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Abstract: Telecoupling interregional resource interaction based on cultivated land grain production
(CLGP) plays a crucial role in ensuring national food security and advancing sustainable socio-
environmental and economic development. Based on the provincial panel data of 31 administrative
regions in China from 1990 to 2020, we used the spatial and temporal evolution of CLGP and the
global Moran index to detect the spatial correlation of CLGP among the provinces in China; we
adopted the SDM to study the telecoupling effect of CLGP among the provinces in China and
decompose the effect, enabling us to propose policy recommendations for enhancing the telecoupling
effect among the provinces. The results are as follows: (1) China’s inter-provincial CLGP has shown
an increasingly strong telecoupling effect over time, further validating the scientific nature of China’s
grain production pattern. (2) Cultivated land, irrigation area, the number of agricultural employees,
the power of agricultural machinery, the proportion of grain sown, and total grain production have
positive “flow” effects on spatial teleconnections between provinces and regions. (3) In terms of the
total telecoupling effect, the most significant factor affecting CLGP is the ratio of the area sown with
grain to the total area sown with crops. Meanwhile, the area of cultivated land in each region, the
irrigated area, the agricultural labor force, the agricultural machinery total power, and the percentage
of grain sowing in each region have the most direct telecoupling effect on CLGP. The conduct of
the study further fleshes out the empirical research on interregional resource telecoupling linkages
arising from resource deployment and utilization.

Keywords: telecoupling; cultivated land grain production; coupling effects; spatial Durbin model

1. Introduction

Implementing the food security strategy, guarding the bottom line of national food
security, and strengthening the foundation of grain is an inevitable requirement for guaran-
teeing the development of the country in the new era. As the urbanization process continues
to advance, the spatial layout of China’s grain production has undergone great changes.
The “northern transportation of southern grain” has gradually evolved into the “southern
transportation of northern grain”, and the evolution of the main grain-producing areas,
the balance of production and marketing areas, and the main grain-marketing areas have
been obvious. However, the contradiction between scientific and technological progress,
which promotes steady growth in grain production, and the gradual limitation of cultivated
land resources is becoming increasingly prominent. With 7% of the world’s arable land
resources feeding 21% of the world’s population, China’s rigid domestic demand for grain
is growing; in the uncertain international environment, the rigid domestic demand for
grain is increasing. This, coupled with the structural upgrading of the people’s growing
need for grain consumption, leads to a tense pattern of balance between the supply of and
demand for grain in China’s region, which will persist for a long period. Based on this,
it is of great significance to explore the telecoupling relationship of grain production in
the region and accurately analyze the pattern of grain production to further improve the
quality of cultivated land use and promote food security.
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In research on the quality and quantity changes in cropland utilization and grain
production capacity, foreign scholars’ research on CLGP mainly focuses on the quantitative
prediction of cropland resource endowment [1] and productivity [2], and the research on
cultivated land grain productivity mainly focuses on the aspects of yield [3], potential [4],
and enhancement path [5]. Domestic research on CLGP mainly focuses on the geographical
differentiation of grain production [6], spatiotemporal variations [7], the impact of land
use changes on grain production on cultivated land [8], the measurement and correction of
regional grain production capacity [9-11], path suggestions to enhance the CLGP, and so
on. Domestic and foreign scholars have conducted rich research on cultivated land and
its grain production capacity based on remote sensing data and panel data at different
scales, based on different time series. However, in the current context of rapid economic
development and a shortage of arable land resources, there is limited research on the
ecological security conflict. The research ignores the spatial geographic layout of grain
output and its correlation with cultivated land grain output elements, and neglects to
address the effect of this on China’s CLGP yield enhancement. This is necessary to ensure
food security, and to ensure that the draw reference value is limited.

Liu et al. explicitly proposed the research concept of telecoupling in 2013 [12]. The
coupling relationship between humans and nature is characterized by system evolution,
mutual feedback loops, time delay, heterogeneity, and mutation. They created and led the
international Coupled Human and Natural Systems (CHANS) project, which emphasizes
the interactions between socioeconomic and environmental systems of coupled human-
natural systems at long distances, and the need to focus on comparative studies between
systems at different scales [13]. Martin-Lopez et al. [14] used the theory of telecoupling
to construct a framework for analyzing “cross-scale influence-dependence”, considering
cross-scale social relations as an inter-regional flow related to ecosystem service assessment;
this provides support for the part of telecoupling research that has yet to be recognized. In
recent years, as the process of global integration deepens and the ties between countries
and regions become increasingly close, a series of socioeconomic—environmental impacts
spanning across countries, regions, and scales have emerged [15]. Using this theoretical
framework, scholars have conducted in-depth discussions on ecosystem services [16], the
“Belt and Road” strategy [17], and energy, and have also made some progress in the area of
land use change. Nef et al. systematically examined the intricacies of cross-scale dynamics
and the identification of factors contributing to vulnerability across various temporal and
spatial scales, ultimately leading to food insecurity in a specific location [18]. This is
achieved through a combination of a case study conducted in northern Vanuatu and a
broader conceptualization of socioeconomic dynamics within a telecoupling framework.
The Netherlands promotes food and land security, as well as socioeconomic development,
through the enhancement of technology and the importation of land-intensive products
such as food to offset domestic consumption [19,20]. In terms of spatial dimensions,
telecoupling involves cross-regional long-distance coupling and cross-scale interactive
coupling across multiple nested spatial scales between humans and within the natural
coupled system [21]. There are 31 provinces (municipalities and autonomous regions) in
mainland China, and the center of gravity of the grain production region has gradually
shifted northward. On the one hand, this shift has occurred across the spatial scale and
across natural and administrative boundaries; thus, and the regional pattern of grain
production has been gradually formed and perfected, with the major grain-producing
areas being coupled with the main grain-marketing areas, with a clear distance. On the
other hand, human-nature interactions have a decisive impact on distant markets and
ecosystems through grain production and marketing across political boundaries.

