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Abstract: The flow and reallocation of agricultural production factors induced by urbanization play 
an important role in the changes of the grain production pattern (GPP). Using provincial panel data 
from 1996 to 2018 in China as the research sample, the center of gravity transfer–standard deviation 
ellipse model was applied to understand the change characteristics of GPP. Next, a dynamic spatial 
panel econometric model was established to test the impact of urbanization on GPP, and a spatial 
mediated effect model was used to identify the mediated transmission paths played by cropland 
utilization, planting structure adjustment, and agricultural technology progress in this impact pro-
cess. The main conclusions showed that (1) the grain production COG of China transferred to the 
northeast, gradually resulting in a spatial pattern from the northeast to the southwest; (2) the ur-
banization process has a significant negative impact on the GPP, with each unit increase in urbani-
zation resulting in a 0.30% decrease in the grain production concentration index; (3) cropland utili-
zation, planting structural adjustment, and agricultural technology progress play significant medi-
ating roles in the impact of urbanization on the GPP, and their mediating effects can weaken the 
direct negative impact of urbanization, among which the mediating effect of planting structure ad-
justment is the highest (13.9%). The study findings provide a new perspective for further under-
standing the relationship between urbanization and grain production pattern and also provide the-
oretical references and practical insights for improving the allocation efficiency of agricultural pro-
duction factors and formulating scientific regional planning policies for grain production in the 
high-quality transformation of urbanization. 

Keywords: grain production pattern; urbanization; cropland utilization; planting structure; agricultural 
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1. Introduction 
As China’s economic development entered a new normal, the quantity-oriented ex-

tensive growth shifted to quality-oriented intensive development. Urbanization and food 
security are undoubtedly the driving force and basic guarantee of China’s high-quality 
economic transformation. Although China is currently well capable of securing the sup-
ply of grain and important agricultural products, food security remains a deep concern 
for the Chinese government. With the progress of reform and opening up, the regulatory 
policies limiting rural population’s employment in urban areas were gradually relaxed, 
and a large number of rural laborers moved to urban areas for employment, which stim-
ulated the momentum of China’s urbanization, leading China into an unprecedented 
rapid urbanization process [1]. The urbanization rate measured by the urban resident 
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population increased from 17.92% in 1978 to 60.60% in 2019, while grain production in-
creased from 304,765,000 tons to 663,840,000 tons. In reality, the progress of urbanization 
has not led to a proportional decrease in grain production, and grain supply has shifted 
from a long-term shortage to a basically balanced level [2]. However, the imbalanced pro-
gress of urbanization has caused a significant imbalance in grain self-sufficiency between 
regions in China [3] and significant changes in the spatial pattern of grain production, as 
evidenced by the decreasing proportion of grain production in the south and the increas-
ing proportion in the north. With the grain production proportion rising from 40.90% in 
1978 to 59.15% in 2019, the north has fully surpassed the south in grain production, result-
ing in the spatial pattern transformation from “southern grain to the north” to “northern 
grain to the south” [4,5]. 

Ensuring food security is an important guarantee for the promotion of urbanization. 
Under the dual urban–rural institutional structure, the conflicts and contradictions among 
different types of land use mean that the urbanization expansion requires urban land to 
spread to rural areas, and the rural labor force will gradually shift and flow to urban areas 
according to certain industries (agricultural sector → non-agricultural sector) and loca-
tions (rural areas → small towns → small and medium cities → big cities), meaning that 
the reduction of cropland and population flow caused by urbanization expansion can di-
rectly act on grain production [6], triggering the adjustment of the input structure of pro-
duction factors and resulting in the loss of cropland and structural shortage of labor, lead-
ing to the non-agricultural transformation of cropland [7]. In an open market environ-
ment, farmers in different regions face a reduction in cropland and changes in farming 
labor, which will force farmers to adjust their cropland utilization according to the rise in 
production costs and changes in expected returns, either by increasing the intensity of 
factor inputs and adjusting the planting structure to improve unit output and returns or 
by directly abandoning the land and resorting to land circulation. At the macro level, the 
urbanization process has accelerated the spatial flow of production factors and the agri-
cultural technology progress [8]. As a result, the intensity and allocation of factor inputs 
on the stock of cropland have been altered, triggering changes in the cropland utilization 
in different regions. The upgrades to the industrial structure and rising production costs 
have eliminated the comparative advantages of grain production in regions with high ur-
banization levels, and the proportion of grain production has gradually decreased. In 
short, this is the result of self-balancing between different grain planting behaviors and 
cropland utilization by micro-farmers in different regions facing urbanization and socio-
economic and institutional constraints, which at the macro level manifests itself in the 
spatial imbalance of grain production pattern (GPP) triggered by the regional endowment 
characteristics of grain production and the spatial flow of factors [9]. Thus, the effect of 
urbanization on GPP and the paths of those effects are of interest in academic circles. An-
swering these questions could, on the one hand, help us to further understand the rela-
tionship between urbanization and GPP and, on the other hand, provide important theo-
retical reference for stabilizing China’s grain production, grasping the development of the 
grain production pattern, and formulating scientific grain production policies during the 
high-quality transformation of urbanization. In the meantime, China’s experience in rapid 
urbanization and steadily increasing grain production could also provide lessons for the 
United Nations to achieve the sustainable development goals of poverty and hunger erad-
ication. 

Since 1995, scholars have shifted their focus to the changes in characteristics of the 
GPP and concluded that the center of grain production in China has gradually transferred 
northward through either qualitative or quantitative methods [10–12]. More attention was 
paid to the causes behind the northward transfer of the grain production center. Most of 
the existing studies investigating the effects of natural and socioeconomic factors such as 
cropland endowment [13], technological progress [14], economic growth [15], natural con-
ditions [16], and agricultural policies [17] on the GPP have been based on the analysis of 
the spatial characteristics of the changes in the grain production pattern. Zheng et al. [18] 
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found that the shift from southern grain to the north to northern grain to the south in 
China occurred in the mid-1980s due to the difference in the comparative advantages of 
grain production in the regional economic development of the south and the north during 
the market-oriented reform, where farmers reallocated, their resources mainly based on 
the relative prices and comparative returns of factors. In contrast, most of the existing 
studies on the relationship between urbanization and grain production explored dimen-
sions such as food security [19,20], technical efficiency of grain production [21,22], and 
rural labor outflow [23,24]. Thus, studies exploring changes in the GPP from the urbani-
zation perspective are still lacking. A study by Yang et al. [14] based on the county per-
spective found distinct spatial regional pattern characteristics in China’s grain production. 
Farmers in regions with rapid urbanization have been mostly engaged in industries with 
higher income than agriculture, resulting in grain production declining, especially in the 
southern coastal regions. 

There is a rich body of literature on the causes of changes in the GPP. However, there 
an in-depth understanding the effects of urbanization—one of the direct causes of 
cropland reduction—on the GPP and its action path is still lacking, which warrants further 
theoretical and econometric tests. Firstly, most of the existing studies have demonstrated 
the direct effect of urbanization on the GPP, while the changes in the GPP were path-
dependent in the time dimension and did not occur overnight. Thus, the time cumulative 
effect must be considered when analyzing the causes of changes in the GPP. Secondly, the 
cross-regional flow of rural labor and agricultural machinery services in the urbanization 
process resulted in spatial spillover effects of grain production between regions, which 
necessitated the consideration of the spatial lag effects in the analysis of the changes in the 
GPP. Thirdly, the action path of urbanization on GPP is still unclear, and a comprehensive 
theoretical framework is required to identify the intermediary transmission paths be-
tween the two. 

