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Introduction: China's main grain-producing areas (MGPA) have made
outstanding contributions to cultivated land protection and food security.
Integrating cultivated land use with socio-economic activities and
constructing a horizontal ecological compensation mechanism under the
virtual cultivated land (VCL) framework are important measures for achieving
the "Trinity Comprehensive Protection” of quantity, quality, and ecology
cultivated land.

Methods: We used the North China Plain (NCP) as the research area and the
multiregional input—output model to analyze inter-regional VCL flow, and
ecological compensation standard was calculated based on the ecosystem
services value.

Results: (1) VCL flowed from economically underdeveloped regions (e.g., Hebei,
Shandong, and Henan) to economically developed regions (e.g., Beijing and
Tianjin). As a net outflow region, the NCP provided VCL for the Yangtze River
and Pearl River deltas (2) The compensation standards ranged from 2192-18406
yuan/hectare. Net inflow regions were payment areas, and net outflow regions
were receiving areas. Beijing and Tianjin should pay 3.04 and 0.70 billion yuan for
other provinces. The NCP should obtain 17.35 billion yuan from other regions
in China.

Discussion: The research framework provides a basis for division of responsibility
for cultivated land protection and offers ideas and frameworks for horizontal
ecological compensation of cultivated land.
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virtual cultivated land, horizontal ecological compensation, major grain producing area,
North China Plain, compensation zoning and standard

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenvs.2025.1578780/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1578780/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1578780/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1578780/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1578780/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2025.1578780&domain=pdf&date_stamp=2025-05-16
mailto:yyss1985@163.com
mailto:yyss1985@163.com
https://doi.org/10.3389/fenvs.2025.1578780
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2025.1578780

Chen et al.

1 Introduction
1.1 Background

As a populous country, China uses approximately 9% of the
world’s cultivated land to feed 20% of the population (Zuo et al.,
2018), making a positive contribution to global food security and
human development. The main grain-producing areas (MGPA),
as important bases for grain production in China, account for
77.9% of total grain output from China (Cui N. B. et al,, 2021),
have made outstanding contributions to national food security.
However, these regions have lost economic development
opportunities because of the excessive burden of cultivated
land protection, which has severely affected enthusiasm of
farmers for growing grain (Wang Y. et al, 2024), and the
high-quality development of regional agriculture (Xiang et al,
2024). Additionally, it leads to excessive consume of cultivated
land resources and degradation of ecological service functions,
increasing resource and environmental pressure and ecological
risks of MGPA (Wei and Jia, 2023). Furthermore, with the
spillover effect of the ecological value of cultivated land,
MGPA also provides ecological service value to neighboring
regions (Niu and Zhang, 2009), and further exacerbates the
inequity between MGPA and main food consumption areas
(MFSA). Since 2014, the No.
continuously emphasized policy support for MGPA, steadily

1 Central Document has

increasing fiscal transfer payments in these areas; however,
these policies focus on economic compensation and lack
sufficient attention to ecological compensation. Currently, the
ecological compensation mechanism in China is mainly based on
vertical compensation, with less attention paid to horizontal
ecological compensation between regions, and the problems
insufficient funds, a
method,
mechanisms are prominent (Liu et al., 2024). In recent years,

such as compensation single

compensation and  imperfect = compensation

the government has proposed the concept of “precise
compensation,” that is, “who benefits, who compensates.”
However, due to the externalities of cultivated land, the range
and the
responsibilities are not clear, which poses a challenge to the

of beneficiary areas division of compensation
ecological compensation of cultivated land. The Third Plenary
Session of the 20th Central Committee of the Communist Party of
China in 2024 highlighted that “it is necessary to establishment
horizontal benefit compensation mechanism between MGPA and
MFSA, and take substantial steps in compensating MGPA.” In
this context, it is desiderate to explore horizontal ecological
compensation research in MGPA to provide new ideas and
methods for improving the

ecological compensation

mechanism of cultivated land.

1.2 Literature review

1.2.1 Ecological compensation zoning

Ecological compensation zoning is the basis for delimiting the
ecological compensation responsibility of cultivated land.
Common methods in research on compensation standard are
the Ecological Footprint and Food Safety methods. The
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Ecological Footprint Method uses the difference between the
ecological footprint and ecological carrying capacity as the
criterion for determining the compensation subject and object
(Chen and Wang, 2021; Guan et al., 2022; Yang et al., 2019). The
Food Security Method is based on the grain production of a
region that can meet its self-sufficiency as an important indicator,
with regions having less cultivated land supply than demand
being payment areas, and the opposite being ecological
compensation receiving areas (Su et al., 2022; Sun et al., 2018).
However, both methods reflect a static state of regions and do not
capture resource and ecological flow between regions, nor do they
clearly identify the issue of “who compensates whom.” With the
introduction of the “virtual land” concept (Wiirtenberger et al,,
2006), “virtual cultivated land” (VCL) has been developed and
used to calculate the cultivated land resources embodied in food
grain (Yawson, 2020). Many scholars have attempted to use the
VCL flow amount and direction as important indicators for
determining the compensation subjects (Fan et al., 2018; Liang
and Zhu, 2019). Common methods for measuring VCL flow
include social equity, ecological network analysis, and food
balance methods. These methods mostly calculate VCL based
on the supply and demand of foodgrain within a region, ignoring
the economic trades between regions. Multiregional
input-output (MRIO) has been widely used in economic field.
By describing the trade flow of goods and services between
different regions, MRIO can reflect economic relationships
between different sectors and regions (Chen et al., 2018) and
accurately and comprehensively reflect the VCL flow amount and
direction between regions (Han and Chen, 2018; Su et al., 2023).
This method provides
perspective  for

a comprehensive and systematic

assessing  resource  utilization  and

environmental impacts (Wang Y. W. et al., 2024).

