is constant. This may
lead to the global development process facing a game between land
for construction and arable land, which is directly related to the
problem of grain security.

As the world’s largest developing country, the urbanization rate
of China’s population reached 64.72% by the end of 2021 (National
Statistical Office, 2022). This means that a large amount of arable
land resources is converted into land for urban construction. In
addition, local governments have tended to adopt the model of
“generating wealth with land and attracting wealth with land” to
drive economic growth in recent years (Jin and Dai, 2021). This
initiative has further accelerated the process of land urbanization.
Some studies found that the rate of land urbanization in China is
currently higher than the rate of population urbanization (Lin et al.,
2015; Yuan et al, 2020). This poses a serious challenge to arable
land conservation and national grain security (Lambin and
Meyfroidt, 2011; Deng et al., 2015).

Currently, the construction of county urbanization serves as an
important vehicle for the integrated development of China’s urban-
rural areas. Then, how to ensure a coordinated development
between land urbanization and grain production in county areas?
According to data published in the China Statistical Yearbook of
Urban and Rural Construction, the built-up area of counties
increased from 10,427 square kilometers in 2001 to 20,867 square
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kilometers in 2020, with an average annual growth rate of 3.72%
(Ministry of Housing and Urban-Rural Development, 2020). In
fact, land is a non-renewable resource. If land for urban
construction increases, it will inevitably displace arable land
resources and affect national grain security. One study found that
between 1995 and 2000, land urbanization in county areas in
eastern China reduced arable land by 7%, and between 2000 and
2008, the loss of arable land increased to 29.2% (Deng et al., 2015).
Therefore, it is necessary for this study to explore the coupling
coordination relationship between land urbanization and grain
production based on the county dimension.

However, there is no consensus in academic research on the
relationship between land urbanization and grain production. One
view is that the urbanization process may be detrimental to grain
production (Satterthwaite et al., 2010; D’Amour et al., 2017). Based
on the production factor perspective, urbanization not only leads to
the restructuring of agricultural production factor inputs, but also
triggers changes in production methods and cropping structures, that
negatively affect grain security (Chen et al., 2007; Masters et al., 2013;
Long et al,, 2018). In addition, urbanization may attract a large influx
of rural people to towns and cities, which not only reduces the
number and quality of agricultural labor, but also increases the
abandonment of arable land, thus affecting grain production (Lu H.
et al., 2019; Qiu et al., 2020). Another view is that urbanization is
beneficial to grain production (Liu et al,, 2021). Urbanization not only
promotes local economic development, but also increases agricultural
investment and promotes technical efficiency in agriculture (Liang
and Yang, 2019; Zhou et al., 2020). Moreover, while urbanization
accelerates the flow of rural people into non-agricultural
employment, it also creates opportunities for agricultural land
transfer and land resource redistribution, which increases
agricultural intensification and scale management (Gao et al., 2020;
Yu et al,, 2020). There are even scholars who argue that urbanization
contributes to China’s self-sufficiency in grains (rice and wheat) based
on a grain category perspective (Lu et al., 2017). It can be seen that the
multidimensional complexity of the impact of urbanization on grain
production has led to the existence of divergent views among scholars
with different academic backgrounds, which provides important
insights for this study. We can’t help but wonder whether there
can be a coordinated development between county urbanization and
grain production in China to ensure national grain security?

Compared with previous studies, this study highlights the
following aspects. First, many scholars tend to study the impact
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of urbanization on grain production, but few have analyzed the
coordinated development issue between land urbanization and
grain production based on the county level. This paper takes the
counties of Jiangsu province as the subject of study, further breaking
down the research scale and providing more practical value. Second,
this paper makes full use of spatial geography study methods to
analysis the spatiotemporal evolution of the coupling coordination
degree (CCD) between county land urbanization and grain
production in Jiangsu province from a macro perspective. Finally,
few scholars have taken spatial geography into account in previous
studies on the factors influencing the CCD between land
urbanization and grain production, which may lead to biased
empirical estimates. This problem can be effectively solved by
using the spatial Durbin model in this paper.

This study includes five parts. The first part is an introduction
that describes the background, problem and significance of the
study. The second part is materials and methods, mainly including
the study area, data sources, study methodology and selection of
indicators. The third part is the spatiotemporal characteristics of the
CCD between land urbanization and grain production in county
areas. The fourth part is the analysis of factors influencing the CCD
between land urbanization and grain production in county areas.
The fifth part is the main research conclusions and
policy recommendations.