The core of guaranteeing food security and holding the red line of arable land lies in
exploring the complementary capacity that exists for the sustainable production of arable
land in each region of the country in the temporal dimension and the capacity of each
region of the country in the spatial dimension [22]. Based on the above, this manuscript
utilizes the telecoupling perspective, based on the grain productivity of cultivated land, to



Agriculture 2024, 14, 1121

30f18

explore the coupling links between the natural endowment and the socioeconomic factors
in different regions, and to clarify the effect of cultivated land grain productivity. The
study aims to optimize the allocation of agricultural resources in China’s food production,
improve the efficiency of grain cultivation, strengthen the foundation of China’s food
security, and contribute to the case of telecoupling in cultivated land food systems.

2. Connotation Analysis and Research Ideas
2.1. Connotation Analysis

Liu et al. revealed that the human-nature coupling system presents a state in long-
distance human activities and large-scale natural processes [23]. That is, the connection
gradually extends from neighboring areas to larger distances, evolves from local impacts to
global impacts in terms of scale, crosses political or administrative boundaries, and presents
multi-nested combinations of spatial scales in the local and global contexts. Telecoupling is
a product of the natural continuation of research on human-nature coupling systems.

Natural systems at different distances form interactions between their environments
through teleconnections. Human systems at different distances form interactions between
different socioeconomic through interaction. Telecoupling occurs when human and natural
systems become interconnected and overlap, allowing for socioeconomic and environmen-
tal interactions between distant human and natural systems [12,24]. A telecoupling system
consists of five interacting parts: system, flow, agent, cause, and effect. Each human-nature
coupling system consists of three parts: agent, cause, and effect. These form a complete
human-nature telecoupling mega-system through the bonds of interaction between streams.
Because of differences in the directions of the flow, the system presents three different states
of the system: sending, receiving, and spillover (Figure 1).

Figure 1. Telecoupling interpretation framework.

Telecoupling achieves the generalization and synthesis of concepts such as teleconnec-
tion and the scope of coupling by incorporating environmental interactions between remote
natural systems and socioeconomic interactions between remote human systems [25]. The
teleconnection dimension, the globalization dimension, and the urbanization dimension
form empirical evidence for the analysis of telecoupling. The teleconnection dimension, the
globalization dimension, and the urbanization dimension form the empirical evidence for
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the analysis of telecoupling. In terms of specific regional development, the urbanization pro-
cess itself can be seen as a type of telecoupling, a historical process of interaction between
humans and naturally coupled systems at different spatial distances through flow interac-
tions and inter-system transformations. It is also a process of interaction between economic
social and ecological environments between human-natural coupled systems at different
spatial distances. These systems reconstruct the teleconnections between urban functions
and rural land uses through active bio-flows such as population migration, trade, species
dispersal, technology transfer, investment, and transportation. It is important to focus on
the impacts of telecoupling interactions between multiple sites on sustainability [23,24].
Exploring the telecoupling effect of “time—space—event” holds immense importance [26],
and there is value in studying the cross-regional elements through the carrier of “flow” to
promote long-distance human-—nature coupling and enable its effects.

2.2. Research Idea

Telecoupling is essentially a complex which is dominated by human beings and the
environment, forming a social-economic—natural unity; this aggregates production with
living and ecological spaces. Focusing on the rationality of the natural system, the profit of
the economic system, and the benefits of the social system [27], one can present macro-to-
micro, top—down, and bottom—up coupling chains. In the context of our country, CLGP
involves the interactions between the natural environment and the economy and society
over long distances and between provincial areas. At the micro level, production relations
and productivity in neighboring regions will have a coupling effect on neighboring regions,
affecting their choice of grain cultivation, cultivation technology, and cultivation capacity.
At the macro level, the grain output of a province has an impact on other provinces; for
example, there is an impact of the main grain-producing areas on the main grain-marketing
areas. Stable grain production in the main production areas is the only way to sustainably
meet the demand for grain in the main grain-marketing areas, promoting the development
of a stable economy. Overall, the coupling of various spatial scales between regions
undergoes multiple nesting events; spatial coupling is a collection of interconnections
between countries and provinces, with telecoupling effects (Figure 2). In China, CLGP is
a process of reproduction that involves combining natural resources with the economy
and society. The development of cultivated grain production is not only limited by factors
such as topography and land quality in natural resources; it is also limited by factors such
as regional economic development, agricultural technology, degree of marketization, and
policy, which affect the layout of cultivated land production. Based on this, this paper
considers three levels of factors: natural resource conditions, agricultural production, and
economic development. These are included in the scope of analyzing the telecoupling effect
of the CLGP pattern in China (Table 1).

Table 1. Selection of variables for the research subjects.

Indicator Layer Variable Selection Expression Symbols
Ratio of damaged area to affected d
Natural resource conditions area (damage ratio)
Irrigation area Inirra
. Area of cultivated land in each region Inland
Agricultural . .
Ioroducti Agricultural machinery total power Intpam
production . A
Fertilizer application amount Infer
. Agricultural labor force Inlabor
Economic development . .
Total area sown with crops divided
factors pgs

by grain sown
Grain consumption index GCI
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Figure 2. Telecoupling analysis between provinces for CLGP.

