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The food system faces severe global climate change and resource constraints,
requiring consideration of its resource consumption and ecosystem impact. How
to achieve food security under the water-energy-food-ecology (WEFE) system
framework is a common challenge for all countries worldwide. Therefore, food
security research from the perspective of WEFE holds great practical value and
significance. It aligns with the vision of meeting people’s ecological resource needs
and supports the UN Sustainable Development Goals. This study constructed
a measurement system consisting of 4 subsystems and 17 indicators and used
2014-2021 panel data from 31 provincial-level regions to assess food security
capability from the perspective of WEFE. The findings are as follows: (1) The food
security guarantee capacity of 31 provincial-level regions improved from 2014
to 2021. (2) From 2014 to 2021, a small number of indicators contributed more
significantly to food security capacity: agricultural fertilizer application, diesel
use and pesticide use had an average annual contribution of 46.71% (potentially
unsustainable with environmental risks). Additionally, some indicators saw a marked
rise in contribution—over 8 years, water-saving irrigation area, cumulative soil
erosion control area and green coverage area increased by 27.17, 22.29, and 25.93%,
highlighting the key role of ecological environment and resource elements in
the food system. (3) From 2014 to 2021, the relative importance (or influence) of
the indicators on food security capacity remained relatively stable: pesticide use
dropped significantly by 22.17%, while other indicators changed by less than 10%.
(4) Based on the food security capacity assessment results, this study designed
a functional zoning (seven types). The determination of functional zoning was
based on the assessment results of the water, energy, food, and land subsystems
within the food security capacity assessment results. Furthermore, it proposed
targeted response strategies and policy recommendations to enhance the region'’s
food security, based on the characteristics of different functional areas. This study
provided more reasonable functional zoning methods and more realistic results,
which can promote balanced WEFE development, stabilize regional food supply,
optimize water and energy use in production, protect ecology, strengthen global
food security, and offer a Chinese solution for a new international food security
paradigm.
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1 Introduction

The food system is facing the severe situation of global climate
change and resource constraints, a situation that makes it necessary to
consider the system’s resource consumption and its impact on the
ecosystem. How to achieve food security under the framework of the
water-energy-food-ecology system (WEFE) is a common problem
that has to be faced by all countries in the world. According to the
2025 Global Report on Food Crises, nearly 300 million people around
the world will face serious food insecurity in 2025 (FSIN and GNAFC,
2025). The main reason is that the global food system is facing
multiple challenges such as climate change and geopolitical conflicts,
which will seriously threaten the food security level of countries. In
this context, the world is very concerned about how to achieve the
“Zero Hunger;” which is goal 2 of the United Nations Sustainable
Development Goals (SDGs) (Ge et al., 2018; Tang Y. E et al., 20215
Wang and Huang, 2024). It is necessary to study how to eliminate
hunger, promote food security, improve nutritional status and
promote the sustainability of agricultural systems.

As a country with a large population, food security has always
been regarded as a national strategy in China, and a large number of
policies have been promulgated for the construction and maintenance
of food systems (Zeng et al., 2025). In 1992, the Chinese government
formally defined the concept of food security. It was summarized as
ensuring that all residents have effective access to sufficient food, with
a rational structure and high quality. This concept is highly consistent
with the international concept of food security (FAO, 2017), as both
share the core demands for adequate, healthy, and high-quality food.
Many issues such as carbon emissions, ecological impacts, and
resource consumption from the food system have received increasing
attention (Shi et al., 2025; Huan et al., 2025). Consequently, there is a
hope that the food system will become more sustainable and
transform into a greener, more ecological model of agriculture (Eakin
etal, 2017; McMichael, 2011). In this context, China has innovatively
proposed a concept of “all-encompassing approach to food” based on
its own resource endowment and development needs. In recent years,
Chinese government has issued a series of policies [including
Opinions on Practicing the All-encompassing Approach to Food and
Building a Diversified Food Supply System, Comprehensive Rural
Revitalization Plan (2024-2027), National Whole Grain Action Plan
(2024-2035), etc.] to practice the concept of “all-encompassing
approach to food” (Xiong et al, 2025). The all-encompassing
approach to food is an extension and expansion of the concept of
food security, emphasizing the construction of a diversified food
supply system and the development of food resources from multiple
channels. This means that more types of food are included in the
residents’ diet, which will reduce the supply pressure of staple crops.
In addition, the all-encompassing approach to food is also an
important part of the structural reform of China’s agricultural supply
side. The reason is that the concept has a strong sustainable
development position, emphasizing that the food system should
maintain a harmonious balance with the ecosystem, and minimize
the impact on the ecological environment and the inefficient
consumption of resources on the premise of ensuring food supply
(Fan S. G. et al., 2023).