In order to clarify the impact of urbanization on the GPP and its action path, this 
study characterized the GPP by the grain production concentration index (GPCI) [11] 
based on panel data of 30 provinces in China from 1996 to 2018 and incorporated urbani-
zation and GPP in an explanatory framework. Upon understanding the spatiotemporal 
evolution characteristics of the GPP, a dynamic spatial panel econometric model consid-
ering the path-dependence and spatial spillover effects of the GPP was built to test the 
direction and extent of the effect of urbanization on the GPP. Then, the spatial mediating 
effect model was established to identify the transmission paths by which urbanization 
affected the GPP from the perspective of changes in mediation factors such as agricultural 
technology progress, cropland utilization, and planting structure. The differences in the 
mediation effects of different factors were compared. The above research can help us to 
further understand the effects of urbanization on the GPP and its action path and provide 
a theoretical basis and practical reference for realizing balanced coordination and sustain-
ability between urbanization and changes in the GPP. 

2. Theoretical Analysis and Hypothesis 
Urbanization is a process of changes in social structure, spatial structure, and eco-

nomic structure, which is intuitively manifested by the movement of population to cities 
and towns, the transformation of agricultural land into construction land, and the result-
ing changes in industrial structure. Under the dualistic urban–rural institutional structure, 
the migration and agglomeration of rural population to urban areas constitutes the main 
driving force for urbanization in China [25]. However, the limited urban land area inevi-
tably limits the population carrying capacity. As a result, the urban land boundaries ex-
tend continuously from the suburban areas to the rural hinterland. In academic circles, 
the GPP is often characterized by the grain production concentration index (GPCI), which 
is the share of grain production in a region [11]. As the material basis for grain production, 
cropland resources can be reallocated and adjusted due to urbanization and converted to 
industrial or urban construction land with the expansion of cities and towns [26], resulting 
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in the withdrawal of cropland resources and fluctuations in grain supply and changes in 
the GPP. Despite the policy of balancing land occupation and compensation in urbaniza-
tion, which aimed to protect cropland, the quality of cropland is often reduced due to 
insufficient or neglected compensation for occupied cropland. Changes in the quantity 
and quality of cropland in different regions inevitably lead to differential fluctuations in 
grain production and trigger changes in the GPP. The consequent scarcity of cropland also 
drives up the cost of grain production, which reduces the incentives of farmers to engage 
in grain production. These rigid constraints on cropland and labor may be detrimental to 
grain production [27]. Urbanization also has an impact on the ecological environment, 
and this environmental impact on agriculture is mainly manifested in pollution and de-
struction to water bodies, soil, and other ecosystems of farmland, and these negative en-
vironmental externalities may have a negative impact on local grain production [28]. In 
addition, urbanization also comes with industrial structure upgrades that promote the 
flow of factors and resources to secondary and tertiary industries. As a result, the factor 
inputs in the agricultural sector are restructured, and farmers are less likely to plant grains 
in cropland, which is also detrimental to regional grain production. In conclusion, the 
constraining effect of urbanization on grain production inevitably affects the GPP and de-
creases the GPCI. Therefore, the following hypothesis can be formulated. 

Hypothesis 1 (H1). Urbanization can directly and negatively affect GPP—i.e., urbanization de-
creases the GPCI. 

The reduced cropland due to urbanization, on the one hand, leads to changes in the 
cropland utilization manifested as the reallocation of input intensity and the structure of 
production factors, triggering fluctuations in the multiple-crop index (MCI). On the other 
hand, facing a rise in production cost, farmers must choose to continue planting grain, 
planting non-grain crops, or abandoning farming for land circulation, thus triggering a 
change in planting structure (PS). In addition to the changes in agricultural production 
methods, urbanization also contributes to the advancement of agricultural technology 
(ATECH). At the macro level, urbanization affects the GPP mainly through the realloca-
tion effect of cropland utilization, the structural effect of planting choices, and the progress 
effect of agricultural technology. Specifically, the indirect effect mechanism of urbaniza-
tion on GPP is mainly reflected in the following transmission paths (Figure 1). 
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Figure 1. Pathways of urbanization affecting GPP. 

The purpose of cropland utilization is to improve the output and economic efficiency 
of cropland based on its stock by redistributing production factor inputs and tapping the 
potential of cropland utilization [29]. The reduction of cropland directly changes the 
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intensity and structure of farmers’ production factor inputs and resource inputs. Farm 
households of different sizes have significantly different value orientations and intensifi-
cation preferences on cropland utilization [30]. Due to climatic conditions, the planting 
and cropping system is difficult to change in the short term. The reduction of cropland 
and farmers’ choices could change the extent and potential of cropland utilization. Facing 
decreases in cropland, the farming practices and cropland utilization adopted by farmers 
of different regions vary due to the regional heterogeneity of endowment conditions, 
mainly manifested as regional differences in the MCI [31], which is also the result of farm-
ers’ choices in the face of various economic, social, and institutional constraints. Farmers 
in regions rich in cropland resources could redistribute production funds and factor in-
puts by adjusting the intensity and structure of production material factor inputs such as 
chemical fertilizers, pesticides, and agricultural films per unit area of cropland. They may 
also increase the planting area through hedging and intercropping, thus raising the MCI 
and improving agricultural production conditions. Farmers in regions with poorer 
cropland resources often face difficulties in achieving the scale effect, and their willing-
ness to engage in grain production is often reduced. As a result, the likelihood of their 
abandoning farming and resorting to land circulation increases, leading to a decrease in 
the MCI. Changes in the cropland utilization, as characterized by MCI, lead to regional 
variability in grain production, which in turn affects the GPP. Therefore, the following 
hypothesis can be formulated. 

Hypothesis 2 (H2). Urbanization affects GPP through changes in the MCI—i.e., cropland utili-
zation plays a mediating role. 

The planting structure (PS) represents the proportion of grain crops in all crops 
planted. Urbanization promotes the flow of labor. Facing changes in the comparative re-
turns of planting grain crops due to rising production costs, grain farmers must choose 
between planting grain crops or non-grain crops, which in turn leads to changes in the PS. 
On the one hand, the increase in non-farm employment opportunities brought about by 
urbanization contributes to the increase in the income level of rural residents. As a result, 
food consumption shifts and is upgraded from a focus on sustenance to a focus on food 
safety and nutrition, which is manifested as a decrease in the direct market consumption 
of food products and a strong demand for high value-added agricultural products. Thus, 
changes in the demand structure of agricultural products lead to adjustments in the pro-
duction structure [2]. On the other hand, the micro-level changes in the GPP are the results 
of farmers’ active choices. Since the rising cost of planting grain crops reduces the com-
parative returns of grain production and cash crops have higher comparative returns, ra-
tional farmers would adjust their farming behavior and planting structure in response to 
market demand and price changes, thus increasing the possibility of planting non-grain 
crops. Adjustments in the PS may negatively affect the proportion of grain production in 
a region, gradually contributing to changes in the GPP. Therefore, the following hypoth-
esis can be formulated. 

Hypothesis 3 (H3). Urbanization affects GPP through PS—i.e., planting structure adjustment 
plays a mediating role. 

Due to cropland and labor constraints on grain production brought by the rapid ur-
banization and the advancement of agricultural market reforms, farmers are enticed to 
improve land productivity and labor productivity through agricultural technology pro-
gress. Agricultural technology progress (ATECH) is mainly achieved through independ-
ent technology innovation and technology transfer from non-agricultural industries. Ur-
banization facilitates the transfer of technology from urban to rural areas and from non-
agricultural industries to agriculture, mainly in the form of large-scale agricultural pro-
duction and the popularization of mechanized operations. The outflow of the prime-age 
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labor force and feminization and aging trends have changed the size and structure of the 
labor force [32]. The application of fertilizers, pesticides, and agricultural films and other 
farming operations have undergone a transformation from manual labor to mechaniza-
tion services. Thus, rural labor is effectively substituted, and farmers can achieve larger-
scale grain production with less labor. In addition, the application and popularization of 
various new technologies such as breeding technology and water-saving irrigation tech-
nology in grain production are mostly implemented through mechanized means, but the 
technological progress of seeds themselves is difficult to quantify. Overall, ATECH can be 
characterized by the popularization of mechanization services. However, the heterogene-
ity in endowment conditions such as topography has resulted in prominent regional im-
balances in the ATECH induced by urbanization [33]. As a result, the effects on grain pro-
duction differ in different regions, which in turn triggers changes in the GPP. Therefore, 
the following hypothesis can be formulated. 