In terms of natural resource conditions, in addition to resource endowment, it is
necessary to consider climatic factors; extreme weather and local climate changes will
affect precipitation, sunshine, land pests, diseases, etc. These are key factors affecting the
production of grain crops. In addition, the water resources required for cropland are also an
important factor in the layout of cropland and irrigation. Therefore, the ratio of the affected
area to the affected area in each region (the hazard rate) and the irrigated area were selected
to characterize the natural resource factors of grain production. For agricultural production,
the inputs involved in agricultural production generally include land, farm machinery
power, fertilizers, etc. Here, land refers mainly to the area of effectively cultivated land;
elastic changes in the quality of the cultivated land lead to changes in the cultivated grain
yields. That is to say that a reduction in the area of cultivated land inevitably leads to
a reduction in the area sown. Fertilizer application amount and agricultural machinery
power have a significant impact on cultivated grain production. In certain conditions,
the more agricultural machinery power is used, the faster the efficiency and quality of
cultivated land are improved, the larger the fertilization area, and the more momentum
there is in grain production. Therefore, the cultivated land, the total power of agricultural
machinery, and the amount of fertilizer applied in each region were selected to characterize
the background indicators of agricultural production. In terms of economic development,
as urbanization deepens, the employment opportunities of agricultural labor and non-
agricultural labor change according to the regional differences. With a high degree of
urbanization, non-agricultural employment opportunities are enhanced, and there is a
transfer of labor between industries; thus, it is necessary to take into account the effect of
the labor cost of the primary industry. The decline in the labor share of the agricultural
industry, without taking mechanization into account, will inevitably lead to a reduction in
the area under cultivation, further affecting food production. The economic benefits that
can be derived from grain cultivation can be seen in the percentage of the area that has been
sown with grain. When the costs and benefits of growing food meet the expectations of
the farmers, the area sown with food will steadily increase. It is also necessary to consider
the market in which the grain is for sale and the supply and demand for grain. Based on
this foundation, agricultural labor, the share of grain-sown area in the total crop-sown area,
and the grain consumption index were selected to characterize CLGP’s influences.
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3. Research Methods and Data Sources
3.1. Spatial Correlation Analysis

According to the first law of geography by Tobler [28], everything is connected to other
things, but the correlation between the values of their attributes increases as the spatial
distance between them decreases. Therefore, this paper adopts spatial econometrics to
find out more about the spatial dependence and heterogeneity of CLGP and telecoupling
effects in China. Testing for spatial correlation is the first step in the spatial measurement
methodology, which quantifies the degree of spatial dependence of grain production
between regions; here, “spatial autocorrelation” and spatial spillovers are judged when
observations (high or low) tend to be spatially clustered. Conversely, when presenting a
random distribution, there is no spatial autocorrelation.

n Y g wij(xi — X) (x; — X)

I =
-2
Yisq ?:1 Wij Yiiq(xi —X)

(1)

where ¥ is the mean value of the observation units of the n constituent study areas, w;;
is the spatial matrix used to measure the distance from area i to area j, /' ; Z]r-‘zl wjj is
the sum of the spatial weight matrices, and # is the sample size. The study area covers
31 provinces, municipalities, and autonomous regions, excluding Hong Kong, Macao, and
Taiwan. Therefore, 31 is the value of the variable.

Moran’s I values range from —1 to 1, where values less than 0 indicate a negative
correlation and values greater than 0 indicate a positive correlation; Moran’s I converging
to 0 is usually considered to be randomly distributed and free of spatial autocorrelation.

3.2. Determination of Spatial Regression Model

In the case of Moran’s I, the characterization of the spatial dependence problem of
the object of study, the spatial regression econometric model measure is usually used to
continue the exploration. There are three main forms of spatial measurement models: the
spatial Durbin model (SDM), the spatial lag model (SAR), and the spatial error model (SEM).
Each of these models exhibits distinct spatial interaction effects, as explained by Fingleton,
Le Gallo, and Pirotte [29]. SEM is usually chosen when the error terms of the model exhibit
interactions over the space of the study area, with the following general expression:

Y:X5+AW;1+£,8~N(O,52) )

The explained variable is Y, the explanatory variable is X, the regression coefficient is
B, the correlation coefficient of the regression residuals is A, the random error vector is y,
the random error term is ¢, and the weight matrix is W.

When all the independent variables interact spatially and the dependent variable
includes a spatial lag operator, SAR is used in the following way:

Y = pWY + Xp +¢, & ~ N(0,6) 3)

Unlike the SEM expression, p is the coefficient to be estimated for the endogenous
interaction effect (WY) of the spatial lag of the dependent variable, characterizing the
extent of spatial spillovers.

When the spatial spillovers of the independent and dependent variables in a region
are analyzed simultaneously, the spatial Durbin model (SDM) is usually used. This is a
more general form of the first two models, with the following expression:

Y:pWY+ﬁX+9WX+e,s~N(O,(52) @)
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where the interaction effect between endogenous (WY) and exogenous (WX) is included,
6 is the parameter to be estimated for the exogenous interaction effect, and the other
parameter settings are consistent with the SEM and SAR models.

The model settings of this research are as follows:

Ingyld =y + pz Widngyld;, + BqInland;; + Blnirrd;;
=1
+Bslnaglay, + By Intpamic + Psrdir + Bepgsit + Bylnferi + PgGClit
n n n n
+61 Z Wijjlnland; + 622 Wijlnirrd;; + 632 Wjlnagla;, + 642 Wi In tpam;; ®)
=1 =1 =1 =1
n n n n
+952Wijrdit + eézwijpgsit + 972 Wijlnferit + GSZWijGCIit +¢€
=1 =1 =1 =1

where gyld is the explained variable, Wj; is the element in the spatial weight matrix,
Wigyld represents the spatial correlation between food production in each region, and
Wij;rd;; and other spatially lagged dependent variables show the degree of influence by
neighboring regions. Irrd, etc., are control variables; 35 ~ g is the regression coefficient of
the variable; 61 ~ 03 is the spatially lagged regression coefficient of the variable; Wj; is the
geographic distance weight matrix; i is the region; t represents the time series. This study
involves two types of spatial weight matrices, namely the geographic distance weight
matrix based on latitude and longitude, and the economic distance matrix based on the
GDP of various regions in China.

The spatial econometric model needs to be integrated with the actual study area and
passes the likelihood ratio test (LR), the Lagrange multiplier test (LM), and the Wald test.
Two hypotheses are proposed here. H1: SDM can be simplified to spatial lag model SAR; if
prob>chi? is significant, then the original hypothesis is rejected and SDM is chosen. H2:
SDM can be simplified by simplifying to spatial error model SEM; if prob>chi2 is significant,
then the original hypothesis is rejected and SDM is chosen.