1.2.2 Ecological compensation standard
Determining compensation standards is key to ecological
compensation. Various methods have been adopted to study
ecological compensation standards, and each method has its
own advantages and disadvantages. The essence of the
opportunity cost method is the loss of opportunity cost for
economic development and industrial transformation and
upgrading due to the use of land for agricultural production
(Chiodelli and 2016),
opportunity costs has not yet been unified, and the results are

Moroni, but the composition of
higher than the actual compensation value (Chang and Yoshino,
2017). The willingness-to-pay method uses questionnaires to
measure the maximum willingness to pay of respondents
(Bhandari et al, 2016), considering individuals as research
objects, making it difficult to apply it to cross-regional
ecological compensation (Jin et al., 2018; Du et al., 2023). The
ecosystem service value (ESV) method determines compensation
standards by measuring the service values of different ecosystems
(Niuetal., 2024), or combines with ecological footprints (Li et al.,
2023). However, the ESV method often uses the total ESV as the
compensation standard, neglecting the impact of socio-economic
factors and leading to compensation standards that are too high
(Wei et al., 2023). different
compensation standards need to be calculated according to the

to implement Therefore,

regional economic and social development conditions.
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1.3 Aim and question

China has a vast territory, and cultivated land is mostly
distributed in major grain-producing and underdeveloped areas.
Under the condition of an open grain market, the contradiction
between supply and demand can be solved through foodgrain flow
in areas with less cultivated land resources. As food grains flow
between MGPA and MFESA, the VCL and ESV embodied in food
grains also flows among regions (Liang et al., 2020), providing new
ideas for establishing an ecological compensation mechanism for
cultivated land (Cao et al., 2022). The North China Plain (NCP), a
major grain-producing area in China, has lost opportunities for
economic development due to the excessive task of cultivated land
protection. Under the pressure of rapid urbanization and
industrialization, the area of cultivated land has decreased, and
the task of protecting cultivated land has gradually intensified. In
this paper, the NCP was taken as an example in the present study,
and the MRIO model was used to determine VCL flows and
compensation zoning, clarifying the issue of “who compensates
whom.” The equivalent factor method was used to calculate the
ESV, which was then adjusted by natural and socio-economic factors
to obtain the ecological compensation standard, addressing the issue
of “how much to compensate.”

The marginal contributions of this study include: (1) Current
compensation policies for MGPA focus on economic compensation
and lack sufficient attention to ecological compensation. This paper
conducts horizontal ecological compensation research on cultivated
land in MGPA, aligning with the national strategy for protecting the
interests of these areas and addressing a gap in the research scale; (2)
Research on horizontal ecological compensation for existing
cultivated land focuses on regional static studies, failing to reflect
resource and ecological flow between regions, and does not clearly
identify the issue of “who compensates whom.” This paper uses
MRIO tables to describe the virtual flow of cultivated land between
regions, distinguishing ecological compensation payment areas and
receiving area based on the net flow, and clarifying “who
compensates whom” based on the VCL flow direction, and; (3)
Current standards for ecological compensation for cultivated land
exhibit a “one-size-fits-all” phenomenon and overlook the
ecosystem service flow between regions. This paper considering
differences in regional natural and socio-economic conditions to
determine different ecological compensation standards.

2 Research framework

Based on the public goods theory, externality theory and the
theory of transfer of development rights (Yang et al, 2024),
economically developed regions with a large population but
limited cultivated land should provide financial compensation to
economically underdeveloped regions that have taken on too many
tasks of cultivated land protection. This is usually done through
fiscal transfer payments. In this process, the ESV of cultivated land
spillover also needs to be given due attention. Only by fully
manifesting the hidden ecological benefits of cultivated land can
we effectively coordinate the conflicts of interest in cultivated land
ecological protection among regions. The pattern of “transporting
grain from the north to the south” in China has emerged (Deng et al.,
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2023). With the inter-regional flow of foodgrain, the VCL and its
ESV embedded in the foodgrain also flow among regions. The
pattern of this flow is not only emerged between MGPA and
MFSA but also exists within the MGPA. This can provide new
ideas and scientific support for the establishment of inter-regional
ecological compensation for cultivated land.

Based on the above research theory, this paper takes the NCP as the
research area, and divides the ecological compensation payment/
receiving area by calculating the VCLF, and revises the horizontal
ecological compensation standard based on ESV. The framework
consists of two parts: (1) the issue of “who compensates whom” -
that is, the delineation of compensation zoning, and (2) the issue of
“how much to compensate” - the calculation of horizontal ecological
compensation standards. The research framework is shown in Figure 1.