Materials and methods
Study area and data sources

Jiangsu province is located in the middle of China’s eastern
coastal region (Figure 1) and is situated in the Yangtze River
Economic Belt. According to data released by the National
Bureau of Statistics, in 2021, Jiangsu’s GDP ranked second in the
country, just behind Guangdong province; the population
urbanization rate was as high as 73.94%, ranking fourth in the
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FIGURE 1
Location of Jiangsu province in China.
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country, which was much higher than the national average of
64.72%. With the rapid development of population urbanization
in Jiangsu, land for urban construction is increasing. Since land
resources are certain, this will inevitably squeeze a large amount of
arable land and affect grain production. Jiangsu province ranks 4th
in the country with a population of 85.05 million by the end of 2021.
According to the criteria of the “National Grain Security Medium
and Long-term Planning Outline (2008-2020)”, Jiangsu province is
one of the 13 major grain producing areas in China. In fact, grain
production is not only the lifeblood for ensuring national grain
security, but also the basis for the development of secondary and
tertiary industries. Therefore, this paper mainly selects counties in
Jiangsu as the research object to explore the CCD between land
urbanization and grain production and its driving factors analysis.

At the end of December 2021, there are 19 counties and 21
county-level cities in Jiangsu province. As Haimen County only
becomes Haimen District in 2020, it is also included as a research
object in this paper. It should be noted that the part without data in
Figure 1 is mainly the urban district of the city. Since municipal
districts mainly develop non-agricultural industries and lack of
statistical data, they are not considered as research subjects in this
paper. The data in this paper are taken from the Jiangsu
Statistical Yearbook.

Methods

Data standardization

First, the raw data are standardized in order to eliminate the
dimensional differences between different indicators. The specific
processing methods are as follows (Cui et al., 2019; Zhang et al,
2021; Zhou et al., 2022):

Xij = ()(1 - Xmin)/(Xmax - Xmin) (1)
Xij = (Xmax - X])/(Xmax - Xmin) (2)
Donghai
Fibos Guaya
p=—
Saig Linstui
tr g | St
T
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Northern Jiangsu L Km
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If the value of the variable is as large as possible, then formula
(1) is used for data processing. If the variable values have an inverse
effect, formula (2) is used for data processing. In formula (1) and
formula (2), Xj; represents the standardized value of the measured
number. X; represents the value of the measured data of the j-th
index. X,,,,, represents the maximum value of the measured data of
the j-th index. X,,,;, represents the minimum value of the measured
data of the j-th index.

Coupling coordination degree model

The coupling coordination degree (CCD) is the degree to
which land urbanization and grain production are harmoniously
aligned in the process of change. The higher the CCD, the
stronger the coupling coordination. It can be calculated by the
following formula (Cui et al., 2019; Zhang et al., 2021; Zhou et al,
2022):

CD =2/f(L) x g(G)/(f(L) +g(G)) (3)
T=mxf(L)+nxg(G);CCD=vCDxT (4)

In formula (3) and formula (4), CD represents the coupling
degree, and takes values in the range of [0, 1]. (L) represents the
level of land urbanization, which is expressed as the proportion of
the built-up area of the county to the total area of the county (Ve
and Wu, 2014; Lv et al,, 2019; Cao et al.,, 2021). g(G) represents grain
production, measured by the total value of grain production in the
county. CCD represents the coupling coordination degree between
land urbanization and grain production, and takes values in the
range [0, 1]. T represents the composite coordination index. m and
n represent the coefficients to be determined. In this paper, land
urbanization and grain production are considered equally
important, so m + n = 0.5. Based on the research experience of
related scholars (Ariken et al., 2020; Ding et al., 2022), the CCD is
divided into five levels (Table 1).

Exploratory spatial data analysis methods

ESDA methods is a commonly used method to judge spatial
agglomeration, including global spatial autocorrelation (GSA) and
local spatial autocorrelation (LSA) (Anselin et al., 2006).