3.3. Data Sources

The data utilized to estimate the model in this manuscript were derived from panel
data encompassing 31 provinces, municipalities, and autonomous regions in mainland
China spanning from 1990 to 2021. Among them, data on the grain yield, the sown area
of farm crops, agricultural machinery power, and chemical fertilizer application were
derived from the China Rural Statistical Yearbook (1991-2021). Data on the agricultural
labor force and the grain consumption index were derived from the statistical yearbooks of
31 provinces, municipalities, and autonomous regions for the years 1991-2021. The ratio of
the affected area to the affected area in each region (the hazard rate) was calculated based
on relevant data from the China Rural Statistical Yearbook. The area of cultivated land
in each region was collected and summarized based on the National Land Use Change
Survey Report and the statistical yearbooks of each province and city. In order to calculate
the cultivated land area, interpolation was used due to the absence of data for a part of
it. At the same time, to ensure that the data passed the smoothness test, the time series
data were logarithmized. Furthermore, in the process of realizing the spatial visualization
of the study object, only the study areas located in mainland China with data attributes
have been depicted. The spatial visualization of non-study areas has been illustrated in
another map of China that does not incorporate data classification and displays the grain
production zoning of cultivated land.

4. Analysis of Results
4.1. Evolution of Spatial and Temporal Patterns of CLGP

China’s grain production has experienced fluctuating overall growth over the past
30 years. CLGP steadily increased from 4.46 x 108 t to 5.05 x 108 t million tons from
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1990 to 1996. There was a sustained decline in grain production between 1997 and 2003,
but from 2004 onwards, 14 years of production increases were achieved. It is worth
noting that 2018 saw a reduction in grain production from 2017 by 0.56%, but growth was
again realized by 2020. From the point of view of the growth of the region, over the past
30 years, Nei Mongolia Autonomous Region saw the largest increase of 276.58%. Northeast
Heilongjiang Province showed the second largest growth period, from 2.31 x 10% t in 1990
to 7.55 x 108 t million tons, with a growth rate of 226.09%. Through ArcGIS, Natural
Breaks was used to segment China’s grain output of cultivated land between 1990 and
2020 (Figure 3), which shows that China’s annual grain output has gradually increased.
In 1990, the high-grain-yielding areas were Shandong Province, Jiangsu Province, Hunan
Province, Sichuan Province, and Henan Province. Meanwhile, in 2000, the fifth level of high-
grain-yielding areas included Shandong Province, Henan Province, Jiangsu Province, and
Sichuan Province. In 2010, the fifth level of high-grain-yielding areas included Shandong
Province, Hunan Province, Jiangsu Province, and Henan Province. In 2020, the fifth level
of grain production areas changed to Heilongjiang Province, Henan Province, and Hunan
Province; the high-grain-production areas gradually shifted to North and Northeast China.
In addition, the analysis shows that grain production in northern regions such as the Nei
Mongolia Autonomous Region and the Northeast Plain has increased significantly due
to the collectivization of cultivated land and the improvement in land quality. In areas in
the southern region, such as the Pearl River Delta region, we can observe the deepening
of the urbanization process with the formation of a hub of development in the secondary
and tertiary industries; here, the supply of food to the south from the north has fed the
situation. The northeastern region has witnessed a change from the previous situation,
where it was the “Great Northern Wilderness”; this region has become one of the most
important regions in China for stabilizing the “ricebowl”.

Cultivated land grain production
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Figure 3. Spatial distribution of grain production on cultivated land in China (1990-2020).
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We can further explore the pattern of CLGP in China through an analysis of the
spatial center of gravity standard deviation ellipse (Figure 4). It is observed that China’s
grain production in the area has been shifting towards the northeast, this has particularly
been the case since the 21st century; the standard deviation ellipse is progressing at a
faster pace. Furthermore, the coverage of the northern region within the range is steadily
growing, confirming the scientific validity of China’s grain production formation pattern.
The population density in the northern part of China is lower than that in the southern part
of the country, and the dependence of the main grain-marketing areas, such as the Beijing
and Guangdong Provinces, on the main grain-producing areas has gradually become
apparent. Telecoupling relationships have emerged between the main grain-producing
areas mainly in the north and the main marketing areas or even the basic equilibrium areas;
the relationships of their effects needs to be explored on a spatial scale.

' elhicssins ' ‘
W E ~ : ¢ VARSI E 2 &

. 1990 | . 4
2000

2010 o
. 2020 il China's cultivated land grain production partition map

—
0 500 1000 2000

Figure 4. The trend of the center of gravity shift in China’s grain production (1990-2020).

4.2. Measurement of Telecoupling Effects of CLGP
4.2.1. Spatial Correlation Test

Using statal7.0 to measure the global Moran’ I index of China’s CLGP, the results
show that it is greater than 0, and its P-value has a significant feature at the 10% level;
these results indicate that there is a spatial spillover effect in China’s interprovincial grain
production during the 31-year period from 1990 to 2020. The closer the neighboring of the
provinces and regions, the stronger the correlation is. It should be noted that the fluctuation
of the Moran’ I and other spatially related significant indices should be considered as a
result of uncontrollable natural factors, regional socioeconomic development orientation,
and policies. However, the gradual increase in the index value further indicates that the
layout and production of CLGP are becoming more and more stable. The prerequisite for
conducting the test of dynamic spatial spillover effects is to conduct the Morans” I, which
determines the spatial correlation of CLGP in China in order to carry out the next step of
measuring the spatial telecoupling effects of grain production.