Hypothesis 4 (H4). Urbanization affects GPP through ATECH—i.e., agricultural technology 
progress plays a mediating role. 

3. Materials and Methods 
3.1. Methodology 
3.1.1. Urbanization Assessment: Entropy Method 

As a typical objective weighting method, the entropy method can make full use of 
the information value index contained in each index to measure its contribution to the 
comprehensive evaluation results, thereby effectively overcoming the information over-
lap and subjective bias between variables [34] with high accuracy and reliability. The mag-
nitude of the entropy value is the variability of each indicator, and the weight of each 
indicator can be calculated according to the entropy value [35]. 

First, the indicators need to be standardized. Due to the difference in dimensions 
among indicators, the indicators can only be comparable after standardization. The ex-
treme difference method is used to standardize, the judgment matrix of the index data 
{Xij}m×n is constructed, and Xij is the index value of the j-th item in the i-th region. 

Positive indicators: 
min( )

max( ) min( )
ij ij

ij
ij ij

x x
X

x x
−

=
−

 (1)

Negative indicators: 
max( )

max( ) min( )
ij ij

ij
ij ij

x x
X

x x
−

=
−

 (2)

Second, the specific entropy method calculation process is as follows: 

1

ij
ij n

ij
i

X
P

X
=

=


; 
1

ln
n

j ij ij
i

e k P P
=

= −  ; 1j jd e= −  
(3)

1

j
j m

j
j

d

d
ω

=

=


; ij j ijU Pω= ; 
1

m

i ij
j

U U
=

=  
(4)

In the above equation, Pij is the proportion of the j-th indicator in the i-th region to 
the sum of the indicators. ej is the entropy value of the j-th indicator; if xij is equal for a 

given j, then Pij = 1/n, at which ej takes the maximum value; i.e., 
1

1 1( ) ln( )
n

j
i

e k
n n=

= −   

lnk m= , and let 1/ ln( ) 0k n= > , then 0 1je≤ ≤ . dj is the redundancy of information 
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entropy, ωj is the weight of each indicator, Uij is the score of individual indicators, and Ui 
is the comprehensive assessment index of urbanization in the i-th region. 

Considering the advantages of the entropy method in indicator weighting, this paper 
therefore assigns weights to different dimensional indicators by the entropy method and 
comprehensively evaluates the level of urbanization. 

3.1.2. Standard Deviational Ellipse–Center of Gravity Model (SDE-COG) 
The standard deviational ellipse (SDE) is an effective tool that is capable of accurately 

revealing the overall spatial distribution characteristics of geographical elements [36,37]. 
The SDE describes the spatial distribution characteristics of geographic elements and their 
spatiotemporal evolution from a global and spatial perspective through a spatial ellipse 
with the center, major axis, minor axis, and azimuth as the basic parameters [36]. An SDE 
is established with the center of gravity (COG) of the geographic element distribution as 
its center, the direction of the main distribution trend as the azimuth (the angle between 
the major axis and due north), and the standard deviation of the elements in the X and Y 
directions as the ellipse axes. By constructing ellipses of the spatial distribution of geo-
graphic elements, the characteristics of centrality, directionality, and spatial distribution 
patterns of geographic elements can be described and explained [37]. The center of the 
SDE marks the relative position of the spatial distribution of an economic phenomenon 
on the two-dimensional plane—i.e., the COG of its spatial distribution. The SDE can re-
flect the trajectory and spatial characteristics of the COG of grain production concentra-
tion index in a region and offer more intuitive information on the development direction 
of grain production COG. The main parameters of the SDE-COG model are calculated as 
follows: 

1 1

n n

i i i
i i

X xω ω
= =

=  , 
1 1

n n

i i i
i i

Y yω ω
= =

=   (5) 

* * 2 2

1 1
( cos sin )

n n

x i i i i i
i i

x yσ ω θ ω θ ω
= =

= −  , * * 2 2

1 1
( sin cos )

n n

y i i i i i
i i

x yσ ω θ ω θ ω
= =

= −   (6) 

2
2 *2 2 *2 2 *2 2 *2 2 *2 *2 2 * *

1 1 1 1 1 1
tan 4 2

n n n n n n

i i i i i i i i i i i i i i
i i i i i i

x y x y x y x yθ ω ω ω ω ω ω
= = = = = =

     = − + − −        
       (7) 

where ( ),X Y  are the COG coordinates of GPCI, ( ),i ix y  are the spatial coordinates of 

the study area, ( )* *,i ix y are the coordinates of each area relative to the regional COG, iω
is the weight, x yσ σ、 are the standard deviation along the x  and y  axes, respectively, 

and θ  is the ellipse azimuth—the angle between the major axis and due north. In addi-
tion, the distance of COG transfer can be measured as follows: 

2 2( ) ( )i i i iD k x x y yα β α β α β→ = × − + −
 

(8) 

where Dα β→  is the grain production COG transfer distance (km) from year α  to year

β , ( )i ix yα α，  and ( ),i ix yβ β  denote the geographic coordinates of COG transfer over 

time, and k is the coefficient of conversion from Earth surface coordinate units (degrees) 
to plane distance (km), generally equal to 111.111 km. 
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3.1.3. Dynamic Spatial Panel Econometric Model 
The change of GPP is a dynamic and cumulative process, and there is also an obvious 

path dependence and inertia effect of regional grain production, which is not only related 
to the current period grain production but also influenced by the previous period’s grain 
production, so the econometric model setting needs to consider the previous period’s 
GPP. In addition, although the agglomeration of grain production between regions is con-
strained by geographical and natural conditions, in socioeconomic terms, the increasingly 
frequent spatial correlation of production factors such as labor force transfer and cross-
area operation of mechanization services makes it possible for grain production in one 
region to influence grain production in neighboring regions through the demonstration 
and spillover effects of factor flows [38]. It is necessary to test the impact of urbanization 
on GPP under the perspective of spatial correlation. So, the dynamic spatial panel econo-
metric model is used for empirical testing, which can not only effectively deal with the 
endogenous problem caused by other variables besides the dependent variable time lag 
term and spatial lag term but also can significantly reduce the bias of the spatial lag coef-
ficient, which can effectively compensate for the defects of the basic spatial econometric 
model [39]. The basic models of spatial econometrics mainly include the Spatial Lag 
Model (SLM) and Spatial Error Model (SEM), where the SLM examines the spatial spillo-
ver effect arising from the spatial dependence of dependent variable, and the SEM exam-
ines the spillover effects caused by the shocks of the error terms in neighboring regions to 
the region [40]. Considering the above, the dynamic spatial econometric models set in this 
paper are as follows: 

SLM: 1ln ln lnit it jt it i t itGPP GPP W GPP URBAN controlα θ ρ β σ μ ω ε−= + + + + + + +  (9) 

SEM: 
1ln lnit it it i t it

it jt it

GPP GPP URBAN control
W

α θ β σ μ ω ε
ε λ ε ϕ

− = + + + + + +
 = +


 (10) 

Equations (9) and (10) are the spatial lag form and spatial error form of the dynamic 
spatial panel model, respectively. i is province, t is year, lngrain is the explained variable, 
which represents the grain production pattern (GPP), expressed as the natural logarithm 
of the percentage of grain production concentration index (GPCI), lngrainit-1 is the time lag 
term, WlnGPPit is the spatial lag term, and W is the spatial weight matrix. URBAN is the 
comprehensive urbanization level measured based on the entropy method, which is the 
core explanatory variable of this paper; 𝛼 is a constant term; Σcontrol represents a collec-
tion of control variables; μi is the individual fixed effect; ωt is the time fixed effect; εit, φit 
are the random error term of white noise, and the others are the variable parameters to be 
estimated; and ρ and λ are the coefficients of the spatial lag term and spatial error term, 
respectively. 