In terms of compensation zoning, firstly, the national provincial
and NCP municipal MRIO tables are constructed, and the VCL use
intensity is introduced to represent the land area directly and indirectly
occupied by each unit of goods/services; then, based on the MRIO table,
the VCL embodied in final consumption is calculated. Secondly, based
on the inflow (ELI) and outflow (ELE) of VCL, the net flow (ELB) is
calculated. Finally, based on the positive or negative of the net flow, the
ecological compensation zoning is determined: when ELB is greater
than 0, it is the compensation payment area; when ELB is less than 0, it
is the compensation receiving area.

In terms of compensation standards, firstly, the value equivalent
method is used to calculate the value of ESV in different regions,
which serves as the basis for ecological compensation. Secondly, the
correction coefficient of natural resources, socio-economic
development, and payment ability are introduced to adjust the
standards and obtain the ecological compensation standard in
different regions. Finally, the ecological compensation amount of
each region is calculated based on the net flow of VCL and the
revised ecological compensation standard.

3 Materials and methods

3.1 Study area

The NCP is the second largest plain in China and is located in
eastern China (32-40°N, 112-124°E) (Figure 2). It is formed by
alluvial deposits of the Yellow, Huai, and Hai rivers, and covers
seven provinces (Beijing, Tianjin, Hebei, Shandong, Henan, Anhui,
and Jiangsu) including 51 cities, with an area of approximately 3 x
10° km* In 2020, the population of the NCP was 3.28 x 10°%
accounting for 23.2% of the total population of China.

The NCP belongs to the warm temperate semi-arid and semi-
humid climate, with an annual average temperature of 10°C-15°C,
annual precipitation of 500-800 mm, and annual number of
sunshine hours from 2,300 to 2,800 h (Li et al, 2019). The
terrain is gentle with an average altitude of 111 m (Cui Y. et al,
2021). In 2017, the cultivated land area was 2.39 x 10°® hm?
accounting for 17.7% of the total in China. The NCP is an
important MGPA in China because of its favorable natural
conditions, and grain output accounts for nearly 30% of the
national total (Liao et al, 2023). Wheat and corn are the main
crops, which account for 57% and 35% of total wheat and corn
yields, respectively (Li et al., 2020).
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The research framework.

3.2 Methods

3.2.1 VCL quantification using the MRIO model
The MRIO model describes the flow of goods/services trade

the

economic and trade relations between different sectors and

between different regions, systematically reflecting
regions (Guo et al., 2020), and also provides a comprehensive
understanding of resource flows between different regions (Tian
et al,, 2019). The MRIO model was used to quantify inter-city
VCL flow in the NCP and inter-provincial VCL flow in China.
Therefore, two MRIO tables are presented: one is the inter-city
MRIO table, containing 42 sectors and 51 cities to analyze the
VCL flow within the NCP (Table 1); the other is the inter-
provincial MRIO table, which contains 42 sectors and
31 provinces (excluding Taiwan, Hong Kong, and Macao due
to data limitation) to analyze VCL flow between the NCP and
other regions in China (Table 1).

As shown in Table 1, ZI'JS refers to intermediate use
(i.e., transfer of goods/services produced by the sector i in
region r to sector j in region s for intermediate purposes); f7;
refers to final use (i.e., final consumption of goods/services
by various regions and sectors) (Wu et al., 2019); x} refers to
the total output of sector r in region i. It can be expressed

as follows:
51 42 51 5
ro__ rs s
X = ZZij 21 M
r=1i=1 r=1t=1
Frontiers in Environmental Science
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Economic activities are inseparably linked to resource
utilization. The resource utilization coefficient is introduced into
the MRIO table to measure resource consumption per unit of
monetary value, referring to the sum of direct and indirect
cultivated land resource costs per unit of monetary value
(Costanza, 19805 Liao et al., 2020). The basic formula is:

51 42

ror rrzrs T
£ X, —ZZsiZ,j+Vi

r=1i=1

)

where ¢/ represents the VCL intensity, referring to the total amount
of direct and indirect cultivated land occupied per unit of poverty/
labor produced by sector i in region r. V' represents direct cultivated
land use, referring to the area of cultivated land directly used by
sector i in region r. The Equation 2 can be simplified to:

eX=¢Z+V (3)

— 1 2 o
where ¢ = [¢] & ¢

[VI V2 Vi .. V3 |" s the direct cultivated land use matrix, X is

the total output matrix:

. T is the VCL intensity matrix, V =
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FIGURE 2
Location and extent of the North China Plain.
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Z is the intermediate use matrix:

- no... 142 ... 142 \ A
Z11 2151 Zn 2151
1 ... 11 1, 11
2511 Z5151 2511 Z5151
Z = .
21 . a2 ) Do e
Zn 2151 21 2151
01 . 41 042 | a4
L\ 2511 25151 Zs11 25151 / 4

The VCL embodied in final consumption is:
ELC = )& f7* (4)
r=1

Cultivated land flow between regions can be quantified by the
transfer of intermediate uses across sectors (Su et al.,, 2023). The
VCL embodied in trade can also be expressed as:

ELI = YT (5)
r=1

ELE =) T (6)
r=1

ELB = ELE - ELI )

where ELI refers to the amount of VCL imported from other regions;
ELE refers to the amount of VCL exported to other regions, and; ELB
is the difference between ELI and ELE, representing the
net VCL flow.