Food security is an important part of national security (Frantsisko
et al, 2020). How to build a more resilient food system is the top
priority of national policy agendas (Deconinck et al., 2023). A more
resilient food system refers to the ability of the food system to
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withstand and recover from challenges (Kertolli et al, 2024).
Adaptability, diversification and sustainability are needed to enable
countries to maintain food security in the face of challenges such as
climate change and market volatility (Béné, 2020). To build a more
resilient food system, the interconnections among various components
such as water resources, ecology, energy, social and economic factors
should be considered, so as to enhance the ability of the food system
to withstand various risks and recover from them (Tebaldi and
Vignali, 2023). Among them, water, energy, food and ecology are
interrelated and inseparable resources that are closely and complexly
related (Fu et al., 2024). Water, food and energy are important
resources for human social and economic development, with various
complex synergies at local, regional and national levels. This is known
as the water-energy-food (WEF) nexus (Haji et al., 2022). Terrestrial
ecosystems are critical to the safety of food, water and energy, so
ecosystems are at the center of this nexus (Bidoglio and Brander,
2016). They together constitute the known water-energy-food-ecology
nexus (WEFE nexus) (Shi et al., 2020). The above nexus shows that
the essence of food security is a cross-domain and cross-scale complex
system problem.

In the field of Rural and Regional Development, functional zoning
is formulated to achieve regional development goals. Different regions
are classified into functional zones based on shared characteristics or
attributes that influence regional development goals, and the
combination of these zones forms the functional zoning. In previous
studies, some scholars have utilized the formulation of functional
zoning to optimize the relationship between ecological protection and
human development (Wang et al., 2023), while others have employed
the same approach to reshape sustainable geographical patterns (Fan
etal,, 2019). Because zones of the same type share common traits, they
can be governed by similar policies in their development. Conversely,
different policies are adopted for different types of zones. The design
of functional zoning aligns with the theory of regional functional
differentiation and has proven effective in promoting regional
development in practice (Chen et al., 2023). The distribution of water,
energy and ecological resources in China shows a significant
imbalance due to differences in geographic location, climatic
conditions and geological formations (Gao et al., 2025). Food system
as a complex system highly dependent on water, energy and ecological
system, functional zoning should be carried out in order to develop
sustainable geographic patterns to maximize food security (Fan et al.,
2019). About the study of functional zoning of agricultural subjects,
different scholars have put forward different views on the focus of
zoning: one scholar argues that any scientific zoning plan for farmland
should include two aspects-the characteristics of matching supply and
demand, and the relationship between different functions (He et al.,
2021). Bousbaine et al. have also argued that for the goals of world
food security and food sovereignty, it is necessary to integrate
farmland protection with other values associated with farmland and
agricultural activities through more comprehensive functional
planning (Bousbaine et al., 2017). Li et al. suggest that function-
oriented zoning of arable land utilization is more effective in
improving resource utilization efficiency than blind all-around
protection approaches. The food production function of arable land is
emphasized, and food production security and landscape ecological
function are also considered (Li et al., 2022). According to Ma et al.,
it is necessary to carry out “special zone” spatial layout planning for
the main functional area of food, so as to provide a basic guarantee for
the survival and security of the country (Ma and Niu, 2009). In
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summary, the role and value of functional zoning have been
demonstrated in relevant studies and recognized by scholars. This
study introduces functional zoning as a method to explore strategies
and policies for enhancing regional food security capacity, with the
aim of promoting the balanced development of the WEFE.