The parameter estimation methods of dynamic spatial models mainly include the 
generalized method of moments (GMM), unconditional maximum likelihood estimation 
(ML), and bias-corrected LSDV method, and the GMM also includes Diff-GMM and Sys-
GMM [41]. It should be considered that the dynamic spatial panel model includes both 
the time-lagged term and the spatial-lagged term of the dependent variable, which may 
cause estimation bias and endogeneity. The system generalized method of moments (Sys-
GMM) can select appropriate instrumental variables from the time trends of the variables, 
avoiding the inappropriate selection of external instrumental variables [42], thus increas-
ing the efficiency of estimation, and has a smaller finite sample bias and a more prominent 
advantage of parameter estimation. Therefore, in this paper, Sys-GMM is used for param-
eter estimation. 

Specifically, Sys-GMM requires the Arellano–Bond serial correlation test and Sargan 
overidentification test for the estimation results in order to ensure that the moment con-
ditions are not over-constrained and the number of instrumental variables cannot exceed 
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the number of endogenous variables [43]. The null hypothesis of the AR (2) test is that 
there is no second-order sequence correlation in the residual series of the difference equa-
tion, and if the p-value is greater than 0.1, it means that the null hypothesis is accepted at 
a 10% significance level; that is, there is no second-order serial correlation in the residual 
series of the difference equation. The null hypothesis of the Sargan test is that all instru-
mental variables are valid, and if the p-value is greater than 0.1, the null hypothesis is 
accepted at a 10% significance level. 

3.1.4. Spatial Mediating Effect Model 
Drawing on the study of Wen et al. [44], and considering the time inertia effect and 

spatial dependence effect of the change in GPP, the time lag term and spatial spillover 
term of the explained variable were introduced into each path established to construct a 
spatial mediating effect model to examine the transmission mechanism of urbanization 
affecting GPP [45]: 

' ' ' '
0 0 1 0 0ln ln lnit it ij jt it i t itGPP GPP W GPP URBAN controlα θ ρ β σ μ ω ε−= + + + + + + +  (11) 

'' '' '' ''
1 1 1 1 1it it ij jt it i t itM M W M URBAN controlα θ ρ β σ μ ω ε−= + + + + + + +  (12) 

''' ''' ''' '''
2 2 1 2 2ln ln lnit it ij jt it it i t itGPP GPP W GPP M URBAN controlα θ ρ η β σ μ ω ε−= + + + + + + + + (13) 

A common method for determining a  mediating effect is the stepwise test proposed 
by Baron and Kenny [46], with the following test steps. 

Firstly (Equation (11)), we test the direct effect of urbanization on the GPP, and if the 
coefficient of urbanization is significant, it indicates that urbanization affect the GPP and 
can be followed by the presence of a mediating effect. 

Secondly (Equation (12)), we use the mediating variable (Mit) as the explanatory var-
iable to test the effect of urbanization on each mediating variable, and if the coefficients of 
urbanization are all significant, then urbanization can have an impact on the mediating 
variables. The mediating variables (Mit) include cropland utilization (MCI, multiple-crop 
index), planting structure (PS), and agricultural technology progress (ATECH). 

Thirdly (Equation (13)), we test the effects of urbanization and each mediating vari-
able (Mit) on the GPP: if the coefficients of both urbanization and Mit are significant, it 
indicates that the existence of partial mediating effect—i.e., both direct and indirect ef-
fects—while if the coefficient of urbanization is not significant, it indicates the existence 
of only an indirect effect, at which point it is a full mediating effect. 

3.2. Variable Selection and Data Sources 
3.2.1. Variable Selection 
(1) Explained variable: grain production pattern (GPP). The macro-scale changes in the 

GPP are usually characterized by the grain production concentration index (GPCI), 
which represents the contribution of a region’s grain production to the national to-
tal—i.e., the percentage of a region’s grain production in the national total. The cal-
culated concentration index also reflects the changing standing of a region’s grain 
production in the country through time-series changes [11,14]. 

(2) Core explanatory variable: urbanization (URBAN). Urbanization is a comprehensive 
system that includes multidimensional features such as population size, land expan-
sion, spatial carrying capacity, economic growth, and living standards. By referring 
to existing studies, relevant indicators were selected from five dimensions, including 
population, land, space, economy, and livelihood [47]. Specifically, population ur-
banization was characterized by the urbanization rate of the resident population. 
Land urbanization was characterized by the area of built-up urban regions. Spatial 
urbanization was characterized by urban population density. Economic urbanization 
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was characterized by the proportion of non-agricultural industries in the GDP. Social 
urbanization was characterized by urban road area per capita. In this paper, the in-
dicators are assigned weights and evaluated comprehensively for urbanization by 
the entropy method. 

(3) Mediator variables 
a. Cropland utilization. Characterized by the multiple crop index (MCI), cropland 

utilization was calculated as the ratio of grain crop planting area to the total 
cropland area [26]. 

b. Planting structure (PS). As the indicator of agricultural production restructur-
ing, the PS was represented as the ratio of grain crop planting area to the total 
crop planting area [48]. 

c. Agricultural technology progress (ATECH). Mechanization services effectively 
substitute the labor factor and reflect technological progress and intensive 
cropland utilization [49]. In this paper, the comprehensive mechanization rate 
of tillage, sowing, and harvesting of grain crops was used as a substitution var-
iable for ATECH. Comprehensive mechanization rate = mechanized tillage rate 
× 40% + mechanized sowing rate × 30% + mechanized harvesting rate × 30%. 
Here, the mechanized tillage rate is the ratio of mechanized tillage area to total 
cropland area. The mechanized sowing rate is the ratio of mechanized sowing 
area to total sowing area. The mechanized harvesting rate is the ratio of mecha-
nized harvesting area to total sowing area. The comprehensive mechanization 
rate is expressed in the form of a percentage. 

(4) Control variables 
A range of socioeconomic and natural condition factors affecting the GPP were set as 

control variables in the model. Specifically, the economic growth (PGDP) was expressed 
as the natural logarithm of GDP per capita. The upgrading of the industrial structure 
(STRUC) was expressed as the ratio of the value added of the tertiary industry to the value 
added of the secondary industry. The urban–rural income gap (GAP) was expressed as 
the ratio of the per capita disposable income of urban residents to the per capita net in-
come of rural residents. The educational level of the population (EDU) was calculated as 
a weighted summary of the number of years of education at each level and its proportion 
of the total population: specifically, 0 years for illiteracy, 6 years for elementary school, 9 
years for junior high school, 12 years for high school and technical secondary school, 15 
years for junior college, 16 years for undergraduate, and 19 years for postgraduate. The 
openness of economy (OPEN) was represented as the ratio of total import and export 
trade volume in GDP. The fiscal support to agriculture (FISCAL) was represented as the 
proportion of expenditure on agriculture, forestry, and water affairs in the general budget 
expenditure of local finance. The rural household cropland endowment (LAND) was ex-
pressed as the ratio of rural household cropland area to village population. Temperature 
(TEM), precipitation (PRE), and sunshine duration (SUN) were selected as the climatic 
condition indicators. 
(5) Spatial weight matrix 

The key to model estimation is the setting of the spatial weight matrix. In this study, 
three spatial weight matrices were constructed. The first matrix was the Rook contiguity-
based weights matrix (W1) with a common border. When two provinces have a common 
border, the elements in the matrix were set to 1; otherwise, the elements were set to 0 
(Hainan was set as adjacent to Guangdong). The second matrix was the inverse geo-
graphic distance-based weight matrix (W2), where the elements were set based on the 
inverse of the latitude and longitude distances of the geometric centers of the regions [50]. 
The third one was the grain distance matrix (W3), which was the product of the inverse 
geographic distance weight matrix (W2) and the diagonal matrix of grain production scale 
(A). The elements in A were the average values of the grain production proportion of each 
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province in the national grain production during the study period. The above three weight 
matrices were row-normalized. 

