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Abstract

Grain trade connects regions with different land endowments and can help relieve pres-
sure on productive cultivated land. This study constructs a modified cultivated land pres-
sure index incorporating a standardized land productivity coefficient to account for re-
gional variations in land quality. Using provincial-level panel data for 30 regions in China
from 2003 to 2020 and a two-way fixed-effects model, we investigate the association be-
tween grain import substitution and cultivated land pressure. (1) The virtual land calcu-
lations show that soybean had the highest virtual land content among the four major crops,
with a national average of 0.554 ha/t, approximately three times that of rice. The virtual
land content of soybean, wheat, rice, and maize declined by 20.25-25.76% during the
study period, indicating continuous improvement in land-use efficiency. (2) From 2003 to
2020, cultivated land pressure showed clear regional disparities: the Northeast exhibited
a gradual decline to moderate levels, and South China and the Middle-Lower Yangtze
River regions increased from moderate to high pressure, while the Huang-Huai-Hai Re-
gion remained persistently high, and the Southwest remained at moderate levels. (3)
Grain import substitution is significantly associated with lower cultivated land pressure,
suggesting that imports may contribute to easing domestic land constraints; each addi-
tional 100,000 hectares of equivalent domestic cultivated land saved is associated with a
reduction of 0.049 in the pressure index. The pressure-alleviating effect is stronger in
northern regions and major grain-producing areas than in southern and non-major pro-
ducing regions. (4) Spatial econometric analysis indicates positive spatial dependence,
with increased grain import substitution in one region linked to lower cultivated land
pressure in neighboring provinces. This study refines the conventional cultivated land
pressure index and provides a framework for assessing both the direct and spillover ef-
fects of grain imports on domestic land resources. The findings underscore the potential
of grain trade to support sustainable land use and regional resource allocation.

Keywords: virtual land; resource flow theory; two-way fixed effects model; spatial
econometrics
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1. Introduction

Population growth, dietary upgrading, and urban expansion have intensified com-
petition for cultivated land worldwide. Under these conditions, grain trade has become
an important mechanism for reallocating land resources across regions with differing land
endowments. From the perspective of virtual land, imports of land-intensive agricultural
products allow land-scarce regions to obtain grain output embodied in external land re-
sources, thereby reducing the amount of domestic cultivated land that would otherwise
be required for production [1,2]. Previous studies have shown that virtual land tends to
flow from land-abundant regions to land-scarce regions, but the scale and direction of
such flows are strongly affected by trade structure, production conditions, economic de-
velopment, and policy arrangements [3-5]. Therefore, examining the relationship between
grain import substitution and cultivated land pressure is important for understanding
how international trade reshapes domestic land-resource constraints.

On the domestic front, China faces increasing cultivated land pressure amid rapid
population growth and economic development. Although China holds about 9% of the
world’s arable land, it must feed nearly 20% of the global population, resulting in a per
capita cultivated land area of only 0.08 ha, far below the world average. As ongoing ur-
banization continues to convert large areas of farmland, the imbalance between land sup-
ply and demand has become increasingly acute [6]. As a fundamental natural and strate-
gic economic resource, cultivated land in China faces growing risks of degradation, con-
version, and scarcity [7]. Under such conditions, importing land-intensive grain commod-
ities has become an important strategy for China and other land-scarce regions to acquire
virtual land embedded in trade [8]. For instance, China’s soybean imports alone corre-
spond to more than 40 million hectares of virtual land annually —far exceeding the culti-
vated land area available for domestic soybean production. The virtual land strategy,
widely discussed in international literature, is thus viewed as an essential mechanism for
conserving domestic land resources, improving land-use efficiency, and mitigating land-
food pressures [3]. It also facilitates the reallocation of limited domestic land toward
higher-value industrial and service sectors, supporting urbanization and economic up-
grading [5], while land-abundant exporting regions benefit from capital accumulation,
structural transformation, and enhanced economic performance [4].

In recent years, China has implemented a series of policies to ensure grain security
and stabilize domestic grain supply, which provide important context for this study [9].
The National Food Security Strategy emphasizes “ensuring basic self-sufficiency in grain
and absolute security of staple grains,” while the Red Line Policy for Cultivated Land
Protection mandates the preservation at least 120 million hectares of arable land nation-
wide. At the same time, China’s Dual Circulation Strategy and successive No. 1 Central
Documents encourage moderate use of international markets to supplement domestic
shortages, promoting diversified grain import channels and facilitating the inflow of land-
intensive commodities such as soybeans. These policies jointly shape the dynamics of do-
mestic production, cultivated land pressure, and grain import substitution. The cultivated
land resources saved through grain imports can be reallocated to the production of other
grain crops, thereby helping to optimize China’s crop structure and reduce pressure on
land-intensive grain production [10]. Scholars have also employed coupling degree mod-
els and imbalance indices to measure the spatiotemporal matching between cultivated
land, the environment, and the economy, and to explore the impact of virtual land trade
on this matching degree [11]. Furthermore, because imported and domestically produced
grain products differ in their virtual land content, trade welfare theory suggests that im-
porting grain products with lower land-equivalent requirements can improve trade ben-
efits and strengthen the resource-saving effect of agricultural trade [12].
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Scholars worldwide have conducted extensive research on the sustainable use of cul-
tivated land resources, with key areas of focus including land quality, investment in farm-
land, ecological carrying capacity, and intensive cultivation, alongside substantial studies
on farmland management policies, agricultural land conversion to non-agricultural uses,
and the impact of cultivated land quantity on food security. In terms of land quality, Char-
tres et al. [13] provided an in-depth analysis of the effects of cultivated land degradation
on grain yields. Regarding ecological carrying capacity, Niu et al. [14] established a com-
prehensive evaluation framework incorporating ecological, social, economic, quantita-
tive, and qualitative dimensions of cultivated land resources. Methodologically, research-
ers have systematically assessed cultivated land carrying capacity using various tools, in-
cluding the ecological footprint model, land environmental carrying capacity projections,
the environmental load rate of cultivated land, and the analytic hierarchy process.

Substantial research has also examined the measurement and spatiotemporal varia-
tion of cultivated land pressure. Existing studies mainly focus on three aspects: the calcu-
lation and prediction of the cultivated land pressure index [15,16], the spatiotemporal evo-
lution of cultivated land pressure [17,18], and comprehensive models that incorporate
ecological security and evaluate cultivated land pressure from the integrated perspectives
of quantity, quality, and ecology [19,20].

Resource Flow Theory elucidates the patterns of resource transfer across industries,
regions, and consumption stages. Originating in ecology, its application has expanded to
encompass complex socio-economic systems. As market economies developed, the pri-
mary agents of resource allocation shifted to micro-economic actors, extending the theory
from a purely natural dimension to a social one. Modern research emphasizes that re-
source flows involve not only the physical transfer of resources but also, and more signif-
icantly, trade in virtual resources [21]. Virtual resources refer to the non-physical natural
resources embedded within goods and services, whose cross-regional allocation through
international trade offers a new perspective for resource management [22]. Quantifying
these virtual resource flows can inform the design of trade policies and enhance the effi-
ciency of global resource allocation [23].

Cultivated land serves as the essential material foundation for grain production, and
its growing scarcity has given rise to the strategy of virtual land. This strategy facilitates
the cross-border transfer of cultivated land resources through the import of land-intensive
products [24,25]. As a country with relatively scarce cultivated land per capita (only about
0.107 ha/person), China’s expanding grain imports essentially represent a form of virtual
land trade that alleviates domestic pressure on land resources and supports its rapid ur-
banization process. Research indicates that increased grain imports directly drive inflows
of virtual land, creating a “spatial substitution of cultivated land” effect [26]. This substi-
tution mechanism not only conserves domestic land resources but also reduces pollution
associated with intensive farming by curtailing local production activities [27].

From the perspective of cultivated land constraints, China’s rapid economic devel-
opment has intensified competition for land resources. As a fundamental and strategic
asset, cultivated land faces increasing risk of being diverted to non-agricultural uses [22],
threatening the stability of agricultural ecosystems and national food security [10]. The
virtual land strategy addresses this by reconfiguring global land allocation through trade.
For importing countries, it frees up domestic land for higher-value industries, enhancing
land-use efficiency [28]. For exporting countries with abundant land resources, it gener-
ates export revenues that facilitate industrial upgrading [5]. During China’s urbanization,
the inflow of virtual land has effectively compensated for land allocated to infrastructure
and industrial development [29], thereby alleviating pressure on domestic cultivated land
while simultaneously meeting residents’ growing and diversified consumption demands.
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Virtual land flows driven by grain imports exhibit distinct spatial heterogeneity and
may have nonlinear effects on cultivated land pressure through variations in trade vol-
ume, product structure, and regional land endowments. Specifically, coastal developed
provinces benefit from greater domestic cultivated land substitution effects due to trade
advantages, resulting in more substantial land-saving effects compared to less developed
inland regions [25,30]. Moreover, imports of land-intensive products, such as soybeans
and corn, alleviate cultivated land pressure more effectively than imports of less land-
intensive products, such as rice. This spatial heterogeneity implies that regions with
stronger domestic cultivated land substitution effects experience more pronounced land-
saving effects, greater conservation of domestic cultivated land resources, and stronger
mitigation of cultivated land pressure. Therefore, policy interventions should account for
these regional disparities rather than adopting a one-size-fits-all approach.

Existing research has made substantial progress in assessing the welfare effects of
virtual land trade, measuring cultivated land pressure, and exploring the resource substi-
tution mechanism of grain imports. Nevertheless, three limitations remain. First, most
studies treat virtual land trade and cultivated land pressure as separate analytical topics,
and few establish a quantitative linkage between virtual land inflows and the pressure
faced by domestic cultivated land systems. This weakens the theoretical explanation of
how virtual resource flows reshape land-use constraints in land-scarce importing coun-
tries. Second, existing studies insufficiently explain regional heterogeneity in the land-
saving effect of grain imports, especially the differences between production zones, north-
ern and southern regions, and major and non-major grain-producing areas. Third, many
studies rely on static or cross-sectional evidence, making it difficult to capture the dynamic
evolution of virtual land, cultivated land pressure, and trade-related substitution effects
under changing productivity and trade patterns.

The novelty and theoretical contribution of this study are threefold. First, this study
extends virtual resource flow theory from the measurement of embodied land resources
to the explanation of domestic cultivated land pressure. By defining grain import substi-
tution as the equivalent cultivated land that China would otherwise need for domestic
production, the analysis clarifies the mechanism through which international grain trade
relaxes land constraints in importing regions. Second, this study improves the conven-
tional cultivated land pressure index by incorporating a standardized coefficient of culti-
vated land productivity, thereby integrating land quantity, land quality, cropping inten-
sity, and regional production capacity into one analytical framework. This provides a
more accurate basis for evaluating land pressure in regions with heterogeneous natural
and technological conditions. Third, by combining a two-way fixed effects model with
spatial econometric analysis, this study identifies both heterogeneous regional effects and
spatial spillovers of grain import substitution. These contributions move the literature be-
yond the traditional focus on supply—demand balance and consumer welfare, and toward
a broader understanding of how trade-induced virtual land flows affect the sustainable
allocation of cultivated land resources. The results provide evidence for differentiated
grain import strategies, regional land management, and food-security policies under cul-
tivated land constraints.