@®GSA is used to judge the spatial dependence of geographic
phenomena across the region by Moran’s index (Moran’s I). It can
be calculated by the following formula (Sridharan et al., 2007):

10.3389/fevo.2023.1179551

S S Wi = D)X, - X)
2:‘1:1(Xi —Y)zﬁ?ﬂﬁjﬂ sz

®LSA is used to describe the degree of similarity and the pattern

I(d) = (5)

of change of attributes between adjacent regions. Local Moran’s I
and LISA aggregation diagrams are common research methods. It
can be calculated by the following formula:

(6)

In formula (5) and formula (6), I(d) and I; take values in [-1,1].
If the value is greater than zero, it means aggregation, less than zero,

Ii = Ziz;‘:l W’JZJ (l ¢])

it means dispersion, and equal to zero, it means no spatiality.
Xjrepresents the observed values. X is the average of X;. n is the
sample size. Z; and Z; are the standardized values. Wj; is the

space matrix.

Spatial Durbin model

Spatial econometric models include the spatial error model
(SEM), the spatial lag model (SLM) and the spatial Durbin model
(SDM). The Wald test is often used as the basis for discriminating
whether to use the spatial Durbin model (SDM). In addition, the
SDM model controls for time and individual effects (Yang et al,
2022). The model form is as follows (Lesage and Pace, 2009):

N N
Yi = p>X Wi Vi + BX + 0> Wi Xy + 1 + v, + &
j=1 =t

7)

In formula (7), Y is the dependent variable. X is the relevant
explanatory variable. p 1is the spatial lag factor. ¢ is the spatial
spillover factor. W is the 41*41 geographic contiguity matrix
created. 3 is the coefficient. € is the random error term. u and
v are spatial and time effects, respectively.

Since the regression coefficients of the explanatory variables in
the spatial econometric model cannot identify the degree of effect
on the dependent variable, it is necessary to decompose them into
direct effect, indirect effect and total effect by finding partial
differentiation (Lesage and Pace, 2009). Therefore, equation (7)
requires further rewriting.

Y =(-pW) ldly+ I - pW)(BX + BWX) + (I
—pw) e ()

In formula (8), Y is the N*1 dimensional dependent variable. I is
an N*1 dimensional unit matrix. d is a constant term. ly represents

TABLE 1 Classification level of CCD between land urbanization and grain production.

Development category

Balanced development 0.81 < CCD < 1.00

0.61 < CCD < 0.80
Transitional development
0.41 < CCD < 0.60

0.21 < CCD < 0.40
Unbalanced development
0.00< CCD < 0.20
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Coordination degree
Highly coordinated
Moderately coordinated
Basically coordinated

Moderately Unbalanced

Seriously Unbalanced

frontiersin.org


https://doi.org/10.3389/fevo.2023.1179551
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Chen et al.

X' is the N*K
dimensional matrix of all explanatory variables. £ is the random

an N*1 dimensional vector whose elements are all 1.

error term. The other variables have the same meaning as above.
Thus, the specific form of the partial differential matrix for the K-th
explanatory variable at period t is as follows:

Oy, oy,
X IXn
|: 9y 9y :| ) 'lk Nk
OXyk 9 X avy  avy
Xy 90X
Bx Wit - Win6;
| Waube o B - Won 6
=(I-pw)" o ©)

W16 Wr26 -+ By

In formula (9), B is the direct effect. The average of the
elements on the non-diagonal is the indirect effect. The total effect is
the sum of the direct and indirect effects.

Variables

This paper takes the CCD as the dependent variable. Based on
relevant studies (Lv et al., 2019; Lu X.H. et al., 2019; Hou et al., 2022;
Gu et al.,, 2023), the independent variables are selected in terms of
population density, economic development, industrial structure,
and agricultural production conditions. Population density (PD) is
expressed as the ratio of total population to administrative area at
the end of the year and reflects the degree of population density in
an area at a given time. Economic development is expressed as per
capita GDP (PGDP), which reflects the regional market level to
some extent. Advanced industrial structure (AIS) is expressed by
the ratio of the value added of the tertiary industry to that of the
secondary industry, which can reflect the level of upgrading of
industrial structure. Per capita grain planting area (PGPA) is
expressed by dividing the sown area of grain crops by the number
of people working in agriculture, reflecting the situation of rural
grain planting. Chemical fertilizer application intensity (CFAI) is
measured by the amount of fertilizer applied per ha (Wu et al,
2021). Agro-industrial agglomeration (AIA) is expressed as the
ratio of the total agricultural output value of each region to the total

TABLE 2 Variable descriptive statistics.