3.2.2. Data Sources 
The research sample of this paper was 30 provinces in China (Tibet, Hong Kong, Ma-

cao and Taiwan were not involved in the empirical study due to lack of data), and the 
time span was 23 years from 1996 to 2018. Socio-economic data were obtained from the 
China Statistical Yearbook, China Rural Statistical Yearbook, China Agriculture Statistical 
Report, China Population and Employment Statistical Yearbook, China Agricultural Ma-
chinery Industry Yearbook, provincial statistical yearbooks, and by province from the Na-
tional Bureau of Statistics (http://data.stats.gov.cn/easyquery.htm?cn=E0103, accessed on 
5 May 2021). The meteorological data of temperature, precipitation, and sunshine dura-
tion were obtained from the “China Surface Climate Information Annual Value Dataset” 
of China Meteorological Administration (data.cma.cn accessed on 5 May 2021), which is 
the annual value of climate information from 613 basic and benchmark ground meteoro-
logical observation stations and automatic stations in China since 1951. Table 1 shows the 
specific explanation and descriptive statistics of each variable. 

Table 1. Variable explanation and descriptive statistics. 

Variables Variable Calculation Unit Size Mean  S.D. Min Max 
Explained variable:       

GPP Logarithm of the percentage of GPCI % 690 0.755 1.134 −2.777 2.416 
Explanatory variable:       

URBAN Urbanization is calculated based on en-
tropy method 

- 690 0.333 0.165 0.069 0.830 

Mediator variables:  690 0.333 0.199 0.016 0.815 
MCI Grain crop planting area/cropland area - 690 1.622 0.524 0.566 2.859 

PS 
Grain crop planting area/total crop planting 

area - 690 0.666 0.122 0.328 0.958 

ATECH Logarithm of the percentage of comprehen-
sive mechanization rate 

% 690 3.603 0.805 0.372 4.750 

Control variables:       

lnPGDP Logarithm of GDP per capita (constant 1996 
prices) 

Yuan 
RMB/person 690 9.778 0.934 7.625 11.768 

STRUC 
Value-added of tertiary industry/ value-

added of secondary industry - 690 0.991 0.467 0.497 4.237 

GAP 
Per capita disposable income of urban resi-

dents/per capita net income of rural resi-
dents 

- 690 2.855 0.603 1.623 5.498 

lnEDU 
Logarithm of educational level of the popu-

lation Year 690 2.095 0.143 1.546 2.539 

OPEN Import and export trade volume/GDP - 690 0.310 0.382 0.017 1.799 

FISCAL 
Expenditure on agriculture, forestry, and 

water affairs/general budget expenditure of 
local finance 

- 690 8.945 3.438 1.184 18.966 

lnLAND Logarithm of rural household cropland 
area to village population hm2/person 690 0.684 0.676 −0.636 2.738 

lnTEM Logarithm of temperature ℃ 690 2.478 0.575 0.030 3.233 
lnPRE Logarithm of precipitation Mm 690 6.652 0.662 4.254 7.761 
lnSUN Logarithm of sunshine duration h 690 7.605 0.258 6.797 8.022 
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4. Results 
4.1. Evolutionary Characteristics of the GPP 

The COG of the GPP, its transfer distance and direction, and the SDE were plotted to 
analyze the evolutionary characteristics (Figure 2). From 2000 to 2018, the grain produc-
tion COG in China was always within Henan Province and transferred northeastward. 
Specifically, the COG transferred from Zhoukou City in 1996 to Luohe City in 2000 and 
then to Puyang City in 2018, and the trend tended to continue northeastward. Firstly, the 
COG of grain production in China fluctuated and transferred 196.337 km northeastward. 
The fluctuations were mainly in two periods—i.e., 1996 to 2000 and 2006 to 2009. The COG 
of grain production fluctuated and transferred southward by 78.932 km from 1996 to 2000. 
From 2006 to 2009, the COG of grain production repeatedly transferred within Kaifeng, 
yet the transfer distance was relatively small. The relatively small change in the COG of 
grain production from 2011 to 2018 indicated that the national grain production was rela-
tively stable without any major spatial pattern changes during that period. 

 
Figure 2. COG transfer and SDE of grain production in China. 

The SDE of grain production covered most of the major grain-producing areas in 
eastern, central, and western China. Judging from the shape of the SDE, the spatial pattern 
of grain production also gradually shifted northeastward, showing a spatial pattern of 
“northeast–southwest”. Provinces distributed inside the SDE were basically the main 
body of grain production in China, and the number of northern provinces covered by the 
SDE was gradually increasing. The semi-major axis of the ellipse extended from 1244.192 
km in 1996 to 1384.636 km in 2018, while the semi-minor axis shortened from 737.020 km 
to 736.314 km (Table 2), and the ratio of the semi-minor axis to semi-major axis increased 
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and then decreased in general. The reason can be attributed to the small overall growth of 
the minor axis and the fluctuating growth of the major axis, manifested as a significant 
overall grain production growth in the south–north direction and a less pronounced 
growth in the east–west direction. In addition, the fluctuating increase in the azimuth also 
indicated the northeastward transfer in the spatial pattern of grain production. 

Table 2. Parameters of COG and SDE of the GPP in China. 

Year COG Coordinates Direction Distance/km Semi-Major Axis/km Semi-Minor Axis/km Azimuth/° 
1996 114.289° E, 33.978° N - - 1244.192 737.020 55.477 
2000 113.686° E, 33.469° N southwestward 78.932 1229.486 738.227 56.712 
2018 115.091° E, 35.770° N northeastward 196.337 1384.636 736.314 55.936 

4.2. The Dynamic Effect of Urbanization on the GPP 
Since the time dimension is considered, to avoid pseudo-regression problems, unit 

root tests on the panel data are required to ensure the stationarity of variables. We used 
four test methods—LLC (Levine–Lin–Chu), IPS (Im–Pesaran–Skin), ADF–Fisher, Harris–
Tzavalis—to conduct the tests of the variables (Table 3). The results show that most of the 
variables passed the significance test under different methods, and they were stationary. 
Although individual variables did not pass the significance test under a certain method, 
when considered together, it can be concluded that the null hypothesis of the existence of 
a unit root was rejected for that variable; i.e., this variable was also stationary. In addition, 
the variance inflation factors (VIF) of the independent variables were all significantly less 
than 10, with an average VIF of 3.57, indicating that there was no significant multicollin-
earity problem among the variables. 

Table 3. Unit root test results of variables. 

Original Variables 
LLC IPS ADF–Fisher Harris–Tzavalis 

VIF 
Value. p Value. p Value. p Value. p 

GPP −1.882 0.029 −6.980 0.000 −5.734 0.000 0.579 0.001  
URBAN −1.679 0.046 −1.631 0.051 1.299 0.096 0.768 0.038 4.51 

MCI −1.609 0.054 0.387 0.065 0.915 0.018 −4.501 0.000 3.80 
PS −4.015 0.000 −0.629 1.000 −3.088 0.099 3.275 0.095 1.57 

ATECH −2.067 0.019 −1.409 0.079 −2.500 0.993 0.866 0.088 3.13 
lnPGDP −4.011 0.000 3.536 0.000 −2.840 0.997 0.924 0.070 6.10 
STRUC −0.927 0.023 −0.169 0.095 −3.770 0.059 4.617 0.000 1.67 

GAP −4.162 0.000 −6.199 0.000 −7.179 0.000 −4.349 0.000 2.19 
lnEDU −4.849 0.000 −9.347 0.000 1.931 0.072 −10.084 0.000 5.04 
OPEN −2.165 0.015 1.655 0.951 −2.267 0.083 4.523 0.000 3.87 

FISCAL −2.448 0.007 −6.747 0.000 2.956 0.002 −5.559 0.000 3.04 
lnLAND −2.453 0.007 −3.687 0.001 3.306 0.001 −0.889 0.186 4.14 
lnTEM −8.321 0.000 −11.903 0.000 −17.351 0.000 −21.153 0.000 3.14 
lnPRE −5.506 0.000 −12.622 0.000 −18.140 0.000 −18.467 0.000 4.25 
lnSUN −7.357 0.000 −12.619 0.000 −18.578 0.000 −17.894 0.000 3.50 

Note: The different unit root tests all include time trend and subtract the cross-sectional mean. 