2. Materials and Methods
2.1. Study Area

This study covers 30 provincial-level regions in mainland China from 2003 to 2020,
excluding Hong Kong, Macao, Taiwan, and Tibet due to data limitations. The study area
spans a wide range of natural conditions, featuring a transition from plateau and moun-
tain landforms in the west to extensive alluvial plains in the east. These topographic gra-
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dients, together with temperate to subtropical monsoon climates, shape distinct agricul-
tural resource endowments. Major soil types—including black soils in Northeast China,
alluvial soils in the Huang-Huai-Hai Plain, and red-yellow soils in the southern hilly
zones —result in significant regional differences in cultivated land productivity. China has
approximately 120 million hectares of cultivated land, with per capita availability of only
0.08 hectares, far below the world average. Rapid urbanization and industrial expansion
in eastern and southern provinces have intensified land competition, contributing to per-
sistently high cultivated land pressure. Regional disparities in land endowments and so-
cioeconomic development are closely linked to differences in grain import reliance [3].
These pronounced spatial differences in natural resource conditions, land-use structures,
and grain import dependence provide the essential context for assessing how grain import
substitution influences cultivated land pressure across heterogeneous regions.

2.2. Calculation of Virtual Land for China’s Grain Imports

The concept of virtual land can be interpreted from different perspectives. One ap-
proach measures the actual cultivated land embedded in grain production within export-
ing countries, while another evaluates the amount of domestic cultivated land that would
be required to produce the same quantity of grain in the importing country. This study
adopts the second approach, namely the domestic land substitution perspective. Specifi-
cally, the virtual land associated with grain imports is defined as the amount of cultivated
land that China would need in order to domestically produce the imported grain quantity
under China’s own production conditions. Therefore, the calculated virtual land indicator
reflects the cultivated land-saving effect of grain imports for China, rather than the actual
cultivated land used in exporting countries. Because this study focuses on the production-
side impact of grain import trade, we adopt the production-side approach to estimate the
virtual land content of grain crops based on the actual cultivated land resources used in
the production process across provinces (referring to Ye et al. [8]). The specific formula is
as follows:

Aland,, = FS., | FP, 1)

z,it z,it

In Equation (1), Aland-i denotes the virtual land content per unit of grain crop, rep-
resenting the virtual land content for one unit of crop z in region i during year f; FS:
indicates the planted area of crop z in region i during year f; and FP- signifies the yield
of crop z in region i during year ¢. The virtual land associated with grain imports is then
calculated as follows:

Viand,, = Aland_, / IM_, (2)

z,it

In Equation (2), Viand..i: represents the net domestic cultivated land substitution effect
associated with trade in crop z in region i during year t. It is calculated based on net grain
imports (imports minus exports) multiplied by the corresponding virtual land coefficient.
Therefore, positive values indicate net inflows of virtual land through trade, while nega-
tive values indicate net outflows of virtual land, meaning that the region is a net exporter
of grain products. Vland: quantitatively characterizes the resource substitution effect in-
duced by grain imports in region i during year t.

Accordingly, the estimated virtual land should be interpreted as the equivalent
amount of cultivated land that would have been required for domestic grain production
in China, rather than the actual cultivated land embodied in grain production within ex-
porting countries. In some years, the estimated net domestic cultivated land substitution
effect is negative because exports exceeded imports for certain grain products. In such
cases, the negative value represents a net outflow of virtual land embodied in grain trade.
The provincial grain import data used in this study are obtained from China Customs
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Statistics/Ministry of Agriculture and Rural Affairs of China. The provincial attribution is
based on the reported domestic destination of imported grain rather than the port of entry
or the registered location of the importing enterprise. Therefore, the import variable is
interpreted as the quantity of grain imports assigned to the province of reported destina-
tion.

2.3. Method for Calculating Cultivated Land Pressure for Grain Production

This study uses the cultivated land pressure index, which is calculated as follows:

S, Bx[G,/(p,xq,xk,)]

K, =z = 3
“ =g ®)

ait ait

In Equation (3), Ki represents the cultivated land pressure index for grain production
in region i during year ¢; Sminit denotes the minimum per capita cultivated land area (hec-
tares/person) in region i during year ¢, i.e., the minimum per capita cultivated land area
required to ensure food security; Sar refers to the actual per capita cultivated land area
(hectares/person);  indicates the grain self-sufficiency rate (%) for each region, calculated
as total grain output divided by grain consumption; Gr denotes per capita grain demand
(kg/person); pir represents grain yield per unit area (kg/ha) in region i during year ¢; gi
indicates the ratio of grain cultivated land area to total crop cultivated land area in region
i during year t; and ki signifies the cropping intensity index in region i during year ¢, i.e.,
the ratio of total crop cultivated land area to total cultivated land area. Equation (3) shows
that, at a given grain self-sufficiency rate and per capita grain demand, Swi» depends on p
x q x k—the efficiency level of cultivated land resource utilization. Higher efficiency yields
lower minimum per capita cultivated land area. The cultivated land pressure index for
grain production, characterized by the ratio of minimum per capita cultivated land area
to the actual per capita cultivated land area, reflects regional cultivated land scarcity to a
certain extent.

However, the conventional method for calculating the cultivated land pressure index
has a limitation: it fails to account for regional variations in land quality. To address this
issue, this study introduces a standard coefficient of cultivated land productivity to meas-
ure these qualitative differences, and the index is accordingly adjusted. The corrected for-
mula is as follows:

K.
K. =—t
sit z, 4)
xk
Gl-t — plt it (5)
p, ¥k,

In Equations (4) and (5), Ksit denotes the adjusted cultivated land pressure index for
grain production for region i in year t; oit represents the standard coefficient of cultivated
land productivity for region i in year ¢; Px signifies the national average grain yield per
unit area (kg/ha); and K indicates the national average cropping intensity index. The ad-
justed cultivated land pressure index for grain production depends on two aspects: culti-
vated land utilization efficiency and differences in cultivated land quality. It also reflects
regional disparities in grain production technology. A higher cultivated land pressure in-
dex for grain production indicates relatively scarce cultivated land resources in the region,
while a lower index suggests relatively abundant cultivated land resources. Based on the
calculated cultivated land pressure index for grain production in each provincial-level
administrative region, the pressure levels are classified into four stages: safe-pressure
stage (0 < Ks <£0.9), mild-pressure stage (0.9 < Ks < 1), moderate-pressure stage (1 < Ks < 2),
and high-pressure stage (Ks > 2). Data on grain production, sown area, cultivated land,
population and socioeconomic control variables were obtained from the China Statistical
Yearbook, China Rural Statistical Yearbook, and provincial statistical yearbooks.
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2.4. Model Specification for the Impact of Grain Import Substitution on Cultivated
Land Pressure

2.4.1. Variable

Based on the theoretical framework of virtual resource flows and the existing litera-
ture on cultivated land pressure, land-use change, and grain trade, this study selects the
dependent variable, independent variable, instrumental variable, and control variables as
follows. The variable selection is intended to capture both the direct land-saving effect of
grain imports and other socioeconomic, technological, and environmental factors that
may influence cultivated land pressure. The specific variables, indicators, and measure-
ment methods are reported in Table 1.

Dependent variable: Cultivated land pressure for grain production. This study uses
the modified cultivated land pressure index for grain production as the dependent varia-
ble. The selection of this variable is grounded in the literature on cultivated land pressure,
land carrying capacity, and food security. Existing studies commonly regard cultivated
land pressure as an important indicator for evaluating whether available cultivated land
resources can meet grain production and food security requirements. For example, Li et
al. [17] used a modified cultivated land pressure index to examine the spatiotemporal pat-
tern of cultivated land pressure and its influencing factors, indicating that this index is
suitable for measuring the tension between cultivated land availability and grain produc-
tion demand. Kang et al. [31] also applied the cultivated land pressure index to analyze
the relationship between urbanization and food security, further confirming its relevance
for evaluating regional land—food security interactions. In the conventional formulation,
the cultivated land pressure index is calculated as the ratio of the minimum per capita
cultivated land area required for grain production to the actual per capita cultivated land
area. A higher value indicates that actual cultivated land resources are insufficient relative
to grain production requirements, while a lower value suggests weaker cultivated land
pressure. However, the conventional index mainly reflects cultivated land quantity and
does not fully capture regional differences in cultivated land quality and production ca-
pacity. This limitation is particularly important in China, where provinces differ greatly
in soil conditions, grain yield, multiple-cropping potential, agricultural technology, and
land-use intensity. To address this limitation, this study introduces a standardized coeffi-
cient of cultivated land productivity to modify the conventional cultivated land pressure
index. The modified index incorporates grain yield and cropping intensity, thereby re-
flecting not only cultivated land quantity, but also land quality, land-use efficiency, and
regional grain production capacity. This treatment is consistent with studies emphasizing
that land carrying capacity and cultivated land pressure should be evaluated from an in-
tegrated perspective of land quantity, production capacity, and land-use intensity. For
instance, Yan et al. [32] showed that land-use intensity has important impacts on land
carrying capacity in China, suggesting that cultivated land evaluation should consider not
only land area but also utilization intensity and productive capacity. Therefore, the mod-
ified cultivated land pressure index is an appropriate dependent variable for examining
whether grain import substitution can alleviate cultivated land pressure across Chinese
provinces.

Independent variable: Grain import substitution. This study selects grain import
substitution as the independent variable and measures it by the domestic land-equivalent
virtual land associated with grain imports. This variable is selected because it directly re-
flects the theoretical mechanism through which grain trade may alleviate cultivated land
pressure. The virtual land literature shows that agricultural trade can transfer land re-
sources embodied in traded products across regions, thereby changing the spatial alloca-
tion of land use. Qiang et al. [33] measured the virtual land use embodied in China’s crop
trade and showed that China’s growing crop imports were accompanied by increasing
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net virtual land inflows. Zhang et al. [34] further demonstrated that international cereal
trade can generate virtual land flows and land-saving effects, especially for land-scarce
importing countries. These studies provide a theoretical and empirical basis for using vir-
tual land embodied in grain imports to represent the land-resource substitution effect of
agricultural trade. In this study, grain import substitution is defined from the perspective
of domestic cultivated land substitution rather than actual land use in exporting countries.
Specifically, it refers to the amount of cultivated land that China would need to produce
the imported grain domestically under China’s own production conditions. This treat-
ment is consistent with studies emphasizing that agricultural trade can displace domestic
land use and generate land-saving effects by importing land-intensive agricultural prod-
ucts. Tian et al. [35] showed that China’s land consumption has increasingly been dis-
placed to other parts of the world through virtual land trade, while Qiang et al. [27] found
that global agricultural trade can induce land savings when trade flows are associated
with differences in crop productivity across countries. Therefore, compared with physical
import volume or import value, the domestic land-equivalent virtual land indicator more
accurately captures the land-resource implications of grain imports. Operationally, this
study calculates the virtual land content of four major grain crops —rice, wheat, corn, and
soybeans—based on provincial sown area and grain output. The import volume of each
crop is then multiplied by its corresponding virtual land coefficient, and the results are
aggregated to obtain the total domestic land-equivalent substitution effect of grain im-
ports. Positive values indicate a net inflow of virtual land through grain trade, while neg-
ative values indicate a net outflow of virtual land. Recent research on China’s grain trade
also confirms that rice, wheat, corn, and soybeans are key crops for measuring virtual land
resources in China’s grain trade, and that China has experienced significant growth in net
virtual land imports of grain products [5]. Therefore, grain import substitution provides
a theoretically grounded and empirically measurable indicator for examining how grain
trade affects cultivated land pressure across Chinese provinces.