3.2.2 Calculation of ecological compensation
standard of cultivated land

The ESV of cultivated land was evaluated by the equivalent
factor method (Costanza et al., 1997). On this basis, Chinese scholar
Xie revised the value equivalent applicable to China (Xie et al., 2008;
Xie et al, 2015), and calculated the ESV of 14 ecosystem types.
Cultivated land ecosystems include paddies and dry fields.
Cultivated land in the NCP predominantly consists of dry fields,
accounting for 95% of the total, and paddy fields account for 5%. The
equivalent value of the cultivated land ecosystem (i.e., 4.0) was
calculated by the method of area-weighted summation. A standard
equivalent factor of ESV is equal to 1/7 of the value of grain
production per unit area (hm?) (Xie et al., 2017); thus, the ESV
per unit area of cultivated land is calculated as follows:

n

1 om X pi X g
A =4XE, =4 —57 8
! X Fa ><(7 M ) ®

i=1

where A; represents the unit ESV of cultivated land (yuan/hm?); E,
represents the standard ESV equivalent (yuan/hm?); n represents the
types of grain crops (note: wheat, corn, and rice were selected in this
study); m;, p;, and g, refer to the area (hm?), price (yuan/kg), and
yield per unit area of type i grain crop (kg/hm?), respectively, and; M
represents the total grain crop area (hm?).

Ecosystems and their ecosystem service values constantly
change across different regions and periods; therefore, it is
necessary to adjust the ESV according to the actual situation in
each region. The equivalent factor was revised based on net primary
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productivity (NPP) and precipitation (Xie et al., 2015; Xie et al,
2017). The relative formulas are as follows:

., NPP

== ©)]
NPP

. PRI

i 8 10
PR (10)

where N’ is the NPP correction coefficient for region i NPP' is the
NPP value for region 7, and; NPP is the national average NPP value for
China. Similarly, R’ represents the precipitation correction coefficient
for region #; PR’ represents the average precipitation value for region i,
and; PR represents the national average annual precipitation.

In addition to natural factors, ecological compensation is also
related to the economic level and residents’ ability to pay. The
related to socio-economic
development and living standards (Li et al., 2002; Niu et al., 2024).
The Pearl S-shaped growth curve and Engel’s coefficient were selected
to measure the socio-economic degree and living standards; therefore,

compensation standard is also

it was revised by the social development coefficient and per capita
gross domestic productivity. The revised formulas are:

; 1
H =—— 11
1-et (1)

t =EN, x 0;+ ENy x (1-06;) (12)

where H; represents the social development coefficient; 6; represents

the urbanization rate in year i, and; EN,, and EN}, represent the Engel’s

coefficient for urban and rural residents, respectively, in that year.

_ GDP!
GDP

i

(13)

Here, G' represents the GDP correction coefficient of region i
GDP' denotes the per capita GDP of region i (yuan), and; GDP
indicates the national per capita GDP (yuan).

According to Equations 8-13, the ecological compensation standard
P; for cultivated land per unit area in region i is calculated as follows:

P,=A; xN xR x H xG (14)

3.2.3 Calculation of ecological compensation
amount of cultivated land

The ecological compensation amount was determined by
multiplying the VCL flow by the ecological compensation
standard per unit area, as follows:

TP = ELB x P, (15)

Here, when ELB > 0, TP represents the ecological payment
amount, and when ELB < 0, TP is the ecological receiving
compensation amount.

3.3 Data sources and processing

3.3.1 Socio-economic statistical data

The MRIO table is available for 2012, 2015, and 2017 (Zheng
et al,, 2021), covers provincial tables of 31 provinces and municipal
tables of 309 cities. This paper adopted the latest MRIO table of 2017,
obtained from the China Emissions Accounts and Datasets (https://
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FIGURE 3

Virtual cultivated land (VCL) embodied in final consumption and its intensity in 51 cities.

www.ceads.net.cn/). Economic data, such as population, GDP, grain
production, urban Engel’s coefficient, rural Engel’s coefficient and
urbanization rate, were obtained from the “China Statistical
Yearbook” (2018) and Beijing, Tianjin, Hebei, Henan, Shandong,
Anhui, and Jiangsu provinces Statistical Yearbooks (2018).

3.3.2 Land use and environmental data

Remote sensing monitoring data were sourced from land-use
remote sensing monitoring data provided by the Resource and
Environmental Science Data Platform of the Chinese Academy of
Sciences (https://www.resdc.cn/). The remote sensing data is corrected,
processed and verified to enhance the accuracy of remote sensing image
classification (Song et al., 2024; Song et al., 2025). Combined with the
human-computer interaction interpretation and the land use remote
sensing data, the data of land areas each city is obtained.

Net primary productivity (NPP) data and Precipitation data were
obtained from the National Earth System Science Data Center (http://
www.geodata.cn/). Annual NPP data with 500 m spatial resolution
was provided by MOD17A3HGF V6 products. The annual average
NPP of each city and the annual average NPP of the whole country in
2017 are obtained through spatial processing and calculation.
Precipitation data is a spatial data set of monthly precipitation
with 1 km in China. The annual average precipitation of each city
and the annual average precipitation of the whole country in 2017 are
obtained through summing up the monthly precipitation.