According to common practice, the spatial correlation of GPCI was tested with the 
global Moran’s I. The test results under the three different spatial weight matrices showed 
that the Moran’s I scores for GPCI under W1 and W3 were significantly greater than 0, at 
[0.145, 0.303] and [0.469, 0.532], respectively. Therefore, grain production in each region 
had relatively significant positive spatial autocorrelation and dependence, and the index 
and significance were higher under W3; that is, the demonstration effect in one region 
affected grain production in neighboring regions, thus exhibiting spatial agglomeration 
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characteristics, which also showed certain discontinuity in time variation. With the dis-
tance between regions and the scale of production taken into consideration, the spatial 
agglomeration strengthened and became more pronounced. However, the Moran’s I un-
der W2 was insignificantly negative, indicating difficulties in reflecting the agglomeration 
characteristics of grain production spatial correlation among regions by considering geo-
graphic distance alone. 

Then, two Lagrange multipliers (LM-lag and LM-error) and their robust forms (Ro-
bust LM-lag and Robust LM-error) were used to discriminate the spatial lag form and the 
spatial error form of the dynamic spatial panel model. The principle was to first compare 
the significance of the Lagrange multipliers and select the significant one to build the em-
pirical model. If both Lagrange multipliers were significant, the significance of their ro-
bust forms was further compared, and the significant one was selected to build the spatial 
econometric model. Since the Moran’s I under W2 was not significant, only the LM tests 
under W1 and W3 were performed (Table 4). Only LM-lag passed the significance test 
under W1, while LM-lag and LM-error passed the significance test under W3, yet Robust 
LM-error did not pass the significance test. Taken together, the spatial lag form under 
both matrices was significantly better than the spatial error form. For comparison, this 
paper also includes the test results of non-spatial ordinary dynamic panel regressions 
based on GMM (Table 4). 

Table 4. LM test for the spatial panel econometric model. 

LM Test 
W1 W3 

χ2 p-Value χ2 p-Value 
LM-lag 11.406 0.001 13.682 0.000 

Robust LM-lag 13.519 0.000 8.789 0.003 
LM-error 0.430 0.512 5.504 0.019 

Robust LM-error 2.544 0.111 0.612 0.434 

As shown in Table 5, the results of the AR (2) test support the hypothesis of no sec-
ond-order serial correlation in the regression equation, regardless of whether the panel is 
spatially dynamic or non-spatially dynamic, and regardless of whether control variables 
are included. The Sargan overidentification test also showed that the null hypothesis of 
instrumental variable validity could not be rejected, and the Wald tests all rejected the 
original hypothesis at the 1% significance level. Overall, the established dynamic panel 
model was reasonable and effective. 

According to the test results, the statistical characteristics of the dynamic spatial 
panel econometric were better than those of the dynamic panel model when not consid-
ering spatial correlation, and the differences in the significance of the estimated coeffi-
cients under different spatial weight matrices were also significant. Since the significance 
and sign of the coefficients under the grain distance weight matrix W3 were improved 
considerably, the focus was set on the estimation results of the dynamic spatial panel 
model based on the W3. 

Under W3, the time lag coefficients and spatial lag coefficients were significantly 
greater than 0 regardless of whether the control variables were included, indicating a sig-
nificant spatial spillover effect and path dependency of GPP between regions. The pres-
ence of path dependency implied that changes in grain production in the current period 
were positively affected by grain output in the previous period, and the inertia effect was 
evident unless in the case of a particularly large natural disaster. The presence of spatial 
spillover effects implied that the effects of urbanization on grain production in one region 
could exert a demonstration effect and transmission effect to neighboring regions, mainly 
due to the similar resource endowments and farming traditions among geographically 
adjacent regions, which strengthened the mutual influence and spatial linkage between 
regions. 
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The model had more significant statistical characteristics with other socioeconomic 
and natural variables under control (Model 4). The estimated coefficient of urbanization 
was significantly negative at the 1% level, and the increase in urbanization rate would 
decrease the GPCI. Each unit increase in urbanization resulted in a 0.30% decrease in the 
regional GPCI—i.e., urbanization negatively affected the GPP. Thus, H1 is valid. 

Table 5. Dynamic spatial panel econometric results of urbanization affecting GPP. 

Variables 
W1 W3 Non-Spatial Model 

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

L.lnGPP 0.986 *** 
(70.89) 

0.954 *** 
(54.85) 

0.855 *** 
(36.59) 

0.820 *** 
(32.17) 

1.013 *** 
(56.41) 

1.293 *** 
(12.02) 

W*lnGPP 
0.145 *** 

(4.74) 
0.172 *** 

(5.29) 
0.282 *** 

(8.10) 
0.304 *** 

(8.38) - - 

URBAN 
0.0004 
(0.54) 

−0.001 
(−1.55) 

−0.001 
(−1.48) 

−0.003 *** 
(−3.04) 

−0.001 *** 
(−4.32) 

−0.0005 
(−0.46) 

cons −0.156 *** 
(−4.20) 

0.435 
(0.80) 

−0.051 * 
(−1.84) 

0.253 
(0.49) 

−0.049 *** 
(−2.84) 

0.527 ** 
(1.51) 

Control NO YES NO YES NO YES 
AR (1) P 0.00 0.00 0.00 0.00 0.00 0.00 
AR (2) P 0.35 0.13 0.46 0.51 0.48 0.52 
Sargan P 1.00 1.00 1.00 1.00 1.00 1.00 
Wald P 0.00 0.00 0.00 0.00 0.00 0.00 

Note: *** p < 0.01, ** p < 0.05, * p < 0.1. Round brackets show t-values (z-values for non-spatial mod-
els). 

4.3. Mediating Paths of Urbanization’s Effects on the GPP 
A mediating effect model considering the spatial effect was established to identify 

the mechanism by which urbanization indirectly affected the GPP through cropland uti-
lization, planting structure adjustment, and agricultural technology progress. The identi-
fication was performed using the sequential test of mediating effect model [44]. Given that 
urbanization had more significant effect on the GPCI under W3, the analysis of spatial 
mediation test results was performed under W3. 

Table 6 presents the test results of the mediated transmission paths of urbanization’s 
effect on GPP under the grain distance matrix W3. Here, Model 7 shows the aggregate 
effect of urbanization on the GPCI, consistent with Model 4 (Table 4). Models 8 to 10 show 
the effect of urbanization on the mediating variables, including MCI, PS, and ATECH, 
respectively. Models 11 to 13 show the effect of urbanization and mediating variables on 
GPCI. The estimation results showed that the time lag effect and spatial spillover effect 
remained significant at different stages of the mediating paths. Cropland urbanization, 
planting structure, and technological progress are all significant transmission mechanisms 
through which urbanization affects regional GPP.  
(1) Urbanization significantly affects GPCI through changes in cropland utilization 

(MCI). The increased level of urbanization significantly reduced the MCI (Model 8), 
while the increased MCI significantly increased the regional GPCI (Model 11). The 
negative effect of urbanization considering the MCI (−0.0029) is lower than the total 
effect of urbanization (−0.003). Therefore, the mediating effect of MCI weakens the 
negative impact of urbanization on GPCI. The mediating effect of cropland utiliza-
tion is −0.219 × 0.001 = −0.000219, accounting for 7.30% of the total effect, which makes 
it a partial mediating role. The mediating effect of MCI significantly weakens the 
negative impact of urbanization on the GPP, exhibiting a transmission path of “ur-
banization → cropland utilization → GPP”. Thus, H2 is verified. 
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(2) Urbanization significantly affects GPCI through planting structure adjustments (PS). 
The increase in urbanization significantly reduced the proportion of grain crops 
planted (Model 9), while the increase in the proportion of grain crops planted signif-
icantly increased the regional GPCI (Model 12). The negative effect of urbanization 
considering the PS (−0.0027) is lower than the total effect of urbanization (−0.003). 
Therefore, the mediating effect of PS partially offsets the negative impact of urbani-
zation on the GPCI. The mediating effect of PS is −0.001 × 0.417 = −0.000417, account-
ing for 13.90% of the total effect, which makes it a partial mediating role. The medi-
ating effect of PS significantly alleviates the decrease in the GPCI due to urbanization, 
exhibiting a transmission path of “urbanization → planting structure → GPP”. Thus, 
H3 is verified. 