Instrumental variable: China’s grain prices. This study uses the grain retail price in-
dex as a proxy for China’s grain prices and adopts it as an instrumental variable for grain
import substitution. This strategy is introduced because the relationship between grain
import substitution and cultivated land pressure may suffer from endogeneity, including
reverse causality, omitted variables, and measurement error. The grain retail price index
is selected because grain prices are closely related to grain import behavior and the scale
of grain import substitution. Existing studies have shown that domestic production costs
and world market prices are important determinants of China’s grain imports and self-
sufficiency [36]. Studies on agricultural price transmission further indicate that China’s
agricultural markets are linked with world commodity markets, and that price changes
can influence domestic market adjustment through trade channels [37]. Since grain import
substitution in this study is calculated by multiplying grain import volume by the corre-
sponding virtual land coefficient, grain prices are theoretically correlated with the domes-
tic land-equivalent substitution effect generated by imports. Therefore, the grain retail
price index satisfies the relevance condition of an instrumental variable. Regarding the
exclusion restriction, cultivated land pressure is mainly determined by grain demand, ac-
tual cultivated land availability, land productivity, cropping intensity, agricultural inputs,
construction land expansion, economic structure, technological conditions, and environ-
mental regulation. After controlling for these factors, as well as province and year fixed
effects, the direct effect of grain prices on provincial cultivated land pressure is expected
to be limited, while their main role is to affect cultivated land pressure through grain im-
port substitution. Nevertheless, because grain prices may theoretically influence domestic
production incentives, the instrumental variable results are interpreted together with the
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baseline fixed effects estimates and robustness tests to reduce potential endogeneity con-
cerns.

Control variable: In addition to grain import substitution, cultivated land pressure
may also be affected by agricultural input intensity, land-use structure, economic devel-
opment, cropping structure, technological conditions, and environmental governance.
Therefore, following previous studies on cultivated land use efficiency, land-use change,
agricultural production, and environmental governance, this study includes six control
variables: pesticide and fertilizer application intensity per unit of cultivated land, propor-
tion of village construction land, industrial economic structure, degree of crop specializa-
tion, technological environment, and regional environmental governance intensity. Pesti-
cide and fertilizer application intensity per unit of cultivated land is included to control
for agricultural chemical input intensity. Chemical inputs can increase crop yields and
improve short-term land productivity, but excessive use may also cause agricultural non-
point source pollution and reduce the sustainability of cultivated land use [38]. The pro-
portion of village construction land is used to capture the pressure of construction land
expansion on cultivated land resources, since urbanization and rural construction land
growth can reduce agricultural land availability and intensify land-use competition [39].
Industrial economic structure is included because industrialization and the expansion of
secondary and tertiary industries can change land allocation, labor allocation, and re-
gional demand for cultivated land [40]. The degree of crop specialization is included to
reflect differences in agricultural production structure and planting organization, which
may affect land-use intensity, production efficiency, and grain production stability. The
technological environment is included because technological progress can improve grain
yield and cultivated land use efficiency, thereby reducing the cultivated land required per
unit of grain output [41]. Regional environmental governance intensity is included be-
cause the overall environmental governance environment may influence agricultural pro-
duction behavior, pollution control investment, and the sustainable utilization of culti-
vated land resources [42]. Since environmental pollution control investment may involve
pollution governance in both agricultural and non-agricultural sectors, this variable is in-
terpreted as a proxy for regional environmental governance intensity rather than as a di-
rect measure of agricultural environmental regulation. These control variables help re-
duce omitted-variable bias and allow the estimated coefficient of grain import substitution
to more accurately reflect its association with cultivated land pressure. Based on existing
research concerning factors influencing regional cultivated land resource pressure (e.g.,
Li et al. [43]), this study selects six variables as control variables in the model: pesticide
and fertilizer application intensity per unit of cultivated land, proportion of village con-
struction land, industrial economic structure, degree of crop specialization, technological
environment, and regional environmental governance intensity.

Table 1. Variables and calculation methods for examining the effect of grain import substitution on

cultivated land pressure for grain production.

Variable Cate- Variable Calculation Method Unit

gory

Dependent varia- Cultlvate.d land pre.ssure Calculated value None

ble for grain production

Indepe.ndent var- Grain 1rnp.ort substitu- Calculated value «10° hectares
iable tion

Inst tal -

ns rurlgirllea Ve China’s grain prices Retail price index for grain commodities None
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Fertilizer application volume in each province/National fer-
Pesticide and fertilizer ( . p,p . .. P ) /
application tilizer application volume + Pesticide Usage in each prov- %
pp ince/National pesticide usage) x 100%/2
Proportion of village (Current village land area per province/Total national village o
construction land land area) x 100% ?
Industrial economic  (Secondary industry value added + Tertiary industry value N
. one
Control variable structure added)/Total GDP
Degree of crop speciali- . .
& atiolr31 P Huffman index for wheat, rice, corn, legumes, and tubers None
z
Technological environ-  Technology market transaction volume/Internal R&D ex- None
ment penditure
Environmental regula- Environmental pollution control investment as a percentage o
(o]

tion of GDP

2.4.2. Empirical Model Specification for the Impact of Grain Import Substitution on Cul-
tivated Land Pressure for Grain Production

This study adopts a two-way fixed effects model as the baseline specification. Prov-
ince fixed effects are included to control for time-invariant unobservable regional charac-
teristics, such as natural resource endowments, soil conditions, and long-term agricultural
production patterns. Year fixed effects are incorporated to account for common shocks
over time, such as macroeconomic fluctuations, national agricultural policies, and changes
in grain market conditions. This specification enables us to examine the association be-
tween grain import substitution and cultivated land pressure while controlling for both
regional heterogeneity and year-specific effects. The formula is specified as follows:

| Flsi"s = o+ aFivl + a:Xe. o + 11+ i + & Y>0
Flsi = . (6)
Y it S O
| Flsi"s = o+ aFivlan + X+ i+ @i+ & Y. >0
Flsi = Y. <o 7)
it S

In Equations (6) and (7): Fisi"« is the dependent variable, representing the cultivated
land pressure in region i during year f; Fivl: is the independent variable, representing
grain import substitution in region i during year t; Fivli¢- is the first-order lag term of
grain import substitution; X« is the control variable, representing other factors affecting
cultivated land pressure for grain production in region i during year t, wherez=1, 2, ...,
6 respectively denote six control variables: pesticide and fertilizer application, proportion
of village land use, industrial economic structure, crop planting specialization, technolog-
ical environment, and environmental regulation intensity; o represents the constant term
of the equation; a denotes the coefficients corresponding to each variable; ui represents
the unobservable provincial effects; ¢: denotes the fixed effect of the time trend; and e
represents the random disturbance term. Equation (6) serves as the baseline model for this
study, testing the linear relationship between grain import substitution and cultivated
land pressure. Equation (7) incorporates a lagged term for grain import substitution to
examine the lagged effect of this substitution on cultivated land pressure.

Given the strong interregional linkages in grain production, trade flows, and culti-
vated land utilization across Chinese provinces, changes in grain import substitution in
one region may influence cultivated land pressure in neighboring regions through market
integration, resource reallocation, and production spillovers. Therefore, spatial economet-
ric models are employed to explicitly capture this spatial dependence and the associated
spillover effects.

While the Spatial Durbin Model (SDM) employed in our study effectively captures
spatial dependencies and spillover effects, we acknowledge potential limitations related
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to the choice of spatial weight matrix and endogeneity concerns. To mitigate these, this
study employs an inverse-distance spatial weight matrix to capture the spatial interactions
among provinces. The rationale for using the inverse-distance matrix is that geograph-
ically closer regions tend to exhibit stronger economic linkages, agricultural trade connec-
tions, technological spillovers, and similarities in cultivated land utilization patterns.
Compared with simple contiguity matrices, the inverse-distance matrix better reflects the
continuous decay of spatial interaction intensity with increasing geographic distance,
making it more appropriate for analyzing interprovincial spillover effects in China.

Before estimating the spatial econometric model, this study first employs the global
Moran’s I index to test whether cultivated land pressure exhibits significant spatial auto-
correlation across provinces. A significantly positive Moran’s I statistic indicates that re-
gions with similar levels of cultivated land pressure tend to cluster geographically,
thereby justifying the use of spatial econometric models. The global Moran’s I index for
cultivated land pressure in grain production can be expressed as follows:

iia)ﬂc (Flsi*i —Flsi*a)(Flsi*k —Flsi*a)
Moran | ==& 8)

Sziiam

i=l k=1

In Equation (8), I denotes the exponent; S? represents the variance of Flsi; Flsia de-

notes the mean of Fisi"; wi represents the spatial distance weighting matrix, formed by
weighting the inverse of the spatial distance between province i and province k; and n and
m denote the total number of provinces.

To further examine the spillover effects of grain import substitution on the cultivated
land pressure, this study employs a spatial dynamic panel Durbin model for spatial econ-
ometric analysis. The specific formula is as follows:

Flsi', =a+ pia),.kFlsi*it FWx,, +0Y 0%, P +T, +E, (9)

k=1 k=1
Fisi', =a+ {Flsi*i(H) + pia)ﬂcFlsi*" +wx,, + Gia),kx,'k, +@ +7,+8, (10)
k=1 k=1

where xii: denotes the value of variable [ in province i during year ¢, and xi« denotes the
value of variable [ in province k during year t, with [ =1, 2, ..., 7 denoting grain import
substitution, pesticide and fertilizer application, proportion of village land use, industrial
economic structure, crop planting specialization, technological environment, and envi-
ronmental regulation intensity. p serves as the spatial lag coefficient for cultivated land
pressure for grain production, indicating the spatial correlation of cultivated land pres-
sure for grain production across provinces. ¥ denotes the vector of unknown parameters
for x, representing the direction and magnitude of influence from each explanatory vari-
able on regional cultivated land pressure for grain production. 6, as the spatial lag coeffi-
cient for explanatory variables, indicates the influence of explanatory variables from other
regions on cultivated land pressure for grain production in the current region. ¢: denotes
the regional fixed effect; 7: denotes the time fixed effect; and i represents the random
disturbance term. Additionally, Equation (10) builds upon Equation (9) by incorporating
a first-order lag term for cultivated land pressure for grain production (where C denotes
the coefficient reflecting the impact of the first-order time lag of cultivated land pressure
for grain production on the current period’s pressure), thereby constructing a dynamic
spatial panel Durbin model. This simultaneously examines the spatial and temporal lag
effects of cultivated land pressure for grain production.
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3. Results
3.1. Results of Virtual Land Calculations and Their Spatiotemporal Variation Characteristics
3.1.1. Virtual Land Content in China’s Grain Production

As shown in Table 2, an analysis of the virtual land content for major grain crops in
China (2003-2020) reveals that soybean had the highest content (national average 0.554
ha/t), approximately three times that of rice (0.187 ha/t), while wheat (0.338 ha/t) and
maize (0.197 ha/t) showed intermediate values. Regional distribution patterns were dis-
tinct: soybean content was highest in the Northwest and Huang-Huai-Hai regions (0.436—
0.686 ha/t) and lowest in South China and the Middle-Lower Yangtze regions; wheat con-
tent was highest in South China and the Southwest (0.201-0.498 ha/t) and lowest in the
Northwest and Huang-Huai-Hai regions; and maize exhibited the smallest regional var-
iation (0.161-0.243 ha/t), with higher values in South China and the Southwest and lower
values in the Northeast and Middle-Lower Yangtze regions. These spatial differences are
primarily driven by variations in grain production technology and yield per unit area.

Table 2. Average virtual land content of four major grain crops across China’s major agricultural
regions, 2003-2020 (ha/t).

Region

Soybean Virtual Land Wheat Virtual Land Corn Virtual Land Virtual Rice Paddy

Huang-Huai-Hai Region
Northeast District
South Region
Southwest Region
Middle and Lower Yangtze
River Region
Northwest District
Nationwide

0.594 0.201 0.185 0.184
0.545 0.329 0.164 0.165
0.475 0.498 0.243 0.190
0.585 0.383 0.216 0.197
0.436 0.344 0.208 0.159
0.686 0.272 0.161 0.223
0.554 0.338 0.197 0.187

Note: All grain product units in the table are expressed in hectares per ton.