4.2.2. Analysis of Telecoupling Effects

(1) Determination of the SDM. The statistical quantities of the non-robustness of the
observations of grain production in China show that both the spatial lag model and the
spatial error model are significant, and the choice of SDM is reasonable and requires the LR
and Wald tests further. Assuming that the SDM can be simplified to the SAR, the original
hypothesis is rejected, and SDM is chosen if prob>chi2 is significant. Assuming that the
SDM can be reduced to an SEM, if prob>chi? is significant, then the original hypothesis
is rejected and SDM is selected. The results show that the SDM cannot be degraded to an
SAR or an SEM. Based on the Wald test results, it was found that the Wald test statistic was
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significant at the 5% level. This implies that choosing the SDM over the SEM and SAR was
more favorable. As a result, the SDM was selected to conduct the spatial telecoupling test
for China’s CLGP. Hausman test for fixed and random effects based on the SDM and the
robust Hausman test p-value is 0.00, so the original hypothesis is strongly rejected, and
the fixed-effects model is used. The estimated parameters under fixed effects were finally
chosen to be more effective for spatial telecoupling effect analysis.

(2) Factors affecting telecoupling effects. As can be seen from Table 2, the spatial
autocorrelation coefficient is positive, which further illustrates that there is a spatial cluster-
ing effect of grain output among provinces in China, and telecoupling effects are evident.
The coefficients of the main explanatory variables on the region (Main) show that there
is a negative correlation between the ratio of the damaged area to the affected area and
fertilizer application and grain output; the lower the disasters, the higher the grain output.
Here, the application of fertilizer is overused to a certain degree, which will similarly affect
the regional grain output; consequently, the spatial pattern of grain output has changed.
The grain consumption index, which is not significant in this model, shows that the grain
consumption in our population pattern belongs to the consumption of necessities. The
growth or decrease in the price of food consumption depends on the grain production
of the current year or the previous year. Here, people’s production and the demand for
food are stable; they will not be affected by the increase in the price of the demand for
the reduction in the amount of demand. Cultivated land, irrigated land, the number of
agricultural laborers, the power of agricultural machinery, and the share of grain sowing are
significantly and positively correlated with total grain production. They have a significant
impact on total grain production and the pattern of grain production.

Table 2. Results of SDM estimation.

VARIABLES Main Wx LR_Direct LR _Indirect LR _Total

Inland 0.335 *** —0.128* 0.334 *** —0.057 0.277 ***
(—9.35) (—1.76) (—9.06) (—0.66) (—2.91)

Inirra 0.218 *** —0.113 *** 0.213 *** —0.077 0.136 ***
(—=7.96) (=2.71) (—8.23) (—1.61) (—2.88)

Inlabor 0.072 ** 0.172 *** 0.085 *** 0.229 *** 0.314 ***
(—2.53) (—3.25) (=3.11) (—3.75) (—4.50)

Intpam 0.278 *** —0.052 0.278 *** 0.016 0.294 ***
(—12.07) (—1.21) (—12.56) (—0.33) (—5.96)

rd —0.068 ** 0.01 —0.068 ** —0.011 —0.079
(—2.05) (—0.15) (—=2.11) (—0.14) (—0.86)

pgs 0.613 *** 0.194 * 0.634 *** 0.427 *** 1.055 ***
(—14.67) (—1.86) (—15.57) (—3.59) (—8.55)

Infer —0.016 *** 0.017 —0.016 *** 0.015 —0.001
(—2.98) (—1.28) (—2.62) (—0.93) (—0.03)

GCI 0 0 0 0 0
(—=0.12) (—0.75) (—0.25) (—0.74) (—0.81)

Spatial 0.228 ***

rho (—=5.37)

Variance 0.017 ***

sigma?_e (—21.84)

R-squared 0.936

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

In addition, the estimated coefficients of Wx for the area of cultivated land in each
region, the irrigated area, the agricultural labor force, and the ratio of area sown with grain
to the total area sown with crops all pass the significance test from the spatial lag term. These
variables have an impact on the transformation of grain yield patterns through telecoupling
effects (Wx represents the coefficient of spatial spillover of explanatory variables to other
regions). Among them, the agricultural labor force has the highest significant coefficient
in space, which can be seen as the spatial mobility of the rural labor force produces
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spillover benefits, forming a closer telecoupling interaction. The current impact of fertilizer
application amount on cultivated land and food is limited, as it influences the quality and
yield of the land and has a minimal effect.

4.2.3. Decomposition of Telecoupling Effects

According to Lesage’s research [30], if the spatial correlation coefficient of the explana-
tory variables is not zero, then the spatial effect of the decomposition of the explanatory
variables is required. By combing the literature [31], we found that the factors influencing
the changes in the telecoupling effect arising from the pattern of food production in China
are decomposed into direct, indirect, and total effects.

The direct effect analysis in Table 2 shows that, among the factors involved in in-
fluencing the telecoupling of CLGP in China, the area of cultivated land, the irrigated
area of cultivated land, the number of people in the agricultural labor force, the power
of agricultural machinery, and the percentage of grain sowing are all significant through
the condition of the 1% level. Also, the ratio of the damaged area to the affected area is
significant through the 5% level, which is a significant performance of the interaction effect
on the CLGP in China. The analysis reveals that the ratio of grain sown to the total sown
area in the direct effect is the factor that affects the total grain yield the most, i.e., under
certain conditions, the size of grain-sown area directly affects the amount of grain yield in
the region, and the remote area adjusts the area of grain sown in the region in response to
the supply and demand of grain. In addition, the following order can be seen: cultivated
land > agricultural machinery power > irrigated area > agricultural labor > disaster ratio.

The indirect effect shows that the agricultural labor force and the ratio of area sown
with grain to total area sown with crops pass the significance test, and both are significant
at the 1% level. This is due to the gradual formation of China’s cultivated land pattern;
the main production areas, the production and marketing balance area, and the main
marketing area basically tends to be balanced. Also, the regions have gradually formed a
clear and prominent strength, becoming the center of gravity of the development of the
region. Each of them synergize to help the country’s development. It is worth noting that,
through the indirect benefits of spatial telecoupling of grain, the share of grain sown has a
positive effect on the surrounding provinces or surrounding cities. This is closely related to
the general background of China’s successive years of increased grain production and the
general policy of “CHINESE RICE FOR CHINESE PEOPLE”.