(3) Urbanization significantly affects GPCI through agricultural technology progress 
(ATECH) characterized by the level of the comprehensive mechanization rate. The 
increased level of urbanization significantly promoted ATECH (Model 10), while the 
promoted ATECH significantly decreased the regional GPCI (Model 13). The nega-
tive effect of urbanization considering the ATECH (−0.0028) is lower than the total 
effect of urbanization (−0.003). Therefore, the mediating effect of ATECH weakens 
the negative effect of urbanization on the GPCI. The mediating effect of ATECH is 
0.009 × −0.018 = −0.000162, accounting for 5.40% in the total effect, which makes it a 
partial mediating role. The mediating effect of ATECH significantly alleviates the de-
crease in the GPCI due to urbanization, exhibiting a transmission path of “urbaniza-
tion → ATECH → GPP”. H4 is verified. 

Table 6. Mediating effect of urbanization on GPP. 

Variables 
Total Effect Impact of Urbanization on M Impact of Urbanization, M on the GPCI 

lnGPP MCI PS ATECH lnGPP lnGPP lnGPP 
Model 7 Model 8 Model 9 Model 10 Model 11 Model 12 Model 13 

L.lnGPP 
0.820 *** 

(32.17)    
0.794 *** 

(31.69) 
0.809 *** 
(32.66) 

0.810 *** 
(30.89) 

W*lnGPP 0.304 *** 
(8.38) 

   0.320 *** 
(9.20) 

0.269 *** 
(7.49) 

0.315 *** 
(8.57) 

M     0.001 *** 
(4.37) 

0.417 *** 
(4.91) 

−0.018 ** 
(−2.30) 

l.M  
0.677 *** 
(22.16) 

0.945 *** 
(48.36) 

0.841 *** 
(48.37)    

W*M  
0.500 *** 
(13.77) 

0.276 *** 
(8.96) 

0.172 *** 
(7.31)    

urban −0.003 *** 
(−3.04) 

−0.219 ** 
(−1.98) 

−0.001 *** 
(−5.71) 

0.009 *** 
(7.41) 

−0.0029 *** 
(−3.57) 

−0.0027 ** 

(−2.10) 
−0.0028 ** 

(−3.11) 
Control YES YES YES YES YES YES YES 
AR (1) P 0.00 0.03 0.00 0.00 0.00 0.00 0.00 
AR (2) P 0.51 0.92 0.46 0.16 0.57 0.33 0.52 
Sargan P 1.00 1.00 0.00 1.00 1.00 1.00 1.00 
Wald P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Note: *** p < 0.01, ** p < 0.05. Round brackets show t-values. M is a collective term for mediating 
variables. 

4.4. Robustness Test 
The above tests of dynamic effect and mediating mechanism basically confirm the 

research hypotheses proposed in this paper, and to further improve the accuracy of the 
estimation results, robustness tests are next conducted by replacing the dependent varia-
ble to re-estimating the model. The location quotient (LQ) is usually used to measure the 
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spatial distribution of an industry in a specific region, and it is an indicator of the degree 
of concentration and specialization of the industry [51]. The agricultural LQ reflects the 
level of scale and dominance of grain production in a region, so we replace the GPP with 
the agricultural location quotient to re-estimate the model. The agricultural LQ is the ratio 
of the share of total agricultural output in the total economic output of a region to the 
share of total agricultural output in the total economic output of the country [52], which 
is calculated as follows: 

i i i
i

i

A E A ALQ
A E E E

= =   

where LQi is the agricultural location quotient of province i, Ai is the total agricultural 
output value of this province, Ei is the total economic output value (GDP) of the province, 
A is the national total agricultural output value, and E is the national total economic out-
put value (GDP). The larger the LQi is, the higher the concentration degree of agricultural 
production in this province. 

The re-estimations were all done under W3 (Tables 7 and 8). The result of dynamic 
spatial econometric estimation shows that the time lag effect and spatial spillover effect 
remain positive and significant, and the coefficient of urbanization is significantly nega-
tive, which is consistent with the results of the previous paper and verifies the existence 
of a significant negative impact of urbanization on the GPP. The results of the mediating 
effect test show that MCI, PS, and ATECH all play a positive mediating effect in the influ-
ence process of urbanization, with the difference that the mediating effect of ATECH 
(8.68%) is greater than that of MCI (3.91%) and PS (2.61%). Overall, the conclusions of this 
study have high robustness. 

Table 7. Re-estimation results of dynamic spatial panel econometric. 

Variables L.lnLQ W*lnLQ URBAN Control AR (1) P AR (2) P Sargan P Wald P 

Model 14 0.924 *** 

(40.20) 
0.107 *** 

(3.09) 
−0.0028 *** 

(−2.78) YES 0 0.34 1 0 

Note: *** p < 0.01. Round brackets show t-values. 

Table 8. Re-estimation results of mediating effect test. 

Variables 
Total Effect Impact of Urbanization on M Impact of Urbanization, M on the LQ 

lnLQ MCI PS ATECH lnLQ lnLQ lnLQ 
Model 7 Model 8 Model 9 Model 10 Model 11 Model 12 Model 13 

L.lnLQ 0.924 *** 

(40.20) 
   0.924 *** 

(40.21) 
0.935 *** 

(37.90) 
0.921 *** 

(40.18) 

W*lnLQ 
0.107 *** 

(3.09)    
0.106 *** 

(3.06) 
0.098 *** 

(2.71) 
0.107 *** 

(3.09) 

M     
0.0005 * 

(1.84) 
0.073 * 

(1.92) 
−0.027 * 

(−1.96) 

l.M  0.677 *** 

(22.16) 
0.945 *** 

(48.36) 
0.841 *** 

(48.37) 
   

W*M  0.500 *** 

(13.77) 
0.276 *** 

(8.96) 
0.172 *** 

(7.31)    

urban 
−0.0028 *** 

(−2.78) 
−0.219 ** 

(−1.98) 
−0.001 *** 

(−5.71) 
0.009 *** 

(7.41) 
−0.0027 *** 

(−2.60) 
−0.0027 ** 

(−2.30) 
−0.0026 ** 

(−3.01) 
Control YES YES YES YES YES YES YES 
AR (1) P 0.00 0.03 0.00 0.00 0.00 0.00 0.00 
AR (2) P 0.34 0.92 0.46 0.16 0.34 0.22 0.52 
Sargan P 1.00 1.00 0.00 1.00 1.00] 1.00 1.00 
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Variables 
Total Effect Impact of Urbanization on M Impact of Urbanization, M on the LQ 

lnLQ MCI PS ATECH lnLQ lnLQ lnLQ 
Model 7 Model 8 Model 9 Model 10 Model 11 Model 12 Model 13 

Wald P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Note: *** p < 0.01, ** p < 0.05, * p < 0.1. Round brackets show t-values. M is a collective term for me-
diating variables. 