This study constructed a measurement system consisting of 4
subsystems and 17 indicators and used 2014-2021 panel data from 31
provincial-level regions (excluding Hong Kong, Macao, and Taiwan)
to assess food security capability from the perspective of WEFE. Based
on the assessment results of food security capability from the
perspective of WEFE, this study designed functional zoning for the
studied regions. This functional zoning includes seven types, and the
difference between them is mainly the degree of perfection of the
WEEFE system function in the assessment results. Furthermore, it
proposed response strategies and policy recommendations to improve
food security in the region, which were tailored to the characteristics
of different functional areas. In this study, we assessed food security
capacity from the perspective of the WEFE. This approach is of
practical significance because evaluating the food system’s resource
consumption and its ecological impact is crucial for building a
sustainable food system. Moreover, in contrast to multi-country
studies at the river-basin or global scale, this study provides a novel
assessment of food security capability within a single country by
applying the WEFE perspective at the provincial-level. The
improvement strategies proposed at this level are, therefore, more
practical than those derived from broader-scale analyses.

2 Methodology
2.1 Theoretical foundation

The internal and the external systems are the two basic
components that make up the construction of the relationship
between the WEFE (Figure 1). The internal system encompasses the
water, energy, and food subsystems. Through the input and output of
water resources and energy elements to produce food, the interactive
relationship within the internal nexus is realized. The external system
is the ecological subsystem. Using various governance methods to
create a good external environment ensures the healthy operation of
the internal system. Its connotation is to achieve the relational safety
of multiple resources within a regional scope. Based on ensuring the
effective investment and reduction of water resources and energy, as
well as ecological value, it meets the requirements of regional water
resources carrying capacity, efficient energy utilization, and
environmental friendliness. At the same time, it considers other
external system elements to achieve the zoning and policy choices for
food security based on multi-element relationships.

Based on the WEFE, this study attempted to construct a food
security guarantee capability measurement system including the water
resources subsystem, the energy subsystem, the food subsystem, and
the ecological subsystem (Figure 2). The empirical study on food
security guarantee capacity from the perspective of the WEFE was
carried out based on panel data on food security in 31 provincial-level
regions (including provinces, autonomous regions, and municipalities,
excluding Hong Kong, Macao and Taiwan regions) from 2014 to 2021.
The contribution model and obstacle degree model were used to
identify the core factors affecting food security guarantee capacity.
According to the calculation results, the functional zoning of food
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Water-energy-food-ecology system

security from the perspective of the WEFE was designed, and the food
security strategy and policy choices based on functional zoning
were proposed.

2.2 Data source

The research objects are 31 provincial-level regions (including
provinces, autonomous regions, and municipalities, excluding Hong
Kong, Macao and Taiwan regions) in mainland China. The time series
is from 2014 to 2021. The study’s data are derived from the China
Statistical Yearbook, China Rural Statistical Yearbook, and China Water
Conservancy Statistical Yearbook from 2015 to 2022. Among them, the
China Statistical Yearbook is an informative annual publication
compiled and printed by the National Bureau of Statistics of the
People’s Republic of China, the China Rural Statistical Yearbook is an
informative annual publication compiled and printed by the
Department of Rural Socio-Economic Surveys of the National Bureau
of Statistics of the People’s Republic of China, and the China Water
Resources Statistical Yearbook is an informative annual publication
compiled and printed by the Ministry of Water Resources of the
People’s Republic of China.

2.3 Measurement system

2.3.1 Preliminary screening of measurement
indicators

Appropriate indicator selection will directly affect the scientific
nature of the calculation results. To better calculate the food security
guarantee capacity in the context of the WEFE, the research selected the
measurement system of food security guarantee capacity under this
context (intended indicators), including four subsystems and 17 specific
indicators. This selection was made by referring to the results of previous
studies, following the principles of scientificity, representativeness and
operability, and combining them with the theoretical framework of
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Study framework for ensuring food security with water-energy-ecology system.

China’s food security from the perspective of the WEFE (Table 1). It
contained four subsystems and 17 specific indicators.