4 Results
4.1 VCL and VCLF
4.1.1 Final VCL consumption and use intensity

The final VCL consumption and use intensity were calculated
by the Equations 1- 4. From the perspective of final consumption
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(Figure 3), the top three regions were Qingdao, Zhengzhou, and
Shijiazhuang, with the amounts at 1.292, 1.163, and 0.882 million
hectares, respectively. The three regions with the smallest areas
were Huainan, Huaibei, and Laiwu, at 0.117, 0.114, and
0.047 million hectares, respectively. Final VCL consumption is
related to economic and population. Qingdao,
Zhengzhou, and Shijiazhuang were economically developed

growth

regions in the NCP, with a huge population and high grain
and cultivated land demands, and a large number of cultivated
land area is occupied by urban construction and industrial
development; therefore, these areas needed to import resources
from other regions to meet the demand. In particular, Beijing and
Tianjin were not among the top three regions of final
consumption, which does not mean that the final consumption
was low; rather, this means that they imported a relatively small
amount of resources from the NCP and more resources from
other regions in China.

From the perspective of cultivated land-use intensity, the three
lowest regions were Beijing, Tianjin, and Weihai, with intensities of
0.167, 0.279, and 0.562 ha/million, respectively. The higher the
economic level, the lower is the cultivated land use intensity. The
top three regions were Zhumadian, Hengshui, and Zhoukou, with
the intensities of 1.869, 1.878, and 1.906 ha/million, respectively.
The lower the economic level and the higher cultivated land quality,
the higher cultivated land use intensity.

4.1.2 VCLF

As cultivated land is embodied in economic trade, VCL flow
between regions can be quantified and the net flow can be calculated
(Equations 5-7) (Figure 4). Regions where the net flow >0,
indicating a trade surplus of the VCL, supplies cultivated land to
other regions. Regions where the net flow <0, indicating a trade
deficit of the VCL, and consumes cultivated land in other regions (Su
et al., 2023).
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There were 18 regions with a VCL trade surplus, among which
Beijing, Shijiazhuang, Zhengzhou, Weihai, and Yantai had the
largest net imports of 0.579, 0.503, 0.494, 0.411, and
0.339 million hectares, respectively. Economically developed
regions with large populations had greater food demands and
needed to import VCL to other regions. There were 33 regions in
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the VCL trade deficit, among which Zhoukou, Weifang, Dezhou,
Hengshui, and Heze had the largest net export amounts of 0.527,
0.293, 0.283, 0.226, and 0.219 million hectares, respectively. This
showed that economically underdeveloped regions with a wide
distribution and high-quality cultivated land were able to export
VCL to other regions.
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4.2 Compensation zoning based on
the VCLF

From an inter-provincial perspective (Figure 5), Beijing and
Tianjin were the major VCL recipients, mainly from Hebei, Henan,
and Shandong provinces. Among these, Hebei Province had the

Frontiers in Environmental Science

largest outflows of 315.0 and 122.5 thousand hectares into Beijing
and Tianjin, respectively, followed by Henan, with outflows of
198.3 and 74.2 thousand hectares, respectively; and Shandong
Province provided 121.3 and 33.5 thousand hectares, respectively.
Beijing and Tianjin were the most economically developed regions
in the NCP, and the permanent resident population and gross
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regional product were at the forefront of China. They achieved
economic development by expanding construction land while
importing grain to meet the daily needs of a large population,
enjoying the benefits of grain production and cultivated land
protection. As major agricultural provinces, Hebei, Henan, and
Shandong have high agricultural production levels, and have
made outstanding contributions to ensuring food security in
Beijing, Tianjin, and across the country.

From an inter-city perspective, VCL flow mainly occurred
within provinces. In Hebei Province, Shijiazhuang and Langfang
were VCL recipients, with Shijiazhuang having the largest net
import amounts of 157.5, 159.6, 161.0, 141.2, and 116.5 thousand
hectares from Handan, Baoding, Cangzhou, Xingtai, and Hengshui,
respectively. In Jiangsu Province, Xuzhou was the VCL recipient,
with inflow amounts of 42.8, 41.2, and 34.4 thousand hectares from
Huai’an, Suqian, and Lianyung, respectively. In Anhui Province,
Bengbu and Huaibei were VCL recipients, with Bengbu having the
largest net import amounts of 43.3 and 45.4 thousand hectares from
Fuyang and Suzhou, respectively. In Shandong Province, Jinan,
Qingdao, Zibo, Dongying, Yantai, Weihai, and Rizhao were VCL
recipients, of which Weihai had the largest net imports of 122.9,
116.7, and 169.2 thousand hectares from Linyi, Dezhou, and
Weifang, respectively; followed by Yantai, with the amount of
77.7, 76.3, 86.1, respectively. In Henan Province, Zhengzhou,
Kaifeng, Anyang, and Hebi were VCL recipients, and Zhengzhou
had the largest net imports of 186.70, 168.3, and 123.7 thousand
hectares from Jiaozuo, Xuchang, and Zhoukou, respectively.