3.1.2. Temporal Characteristics of Virtual Land Content in China’s Grain Production

As illustrated in Figure 1, the temporal evolution of the national average virtual land
content for four major grain crops exhibits distinct characteristics. Overall, a consistent
declining trend is observed across all crops during the 2003—2020 period, primarily at-
tributable to technological advancements in agricultural production enhancing grain
yield per unit area. For each crop, detailed analysis reveals sustained reductions in virtual
land requirements: the land required for soybeans decreased from 0.641 ha/t to 0.485 ha/t
(24.31% reduction), the land required for wheat declined from 0.374 ha/t to 0.277 ha/t
(25.76% reduction), the land required for rice dropped from 0.212 ha/t to 0.168 ha/t (20.70%
reduction), and the land required for maize fell from 0.226 ha/t to 0.177 ha/t (20.25% re-
duction). These quantitative findings demonstrate significant improvements in land use
efficiency across all major grain categories over the studied timeframe. The observed
trends reflect substantial progress in agricultural productivity, with all crops achieving
approximately 20-26% reductions in virtual land requirements through technological in-
novations and improved cultivation practices.
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Figure 1. Virtual land content of four main food change characteristics in China during 2003-2020.

3.1.3. Spatiotemporal Characteristics of China’s Grain Import Virtual Land
(1) Characteristics of Changes in Virtual Land Associated with China’s Grain Imports

Figure 2 illustrates the scale changes in China’s virtual land for grain imports from
2003 to 2020. The land area surged from 5.84836 million hectares in 2003 to 47.46706 mil-
lion hectares in 2020, representing a staggering increase of 711.630%. This indicates that
China’s four major grain-importing virtual land areas grew rapidly at an annual rate of
approximately 12.34%. Affected by COVID-19-related concerns over domestic food secu-
rity, the virtual land embodied in grain imports increased by 17.06% in 2020 compared
with 2019. Furthermore, the patterns of change in the scale of domestic land-equivalent
imports exhibit distinct differences.

6000 M Wheat Rice Corn Soybean
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Import volume of virtual cultivated
land for grain (10000 hectares)
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Figure 2. Characteristics of changes in China’s virtual land for grain imports from 2003 to 2020.

First, the net domestic cultivated land substitution effect associated with wheat trade
exhibited a pattern of rapid increase, subsequent decline, and gradual recovery. Specifi-
cally, the wheat-related virtual land balance changed from a net outflow of 601,000 hec-
tares in 2003 to a net inflow of 1.6064 million hectares in 2004, indicating that wheat trade
shifted from net virtual land outflow to net domestic cultivated land substitution effect
during this period. It then declined again to a net outflow of 722,320 hectares in 2007,
before gradually increasing to a net inflow of 2.20329 million hectares by 2020. Overall,
the net domestic cultivated land substitution effect embodied in wheat trade increased by
2.80429 million hectares between 2003 and 2020. Second, the virtual land footprint of rice
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imports generally showed a trend of rapid growth followed by a slow decline. It increased
from -456,850 hectares in 2003 to a peak of 555,090 hectares in 2016, before decreasing to
130 hectares in 2020. Third, compared to wheat and rice, the virtual land associated with
corn imports grew at a faster rate, expanding from —2.99911 million hectares in 2003 to
2.93876 million hectares in 2020 —an overall increase of 5.93787 million hectares. Fourth,
soybeans have consistently represented the largest share of China’s domestic land-equiv-
alent imports among grain products. The virtual land footprint of soybean imports grew
rapidly from 9.90533 million hectares in 2003 to 42.32489 million hectares in 2020, repre-
senting a substantial increase of 327.30%.

(2) Regional Variations in China’s Grain Import Virtual Land Areas

As shown in Figure 3, significant regional disparities are observed in the domestic
land-equivalent imports of grain across China from 2003 to 2020. The trend of the national
average domestic land-equivalent imports aligns closely with the patterns observed in the
Huang-Huai-Hai region, Northeast China region, South China region, Southwest China
region, Middle-Lower Yangtze River region, and Northwest China region. Overall, the
national average exhibited a rapid upward trend, increasing from 152,150 hectares in 2003
to 1,464,300 hectares in 2020. The temporal evolution of domestic land-equivalent imports
demonstrates distinct phased characteristics: fluctuations within a narrow range occurred
from 2003 to 2007, followed by a period of rapid growth between 2008 and 2017. In 2018,
a sharp decline of 16.71% was recorded, after which the upward trend resumed.
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Figure 3. Regional differences in virtual land in grain net imports in China during 2003-2020.

Regarding the disparities in the average domestic land-equivalent imports of grain
among provinces across regions, the following characteristics are observed. First, the
South China region recorded the highest level of average domestic land-equivalent im-
ports, showing a fluctuating upward trend. The volume increased rapidly from 843,280
hectares in 2003 to 3,142,460 hectares in 2015, representing a growth of 272.65%, then de-
clined to 2,215,390 hectares in 2018, before rebounding sharply to 3,322,520 hectares in
2020. Second, the Huang-Huai-Hai region maintained a relatively high level of domestic
land-equivalent imports and a steady upward trend, growing consistently from 502,360
hectares in 2003 to 2,744,640 hectares in 2020, equivalent to an increase of 446.40%. Third,
both the Northeast China region and the Middle-Lower Yangtze River region exhibited
moderate levels of domestic land-equivalent imports. The Northeast China region showed
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a steady increase from —681,220 hectares in 2003 to 1,133,680 hectares in 2020, while the
Middle-Lower Yangtze River region experienced a fluctuating rise from 167,420 hectares
in 2003 to 1,174,330 hectares in 2020, a remarkable growth of 601.44%, with notable de-
clines occurring in 2018 and 2019. Fourth, the Southwest China region and Northwest
China region both demonstrated relatively low levels of domestic land-equivalent imports
yet maintained steady growth trends. Southwest China’s imports grew from 61,140 hec-
tares in 2003 to 239,780 hectares in 2020, an increase of 292.18%, while Northwest China’s
imports rose from 19,990 hectares to 170,870 hectares over the same period, an approxi-
mately eightfold expansion.

3.2. Characteristics of Changes in Cultivated Land Pressure for Grain Production

The evolution of China’s cultivated land pressure for grain production from 2003 to
2020 is illustrated in Figure 4. The kernel density distribution shows that most sample
values are concentrated in the range 0 to 3, with the distribution curve characterized by a
high-intensity but short-span peak. Over time, the kernel density of the cultivated land
pressure index initially decreased and then increased, accompanied by the peak shifting
slightly to the left. This pattern indicates that the regional values of cultivated land pres-
sure transitioned from a relatively concentrated distribution to greater dispersion before
reconverging again, alongside a mild downward trend. This phenomenon can be at-
tributed to several factors: the strict implementation of cultivated land protection policies
by provincial-level administrations, which prevented a decline in cultivated land area de-
spite rapid socioeconomic development; the growing volume of grain imports, which par-
tially substituted for domestic cultivated land resources through virtual land trade; and
continuous improvements in grain production efficiency, which alleviate the cultivated
land area required per unit of grain output, collectively alleviating pressure on cultivated
land resources for grain production.
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Figure 4. Kernel density estimation index of cultivated land pressure for grain production, 2003—
2020.

Figure 5 illustrates the average cultivated land pressure for grain production across
various regions from 2003 to 2020, revealing significant regional disparities. Specifically,
the Northeast Region recorded the lowest pressure index, demonstrating a continuous
decline from 1.292 in 2003 to 0.547 in 2020, a reduction of 57.7%. This indicates a transition
from moderate to safe pressure levels, attributable to the region’s relatively slower socio-
economic development, which limited competition for land resources, coupled with abun-
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dant cultivated land endowments. Additionally, the Northeast’s high degree of scale, spe-
cialization, and intensification in grain production, along with significantly higher per-
unit yield compared to other regions, contributed to its consistently low pressure levels.
The Southwest Region exhibited the second-lowest pressure levels, with an index ranging
between 1.001 and 1.627, i.e., persistently in the moderate-pressure stage. Despite rela-
tively limited cultivated land resources, the region experienced low socio-economic en-
croachment on land and modest demand for grain production, resulting in sustained
moderate pressure. In contrast, both the South China and the Middle-Lower Yangtze
River regions transitioned from moderate- to high-pressure stages. South China’s pres-
sure index increased rapidly from 1.240 in 2003 to 2.107 in 2020, a rise of 69.9%, driven by
rapid economic and social development that intensified competition for limited land re-
sources. Similarly, the Middle-Lower Yangtze River region saw its index climb from 1.704
to 2.751, a 61.5% increase, due to rapid industrial and service sector growth, population
expansion, and rising land demand for grain production. The Huang-Huai-Hai and
Northwest regions remained in the high-pressure stage throughout the period. The high-
est pressure index was recorded for Huang-Huai-Hai (averaging 2.617), as this region
combines high economic and population density with being a critical grain-producing
area, leading to intense demand for cultivated land. The Northwest region, with an aver-
age index of 2.370, was in the high-pressure stage, primarily due to a large proportion of
land unsuitable for cultivation and generally scarce cultivated land resources.
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Figure 5. Cultivated land pressure for grain production by region, 2003-2020.

3.3. Empirical Analysis of the Impact of Grain Import Substitution on the Cultivated
Land Pressure
3.3.1. Analysis of Benchmark Regression Results

Table 3 reports the estimation results of the impact of grain import substitution on
cultivated land pressure for grain production. According to the regression results in col-
umn (2), the effect of grain import substitution on cultivated land pressure is statistically
significant at the 1% level, with a coefficient of —0.049. This indicates that for every one-
unit increase in virtual land through grain imports, the cultivated land pressure for grain
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production decreases by 0.049 units. For every 100,000 hectares of virtual land imported,
the cultivated land pressure index decreases by 0.049.

To address potential endogeneity concerns in the model, this study first examines the
validity of the instrumental variable. As shown in the regression results in column (3), the
first-stage F-statistic is 65.86, significantly exceeding the critical value of 10 for weak in-
strument tests, and the Wald test for endogeneity is significant at the 1% level, confirming
that “grain import substitution” is an endogenous variable. These results indicate that
“China’s grain price” is an appropriate instrumental variable for “grain import substitu-
tion.” The two-stage regression results demonstrate that the coefficient of grain import
substitution on cultivated land pressure remains significant at the 1% level, with a value
of —0.106, further supporting the conclusion that grain import substitution effectively al-
leviates cultivated land pressure for grain production.

Furthermore, considering that the mitigating impact of grain import substitution on
regional cultivated land pressure may require a certain amount of time to take effect, we
incorporated the first-order lag term of grain import substitution into the regression. The
results in column (4) indicate that the impact of grain import substitution on cultivated
land pressure remains statistically significant at the 1% level, with a coefficient of —0.032.
This suggests that every increase of 100,000 hectares in virtual land through grain imports
leads to a reduction of 0.032 units in cultivated land pressure in the following year. These
findings demonstrate the existence of a time-lagged effect of grain import substitution on
regional cultivated land pressure for grain production.

Table 3. Baseline regression results of the effect of grain import substitution on cultivated land pres-

sure of grain production.