5. Discussion 
The GPP in China has changed profoundly. Its COG has transferred gradually to the 

northeast, showing a spatial distribution pattern from the northeast to the southwest. The 
SDE of grain production covered most of the major grain-producing areas in eastern, cen-
tral, and western China, and the coverage of the northern provinces is gradually expand-
ing. A spatial clustering and distribution pattern of grain production transfer and expan-
sion to the north, especially to the northeast, was formed. This is in general agreement 
with the findings of existing studies [11]. The northward transfer of the COG is mainly 
attributed to a relatively large increase in the distance shifted northward in the north–
south direction and a smaller increase in the distance shifted in the east–west direction. 
From the perspective of production, the COG transfer is mainly manifested in the rising 
grain production in the northeast and northwest regions. In the northeast region, grain 
production plays an increasingly important role in ensuring national food security, while 
it is gradually declining in the economically developed southern region, especially the 
southeast coastal region. 

Changes in China’s GPP are affected by a variety of natural and socioeconomic fac-
tors, which are accompanied by significant spatial and path dependencies. The presence 
of spatial spillover effects suggested that a region’s GPCI was also affected by the positive 
spillover from neighboring regions; that is, grain production in one region has a strong 
demonstration and transmission effect on the grain production in neighboring regions. 
The presence of path dependency implied that the GPP values in the current period were 
positively affected by the GPP of the previous period. The time lag coefficient is signifi-
cantly larger than the spatial lag coefficient, indicating that the cumulative effect resulting 
from the path dependency of changes in the GPP is more prominent. However, the 
changes are still a relatively slow process. Since the focus of urbanization is still transi-
tioning from scale expansion to quality improvement, population movement and land 
scale are still the main human–land conflicts facing grain production [53]. The progress of 
urbanization promoted population agglomeration, infrastructure improvement, and non-
agricultural industry development, which have brought about the outward expansion de-
mand of urban land space from urban outskirts. As a result, the regional grain supply was 
affected by the non-agriculturalization and encroachment of cropland, and the GPCI de-
creased. Despite China having implemented the requisition–compensation balance of 
cropland policy in the expansion of urbanization [54], the quality of cropland is often re-
duced due to insufficient or neglected compensation for occupied cropland, which affects 
regional grain production. 

Changes in factor input intensity and the consumption–demand structure, the spread 
of new technologies, and other factors triggered by the reduction of cropland have over-
lapping effects on grain production. Among the three significant transmission paths by 
which urbanization affects the GPP, cropland utilization, planting structure, and agricul-
tural technology progress all play a partial mediating role and effectively offset the nega-
tive effect of urbanization on GPCI. That is, urbanization affects the GPP directly and in-
directly through the allocation effect of cropland utilization, the structural effect of plant-
ing structure adjustment, and the innovation effect of agricultural technology progress. 
Here, the mediating effect of planting structure is more profound, followed by that of 
cropland utilization, and the mediating effect of agricultural technology progress is the 
least profound. Planting structure is a more important transmission path affecting GPCI, 
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mainly because fluctuations in the planting area of different crops are the visual represen-
tation of the changing GPP. Due to changes in food consumption preference and produc-
tion factor price during urbanization, farmers are more willing to plant cash crops with 
higher comparative returns. Labor mobility due to urbanization also prompts farmers to 
adjust their planting structure accordingly [55]. The increase in income and the easing of 
labor mobility constraints due to the off-farm transfer of rural labor increases the propor-
tion of high value-added cash crops and investment in capital-intensive crops [56]. For 
cropland utilization, cropland area fluctuations due to urbanization change the number 
and intensity of replanting actions [57] and induce farmers to reallocate the intensity and 
structure of production factor inputs per unit area. Farmers balance inputs and returns 
and adjust their willingness and behavior regarding grain production, changing the level 
of cropland utilization and causing fluctuations in regional grain production. However, 
differences in average household cropland endowment and topographic characteristics 
between regions cause differences in factor input intensities, which in turn affect the GPP. 
Planting structure adjustment is also the result of farmers’ balancing behaviors. The agri-
cultural technology progress brought by urbanization through the transfer to non-agri-
cultural production could improve labor productivity and grain production efficiency, 
thus alleviating the constraints on production factors due to reduced cropland. 

6. Conclusions and Insights 
In this study, panel data of 30 Chinese provinces from 1996 to 2018 were used as the 

sample, the entropy method was adopted to measure the urbanization, and the GPP was 
characterized by the grain production concentration index (GPCI). Based on the charac-
teristics of changes in the GPP acquired using the SDE-COG model, a dynamic spatial 
panel econometric model was built, and Sys-GMM was adopted to analyze the direction 
and magnitude of urbanization’s effect on the GPP. Then, a spatial mediating effect model 
was adopted to identify the transmission paths by which urbanization affected the GPP 
through cropland utilization, planting structure adjustment, and agricultural technology 
progress. Firstly, China’s grain production COG showed a spatial distribution pattern 
transferring northeastward. Secondly, changes in the GPP had a significant time lag effect 
and spatial spillover effect. Thirdly, urbanization had a significant negative effect on the 
GPP—i.e., urbanization hindered the increase in GPCI. Fourthly, urbanization indirectly 
affected the GPP through the allocation effect of cropland utilization, the structural effect 
of planting structure, and the innovation effect of agricultural technology progress. Here, 
the mediating effect of the planting structure was more profound. 

The findings in the study could provide a new perspective for furthering our under-
standing of the evolutionary patterns and action paths of China’s GPP and bring insights 
into the promotion of urbanization and food security in other developing countries. Since 
the reform and opening up, China’s GPP has undergone profound changes. Policymakers 
should correctly understand the historical law of grain production transfer according to 
the pattern of “northern grain to the south” and give full play to regional comparative 
advantages to scientifically plan grain production and reasonably allocate advantageous 
production areas. The negative effects of urbanization on the GPP and the presence of 
mediated transmission paths implied that the transformation of old and new dynamics as 
well as urbanization progress to high-quality development drives the spatial mobility of 
agricultural production factors and induces changes in cropland utilization and planting 
structure adjustment. Thus, the GPP is affected. The reallocation effect and technological 
progress also weakened the negative effect of urbanization on the GPCI. The presence of 
spatial effects requires policymakers to pay constant attention to the structural changes 
triggered by the spatial flow of factors, promote agricultural marketization reform, and 
give play to the decisive role of the market in factor resource allocation and the guiding 
role of policymaking. 

The GPP is affected by regional differences in internal and external factors such as 
natural endowment conditions, socioeconomic development, and farmers’ production 
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decisions. Therefore, policymakers should grasp the heterogeneity of urbanization and 
grain production in different regions and balance the intrinsic structural changes in the 
factor structure of agricultural production and the extrinsic dynamic changes of market-
based incentives. Urbanization development strategies must be formulated in accordance 
with local conditions, and the coupling and coordination of urbanization and grain pro-
duction must be planned on the whole to promote the agricultural marketization reform. 
Policymakers must give play to the decisive role of the market in factor resource allocation 
and the guiding role of policymaking. The level of intensive cropland utilization must be 
improved, and the production structure must be optimized according to local conditions. 
Good regional interaction and communication between structural adjustment and grain 
production must be maintained to alleviate the impact of urbanization. In the meantime, 
urbanization in different dimensions such as population agglomeration, land scale, and 
economic growth must be gradually coupled, coordinated, and unified. 

In addition, other developing countries are also experiencing the dual problem of 
urbanization and food supply. The research ideas and framework of this paper can pro-
vide reference for other countries to study related issues according to their own national 
conditions, and the changing patterns and experiences of China in the relationship be-
tween urbanization and grain production pattern can also provide a reference for other 
countries, as well as a reference for the United Nations to achieve the SDEs of no poverty 
and zero hunger. 

Nevertheless, this study has limitations in aspects such as the spatial distribution het-
erogeneity of geography and climate change. The resource endowment, topography, and 
meteorological conditions of the north and south are different, and the differences in ur-
banization levels are significant between the eastern, central, and western regions. Inves-
tigating the moderating effect of interregional heterogeneity in future studies could help 
to further clarify the standing and division of labor in grain production in each region. 
The influence of other socioeconomic factors such as institutional reform, benefit compen-
sation, and comparative returns on changes in grain production pattern is also worth ex-
ploring for future research. 
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