From the telecoupling total effect, the ratios of the area sown to the cultivated land,
the agricultural labor force, the total area sown with agricultural machinery, and the grain
sown with crops are significant and positive at the 1% level in each region. The ratio of area
sown with grain to the total area sown with crops shows a higher total effect than other
factors, indicating that the center of gravity of CLGP will be shifted to such provinces and
regions with a large ratio of area sown with grain total area sown with crops, which will
eventually form the grain production pattern. It is worth noting that the factor of fertilizer
application amount is not significant in the overall effect in space and remoteness, and is
only significant in the direct effect, which shows that fertilizer application only affects the
CLGP in the proximate region.

4.3. Robustness Test

To examine the robustness of this empirical study, an empirical test was conducted
using the economic spatial distance matrix in place of the geographic adjacency matrix
(Table 3). The results showed that the significant degree of the model and the direction
and size of the role of key variables basically remained consistent. It is evident that the
spatial telecoupling impact of grain production in China’s cultivated land is both strong
and significant. Furthermore, factors like the size of the cultivated land and the agricultural
workforce consistently play crucial roles in shaping the patterns of grain production.
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Table 3. Estimated results of the SDM for the economic distance spatial matrix.

VARIABLES Main Wx LR_Direct LR _Indirect LR_Total

Lnland 0.355 *** 0.520 *** 0.346 *** 0.424 *** 0.771 ***
(—9.86) (—4.1) (—9.39) (—3.8) (—6.39)

Lnirra 0.185 *** —0.156 0.187 *** —0.162 * 0.025

(=7.8) (—1.57) (—8.17) (—1.85) (—0.28)

Lnlabor 0.146 *** 0.486 *** 0.139 *** 0.410 *** 0.550 ***
(—4.66) (—4.28) (—4.74) (—4.04) (—4.85)

Lntpam 0.210 *** —0.051 0.217 *** —0.074 0.137 **
(—9.58) (—0.72) (—9.76) (—1.19) (—2.21)

Rd —0.045 0.242 ** —0.049 0.218 ** 0.169
(—1.32) (—2.19) (—1.52) (—22) (—1.57)

Pgs 0.710 *** —0.028 0.715 *** —0.116 0.600 ***
(—17.54) (—0.37) (—17.8) (—1.59) (—7.65)

Lnfer —0.012 ** 0.013 —0.012 ** 0.012 0
(—2.09) (—0.67) (—2.08) (=0.72) (—0.02)

GCI 0 0 0 0 0
(—0.80) (—0.66) (—0.86) (—0.61) (—0.86)

Spatial —0.151 **

Rho (—2.31)

Variance 0.018 ***

sigma?_e (—21.88)

R-squared 0.854

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

4.4. Further Analysis

With the help of the economic distance matrix, the telecoupling effect was tested
in four types: the main grain-producing area, the main grain-marketing area, the grain
production and marketing balance area, and a combination of the main grain-producing
area and the main grain-marketing area (Table 4). The results show that, in the direct
effect, the area of cultivated land, the irrigated area, the agricultural labor force, and the
ratio of the area sown with grain to the total area sown with crops are all significant at
a 1% level in each type; meanwhile, the fertilizer application and the grain consumption
index are not significant. It is worth noting that the ratio of grain sown with the total area
sown with crops shows a significant negative telecoupling effect, which can be seen in the
main marketing area due to economic, social, and geographic factors. The ratio of area
sown with grain to the total area sown with crops gradually decreases, and the demand
for grain generation in remote areas gradually expands; here, the telecoupling effect is
increasingly obvious.

In the telecoupling indirect effect of CLGP, the influence of factors affecting the balance
of CLGP and marketing area—including each area of cultivated land, the agriculture labor
force, and the ratio of area sown with grain to the total area sown with crops—is significant
at the 1% level; the irrigated area is significant at the 5% level. GCI in the indirect effect
produced by the main grain-marketing area is significant at the 5% level, and the correlation
coefficient is negative; it can be seen that the main marketing area of the grain consumption
index—by the effect of the remote region—is greater in the economic expenditure of
the presentation of the necessities of the consumer price fluctuations. The impact of the
main grain-marketing area of the population of the consumption expenditures shows an
indirect spillover effect. In addition, the main marketing area and the main production area
combination, with the type of total power of agricultural machinery and agricultural labor
force is significant at the 1% level. Thus, the remote spillover effect of the main marketing
area and the main production area between the agricultural labor force and agricultural
machinery power is obvious. To a certain extent, the labor force and machinery for the
promotion of the main production area CLGP will have a contributing effect on the main
marketing area of the market.
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Table 4. Telecoupling effects of different grain production region types.
LR_Direct
B_A PA M_A P+M_A
0.253 #* 0.173 ** 0.284 ** 0.443 *+*
Inland (—6.46) (—2.5) (—3.52) (—7.67)
_ 0.157 *+ 0.229 ¥+ 0.176 ** 0.163 *+*
Inirra (—5.19) (—7.29) (—3.66) (—5.82)
0.197 #* 0.303 ¥+ 0.253 #+ 0.113 »+
Inlabor (—4.03) (—6.4) (—5.2) (—3.38)
Intpam ~0.098 *** 0.091 ** 0.103 ** 0.255 *+*
(—2.73) (—2.37) (—2.14) (~8.16)
—0.120 *** —0.028 ~0.100 * —0.02
rd (—2.97) (—0.58) (—1.88) (—0.48)
ps 0.351 #+ 0.162 ¥+ 1.491 0.680 *+*
(—3.67) (~3.53) (—17.1) (—14.28)
0.003 0.002 ~0.008 ~0.008
Infer (—0.49) (~0.17) (—0.64) (—0.86)
0 0 0 0
G (—0.73) (—1.00) (—1.27) (—0.58)
LR_Indirect
B_A PA M_A P+M_A
0.664 ** 0.296 ** 0392 * 0.285 **
Inland (~5.55) (—2.01) (~1.70) (—2.27)
. 0303 ** 0.105 0.249 ** 0.002
Inirra (—2.41) (—0.95) (—2.21) (—0.02)
—0.848 *** 0.14 0.880 *** 0.566 ***
Inlabor (—4.17) (~1.32) (—5.71) (~5.69)
Intpam 015 ~0.104 ~0.024 —0.276 ***
(—1.01) (—1.07) (~0.18) (—4.08)
—0.005 0.018 ~0.209 0.178 *
rd (—0.05) (—0.2) (—1.43) (—1.72)
ps —0.807 *** —0.051 0.073 —0.138 **
(—2.63) (—0.95) (—0.28) (~1.96)
—0.022 ~0.003 0.016 0.01
Infer (—1.59) (~0.16) (—0.48) (—0.49)
0 0 0.000 ** 0
GA (—1.36) (—0.35) (—2.03) (—0.91)
LR_Total
B_A PA M_A P+M_A
0.917 #* 0.469 ** ~0.107 0.728 *+
Inland (—6.99) (—2.56) (—0.41) (—4.99)
. 0.146 0.334 ¥+ 0.426 ** 0.165 *
Inirra (—1.10) (—2.77) (—2.84) (—1.75)
—0.651 *** 0.442 ¥+ 1.133 ## 0.679 *+*
Inlabor (—2.85) (—3.54) (~5.92) (—63)
Intpam 0.248 ~0.012 0.079 —0.021
(—1.45) (—0.12) (—0.52) (—0.30)
0125 ~0.01 0309 * 0.158
rd (—1.01) (—0.09) (—1.72) (—1.42)
pes —0.456 0.112 1.564 #* 0.541 *+*
(~1.28) (—1.6) (~5.51) (—7.08)
0019 —0.001 0.008 0.002
Infer (—1.31) (—0.05) (~0.19) (—0.07)
0 0 0.000 ** 0
GA (—1.39) (—0.76) (—2.17) (—1.01)
Observations 341 403 217 620
R-squared 0.853 0.455 0.671 0.861
Number of ID 11 13 7 20