(9] 2 &) @
Grain import substitution -0.049 *** -0.106 ***
(—6.638) (—4.545)
Grain import substitution first-order -0.032 ***
lag term (-4.746)
Pesticide and fertilizer application -0.840 *** —0.947 *** —1.372 %% -0.780 ***
(-7.264) (-8.092) (-8.589) (-6.802)
Proportion of village construction land 0.220 0.334 ** -0.019 0.210
(1.490) (2.224) (—0.095) (1.503)
Industrial economic structure 3.280 ** 1.646 -0.268 1.842
(2.310) (1.187) (-0.164) (1.378)
Degree of crop specialization 1.712 % 1.525 ** 1.146 1.675 **
(2.202) (2.021) (1.358) (2.350)
Technological environment -0.181 -0.251 ** -0.335 *** -0.154
(-1.498) (-2.172) (-2.701) (-1.326)
Environmental regulation 0.172 0.039 -0.013 0.045
(1.452) (0.338) (-0.093) (0.397)
Time-fixed effect Yes Yes Yes Yes
Individual fixed effects Yes Yes Yes Yes
First-stage F-statistic 65.86
Wald statistic 21.01 ***
Constant term 1.732 3.467 ** 8.077 *** 1.964
(1.228) (2.436) (4.359) (1.456)
Observed values 540 540 540 510

Note: ***, ** indicate significance at the p <1%, p <5% levels, respectively; the numbers in parenthe-

ses represent z-values.
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3.3.2. Robustness Checks

To ensure that the empirical findings are not sensitive to model specification or esti-
mation bias, this study conducts several robustness checks using alternative estimation
methods. First, the PPML estimator is employed to address potential heteroskedasticity
and the presence of zero values in trade-related variables, which may lead to biased esti-
mates in conventional nonlinear models. Second, the FGLS estimator is adopted to ac-
count for heteroskedasticity and serial correlation in panel data, thereby improving esti-
mation efficiency. Third, the PCSE method is used to correct for panel-specific heteroske-
dasticity and contemporaneous cross-sectional dependence, which are common in macro-
panel datasets involving Chinese provinces. Fourth, a non-parametric Bootstrap proce-
dure with 1000 replications is implemented to further examine the statistical stability of
the benchmark estimates without relying heavily on distributional assumptions. The con-
sistency of results across these alternative estimation approaches supports the robustness
of the main findings.

To further validate the robustness of the relationship between grain import substitu-
tion and cultivated land pressure for grain production, this study conducted a series of
robustness checks, including alternative estimation methods and substitution of the ex-
plained variable.

(1) Alternative Estimation Methods

Given the presence of heteroscedasticity in the empirical model examining the im-
pact of grain import substitution on cultivated land pressure, as well as zero trade values
in some grain import samples, the two-way fixed-effects panel model may yield biased
estimates. The results from the PPML, FGLS, and PCSE models, presented in columns (1)
to (3) of Table 4, consistently show a significant negative effect of grain import substitution
on cultivated land pressure, aligning with the baseline regression results. Additionally, a
non-parametric Bootstrap approach (with 1000 replications) was employed to further test
the robustness of the baseline model. As shown in column (4) of Table 4, the non-para-
metric estimation confirms that grain import substitution has a statistically significant
negative impact on cultivated land pressure at the 1% level, with a coefficient of —0.049.
This reaffirms that grain import substitution effectively alleviates cultivated land pressure
and demonstrates the overall robustness of the baseline regression results.

Table 4. Robustness tests of the effect of grain import substitution on cultivated land pressure of

grain production.

@) @) 3 @
Grain import substitution -0.019 *** —0.042 = —0.041 *** —0.049 ***
(-3.129) (-5.348) (—4.702) (-5.088)
Pesticide and fertilizer application —0.245 *** -0.424 *** -0.402 *** —0.947 ***
(—7.448) (-2.733) (—4.892) (—6.435)
Proportion of village construction land 0.060 * 0.064 0.030 0.334 ***
(1.818) (0.428) (0.351) (2.961)
Industrial economic structure 2.782 *** 0.462 3.491 *** 1.646
(6.189) (0.414) (2.721) (0.985)
Degree of crop specialization 0.795 *** 0.775 1.188 ** 1.525
(3.647) (1.577) (2.240) (1.336)
Technological environment 0.220 *** 0.127 0.317 -0.251 *
(5.222) (0.948) (1.634) (-1.933)
Environmental regulation -0.201 *** -0.057 -0.139 0.039
(—4.014) (-0.551) (-1.358) (0.407)
Time-fixed effect No Yes Yes Yes
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Individual fixed effects No No Yes Yes
Constant term —-1.356 *** 0.000 1.034 3.467 **
(=3.111) (0.000) (0.899) (2.069)

Observed values 540 510 540 540

Note: ***,** and * indicate significance at the 1%, 5%, and 10% levels, respectively; the numbers in
parentheses represent z-values; models (1) to (4) correspond to PPML, FGLS, PCSE, and Bootstrap

(1000 iterations), respectively.

(2) Alternative Dependent Variable

In the baseline regression model, the explained variable “cultivated land pressure for
grain production” is measured using the modified cultivated land pressure index method.
Compared with conventional methods, this modified approach incorporates regional het-
erogeneity in cultivated land quality —a key determinant of grain yield —enhancing the
theoretical soundness of the indicator. However, it fails to fully account for the pressure
exerted on regional cultivated land resources by economic, social, and ecological factors,
limiting its ability to comprehensively reflect actual pressure levels. To address this gap,
this study constructs a comprehensive evaluation system based on four dimensions: cul-
tivated land resources, economic development, social structure, and ecological conditions.
The entropy-weighted TOPSIS method (referencing Li et al. [43]) is employed to quantify
regional endowments. By integrating the evaluated regional disparities as weights into
the measurement framework, this study aims to more authentically, accurately, and rea-
sonably capture the actual cultivated land pressure imposed by grain production across
regions. The specific formula is as follows:

szit = L (11)

O-it x LRCit
LRCi denotes the cultivated land resource pressure index, calculated with reference
to the entropy-weighted TOPSIS method [43]. Specifically, this study introduces a “mod-
ified and regionally weighted cultivated land pressure index” as an alternative explained
variable to replace the “modified cultivated land pressure index.” The corresponding es-

timation results are presented in Table 5.

Table 5. Robustness tests of replacement variables.

1) 2 3 @
o I -0.067 *** -0.155 ***
Grain import substitution (-4.579) (-3.342)
Grain import substitution first-order lag term ~0.054 7
(-3.613)
Pesticide and fertilizer application -0.955 *** -1.073 *** -1.476 *** -1.088 ***
(—4.237) (—4.766) (—4.657) (—4.416)
Proportion of village construction land -0.076 0.095 -0.097 0.087
(-0.255) (0.319) (-0.239) (0.284)
Industrial economic structure 0.990 -1.317 -5.604 * -0.403
(0.352) (—0.470) (-1.731) (-0.136)
Degree of crop specialization 3.964 *** 3.664 ** 2.722 3.936 **
(2.579) (2.418) (1.625) (2.510)
Technological environment 0.408 * 0.322 0.162 0.422 %
(1.730) (1.394) (0.658) (1.666)
Environmental regulation 0.157 -0.037 -0.184 0.062
(0.680) (-0.158) (—0.690) (0.253)
Time-fixed effect Yes Yes Yes Yes
Individual fixed effects Yes Yes Yes Yes
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First-stage F-statistic
Wald statistic
Constant term

Observed values

65.86
11.49 **
4507 6.818 ** 13.267 5.557 *
(1.612) (2.413) (3.609) (1.877)
540 540 540 510

Note: ***, ** and * indicate significance at the p < 1%, p <5%, and p < 10% levels, respectively; the

numbers in parentheses represent z-values.

According to the values in columns (2) to (4), the coefficient of the impact of grain
import substitution on cultivated land pressure for grain production remains significantly
negative compared to the baseline regression results. The findings from both the instru-
mental variable approach and the one-period lagged regression are also consistent with
the baseline model, indicating that the baseline regression results are generally robust.

3.3.3. Heterogeneity Analysis
(1) Heterogeneity between Northern and Southern Regions

To further examine the regional heterogeneity in the impact of grain import substi-
tution on cultivated land pressure for grain production, the sample was divided into
northern and southern regions based on geographical characteristics; the regression re-
sults are presented in Table 6. The results for the northern region, shown in columns (1)
to (4), consistently indicate a significant negative effect of grain import substitution on
cultivated land pressure, which aligns with the full-sample regression results. Similarly,
the results for the southern region, reported in columns (5) to (8), also demonstrate a sta-
tistically significant negative relationship between grain import substitution and culti-
vated land pressure.

Table 6. A test of heterogeneity in the effect of grain import substitution on cultivated land pressure
for grain production in the North and South.

Northern Region Southern Region
1) 2) 3) 4) (5) (6) (7) (8)
Grain import substi- -0.109 == -0.161 ** -0.015*%  -0.044 ***
tution
oot (-7278)  (-2.153) (-3.024)  (-4.757)
Grain import substi- -0.073 *** -0.009 **
tution first-order lag (=5.080) (-2.426)
term
Pesticide and ferti- ) o svwe 5190 p00g ™ —1200%% 0340 -0357 "% 0489 ** -0.328 ***
lizer application
(-5265)  (-7.034)  (-4.974)  (-5508)  (-3.716) (-3.875)  (-3.838)  (-4.143)
Proportion of vil-
lage construction  0.253 0.364 -0.338 0.264 0060  -0.034 ~0.093 ~0.052
land
0920)  (1.093)  (-0.966) (0.858)  (-0.538)  (-0.299)  (-0.564)  (—0.546)
Industrial economic ) . 0.233 ~1.640 1325  -3701% -3979%%* _5068** _35]6 %
structure
1.964)  (0.111)  (-0.479) 0.623)  (-2572) (-2.811)  (-3.142)  (-3.118)
D f -
CETeC OLCIOP SPE™ g gygwsx 10,940 **  11.921 %%  12474**  1.099*  1.004 ** 0729  0.962 ***
cialization
(3.514)  (4.002) (3.954) (4.174) (2.525) (2.332) (1.466) (2.818)
Technological envi- ) ;) ~0.049 ~0.067 0.134 0.206 0.197 0.149 ~0.124

ronment
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(0.601) (-0.292) (-0.351) (0.785)
Environmentalreg- Gy ws 319+ 0.317 0.340 *
ulation
(3.146) (1.776) (1.206) (1.836)
Time-fixed effect Yes Yes Yes Yes
Individual fixed ef- Yes Yes Yes Yes
fects
F 1rst—stag‘e F-statis- 10.23
tic
Wald statistic 3.73%
Constant term -1.331 3.178 7.818 % -0.463
(-0.537) (1.221) (1.825) (-0.185)
Observed values 270 270 270 255

(1.449) (1.413) (0.956) (-1.002)
-0.233*  -0.264 ** —0.289 ** -0.115
(-1.932) (-2.231) (-2.178) (-1.216)

Yes Yes Yes Yes
Yes Yes Yes Yes
128.26
26.95 ***
6.080 ***  6.439 *** 8.427 *** 5.673 ***
(4.664) (4.951) (5.711) (5.444)
270 270 270 255

Note: ***, ** and * indicate significance at the p <1%, p <5%, and p < 10% levels, respectively; the

numbers in parentheses represent z-values.

(2) Heterogeneity between Major and Non-Major Grain-Producing Regions

Furthermore, significant differences may exist in grain production characteristics be-

tween major and non-major grain-producing areas. To examine this, the sample was di-

vided into these two categories based on the production characteristics of the regions; the

results are shown in Table 7. The regression results for major grain-producing areas (col-

umns 1-4) consistently show that grain import substitution alleviates cultivated land pres-

sure, a finding similar to the full-sample results (except for variations in coefficient mag-

nitude). In contrast, the results for non-major grain-producing areas (columns 5-8) indi-

cate grain import substitution does not significantly influence cultivated land pressure.

This partial divergence from the full-sample results suggests that the mitigating effect of

grain import substitution on cultivated land pressure is more pronounced in major grain-

producing areas than in non-major producing regions.

Table 7. A test of heterogeneity in the effect of grain import substitution on cultivated land pressure

for grain production in different production areas.