10.3389/fevo.2023.1179551

agricultural output value of the province (Xiao, 2012). Highway
network density (HND) is measured by dividing the road miles per
area by the area of the administrative region, reflecting the transport
accessibility of each region. Mobile internet penetration rate
(MIPR) is measured as the ratio of cell phone subscribers to the
total population in each region at year-end, reflecting the level of
informatization in each region. The descriptive statistics of each
variable are shown in Table 2.

Spatiotemporal characteristics
of the CCD

Temporal evolution characteristics

Temporal evolution of land urbanization and
grain production

First, the temporal evolution of land urbanization in county
areas of Jiangsu. From Figure 2A, it is evident that land urbanization
in county areas of Jiangsu showed a rising trend year by year. It rose
t0 0.032 in 2020 from 0.024 in 2010, with an average annual growth
rate of 2.9%. The level of land urbanization varied greatly among
regions, with a general distribution pattern of Southern Jiangsu >
Central Jiangsu > Northern Jiangsu. The level of land urbanization
in Southern Jiangsu ranked first and showed a fluctuating rising
trend, to 0.058 in 2020 from 0.041 in 2010, with an average annual
growth rate of 3.5%. The level of land urbanization in Central
Jiangsu ranked second, lower than the countywide average in
Jiangsu, and showed a fluctuating rising trend, to 0.028 in 2020
from 0.021 in 2010, with an average annual growth rate of 2.9%. The
level of land urbanization in Northern Jiangsu ranked third and
showed a rising trend year by year, to 0.022 in 2020 from 0.016 in
2010, with an average annual growth rate of 3.2%.

Second, the temporal evolution of grain production in county
areas of Jiangsu. From Figure 2B, it is evident that the grain
production in county areas of Jiangsu rose year by year from
2010 to 2015, before it started to decrease in the following two
years, and then started to rise again year by year. Overall, it was
relatively stable with small fluctuations. However, grain production
varied widely among regions, showing an overall distribution
pattern of Northern Jiangsu > Central Jiangsu > Southern Jiangsu,

Indicators Variables Unit Mean Std. dev.
Population density PD Persons/km® 0.232 0.161
Per capita GDP PGDP RMB/person 0.046 0.056
Advanced industrial structure AIS — 0.409 0.192
Per capita grain planting area PGPA Ha/person 0.370 0.186
Chemical fertilizer application intensity CFAI Ton/ha 0.280 0.210
Agro-industrial agglomeration AIA % 0.353 0.205
Highway network density HND km/km? 0.322 0.203
Mobile internet penetration rate MIPR Households/person 0.296 0.114
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which was opposite to land urbanization. Grain production in
Northern Jiangsu ranked first and showed a fluctuating rising
trend, to 0.878 million tons in 2020 from 0.785 million tons in
2010, with an average annual growth rate of 1.1%. Grain production
in Central Jiangsu ranked second, which was lower than the
countywide average in Jiangsu, with a rising trend year by year
during 2010-2015, after which it started to fall slightly and started
to rise after 2019. Overall, the changes are small and relatively
stable. Grain production in Southern Jiangsu ranked third, with a
rising trend year by year during 2010-2012, after which it started to
decline year by year. It dropped to 0.229 million tons in 2020 from
0.303 million tons in 2010, with an average annual growth rate
of —2.8%.

Overall, during the period of 2010-2020, both land urbanization
and grain production in county areas of Jiangsu show a rising trend,
and the development rate of land urbanization is significantly higher
than the growth rate of grain production. Among the regional
differences, Southern, Central and Northern Jiangsu also show the
same characteristics. However, Southern Jiangsu and Northern
Jiangsu show a significant polarization trend. These may be closely
related to the level of local economic development and location. In
contrast to Central and Northern Jiangsu, Southern Jiangsu is close to
the Yangtze River Delta economic zone and mainly develops non-
agricultural industries.