Note: (1) balanced production and marketing area—B_A; main grain-production area—P_A; main marketing area
of grain—M_A; main production area and main marketing area—P+M_A; (2) ***, **, and * indicate significance at

the 1%, 5%, and 10% levels, respectively.
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In the overall telecoupling effect of CLGP, it can be seen that the main factors affecting
the CLGP area in producing the telecoupling effect are the area of cultivated land in each
region and the agricultural labor force in each region. The factors affecting the main grain-
producing areas in producing telecoupling effects are, in order of influence size, as follows:
agricultural labor force > irrigated land > cultivated land in each region. Addressing those
factors that affect the telecoupling effect factors of the main marketing area with the main
production area, in the order of influence size, these are as follows: cultivated land area
in each region > agricultural labor force > ratio of grain sown to total area sown with
crops > irrigated area. In the telecoupling effect of the grain to the total area, factors such
as the ratio of the area sown with grain to the total area with crops, agricultural labor force,
irrigated area, disaster ratio, and GCI have significant telecoupling effects in the region;
this is due to their own characteristics of low grain production and strong dependence on
external demand for grain.

5. Discussion
5.1. Telecoupling between Regions

The telecoupling perspective is mainly utilized to observe whether a region far away
from the subject of a study has an impact, and allows one to determine the size of its
impact. Most of the scholars at home and abroad position this study as a study of spatial
spillover effects. Zou and colleagues investigated how the transfer of rural labor affects
the eco-efficiency of cultivated land use in different parts of China [32]. Their findings
revealed a substantial spatial spillover effect, particularly in the western and northeastern
regions, where the transfer of rural labor had a significant impact on promoting intensive
and efficient land use practices. Tang [31] evaluated the spatial spillover effect of cultivated
land utilization transition on grain production based on Hubei Province, showing that
the spatial spillover effect of grain production in Hubei County is driven by the transfer
generated by the amount of cultivated land, machinery inputs, and inputs of farmland
irrigation infrastructure. Schneider quantified spatial spillovers from input inefficiencies
in cultivated land production systems using DEA and a second-stage bootstrap truncated
regression model [19]. All of the above studies confirmed the effect of spatial spillover of
cultivated land production on neighboring regions or remote regions, but none of them cut
into the perspective of telecoupling; also, they did not elaborate on the effect of telecoupling
between regions on distant regions. Caron et al. emphasized the importance of multi-scale
and multi-stakeholder governance in the food system. In the context of complex regional—
national-global linkages, there can be dissonance and decoupling between the different
groups, sectors, and regions involved in cultivated land grain production. It is crucial to
develop a new framework that reconciles long-distance and close relationships, as well as
addressing multi-scale ecologies and multi-group interests in order to effectively respond
to these shifting dynamics [33]. After analyzing 609 questionnaires from 199 coastal villages
in Oceania, Ferguson et al. [34] discovered that areas with high food import dependence
tend to exhibit relatively low resilience to food system risk. Drawing fully on the science of
sustainability and the meta-growth framework of global sustainability [35-37], this paper
considers the telecoupling effects of CLGP across regions, discusses the drivers affecting
cultivated land grain production, supply, and demand, coupled with human-land relations
in telecoupling [25], and proposes policy implications accordingly.

5.2. Negative Factors Affecting CLGP

Based on the telecoupling effect of CLGP in China’s interprovincial areas, arising
from the interaction between the natural environment and the society and economy, the
study explores the “flow” of its action and the factors affecting its telecoupling effect,
and shows that the fertilizer application rate is a negative factor affecting the cultivated
land yields and the degree of soil fertility. However, in previous studies, some scholars
have proposed that the higher the fertilizer application rate in the region, the higher the
grain production in the neighboring regions will be due to information sharing; thus, a
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positive effect of fertilizer application rate on CLGP is indicated [38]. It is worth noting
that the amount of fertilizer application is proportional to the grain yield only within a
certain range. When the application amount of organic fertilizer is guaranteed to ensure
the fertility of cultivated land, the sustainable development of cultivated land for food can
be promoted [39]. This also allows for further analysis and discussion of the spatial effects
of organic fertilizers and conventional chemical fertilizers in promoting cultivated land
grain production and generation.