Major Grain-Producing Regions

Non-Grain-Producing Regions

e)) (2 3 4) (5) (6) ) ®
Grain import sub- -0.032 ***  —0.108 *** -0.003 -0.098
stitution (-2.841)  (-5.246) (-0.233)  (-0.954)
Grain import sub- -0.013 * -0.008
stitution first-order (-1.701) (~0.610)
lag term
Pesticide and ferti-- ) o) s g opgwer  _1713%% 0495+ —1212%% -1209%% —1242%% 1133
lizer application
(-4.862)  (-4.077)  (-8.684)  (-3.835)  (-4.862)  (-4.840)  (-3.834)  (-4.364)
Proportion of vil-
lage construction ~ 0.282 % 0.263 -0.261 0.210* 0.348 0.364 1.011 0.325
land
(1.930)  (1.353) (-1.182) (1.793) (1.157)  (1.180)  (0.768)  (1.047)
Industrialeco- oy 3005+ 0272 2633* 3709 3.713 2746 4240%
nomic structure
(2.540)  (1.792) (-0.126) (1.773) (1.623)  (1.625)  (0.985)  (1.825)
Degree of crop spe- -0.435 0.817 7.013 ** -1.327 1.993 ** 1.973 ** 0.640 2.012**
cialization (-0.271)  (0.325) (2.419) (-1.198)  (2.231)  (2.196)  (0.479)  (2.288)
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Technological envi-
-0.800 *** -0.836 ***  -0.715***  —-0.601 *** 0.080 0.078 —0.051 0.016
ronment
(-3.727) (-3.927) (-3.024) (-3.290) (0.534) (0.516) (-0.299) (0.103)
Environmentalreg o 155 19 0264 0091 0011 0017 0145  0.052
ulation
(0.699) (0.083) (-0.966) (-0.479) (-0.077) (-0.116) (-0.519) (0.340)
Time-fixed effect Yes Yes Yes Yes Yes Yes Yes Yes
Individual fixed ef-
Yes Yes Yes Yes Yes Yes Yes Yes
fects
Flrst—stag.e F-statis- .03 6.87
tic
Wald statistic 34.37 *** 1.04
Constant term 1.554 3.733 % 11.254 *** 1.755 1.260 1.237 1.628 -0.368
(0.870) (1.684) (3.797) (1.181) (0.579) (0.568) (0.509) (-0.164)
Observed values 234 234 221 306 306 306 289

Note: ***, ** and * indicate significance at the p < 1%, p < 5%, and p < 10% levels, respectively; the

numbers in parentheses represent z-values.

Before estimating the spatial Durbin model, the presence of spatial dependence was
examined using the global Moran’s I statistic. Table 8 shows that, from 2003 to 2020, the
pressure on land used for grain production across 30 provincial-level administrative re-
gions in China exhibited a strong positive global spatial correlation, indicating significant
spatial clustering. In other words, provinces with higher cultivated land pressure tended
to cluster together, while provinces with lower pressure tended to be adjacent to one an-
other.

Table 8. Spatially autocorrelated Moran’s I index for land stress of food production.

Dist

Year Distance Weight Year Distance Weight Year 8 -a nee

Weight
2003 0.219 *** 2009 0.224 *** 2015 0.170 ***
2004 0.259 *** 2010 0.234 *** 2016 0.163 ***
2005 0.333 *** 2011 0.278 *** 2017 0.077 *
2006 0.261 *** 2012 0.297 *** 2018 0.078 **
2007 0.274 *** 2013 0.230 *** 2019 -0.010
2008 0.158 ** 2014 0.169 *** 2020 0.041

Note: ***, ** and * indicate significance at the p <1%, p < 5%, and p < 10% levels, respectively; the

numbers in parentheses represent z-values.

Before estimating the spatial Durbin model, this study further conducted model-se-
lection tests to determine the appropriate spatial econometric specification. The LM-lag
and LM-error tests were used to examine whether spatial lag dependence or spatial error
dependence was present. Robust LM tests were then used to further distinguish between
these two forms of spatial dependence. In addition, Wald and LR tests were conducted to
examine whether the spatial Durbin model could be simplified into a spatial lag model or
a spatial error model. The test results support the use of the spatial Durbin model, indi-
cating that both the spatial dependence of cultivated land pressure and the spatial spillo-
vers of explanatory variables should be considered.

As shown in column (1) of Table 9, the spatial lag term of cultivated land pressure in
the dynamically spatial panel Durbin model —estimated with the inverse distance weight
matrix—has a coefficient of 0.601, which is significant at the 1% level. This indicates a

https://doi.org/10.3390/land 15071194


https://doi.org/10.3390/land15071194

Land 2026, 15, 1194

23 of 35

positive spatial spillover effect in cultivated land pressure among regions, further con-
firming the spatial dependence of cultivated land pressure for grain production. Addi-
tionally, the coefficient for the impact of grain import substitution on cultivated land pres-
sure is —0.026, which is also significant at the 1% level. According to the estimation results
in column (2), the coefficient for the impact of grain import substitution in other regions
on local cultivated land pressure is —0.040, which is also statistically significant at the 1%
level. These results demonstrate that models ignoring spatial effects tend to underestimate
the negative impact of grain import substitution on local cultivated land pressure.

Table 9. A spatial Durbin model of the effect of grain import substitution on cultivated land pressure

for grain production.

eY) (2)
Cultivated land Pressure for Grain Production first-order 0.601 ***
lag term (18.803)
Grain import substitution -0.026 *** -0.040 **
(-4.756) (-2.518)
Pesticide and fertilizer application -0.217 ** -0.590 **
(-1.963) (-2.100)
Proportion of village construction land 0.021 -0.294
(0.154) (-0.741)
Industrial economic structure -0.072 -0.337
(-0.072) (-0.122)
Degree of crop specialization 0685 ~0.265
(1.289) (-0.173)
Technological environment 0.017 -0.058
(0.200) (-0.297)
Environmental regulation -0.053 —0.840 ***
(-0.644) (-3.291)
Observed values 510 510

Note: ***, ** indicate significance at the p <1%, p <5% levels, respectively; the numbers in parenthe-
ses represent z-values. Standard errors, z-statistics, exact p-values, and 95% confidence intervals are
reported for the main coefficients. The baseline spatial specification uses the inverse-distance spatial
weight matrix. Province and year fixed effects are included. Moran’s I statistics are reported in Table
8. Model-selection tests, including LM, robust LM, Wald, and LR tests, support the use of the spatial
Durbin model. Robustness checks using alternative spatial weight matrices are reported to examine

the sensitivity of the spatial estimates.

Using the partial differentiation method, the estimated coefficients were further de-
composed into direct, indirect, and total effects, with the dynamic spatial panel Durbin
model distinguishing these effects into short- and long-term categories, as shown in Table
10. From the decomposition results of the direct effects, column (1) indicates that the short-
term direct effect of grain import substitution on cultivated land pressure is significant at
the 1% level, with a coefficient of —-0.026. This suggests that, after accounting for feedback
effects (i.e., including the impact of local grain import substitution on the cultivated land
pressure in neighboring regions, which in turn affects local pressure), a one-unit increase
in virtual land from grain imports in a given region alleviates local cultivated land pres-
sure by 0.026 units in the short term. Column (4) shows that the long-term direct effect is
also significant at the 1% level, with a coefficient of -0.063, implying that the same one-
unit increase in domestic land-equivalent imports leads to a long-term reduction of 0.063
units in local cultivated land pressure. These results demonstrate that the long-term direct
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effect of grain import substitution on alleviating cultivated land pressure is greater than
the short-term direct effect.

Based on the decomposition results of the indirect effects, column (2) shows that the
short-term indirect effect of grain import substitution on cultivated land pressure is sig-
nificant at the 5% level with a coefficient of —0.036, indicating that a one-unit increase in
virtual land from grain imports in a given region alleviates cultivated land pressure in
neighboring regions by 0.036 units in the short term. Column (5) reveals that the long-
term indirect effect is also significant at the 5% level with a coefficient of —0.079, meaning
that the same one-unit increase leads to a long-term reduction of 0.079 units in neighbor-
ing regions’ cultivated land pressure. These results demonstrate that the long-term indi-
rect effect of grain import substitution on cultivated land pressure is stronger than the
short-term indirect effect.

From the decomposition results of the total effects, Column (3) shows that the short-
term total effect of grain import substitution on the pressure of land use for grain produc-
tion is also significant at the 1% level, with a coefficient of -0.061. This means that a one-
unit increase in the virtual land associated with grain imports in the local region alleviates
the pressure on land use for grain production in both the local and adjacent regions by
0.061 units. Column (6) indicates that the long-term total effect of grain import substitu-
tion on the pressure of land use for grain production also passes the significance test at
the 1% level, with a coefficient of -0.142. This implies that a one-unit increase in the virtual
land from grain imports in the local region alleviates the pressure on land use for grain
production in both the local and adjacent regions by 0.142 units. Evidently, the long-term
total effect of grain import substitution on the pressure of land use for grain production is
greater than the short-term total effect.

The above results indicate that an increase in grain import substitution in the local
region will not only alleviate the pressure on land use for grain production within the
region but also alleviate such pressure in neighboring regions.

Table 10. Decomposition results of spatial spillover effect of grain import substitution on cultivated

land pressure for grain production.

(1 (2) (3) 4) (5) (6)
Grain import substitution -0.026 *** -0.036 ** -0.061 *** -0.063 *** -0.079 ** —0.142 ***
(-4.917) (-2.457) (-3.979) (-4.778) (-2.266) (-3.904)
Pesticide and tfieor:llzer pPlic- 199+ 0s36m 0735 —0477% 1219 1695*%
(-1.873) (~2.086) (-2.969) (-1.747) (-2.018) (-2.988)
Proportion of village construc- ;) ~0.308 ~0.287 0.065 ~0.744 ~0.679
tion land
(0.165) (~0.849) (-0.782) (0.193) (-0.845) (-0.775)
Industrial economic structure -0.082 -0.083 -0.165 -0.207 -0.183 -0.390
(-0.085) (-0.030) (-0.056) (-0.085) (-0.027) (-0.057)
Degree of crop specialization 0.711 -0.362 0.349 1.798 -1.014 0.784
(1.373) (-0.242) (0.210) (1.387) (-0.287) (0.201)
Technological environment 0.018 -0.049 -0.031 0.049 -0.118 -0.069
(0.202) (-0.257) (-0.143) (0.213) (-0.261) (-0.139)
Environmental regulation -0.049 -0.805 *** —(0.855 *** -0.093 -1.903 *** —1.997 ***
(-0.626) (-3.398) (-3.447) (~0.464) (-3.115) (-3.116)

Note: ***, ** and * denote significance at the 1%, 5%, and 10% levels, respectively; the numbers in
parentheses represent z-values; models (1) to (6) respectively represent the short-term direct effect,
short-term indirect effect, short-term total effect, long-term direct effect, long-term indirect effect,

and long-term total effect of spatial spillover.
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3.4. Results and Discussion

This study first systematically measured and analyzed the pressure of land use for
grain production in various regions of China from 2003 to 2020 by employing a modified
cultivated land pressure index method and introducing a standard coefficient of land
productivity to account for variations in land quality across regions. Then, based on the
theory of resource flows and from the perspective of virtual land, it empirically investi-
gated the impact of grain import substitution on China’s cultivated land pressure using a
two-way fixed effects panel model. The following conclusions are drawn.