Temporal evolution of the CCD between land
urbanization and grain production

The CCDM were used to measure the CCD between land
urbanization and grain production in county areas of Jiangsu
from 2010 to 2020 (Figure 3). From Figure 3, it is evident that
the CCD between land urbanization and grain production in county
areas of Jiangsu only reached basically coordinated and showed an
overall stable rising trend. The CCD increased to 0.471 in 2020 from
0.414 in 2010, but the growth trend was relatively slow. In addition,
the level of the CCD between land urbanization and grain
production varied widely among regions, showing an overall
distribution pattern of Northern Jiangsu > Central Jiangsu >
Southern Jiangsu. The CCD in Northern Jiangsu was the highest,
showing a good rising trend. Its CCD steadily rose to 0.506 from
0.421 with an average annual growth rate of 1.9%, and the overall is
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at the basically coordinated level. The level of CCD between land
urbanization and grain production in Central Jiangsu ranked
second and also showed a good rising trend. Its CCD steadily
rose to 0.477 from 0.390 with an average annual growth rate of 2%,
and reached the basically coordinated level since 2011. The level of
CCD between land urbanization and grain production in South
Jiangsu ranked third and showed a rising and then falling trend,
with the turning point in 2014. Its CCD fluctuated in the range of
0.393 and 0.456 with an average annual growth rate of -0.07%,
which was at a low level of basic coordination.

In summary, the CCD between land urbanization and grain
production in the county areas of Jiangsu is low, which is dominated
by basically coordinated. In addition, the ranking of CCD is
Northern Jiangsu > Central Jiangsu > Southern Jiangsu. The
reason is that Northern Jiangsu is dominated by the Northern
Jiangsu Plain, which is located at the downstream of the Huaihe and
Yishu-Si water systems. The region has flat topography, fertile soil
and convenient irrigation, leading to obvious advantages in
agricultural conditions. Compared with the other two regions, the
land in Northern Jiangsu is less urbanized which squeezes out less
arable land. Therefore, the CCD between land urbanization and
grain production is relatively high in Northern Jiangsu. However,
the Southern and Central Jiangsu are an important part of the
Yangtze River Delta urban agglomeration. In particular, the
commercial economy in Southern Jiangsu is more developed and
the urbanization is rapid, which displaces a large amount of arable

Year

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

—A— Jiangsu —@— Southern Jiangsu —&— Central Jiangsu —— Northern Jiangsu

FIGURE 3
Temporal evolution of the CCD between land urbanization and
grain production (2010-2020)
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land and results in a relatively low CCD between land urbanization
and grain production.

Spatial pattern characteristics

To reflect the spatial pattern characteristics of the CCD between
land urbanization and grain production in county areas of Jiangsu
province, this paper drew on the approach of Zhang and Li (2021)
by adopting the natural break method with 2010, 2015 and 2020 as
the study time points. Then, the map was produced using ArcGIS
10.7 software (Figure 4).

From Figure 4, it is evident that the CCD between land
urbanization and grain production in 2010 was dominated by
basically coordinated in Northern Jiangsu and Southern Jiangsu.
Among them, Shuyang in Northern Jiangsu reached moderately
coordinated, while Central Jiangsu was moderately unbalanced. In
2015, CCD in Southern, Central and Northern Jiangsu were all
dominated by basically coordinated, among which Shuyang in
Northern Jiangsu remained moderately coordinated, with moderate
unbalance mainly sporadically distributed in the coastal counties. In
2020, the Southern, Central and Northern Jiangsu remained dominated
by basically coordinated, among which 2 counties in Northern Jiangsu
reached moderately coordinated, namely Shuyang and Funing.

In summary, the spatial distribution of CCD between land
urbanization and grain production in county areas of Jiangsu has
two main characteristics. First, the regional differences are small.
The Southern, Central and Northern Jiangsu are all dominated by
basically coordinated. Second, the spatial agglomeration
characteristics are remarkable. The distribution of the county’s
higher level of CCD not only shows concentrated contiguous
characteristics, but also is mainly distributed around urban areas.

Spatial correlation characteristics

Global Moran’s |

To further validate the spatial correlation of CCD between land
urbanization and grain production in county areas of Jiangsu,
GeoDal.12 software in this paper was applied to measure the
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global Moran’s I values of CCD between land urbanization and
grain production in county areas from 2010 to 2020 (Table 3).