5.3. Uncertainty Analysis

Telecoupling between regions is part of metacoupling [40], which involves a four-
dimensional “coupled human and natural cube” (CHNC); this isa framework of telecou-
pling and proximity coupling, distant coupling and near-term coupling, explicit coupling
and implicit coupling, and intra-group coupling and inter-group coupling [41,42]. By
developing a conceptual analytical framework for interregional ecosystem service flows,
SCHROTER utilizes four case studies to illustrate how the comprehension of interregional
telecoupling systems can be enhanced within social-ecological systems [43]. This con-
tributes to the enhancement of the capacity for sustainable management and policy options
across regions. Research on food systems, with a focus on telecoupling and externalities,
has proven to be an effective approach to addressing the challenges of localized governance.
This perspective offers valuable insights into understanding and managing the complex in-
teractions within food systems [44,45]. Based on CLGP, we must further analyze the impact
of the international grain trade on cultivated land production on a spatial scale and dig
deeper into the mutual changes between regions of cultivated land grain production and
their laws on a temporal dimension. This is a way of strengthening our understanding of
cultivated land grain production and promoting the exchange of domestic and international
grain trade. At the same time, it is essential to fully consider the “people-land-industry”
system that is involved in cultivated land grain production as a means of enhancing our
understanding and facilitating exchanges in domestic and international trade in grain [46].
This will contribute to a comprehensive understanding of cultivated land grain produc-
tion. It further explores the path of the high-quality development of cultivated land grain
production, improves the interregional ecological environment, and promotes the friendly
economic and social development of various regions.

6. Conclusions and Policy Implications
6.1. Conclusions

The present article analyzes the spatial and temporal characteristics of China’s culti-
vated land grain output, identifies the direction and characteristics of the regional move-
ment of China’s regional grain output, and conducts a quantitative study of the “flow” of
the promotion of telecoupling influence with the help of spatial analysis. Here, the main
conclusions are summarized:

(1) China’s CLGP has experienced a spiral rise over the past 30 years; the center of
gravity of the production space has gradually shifted to the northeastern part of the country,
the northern region has become an important region for China’s grain production, and the
southern region, especially the coastal area, has a high demand for grain. The telecoupling
effect in this country is obvious.

(2) According to the measurement and analysis of the telecoupling effect of CLGP
between provinces, it is concluded that the following factors are significantly and positively
correlated with the total grain production: area of cultivated land in each region, irrigated
area, agricultural labor force, agricultural machinery total power, and the ratio of grain to
the total area sown with crops. These are positive factors in promoting spatial telecoupling
between provinces. On the other hand, there is a negative correlation between the amount
of fertilizer application amount and the damage ratio with the total grain production.

(3) From the decomposition of telecoupling benefits generated by China’s CLGP, the
following factors have a direct telecoupling effect on CLGP: the area of cultivated land in
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each region, the irrigated area, the agricultural labor force, the total power of agricultural
machinery, and the ratio of grain sown to total area sown with crops. Both the agricultural
labor force and the ratio of grain sown to total area sown with crops have indirect remote
spillover effects on CLGP between provinces. Meanwhile, the overall and zonal measure-
ments of cultivated land grain production among provinces in China using the economic
distance matrix also confirmed that CLGP showed significant telecoupling effects.

6.2. Policy Implications

(1) Telecoupling is connecting two or more subsystems at a distance, producing effec-
tive behavioral feedback relationships and influences. With the stable formation of China’s
CLGP pattern, the main grain-producing areas, the balance of production and marketing ar-
eas, and the main grain-marketing areas have formed a systematic interactive relationship,
coupled with the natural environment and the economic and social long-distance linkage,
jointly promoting the national grain security. The main grain-producing areas and the areas
with balanced grain production and marketing need to further stabilize and improve the
quality of cultivated land to meet the CLGP’s objectives. Restoration and safeguarding of
arable land, enhancing the quality standards for arable land, and implementing scientific
approaches to crop management are key to increasing grain production and ensuring a
steady supply of grain to the main grain-marketing areas. Innovative CLGP methods are
needed for the main grain-marketing areas; on the basis of scientific management and the
protection of existing cultivated land, publicity and policy support will be increased to
encourage the existing agricultural labor force to engage in sustainable cultivation. These
measures will promote sustainable coupled development between different systems.

(2) In response to the “flow” that promotes positive telecoupling effects between
provinces and regions, in CLGP—in addition to establishing a reasonable cultivated land
system—it is necessary to strengthen the construction of irrigation facilities and the man-
agement of agricultural water conservancy to ensure that cultivated land has excellent
moisture. Modern agricultural mechanization techniques and equipment should be pro-
moted. By promoting the construction of high-standard farmland, we can improve the
efficiency and quality of cultivated land production and reduce the work intensity for
agricultural laborers. Simultaneously, efforts are being made to enhance the training and
skill level of the agricultural workforce, improving the quality of the workforce in the
agricultural sector and increasing the productivity of cultivated land in grain production
from every possible angle.

(3) In response to the “flows” between provinces that may lead to negative telecou-
pling, it is recommended that the utilization of organic fertilizers and bio-fertilizers is
promoted. This is essential in minimizing the reliance on chemical fertilizers and pesticides.
This will contribute to enhancing the organic matter in the soil, improving soil structure,
and preventing the pollution of cultivated land. Furthermore, disaster prevention and
mitigation need improvement. The effectiveness of farmland engineering in preventing,
mitigating, and responding to disasters also needs improvement. The solid development
of disaster prediction and early warning capabilities must be promoted. We must minimize
the degree of disaster in the whole chain and in all directions. The enhancement of cul-
tivated land grain production technology and risk prevention will enhance the positive
telecoupling effect of CLGP between provinces; this will reduce the coupling threat that
affects inter-provincial telecoupling exchanges or the conduct of grain trade.
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