First, significant regional disparities exist in cultivated land pressure for grain pro-
duction. This finding is consistent with existing studies showing that cultivated land pres-
sure is jointly shaped by cultivated land endowment, population density, land-use com-
petition, agricultural production capacity, and the stage of regional socioeconomic devel-
opment [44]. In Northeast China, the relatively abundant cultivated land resources, lower
intensity of urban land competition, and higher degree of scale, specialization, and mech-
anization in grain production have contributed to a continuous decline in the cultivated
land pressure index, which has remained at a moderate level. This result is broadly con-
sistent with studies of land-abundant agricultural regions, where large-scale and mecha-
nized farming systems can improve land-use efficiency and help stabilize agricultural
land pressure even under increasing grain production demand. The Southwest region
presents a different but equally important pattern. Although this region does not have
particularly abundant cultivated land resources, its cultivated land pressure has remained
relatively stable at a moderate level. This may be related to the comparatively lower in-
tensity of industrial expansion and urban construction land conversion. Previous studies
on mountainous and less urbanized regions have similarly suggested that terrain con-
straints and slower non-agricultural land expansion can reduce the speed of cultivated
land loss and delay the intensification of agricultural land pressure [44]. Therefore, the
moderate pressure observed in Southwest China does not necessarily indicate abundant
cultivated land resources, but rather reflects the combined effects of limited land conver-
sion, regional development patterns, and relatively slower non-agricultural land compe-
tition. In contrast, South China and the Middle-Lower Yangtze River region show a clear
increase in cultivated land pressure. This result is consistent with the literature emphasiz-
ing that rapid urbanization, dense population, industrial expansion, and construction
land growth are major drivers of cultivated land loss and agricultural land-use pressure.
In these economically developed and densely populated regions, cultivated land is subject
to strong competition from non-agricultural land uses. As a result, even improvements in
agricultural productivity may not fully offset the pressure caused by urban expansion and
the reduction in available cultivated land. This helps explain why the cultivated land pres-
sure index in these regions has increased from moderate to high levels. The Huang-Huai-
Hai region and the Northwest region have remained under relatively high cultivated land
pressure. For the Huang-Huai-Hai region, this is mainly because it is both an important
grain-producing area and a densely populated region, where grain production demand,
land scarcity, and socioeconomic development jointly intensify cultivated land pressure.
For the Northwest region, limited water resources, fragile ecological conditions, and rela-
tively low land productivity further constrain the effective use of cultivated land for grain
production. Similar mechanisms have been highlighted in studies of other high-stress ag-
ricultural regions, where population pressure, resource constraints, and limited agricul-
tural carrying capacity lead to persistent land scarcity and vulnerability in grain produc-
tion systems [45]. Overall, these regional differences indicate that China’s cultivated land
pressure is not determined by cultivated land quantity alone. Instead, it reflects the com-
bined effects of land resource endowment, land productivity, cropping conditions, urban-
ization, industrialization, and regional agricultural function. Compared with previous
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studies that mainly evaluate cultivated land pressure from the perspective of land quan-
tity or food security, this study further incorporates land productivity and cropping in-
tensity into the cultivated land pressure index. Therefore, the results provide a more com-
prehensive explanation of regional differences in cultivated land pressure and strengthen
the understanding of how land quality, production capacity, and socioeconomic develop-
ment jointly shape the land—-grain relationship in China.

Second, this study finds that grain import substitution can significantly alleviate cul-
tivated land pressure for grain production in China. Specifically, the baseline regression
results show that each additional 100,000 hectares of equivalent domestic cultivated land
saved through grain imports is associated with a decrease of 0.049 in the cultivated land
pressure index. This result remains robust after alternative estimation methods, including
PPML, FGLS, PCSE, and non-parametric estimation. The consistency of these results sug-
gests that the negative association between grain import substitution and cultivated land
pressure is not driven by a specific model setting, but reflects a stable relationship between
virtual land inflows and domestic land pressure. This finding is consistent with resource
flow theory and the virtual land literature. Existing studies argue that cultivated land is
geographically immobile, but land-intensive agricultural products can embody land re-
sources and move across regions through trade [46,47]. From this perspective, grain im-
ports do not transfer cultivated land itself, but transfer the grain products produced by
external land resources. For land-scarce importing regions, this process relaxes the spatial
immobility constraint of cultivated land and provides an external supplement to domestic
land resources. In the context of this study, imported grain substitutes for part of the do-
mestic cultivated land that would otherwise be required for local grain production. There-
fore, the inflow of virtual land reduces the minimum cultivated land requirement for
meeting grain demand and consequently lowers the cultivated land pressure index. The
mechanism can be further explained through the relationship between grain demand and
land requirements. Under a given level of grain demand, if all grain were produced do-
mestically, additional cultivated land, higher cropping intensity, or greater yield improve-
ments would be required. However, when land-intensive grain products are imported,
part of this production requirement is transferred to external markets. As a result, the
pressure on domestic cultivated land is reduced because the same level of grain consump-
tion can be supported with less domestic land input. This is particularly important for
China, where cultivated land resources are limited, per capita cultivated land is relatively
low, and urbanization and industrialization continue to compete with agricultural land
uses [27]. Therefore, grain import substitution functions not only as a trade adjustment
mechanism, but also as a land-resource allocation mechanism that helps reconcile grain
security with cultivated land protection. This result also strengthens the dialogue with
international studies on virtual land trade and food security in land-scarce economies.
Studies on Japan and South Korea have shown that reliance on imported grain can pro-
vide substantial land relief by reducing the need to expand domestic cropland under con-
ditions of rapid urbanization [48]. Research on the European Union has similarly found
that domestic land-equivalent imports embedded in crops such as soybeans, wheat, and
maize can help offset cropland shortages in highly industrialized regions where cultivated
land expansion is constrained. Evidence from the Middle East and North Africa further
suggests that virtual land and virtual water imports are important for compensating do-
mestic land and water scarcity and maintaining food supply stability under population
growth [49]. These studies support the general argument that international grain trade
can help land-scarce regions reduce pressure on domestic agricultural resources. Com-
pared with these existing studies, the contribution of this study lies in directly linking
grain import substitution with cultivated land pressure. Previous research has mainly fo-
cused on measuring virtual land flows, evaluating trade dependence, or discussing the
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welfare effects of agricultural trade. However, relatively few studies have quantitatively
examined whether virtual land inflows can reduce cultivated land pressure within an im-
porting country. By constructing a domestic land-equivalent measure of grain import sub-
stitution and incorporating it into the cultivated land pressure framework, this study pro-
vides empirical evidence that the land-saving effect of grain imports can be translated into
a measurable reduction in cultivated land pressure. Therefore, the Chinese case not only
confirms the broader international pattern that grain trade can alleviate land scarcity, but
also extends the literature by showing how virtual land inflows affect regional cultivated
land pressure in a large land-scarce developing economy.

Third, the regional heterogeneity analysis shows that the effect of grain import sub-
stitution on cultivated land pressure differs significantly across regions. This finding is
consistent with existing studies showing that the land-saving effect of virtual land trade
is not spatially uniform, but depends on regional land endowment, agricultural produc-
tion function, crop structure, import dependence, and the intensity of land-use competi-
tion [50]. In other words, the same amount of equivalent domestic cultivated land saved
through imports may produce different pressure-alleviating effects because the sources of
cultivated land pressure vary across regions. The mitigating effect is stronger in northern
China than in southern China. Although northern China has relatively abundant culti-
vated land resources, it also undertakes a major share of China’s grain production respon-
sibility. Large-scale grain production requires substantial cultivated land input, making
northern regions more directly exposed to grain-related land constraints. Therefore, when
grain imports substitute for part of the domestic land requirement, the reduction in culti-
vated land pressure is more pronounced. By contrast, cultivated land pressure in many
southern provinces is more strongly influenced by rapid urbanization, industrial expan-
sion, dense population, fragmented cultivated land, and high-value non-agricultural land
demand. Thus, although grain import substitution can reduce grain production-related
land demand, it cannot fully offset pressure caused by construction land expansion and
non-agricultural land conversion. The pressure-alleviating effect is also much greater in
major grain-producing areas than in non-major grain-producing areas. This result is con-
sistent with previous studies showing that major grain-producing areas bear heavier re-
sponsibility for national grain security and face stronger constraints on cultivated land
allocation [51-53]. In these areas, grain cultivation occupies a large share of cultivated land,
and the demand for land resources for grain production is relatively high. Under such
conditions, grain import substitution has a stronger marginal effect because it directly re-
duces the domestic cultivated land requirement associated with grain production. In con-
trast, non-major grain-producing areas usually have smaller grain production scales and
more diversified land-use functions. Their cultivated land pressure may be driven more
by urban development, industrial activities, ecological protection, or cash crop production
than by grain production alone. As a result, the land-saving effect of grain imports is less
directly reflected in the cultivated land pressure index. These heterogeneity results show
that the effect of virtual land trade depends on regional agricultural functions and land-
use structures. Compared with previous studies that mainly emphasize the aggregate
land-saving effect of grain imports, this study further reveals the spatial differentiation of
this effect. Grain import substitution is most effective in regions where cultivated land
pressure is closely linked to grain production demand, such as northern China and major
grain-producing areas. Therefore, grain import policy and cultivated land protection
should be regionally differentiated. For southern and non-major producing regions, im-
port policy should be coordinated with urban land management and construction land
control, because grain imports alone cannot fully address land pressure driven by non-
agricultural land expansion.
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Fourth, the heterogeneity analysis based on agricultural natural production zones
shows that the effect of grain import substitution on cultivated land pressure differs sig-
nificantly across regions. This finding indicates that the land-saving effect of virtual land
trade is not spatially uniform, but depends on regional natural production conditions,
cultivated land endowment, water—heat resources, soil quality, cropping systems, land
productivity, import dependence, and land-use competition [50]. Compared with the
broad north—south division, the agricultural natural production zoning provides a more
suitable framework for explaining why grain import substitution has different effects
across regions. In the Northeast Region, relatively abundant cultivated land resources,
fertile black soils, large-scale farming, and a high degree of agricultural mechanization
make grain production highly dependent on cultivated land allocation [51-53]. Therefore,
when grain imports substitute for part of the domestic land requirement, the reduction in
cultivated land pressure is more apparent. In the Huang-Huai-Hai Region, high popula-
tion density, intensive grain production, and strong competition between agricultural and
non-agricultural land uses jointly generate persistent cultivated land pressure. Grain im-
port substitution can directly reduce the domestic cultivated land requirement for grain
production and therefore has an important pressure-alleviating effect in this region. By
contrast, in the Middle and Lower Yangtze River Region and South China, cultivated land
pressure is more strongly influenced by rapid urbanization, industrial expansion, popu-
lation concentration, fragmented cultivated land, and high-value non-agricultural land
demand. Although grain import substitution can reduce grain production-related land
demand, it cannot fully offset cultivated land pressure caused by construction land ex-
pansion and non-agricultural land conversion. Therefore, the effect of grain import sub-
stitution in these regions should be interpreted together with urban land management
and cultivated land protection policies. The Southwest Region and the Northwest Region
show different mechanisms. In the Southwest Region, mountainous terrain and frag-
mented cultivated land limit large-scale agricultural production, making cultivated land
pressure closely related to topographical constraints and land-use fragmentation. In the
Northwest Region, limited water resources, fragile ecological conditions, and relatively
low land productivity restrict the expansion and intensification of grain production. Un-
der these conditions, grain import substitution can help reduce the need to expand grain
cultivation under unfavorable agro-ecological constraints, but its effect depends on re-
gional water-resource carrying capacity and ecological protection requirements. Overall,
these results suggest that the effect of grain import substitution on cultivated land pres-
sure should be understood from the perspective of agricultural natural production condi-
tions. Grain import policy and cultivated land protection policy should therefore be re-
gionally differentiated. For regions where cultivated land pressure mainly comes from
grain production demand and natural resource constraints, grain import substitution can
play a stronger role in reducing cultivated land pressure. For regions where land pressure
is mainly driven by urbanization and industrial expansion, grain import substitution
should be coordinated with strict construction land control and cultivated land protection.