The water resources subsystem is mainly reflected in the degree
of satisfaction with the water resources demand of the food system.
The measurement of the subsystem should consider the relevant
important indicators that affect the sustainability and effectiveness
of water resources security in the food system. Total volume of
water supply and total agricultural water use amount can represent
the abundance of regional water resources and the potential to
invest water resources in the food system. Water-saving irrigation
area and effective irrigation area of cultivated land can reflect the
level of efficient utilization of water resources system. Number of
water-saving irrigation machinery can reflect the region’s emphasis
on agricultural water use and water-saving agricultural development.

The energy subsystem is mainly reflected in the degree of satisfaction
of the energy demand of the food system. The measurement of the
subsystem should consider the relevant important factors that affect the
sustainability and effectiveness of the energy security of the food system.
Pure amount of agricultural chemical fertilizer application, agricultural
diesel usage and pesticide application is an important form of agricultural
secondary energy input in crop planting. Total power of agricultural
machinery and number of agricultural tractors is the direct embodiment
of the level of agricultural mechanization and the manifestation of
indirect input of agricultural energy.

The food subsystem is mainly reflected in the demand and output
of the food system. The measurement of the subsystem should
consider the direct measurement of the production and demand of the
food system and the factors affecting the production and demand.
Food output is a direct measure of the output of the food system. Total
sown area of crops and cultivated land ownership indicator can reflect
the changes in the basic conditions of grain system output. Year-end
permanent population can reflect the demand for food and the
potential pressure of the food system.

The ecological subsystem is mainly reflected in the relevant ecological
factors that have an impact on the operation of the food system. The
measurement of the subsystem should consider the external environment
of the food system. Total sulfur dioxide emissions and green coverage area
can represent the ecological level of the region, and the Cumulative soil
erosion control area of the external environment of the grain system can
represent the ecological governance effect of the region.
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2.3.2 Measurement system construction

The principal component analysis (PCA) is a method to reflect the
difference in the influence of indicators on the comprehensive
evaluation results through the indicator load coefficient (Greenacre
et al., 2022; Abdi and Williams, 2010). In this study, PCA was
introduced to screen the indicators that had a strong impact on the
evaluation results. Through the principal component analysis of the
17 indicators selected initially, the first five characteristic roots were
calculated to be 9.01, 1.76, 1.58, 1.04, and 0.94, respectively. The
cumulative contribution rate reached 84.22%, which was highly
representative. Therefore, the characteristic vectors corresponding to
these five characteristic roots were used to calculate the load coefficient
matrix. To ensure that the selected indicators significantly impact the
comprehensive evaluation, the absolute value of the load coefficient in
each principal component was more than 0.6. The results of the
screening are shown in Table 2.

2.4 Research methods

2.4.1 Standardized model for extreme value
method

The extreme value method is a standardized processing method
based on the maximum and minimum values in a sequence (Chen
7. X etal, 2024; Zhang et al., 2022). The study tried to introduce the
extreme value method to reduce the influence of the difference in data
values caused by the indicator unit on the measurement. The
calculation formulas are as follows:

M Positive indicators
¥ = max min (1)

Negative indicators
(Xmax — Xmin )

Yj; represents the j-th evaluation indicator data of the i-th
evaluation object after standardization; X,y indicates the maximum
value in the metric data, and X, indicates the minimum value in the
metric data.
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TABLE 1 Food security guarantee capacity measurement system (intention indicators).

Criterion layer

Indicator layer

Indicator direction

Indicator origin

10.3389/fsufs.2025.1662844

Total volume of water supply 100 Mm® Positive direction China Statistical Yearbook
Total agricultural water use amount 100 Mm® Positive direction China Statistical Yearbook
Water resources subsystem Water-saving irrigation area kha? Positive direction China Statistical Yearbook
Number of water-saving irrigation machinery 10 k units Positive direction China Statistical Yearbook
Effective irrigation area of cultivated land kha® Positive direction China Statistical Yearbook
Total power of agricultural machinery 10 MWh Positive direction China Statistical Yearbook
Pure amount of agricultural chemical fertilizer application 10 kt Negative direction China Statistical Yearbook
Energy subsystem Agricultural diesel usage 10 kt Negative direction China Statistical Yearbook
Pesticide application t Negative direction China Statistical Yearbook
Number of agricultural tractors 10 k units Positive direction China Statistical Yearbook
Food output 10 kt Positive direction China Statistical Yearbook
Total sown area of crops kha? Positive direction China Statistical Yearbook
Food subsystem
Cultivated land ownership indicator % Positive direction China Statistical Yearbook
Year-end permanent population 10 k persons | Positive direction China Statistical Yearbook
Total sulfur dioxide emissions t Negative direction China Statistical Yearbook
Ecological subsystem Cumulative soil erosion control area 10 kha? Positive direction China Statistical Yearbook
Green coverage area ha’ Positive direction China Statistical Yearbook