Table 3 shows that the overall positive spatial autocorrelation
characteristic of the CCD between county land urbanization and
grain production showed a low level from 2010 to 2020 (except for
2010, 2012 and 2013). The Moran’s I values showed a fluctuating
trend and could be roughly divided into 2 stages. The first stage was
from 2010 to 2013. The Moran’s I value showed a fluctuating
downward trend or even a negative value, indicating a weakening of
the spatial agglomeration of the CCD. The second stage was from
2013 to 2020. The Moran’s I value showed a fluctuating rising trend,
indicating an increase in the spatial agglomeration of the CCD. This
was closely related to the Opinions of Provincial Government on
Solidly Promoting Urbanization and Promoting Integration of
Urban and Rural Development issued by Jiangsu province in
2012. The policy proposed to insist on small towns as the basis of
integrated urban and rural development.

Local Moran’s |

To present the spatial agglomeration characteristics of the CCD
between land urbanization and grain production in the county areas
of Jiangsu, it is necessary to adopt Local Moran’s I for in-depth
analysis in this paper. Therefore, in this paper, the LISA
agglomeration map of the CCD between county land
urbanization and grain production in Jiangsu was drawn using
ArcGIS 10.7 software (Figure 5).

Figure 5 shows that in 2010, “High-High” agglomerations were
mainly located in Xinyi, Lianshui and Jiangyin, and “High-Low”
agglomerations were mainly located in Binhai, while “Low-High”
agglomerations were mainly located in Donghai. In 2015, “High-
High” agglomerations were mainly located in Xinyi, Donghai,
Lianshui and Zhangjiagang, and “High-Low” agglomerations were
mainly located in Danyang, while “Low-Low” agglomerations were
mainly located in Haimen. In 2020, “High-High” agglomerations
were mainly located in Xinyi, Donghai, Shuyang and Lianshui, and
“High-Low” agglomerations were mainly located in Danyang, while
“Low-Low” agglomerations were mainly located in Qidong. Overall,
the spatial agglomeration characteristic is gradually highlighted in
Northern Jiangsu, while the spatial agglomeration is scattered in
Southern Jiangsu and not significant in Central Jiangsu.

[1061-080 o % 180

i Em0s1-100 . ' Km

Spatial distribution of CCD between land urbanization and grain production in county areas of Jiangsu (2010, 2015 and 2020).
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TABLE 3 Global Moran's | values (2010-2020).

Year Moran’s | Year
2010 -0.002 2014
2011 0.005 2015
2012 -0.004 2016
2013 -0.030 2017

Empirical analysis of influencing
factors

Selection of spatial econometric models

Due to the existence of spatial correlation, estimation using the
traditional ordinary least squares (OLS) method may lead to biased
or even erroneous conclusions. Therefore, the MLE method of
Elhorst (2010) was used to estimate and test the model in this paper.
For the test identification of spatial econometric models, Elhorst
(2014) argued that the Wald test is a criterion to determine whether
the SDM can be reduced to a spatial error model (SEM) or a spatial
lag model (SLM). The Wald test results showed that SDM could not
be reduced to SEM or SLM (Table A1). In addition, the Hausman
test statistic was 13.45, significant at the 10% statistical level,
rejecting the original hypothesis of a random effect of selection
effect. Therefore, a spatial panel Durbin model with fixed effects in
this paper is selected for regression analysis.

Analysis of empirical results

Table A2 shows that the spatial autoregressive coefficient rho is
significantly positive at the 1% level, suggesting the existence of
spatial autocorrelation characteristics of the CCD. It can be seen
that it is reasonable to consider geospatial factors in the empirical
analysis in this paper. Therefore, this further justifies the
introduction of geospatial factors into the empirical analysis. The
estimated results are shown in Table 4.

Table 4 show that the coefficients of the direct and total effects
of per capita GDP (PGDP) are significantly negative at the 5% and
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10% statistical levels, respectively. Each 1% increase in PGDP in the
region is associated with a 0.042% decrease in the CCD between
land urbanization and grain production. This indicates that the
increase in the level of economic development in the region has led
to the expansion of land for urban construction on the one hand,
squeezing out the arable land area and affecting grain production.
On the other hand, farmers in economically developed areas tend to
plant high value-added cash crops, which reduces the area under
grain planting and affects grain production. However, the indirect
effect of this variable is not significant, indicating that the level of
economic development of neighboring regions has little effect on
the CCD between local land urbanization and grain production.
The reason is that there is a strong empirical dependence of farmers
to grow grain, and it is generally less likely to change the planting
structure, and the level of economic development in neighboring
areas does not directly affect the outward expansion or shrinkage of
local city and town land forms.