This demonstrated that VCL flowed from regions with flat
terrain, fertile land, favorable farming conditions, and high food
production to regions with high economic development levels, large
populations, fewer cultivated land resources, and lower grain yields.
The NCP has excellent sunlight and temperature conditions and
abundant cultivated land resources, and has made outstanding
to food with the
development of economy and society, urban, industrial and

contributions security. However, rapid
transportation lands have continued to invade into cultivated
land, posing a threaten to cultivated land protection. From
2000 to 2020, the cultivated land area decreased by 1.74 million
hectares (Gao, 2023). The tradeoff between construction land
expansion and cultivated land reduction in the NCP represents a

microcosm of land use/cover change in China (Deng et al.,, 2023).

4.3 Ecological compensation standard

The ecological compensation standards in each region were
obtained using Equations 8-14, with an average of 5,634 yuan/
hectare. They were classified into five grades by the natural
breakpoint method (Figure 6). Figure 5 shows a significant
difference in the compensation standards between regions,
ranging from 2,192 to 18,406 yuan/hectare. Compensation
standards for Xingtai, Baoding, Handan, Heze, and Suzhou were
the lowest, ranging from 2,192 to 2,523 yuan/ha; those of Beijing,
Xuzhou and Huaian were at the highest level, ranging from
11,463 to 18,406 yuan/ha (i.e., more than 5-times the lowest level).

Ecological compensation standards depend not only on the ESV
but are also affected by natural factors like NPP and precipitation.
Regions such as Xuzhou, Lianyungang, Suqian, Huai’an, Luohe,
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Zhumadian, and Xuchang had high NPP and abundant annual
precipitation, providing favorable natural conditions for cultivated
land and leading to higher ecological compensation standards. In
addition, the socio-economic development level was directly
proportional to the willingness and ability to pay for ecological
compensation. Regions such as Beijing, Tianjin, Shijiazhuang, Jinan,
Qingdao, Yantai, Weihai, and Zhengzhou, with high per capita GDP
and lower Engel’s coefficients, exhibited stronger willingness-to-pay
for  ecological in  higher

compensation, resulting

compensation standards.

4.4 Horizontal ecological compensation
amount within the NCP

Ecological compensation amounts for the 51 regions in the NCP
15

compensation amounts were summarized (Table 2). A positive

were calculated using Equation and inter-provincial
value indicated the payment amount and a negative value
indicated the compensation amount received.

From an inter-provincial perspective, Beijing and Tianjin were
payment areas, and Hebei, Anhui, Jiangsu, Shandong, and Henan
were compensation receiving areas. Beijing had the highest payment
amount (3.04 billion yuan) and needed to pay compensation to all
other provinces, with the largest amount (1.14 billion yuan) paid to
Hebei Province. Tianjin received compensation of 0.18 billion yuan
from Beijing and paid 0.88 billion yuan to other provinces, with the
largest amount of 0.39 billion yuan paid to Hebei Province. Hebei
Province received the largest amount (1.99 billion yuan, primarily
from Beijing and Tianjin). As the ecological barrier of Beijing and
Tianjin, Hebei Province had made a significant contribution to
ecological environment protection and also undertaken the
important function of ensuring food security. Jiangsu Province
received compensation of 0.78 billion yuan from Beijing and
Tianjin, and needed to pay 0.38 billion yuan to other provinces,
with a net receiving amount of 0.40 billion yuan. Anhui Province
received compensation from all other provinces, receiving a total
amount of 0.43 billion yuan. Shandong Province received
compensation of 0.63 billion yuan from Beijing, Tianjin, Jiangsu
and Henan, and needed to pay 0.38 billion yuan to Hebei and Anhui,
with a net receiving amount of 0.25 billion yuan. Henan Province
received compensation of 0.88 billion yuan from Beijing, Tianjin,
Hebei and Jiangsu, and needed to pay 0.21 billion yuan to Anhui and
Shandong, with a net receiving amount of 0.67 billion yuan.

Inter-city compensation mainly occurred within the provinces;
therefore, a chord diagram was created to display the horizontal
ecological compensation by the Origin model. Jiangsu and Anhui
provinces had the advantage of geographical proximity, with VCL
flows mainly occurring within these two provinces; therefore, the
four regions in Jiangsu and six regions in Anhui were combined.
Figure 7 shows a one-to-one correspondence of inter-city ecological
compensation.

In Hebei Province, Shijiazhuang, Langfang, and Baoding were
payment areas, with payment amounts of 1.76, 0.24, and
0.13 billion yuan, respectively; other regions were receiving
areas, among which Tangshan, Cangzhou, and Hengshui had
the largest receiving amounts of 0.65, 0.50, and 0.45 billion yuan,
respectively. In Jiangsu and Anhui provinces, Xuzhou and
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Bengbu are payment areas, with payment amounts of 0.63 and
0.23 billion yuan, respectively; Huai’an and Bozhou were
receiving areas, and the receiving amounts were 0.45 and
0.20 billion yuan, respectively; Lianyungang, Huaibei, and
Fuyang were balance areas. In Shandong Province, Jinan, Zibo,
Dongying, Yantai, Weihai, and Rizhao were payment areas, with
payment amounts of 0.84, 0.53, 1.00, 1.21, 1.50, and 0.08 billion
yuan, respectively; other regions were receiving areas, among
which Weifang, Dezhou, and Heze had the highest receiving
amounts of 1.29, 1.18, and 0.55 billion yuan, respectively. In
Henan Province, Zhengzhou, Kaifeng, Anyang, Hebi, and Puyang
were payment areas, with payment amounts of 2.77, 0.17, 0.47,
1.09, and 1.18 billion yuan, respectively; other regions were
receiving areas, among which Zhoukou, Zhumadian, Luohe,
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and Shanggqiu had the highest receiving amounts of 2.19, 1.04,
0.76, and 0.76 billion yuan, respectively.