2.4.2 Combined weight calculation models

2.4.2.1 Entropy weight method

The entropy weight method is a quantitative research method for
objective weighting by calculating the information entropy content of
adata set (Chen Z. X. et al., 2024; Tang et al., 2024). In this study, the
entropy weight method was tried to be introduced as one of the basic
methods for the calculation model of the combined weight, and the
calculation formulas are as follows:

__y
Py =— 2)

(©)

0= 4)
2(1-¢))

j=1

Bj is the contribution degree of the eigenvalue of the i-th
evaluation object under the j-th indicator; e; is the entropy of the j-th
indicator; w; is the entropy-weighted value of the j-th indicator.

2.4.2.2 Coefficient of variation method for determining
weights

The coefficient of variation method is an objective weighting
method based on data information (Tan et al., 2021; Yang et al., 2022).
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In this study, the coefficient of variation method was used as one of
the basic methods for the calculation of the combined weight model,
and the calculation formulas are as follows:

(5)
_Y
Yj== (6)
D)
j=1

v;is the coefficient of variation of the j-th indicator; @; represents
the weight value of the variation coeflicient method for the
j-th indicator.

2.4.2.3 Mean square deviation method

The mean square deviation method is an objective weighting
method that is objectively weighted according to the degree of data
dispersion (Cao and Huang, 2021). In this study, the mean square
deviation method was used as one of the basic methods for the
calculation of the combined weight calculation model. The calculation
formula is as follows:

@)
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TABLE 2 Calculation results of principal component load coefficient.

Indicator Principal Principal Principal Principal Principal Screening
componentl component2 component3 component4  component5 @ result

Total volume of

0.683 —0.440 0.521 —0.023 —0.033 Retain
water supply
Total agricultural

0.627 -0.223 0.684 —0.081 —0.074 Retain
water consumption
Water-saving

0.723 0.143 0.415 0.071 —0.182 Retain
irrigation area
Number of water-
saving irrigation 0.716 —-0.115 —0.407 -0.117 0.138 Retain
machinery
Effective irrigation
area of cultivated 0.942 0.117 0.201 —-0.139 —0.121 Retain
land
Total power of
agricultural 0.924 0.162 —0.234 —0.060 —0.003 Retain
machinery
Pure amount of
agricultural chemical 0.920 0.074 —0.156 —-0.075 0.013 Retain
fertilizer application
Agricultural diesel

0.705 —0.040 0.077 0.214 —0.074 Retain
usage
Pesticide usage 0.831 —-0.180 —0.265 —-0.017 0.147 Retain
Number of

0.823 0.275 —0.264 -0.299 0.025 Retain
agricultural tractors
Food output 0.875 0.271 —0.058 —0.158 —0.110 Retain
Total sown area of

0.909 0.264 —0.010 —0.033 —0.126 Retain
crops
Cultivated land

0.138 0.337 0.388 —0.176 0.732 Retain
ownership indicator
Permanent
population at end of 0.766 —0.430 —0.261 0.227 0.030 Retain
year
Total sulfur dioxide

0.442 0.158 0.026 0.542 0.458 Delete
emissions
Cumulative soil

0.231 0.545 0.031 0.634 —0.218 Retain
erosion control area
Green coverage area 0.461 —-0.751 —0.112 0.206 0.111 Retain

o; is the standard deviation of the j-th indicator. 17,-]- is the  weights. According to the expert scoring results, the weights
standardized mean of the i-th evaluation object under the j-th  assigned to the study were 0.25, 0.375, and 0.375, respectively
indicator. w; represents the weight value of the mean square deviation ~ (Table 3).
method of the j-th indicator.