The direct effect of chemical fertilizer application intensity
(CFAI) is significantly negative at 10% statistical level. Each 1%
increase in CFAI in the region is associated with a 0.105% decrease
in the CCD between land urbanization and grain production. On
the one hand, there is a substitution effect between chemical
fertilizers and the labor force engaged in agriculture. The
increased use of chemical fertilizers can reduce agricultural labor
inputs, releasing more rural labor to engage in non-agricultural
industries which leads to an increase in land for non-agricultural
industries in urban areas. On the other hand, CFAI in the region has
reached a critical point. Excessive use of chemical fertilizers can
cause damage to soil structure, shallow tillage layer, poor water and
fertilizer storage capacity, intolerance to cold and drought, and
frequent occurrence of pests and diseases, which in turn can affect
grain production.
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LISA agglomeration map of the CCD between county land urbanization and grain production in Jiangsu (2010, 2015 and 2020).
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TABLE 4 The spatial effect decomposition.

10.3389/fevo.2023.1179551

Variables Direct effects Indirect effects Total effects
PD 0.021 (0.049) 0.237 (0.292) 0.257 (0.311)
PGDP ~0.042** (0.020) ~0.601 (0.377) ~0.643* (0.388)
AIS 0.015 (0.020) —0.145 (0.232) ~0.130 (0.225)
PGPA 0.100 (0.091) ~1.440 (0.883) ~1.340 (0.919)
CFAI ~0.105* (0.057) -0.359 (0.755) —0.464 (0.775)
ATA 0.017 (0.016) ~0.082 (0.197) ~0.066 (0.199)
RND 0.149%%* (0.047) 0.727* (0.429) 0.876** (0.446)
MIPR 0.048** (0.018) 0.123 (0.198) 0.171 (0.198)

*, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.

The direct, indirect and total effects of highway network
density (HND) are 0.149, 0.727 and 0.876, respectively, which
are all statistically significant at least at the 10% level. Each 1%
increase in RND in the region can improve the CCD between land
urbanization and grain production by 0.149%. Each 1% increase
in RND in neighboring areas can improve 0.727% of the
CCD between local land urbanization and grain production.
This is because the greater the RND, the more convenient
the transportation. Transportation not only realizes the
interconnection of physical distance between regions, but also
accelerates the flow of knowledge, information, technology, labor
and other factors between regions, alleviating the contradiction
between urban construction land and arable land between
regions, which in turn improves the CCD between land
urbanization and grain production.

The direct effect of mobile internet penetration rate (MIPR) is
0.048, which is significant at the 1% statistical level, indicating that
the CCD between land urbanization and grain production in each
region is mainly dependent on the improvement of information
technology in the region. In fact, the higher the penetration rate of
local information technology, not only can narrow the digital divide
between urban and rural areas within the local area and reduce the
information cost of rural residents working in cities, but also
improve the quality of informatization services for the transfer of
farmers’ farmland, creating conditions for large-scale land
management and large-scale agricultural machinery services,
which in turn can promote grain production. It should be noted
that the production of cash crops is labor-intensive, with high
technical requirements, which are not easily replaced by machinery
for labor. The opposite is true for grain crops. With the increase of
laborers going out to work, it leads to the rising of local labor market
price. In order to reduce the cost of labor, farmers whose land is
transferred in tend to plant grain crops. However, the indirect effect
of this variable does not pass the test, indicating that the MIPR in
neighboring regions has little effect on the CCD between land
urbanization and grain production in the region.

The direct and indirect effects of population density (PD),
advanced industrial structure (AIS), per capita grain planting area
(PGPA), and agro-industrial agglomeration (AIA) are not
significant. It may be because the development of county
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urbanization has not yet matured and these factors have not yet
achieved their role in stimulating it. However, their impact cannot
be ignored.

Conclusions and implications

Based on the panel data of 41 counties in Jiangsu from 2010 to
2020, this paper adopts the CCDM and ESDA to explore the
spatiotemporal evolution characteristics of the CCD between land
urbanization and grain production. In addition, the SDM is adopted
to empirically analyze the driving factors affecting it. Some
interesting conclusions obtained are as follows:

(1) From a temporal perspective, both county land
urbanization and grain production in Jiangsu show a
rising trend during the examination period of 2010-2020,
and the development rate of county land urbanization is
significantly higher than the growth rate of grain
production. From a temporal evolution of the CCD, the
CCD between the two is dominated by basically
coordinated, showing a distribution pattern of North
Jiangsu > Central Jiangsu > South Jiangsu.