5 Discussion

5.1 Horizontal ecological compensation
between the NCP and other regions in China

As a significant MGPA in China, the NCP produces 30% of the
food grain in China. However, due to the low economic returns from
grain production, local governments and farmers have limited
enthusiasm for grain farming, leading to phenomena such as
“non-grain” and “non-agricultural” in some areas (Shao, 2022;
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TABLE 2 Inter-provincial ecological compensation amount in the North China Plain Unit: billion yuan.

Province Beijing Tianjin Hebei Jiangsu Anhui Shandong
To Beijing 0.00 -0.18 -1.14 —0.65 -0.12 -0.40 -0.55
To Tianjin 0.18 0.00 -0.39 -0.13 -0.05 -0.09 -0.22
To Hebei 1.14 039 0.00 0.22 -0.02 036 -0.10
To Jiangsu 0.65 0.13 -0.22 0.00 -0.11 -0.04 -0.01
To Anhui 0.12 0.05 0.02 0.11 0.00 0.02 0.11
To Shandong 0.40 0.09 -0.36 0.04 -0.02 0.00 0.10
To Henan 0.55 0.22 0.10 0.01 -0.11 -0.10 0.00
Total 3.04 0.70 -1.99 -0.40 -0.43 -0.25 -0.67

Zhang et al, 2021). Chemical fertilizers and pesticides are
extensively used and cultivated land resources are excessively
exploited and utilized, causing problems such as declining soil
fertility, ecological imbalance, and cultivated land deterioration
(Wei et al,, 2023). Therefore, the conflict between cultivated land
protection and ecological security is extremely serious. By analyzing
VCL between the NCP and other regions in China, constructing the
horizontal ecological compensation mechanism of cultivated land in
MGPA can help allocate responsibility for cultivated land protection
and ensure ecological security in the NCP.

5.1.1 VCL flow between the NCP and other regions
in China

Regarded the NCP as a whole, there was also VCL flow between
NCP and other regions in China (Figure 8). The NCP mainly received
VCL from major grain-producing provinces in northern China, such
as Jilin, Heilongjiang, Inner Mongolia, and Shaanxi, with inflows of
2.53,2.18, 1.97, and 1.38 million hectares, respectively. The NCP also
provides cultivated land to other economically developed regions,
mainly concentrated in the Yangtze River and Pearl River deltas, such
as Guangdong, Zhejiang, and Shanghai, with outflows of 1.95, 1.77,
and 0.46 million hectares, respectively, indicating that the NCP has
excessively undertaken the task of cultivated land protection for
developed regions.

Description: The NCP in this section includes all cities in
Beijing, Tianjin, Hebei, Shandong, Henan, Anhui, and Jiangsu
provinces, which differs slightly from the previous section.

5.1.2 Ecological compensation between NCP and
other regions in China

We can get the ecological compensation between the NCP and
other regions in China from Figure 9. The NCP needed to pay
73.30 billion yuan to other regions and received 90.65 billion yuan.
In general, it was able to receive 17.35 billion yuan. Figure 8 shows
that the areas receiving compensation were mainly distributed in the
northeast and northwest regions in China, among which Jilin,
Heilongjiang, Inner Mongolia, and Shaanxi received the largest
of 2327, 2225, 12.09,
respectively. Payment areas were mainly distributed in the
Yangtze River and Pearl River deltas, among which Guangdong,
Zhejiang, and Shanghai paid the largest amounts (i.e., 46.46, 31.07,
and 5.58 billion yuan, respectively).

amounts and 4.25 billion yuan,
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5.2 Limitations and future research outlook

First, because of the considerable amount of effort and lack of
wide application, the MRIO table is updated every 5 years by the
Bureau of Statistics, and the latest MRIO table was updated for 2017;
therefore, it is difficult to achieve continuous quantitative analysis of
VCL flow and ecological compensation. Second, owing to data
limitations, VCL import and export from overseas are difficult to
quantify, and we will supplement this in the future study. Finally,
owing to the large amount of data and complex calculations, the
scope of the NCP is inconsistent in Parts 3 and 4; it includes 51 cities
in Beijing, Tianjin, Hebei, Shandong, Henan, Anhui, and Jiangsu
provinces in Part 3 and all cities of the seven provinces in Part 4.
However, this did not affect the overall analysis, and we hope to
improve it in the future.