Fifth, this study also employs a spatial econometric model to investigate the spatial
spillover effects of cultivated land pressure. The results indicate a positive correlation in
land use pressure between neighboring regions, meaning that an increase in pressure in
one area tends to elevate pressure in adjacent regions. Conversely, greater grain import
substitution within a region not only alleviates its own pressure but also alleviates the
pressure in surrounding regions through spatial spillover effects. This mechanism is
partly explained by interregional grain price disparities, which, driven by profit incentives,
lead to cross-provincial allocation and redistribution of imported grain [54]. Lower trans-
portation costs between neighboring provinces and similar dietary structures further
strengthen these redistribution linkages. In regions experiencing high land pressure, local
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deficits often induce grain inflows from nearby areas with lower pressure, which in turn
intensifies the pressure on those supplying regions. By importing grain products —and
thereby importing the virtual land embedded within them —regions can substitute for
part of the cultivated land otherwise required for local production [55], reducing both
their own land pressure and the need to draw grain from adjacent regions. International
research provides strong parallels that reinforce these findings. Studies in the European
Union, for instance, have documented that land pressure in highly urbanized Western
European countries spills over to neighboring agricultural regions, leading to increased
competition for cropland and altered intra-EU trade flows. Similarly, research on the
United States shows that agricultural land stress in one Midwestern state often generates
cross-border impacts on surrounding states due to integrated grain markets and shared
transportation corridors [56]. Evidence from Southeast Asia also indicates that land scar-
city in metropolitan regions such as Bangkok and Ho Chi Minh City drives grain inflows
from adjacent provinces, producing spatially correlated land pressures across regional
food production systems. Moreover, several studies on Japan and South Korea show that
increasing levels of grain import substitution alleviate not only domestic land-use pres-
sure but also subnational disparities in land demand, thereby weakening spatial conta-
gion patterns in cultivated land stress [57].

Finally, a potential concern is that the cultivated land pressure index and the grain
import substitution variable may contain related production-capacity information. Spe-
cifically, the cultivated land pressure index incorporates grain yield, cultivated land
productivity and cropping intensity, while grain import substitution is calculated based
on the equivalent domestic cultivated land required to produce imported grain. This may
raise the concern that the estimated relationship is partly driven by similarities in variable
construction. To address this issue, we further examine the stability of the results from
several perspectives. First, the lagged specification shows that the one-period lag of grain
import substitution remains significantly negatively associated with cultivated land pres-
sure, which reduces the possibility that the result is only a contemporaneous accounting
relationship between the two indicators. Second, the two-way fixed-effects model controls
for unobserved time-invariant provincial characteristics and common year shocks, includ-
ing regional land endowments, long-term agricultural production conditions, macroeco-
nomic fluctuations and national agricultural policies. Third, the heterogeneity results in-
dicate that the relationship differs systematically across northern and southern regions as
well as across major and non-major grain-producing areas. If the baseline result were
mainly caused by mechanical overlap in variable construction, such regionally differenti-
ated patterns would be difficult to explain. Fourth, the spatial econometric analysis further
shows that grain import substitution is associated not only with local cultivated land pres-
sure but also with cultivated land pressure in neighboring provinces, suggesting that the
relationship reflects broader regional resource-allocation and spatial-linkage mechanisms
rather than a purely mechanical correlation between similarly constructed indicators.

4. Conclusions and Policy Implications
4.1. Conclusions

This study examines the relationship between grain import substitution and culti-
vated land pressure in China by constructing a modified cultivated land pressure index,
measuring the domestic land-equivalent substitution effect of grain imports, and applying
panel econometric and spatial econometric models to provincial-level data from 2003 to
2020. The main conclusions are as follows.

First, this study improves the conventional cultivated land pressure index by incor-
porating a standardized coefficient of cultivated land productivity. This adjustment ena-
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bles the index to reflect not only the quantity of cultivated land, but also regional differ-
ences in land quality, grain yield, cropping intensity, and cultivated land-use efficiency.
Therefore, the modified index provides a more comprehensive measurement of the rela-
tionship between cultivated land resources and grain production demand.

Second, the spatiotemporal analysis shows that cultivated land pressure in China ex-
hibits clear regional differences. From 2003 to 2020, the Northeast Region showed a grad-
ual decline in cultivated land pressure, while South China and the Middle and Lower
Yangtze River Region experienced a transition from moderate to high pressure. The
Huang-Huai-Hai Region remained under persistently high cultivated land pressure,
whereas the Southwest Region remained at a moderate level. The coefficient of variation
and statistical tests further confirm that these regional differences are statistically signifi-
cant, indicating that the spatial pattern of cultivated land pressure is shaped by differences
in land endowment, population density, agricultural productivity, cropping systems, ur-
banization, and industrial land expansion.

Third, grain import substitution is significantly associated with a reduction in culti-
vated land pressure. The baseline regression results show that each additional 100,000
hectares of equivalent domestic cultivated land saved through grain imports is associated
with a decrease of approximately 0.049 in the cultivated land pressure index. This finding
remains robust after using alternative model specifications and robustness checks, sug-
gesting that grain imports can provide an external virtual land supply channel and reduce
the domestic cultivated land requirement for grain production.

Fourth, the effect of grain import substitution on cultivated land pressure is spatially
heterogeneous. The pressure-alleviating effect varies across regions with different natural
production conditions, cultivated land endowments, grain production functions, import
dependence, and land-use competition. This indicates that grain import substitution does
not affect all regions uniformly. Instead, its effect depends on the interaction between vir-
tual land inflows, regional agricultural conditions, and local land-use constraints.

Fifth, the spatial econometric results show that cultivated land pressure has signifi-
cant spatial dependence, and grain import substitution generates spatial spillover effects.
An increase in grain import substitution in one province is associated not only with lower
cultivated land pressure within that province, but also with lower cultivated land pres-
sure in neighboring provinces. This finding suggests that grain import substitution affects
cultivated land pressure through regional market linkages, interprovincial grain flows,
land-use substitution, and spatial resource allocation mechanisms.

Overall, this study extends the literature on virtual land trade and cultivated land
pressure by linking grain import substitution with domestic land-resource constraints and
spatial spillover effects. The findings indicate that moderate and well-structured grain im-
ports can contribute to reducing cultivated land pressure, improving the spatial allocation
of land resources, and supporting the coordination between national food security and
cultivated land protection.

4.2. Policy Implications

Based on the empirical findings, this study proposes the following policy implica-
tions for coordinating grain import substitution, cultivated land protection, and national
food security.

First, China should incorporate the land-saving effect of grain imports into the
broader policy framework of food security and cultivated land protection. The National
Food Security Strategy emphasizes basic self-sufficiency in grain and absolute security of
staple grains, while the Red Line Policy for Cultivated Land Protection requires the
preservation of at least 120 million hectares of cultivated land. Under this policy frame-
work, grain imports should not be regarded as a substitute for domestic grain production
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capacity, but as a complementary instrument for reducing pressure on cultivated land and
improving resource allocation. Moderate use of international grain markets, as empha-
sized by the Dual Circulation Strategy and successive No. 1 Central Documents, can help
supplement domestic supply shortages, reduce the need for excessive land intensification,
and support the sustainable use of cultivated land.

Second, the spatial spillover effects identified in this study imply that grain import
and cultivated land protection policies should be coordinated across provinces rather than
designed only at the local level. Since grain import substitution in one province can reduce
cultivated land pressure in neighboring provinces, policy makers should strengthen re-
gional coordination in grain supply, storage, transportation, and land-use planning. For
regions with strong spatial linkages, such as the Huang-Huai—Hai Region, the Middle and
Lower Yangtze River Region, and adjacent major grain-consuming provinces, interpro-
vincial coordination mechanisms should be established to balance local cultivated land
protection responsibilities with regional grain supply needs. This can prevent the transfer
of cultivated land pressure from one province to another and improve the overall effi-
ciency of land-resource allocation.

Third, differentiated regional policies should be implemented according to cultivated
land pressure, agricultural production functions, and natural resource constraints. In re-
gions with persistently high cultivated land pressure, such as the Huang-Huai-Hai Re-
gion and parts of the Northwest Region, grain import substitution can be used as an aux-
iliary tool to reduce the need for excessive cultivated land expansion or intensive land use.
In regions with strong urbanization and industrial land competition, such as South China
and the Middle and Lower Yangtze River Region, import substitution should be combined
with strict control of construction land expansion and high-standard farmland protection.
In regions with relatively abundant cultivated land resources and important grain pro-
duction functions, such as the Northeast Region, policy should focus on improving land
productivity, protecting black soil resources, and stabilizing domestic grain production
capacity rather than relying excessively on imports.

Fourth, grain import policies should be differentiated by crop variety. For soybeans,
which have the highest virtual land content and the largest land-saving effect among the
four major grain crops, China can maintain a relatively high level of imports while im-
proving the diversification and stability of import sources. This can reduce the domestic
cultivated land required for soybean production and release land resources for staple
grain production and ecological protection. For corn, whose import-related virtual land
has grown rapidly, imports should be moderately expanded according to feed demand,
domestic supply conditions, and international market risks. Corn import policy should be
coordinated with the development of feed substitution, livestock production adjustment,
and domestic corn productivity improvement. For wheat and rice, which are directly re-
lated to staple food security, the policy priority should remain domestic basic self-suffi-
ciency and stable production capacity. Imports of wheat and rice should mainly serve as
supplementary tools for variety adjustment, regional shortage relief, and emergency re-
serves, rather than as large-scale substitutes for domestic production.

Fifth, China should improve the risk-management system for grain import substitu-
tion. Although grain imports can reduce cultivated land pressure, excessive dependence
on international markets may expose domestic food security to external risks such as price
volatility, export restrictions, geopolitical uncertainty, and climate shocks in exporting
countries. Therefore, China should diversify import sources, strengthen strategic grain
reserves, improve international grain market monitoring, and build stable long-term trade
partnerships. At the same time, domestic policies should continue to support high-stand-
ard farmland construction, agricultural technological innovation, and yield improvement,
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ensuring that import substitution works together with domestic production capacity ra-
ther than weakening it.

Finally, the policy implications of virtual land trade should be integrated into land-
use planning and ecological governance. Grain import substitution can reduce the culti-
vated land required for certain land-intensive crops, but the saved land resources should
not be converted indiscriminately to construction land. Instead, they should be used to
support high-standard farmland consolidation, ecological restoration, crop structure op-
timization, and the protection of permanent basic farmland. By coordinating grain im-
ports, cultivated land protection, ecological conservation, and regional development strat-
egies, China can better balance food security, land-resource sustainability, and high-qual-
ity agricultural development.

4.3. Limitations and Future Research

This study still has several limitations that provide directions for future research.
First, the cultivated land pressure index and grain import substitution variable are con-
structed based on available statistical data, which may simplify some crop-specific and
region-specific differences in land productivity, land-use intensity, and import substitu-
tion effects. Future studies could incorporate more detailed crop-level and regional data
to further refine the measurement framework.

Second, the provincial grain import data used in this study may not fully reflect post-
entry interprovincial redistribution and final local consumption. Future research could
combine customs records, logistics data, interprovincial trade flows, and consumption-
side grain balance sheets to better identify the spatial allocation of imported grain and its
land-substitution effects.

Third, although this study uses spatial econometric models and robustness checks
with alternative spatial weight matrices, spatial interactions among regions may be influ-
enced not only by geographic distance, but also by economic linkages, transportation net-
works, and grain market integration. Future studies could construct spatial weight matri-
ces based on economic distance, transport accessibility, or actual grain trade flows.

Finally, this study focuses on 30 provincial-level regions in China from 2003 to 2020.
Future research could extend the sample period, use prefecture- or county-level data, and
further examine crop-specific import and land-use responses to improve the external va-
lidity and policy relevance of the findings.
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