(2) From the perspective of spatial distribution, the CCD
between the two is dominated by basically coordinated in
the Southern, Central and Northern Jiangsu. In addition,
the spatial clustering characteristics are significant, and the
distribution of counties with basically coordinated shows
concentrated and contiguous characteristics.

(3) From the perspective of spatial correlation, the CCD
between the two shows a low level of positive spatial
autocorrelation. The state of agglomeration is significant
in Northern Jiangsu, while spatial agglomeration is sporadic
in Southern Jiangsu and insignificant in Central Jiangsu.

(4) Per capita GDP (PGDP) and chemical fertilizer application
intensity (CFAI) have a negative effect on the CCD between
land urbanization and grain production. Highway network
density (HND) and mobile internet penetration rate
(MIPR) have a positive effect on it.
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From the above conclusions, this paper puts forward the
following advice.

(1) Coordinated development relationship between land
urbanization and grain production in county areas should
be considered in the top-level planning. At the strategic
level, Jiangsu province needs to take a firm view of “grain
security” to ensure the sustainable production capacity of
national grain security during the active implementation of
county urbanization construction planning. It is
recommended to make comprehensive planning in terms
of land planning, industrial layout, transportation system,
information construction, farmland water conservancy
construction, etc.

(2) Improving support and protection policies. First,
government departments need to strengthen financial
support, focusing on the main grain-producing areas. For
example, in Northern Jiangsu, the local government
department should actively improve the conditions of
farmland water conservancy facilities and other facilities
in the region to ensure grain production. In addition, the
government of Jiangsu province needs to strengthen the
subsidies for large grain-producing counties, such as seed
subsidies, grain production subsidies, farmland protection
subsidies and other subsidies for agricultural policies to
improve the local government’s emphasis on grain
production and farmers’ enthusiasm to plant grain.
Finally, improving grain purchase support and protection
policies cannot be ignored.

(3) Each county should consider its own actual situation and
formulate targeted supporting measures. Based on the
strategic policies of Jiangsu province, for the Northern
and Central Jiangsu with a higher level of coordinated
development, when the county governments actively
promote the development of land urbanization, they
should optimize the layout of grain industry production,
accelerate the construction of high-standard farmland and
information technology, improve the accessibility of
transportation, expand the spillover effect of technology
and information in grain to raise grain production. For the
Southern Jiangsu, where the level of coordinated
development is low, the development speed of land
urbanization should be slowed down. In addition,
scientific planning of urban building land and full
potential of spatial resources should be explored.

It is important to note that there are shortcomings in this study.
First, not all factors influencing county land urbanization and grain
production can be listed in this paper. The main approach in this
study is to consider the selection of variables with reference to
relevant studies by previous scholars and the accessibility of data.
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The reasonableness of the practice deserves consideration. Second,
there is a lack of analysis of population urbanization. Population
urbanization is closely related to land urbanization and grain
production. Due to the lack of data on county population
urbanization, this paper only examines the coupled and
coordinated relationship between county land urbanization and
grain production, which is somewhat inadequate.
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Appendix A

TABLE A1 Wald test results.

Test method Statistical value P-value
Wald test spatial lag 43.900 0.000
Wald test spatial error 30.390 0.000

TABLE A2 The estimation results of spatial Durbin model.

Variables

Regression

coefficients

Variables

Regression
coefficients

PD 0.011 (0.046) W* PGDP 0.040** (0.019)
PGDP -0.017 (0.017) W+ AIS 0.004 (0.011)
AIS 0.017 (0.025) W* PGPA 0.038 (0.048)
PGPA 0.159% (0.083) W* CFAI 0.046 (0.043)
CFAI -0.088 (0.057) W* ATIA -0.001 (0.011)
AIA 0.019 (0.018) W* RND —0.076*** (0.030)
RND 0.119*** (0.045) W* MIPR —0.019* (0.010)
MIPR 0.042** (0.020) tho 0.278*** (0.002)
W* PD -0.018 (0.023) Observations 451

*, %, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.
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