5.3 Policy implications

5.3.1 Construct ecological compensation
mechanism under the VCL framework

Based on the “two horizontal and two vertical” compensation
models proposed by Liang et al. (2019), an operation platform
was constructed under the VCL framework in MGPA. At the
inter-provincial level, a central operation platform was
established to realize cross-provincial compensation from the
main food consumption province to MGPA. At the inter-city
level, a provincial platform was established to realize cross-
regional compensation from the net inflow region to the
outflow region within the province. The main responsibilities
of the platform is to monitor the VCL flow in real time, identify
the compensation subject and object, clarify the source of
compensation funds and the manner in which money is
raised, select suitable compensation methods, and implement
supervision and punishment.

5.3.2 Establish ecological compensation fund of
cultivated land

According to the principle of “more inflow and more
compensation, less inflow and less compensation, no inflow and
no compensation,” a certain proportion of local government
revenue of MFSA, with financial and social capital, and other
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source of funds, composed the ecological compensation fund,
which is specifically used to support large-scale and intensive
management, high-standard prime farmland construction,
income subsidy of grain farmers, and agricultural science and
technology innovation. A dynamic monitoring mechanism for
cultivated-land changes in MGPA and MFSA should be
constructed. When the phenomena of “non-grain” or “land
abandonment” appears in MFSA, the government should
provide compensation for MGPA according to area of

cultivated land that has been changed.
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5.3.3 Construct development community of grain
industry between MGPA and MFSA

On the one hand, the MFSA established the Loan Credit
Guarantee Fund for MGPA to solve the capital demand for the
grain industry chain; on the other hand, the two-way counterpart
support mode of “province-province” and “region-region” has been
adopted, meaning that the MFSA provides support to promote the
scale and industrialization of food grain by providing large-scale
agricultural machinery, improving agricultural infrastructure,
ecological protection, environmental governance projects, etc., to
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Virtual cultivated land (VCL) flow map between the North China Plain (NCP) and other regions in China.

form a new cooperation mode of MGPA and MFSA and share the
benefits of grain industry development.

6 Conclusion

MGPA have significantly contributed to protecting cultivated
land and food security in China. Therefore, it is important to
improve the horizontal ecological compensation mechanism of
cultivated land in MGPA. Taking the NCP as the research object,
this study analyzed VCL flow reflected in inter-regional trade using
MRIO, calculated the ecological compensation standard and
compensation amount for each region, and proposed suggestions
for optimizing the ecological compensation mechanism. The
conclusions are as follows:

First, final VCL consumption was positively correlated with the
economic level. Economically developed regions such as Beijing
(0.579 ha/million), Shijiazhuang (0.503 ha/million), Zhengzhou

(0.494 ha/million), Weihai (0.411 ha/million), and Yantai
(0.339 ha/million) had large net VCL imports; whereas,
economically underdeveloped regions such as Zhoukou
Frontiers in Environmental Science
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(0.527  ha/million), Weifang (0.293 ha/million), Dezhou
(0.283 ha/million), Hengshui (0.226 ha/million), and Heze
(0.219 ha/million) had large net VCL exports.

Second, VCL flowed from economically underdeveloped to
economically developed regions. At the inter-provincial level,
VCL flowed from Hebei (315.0, 122.5 thousand hectares),
Shandong (121.3, 33.5 thousand hectares), and Henan (198.3,
74.2 thousand hectares) to Beijing and Tianjin. At the inter-city
level, VCL flowed from large grain-producing regions to
economically developed regions; for example, it flowed from
Handan (157.5 thousand hectares), Baoding (159.6 thousand
hectares), Cangzhou (161.0 thousand hectares), Xingtai
(141.2 thousand hectares), and Hengshui (116.5 thousand
hectares) to the provincial capital Shijiazhuang in Hebei
Province. The NCP mainly received VCL from economically
underdeveloped regions, such as Jilin (2.53 million hectares),
Heilongjiang  (2.18 hectares),
(1.97 million hectares), and Shaanxi (1.38 million hectares), and

million Inner Mongolia
also provided cultivated land resources for developed regions, such
as Guangdong (1.95 million hectares), Zhejiang (1.77 million

hectares), and Shanghai (0.46 million hectares).
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Finally, net VCL inflow regions were payment areas and net
outflow regions were compensation receiving areas. The ecological
compensation standard for cultivated land differed, ranging from
2,192 to 18,406 yuan/hectare. Beijing and Tianjin were payment
areas, with payment amounts of 3.04 and 0.70 billion yuan,
respectively. Other provinces were receiving areas, and Hebei
Province received the largest amount (1.99 billion yuan). As an
export-oriented region, the NCP received compensation of
17.35 billion yuan from other regions in China. From this
study, we propose suggestions to improve the horizontal
ecological compensation mechanism of cultivated land from
three
mechanism under the

aspects:  constructing an  ecological
VCL framework;

compensation fund for

compensation
establishing an
land,
constructing a development community for the grain industry
between MGPA and MFSA.
The results can help clarify the responsibilities of MGPA and

ecological cultivated and;

MFESA and alleviate the pressure on cultivated land protection in
MGPA. The findings will assist policymakers in formulating
differentiated compensation policies according to the socio-

economic resources of different regions and reducing
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regional imbalances. It is helpful to clarify the responsibility
of cultivated land utilization and ecological protection,
eliminate contradictions between cultivated land protection
and

socio-economic development, and provide effective

solutions for long-term sustainable

MGPA and MFSA.

development  of
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