2.4.3 Calculation method of final score

2.4.2.4 Analytic hierarchy process determines weights of
each method

The Analytic Hierarchy Process (AHP) is a systematic
analysis method that combines qualitative and quantitative
analysis (Qin et al., 2021; Wang H. D. et al., 2021). In this study,
the AHP was used to reassign the weights determined by the
entropy weight method according to Equations 1-4, the variation
coefficient method according to Equations 1, 5, 6, and the mean
square deviation method Equations 1, 7, to calculate the final
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The calculation method of the final score based on the combined
weight calculation model was obtained by multiplying the
standardized indicator data by the final weight value of the indicator.
The calculation formula is as follows:

By =Yij <o 8)

Fjj is the final evaluation score of the i-th evaluation object under
the j-th indicator. @ is the final weight value of the j-th indicator.
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3 Analysis of food security guarantee
capacity

3.1 Analysis of measurement results

From 2014 to 2021, the food security guarantee capacity value of
31 provincial-level regions showed an upward trend. Among them,
the total score of the guarantee capacity value of 31 provincial-level
regions increased by 9.08%. The provincial average guarantee capacity
value increased by 8.48%. The scores of 12 provincial-level regions,
including Yunnan, Hubei, and Gansu, increased significantly by more
than 10%. In 2021, the 13 major grain-producing regions in China
ranked among the top 16 in terms of their guarantee capacity.
Specifically, Shandong Province, Henan Province, and Heilongjiang
Province were all at a high level for many years, ranking in the top
three fixedly. Yunnan Province’s guarantee capacity value increased
significantly, from 0.298 to 0.342, and the ranking increased by three
places; Guangxi Autonomous Region, Guizhou Province, and Shanxi
Province had a slight increase in their guarantee capacity for many
years, which were 0.024, 0.025, and 0.009, respectively, and their
rankings decreased by two places. Beijing’s multi-year guarantee

10.3389/fsufs.2025.1662844

capacity value fluctuated the most, hovering around 0.218, and the
ranking fluctuated sharply, reaching as many as five places according
to Equation 8 (Table 4).

3.2 Analysis of influencing factors

3.2.1 Sensitivity analysis

Sensitivity analysis is used to study the influence of factor changes
on the target (Wu et al.,, 2023). The study attempted to analyze the
sensitivity of the weighting method of the measurement system,
explored the influence of different methods on the measurement
results, and used the sensitivity coefficient to characterize the
sensitivity of the indicators. The calculation for mulais is as follows:

n
OB Y i

T

Aa)j /(Oj

)

p represents the sensitivity coefficient of the j-th evaluation
indicator to the weighting method. AF}; denotes the change in the

TABLE 3 Indicator weight of food security guarantee capacity measurement system.

Criterion layer Indicator layer Entropy weight Variation Mean square Ultimate weight
method coefficient method = deviation method
Total volume of water
0.061 0.102 0.070 0.080
supply
Total agricultural water
0.062 0.055 0.056 0.057
consumption
Water resources Water-saving irrigation
0.059 0.061 0.070 0.064
subsystem area
Number of water-saving
0.054 0.132 0.055 0.084
irrigation machinery
Effective irrigation area of
0.061 0.106 0.082 0.086
cultivated land
Total power of
0.061 0.054 0.063 0.059
agricultural machinery
Pure amount of
agricultural chemical 0.069 0.049 0.059 0.058
Energy subsystem fertilizer application
Agricultural diesel usage 0.070 0.053 0.055 0.058
Pesticide usage 0.068 0.048 0.073 0.063
Number of agricultural
0.056 0.071 0.063 0.064
tractors
Food output 0.060 0.056 0.071 0.063
Total sown area of crops 0.062 0.046 0.077 0.062
Cultivated land
Food subsystem 0.070 0.009 0.025 0.030
ownership indicator
Year-end permanent
0.064 0.043 0.069 0.058
population
Cumulative soil erosion
0.062 0.051 0.061 0.057
Ecological subsystem control area
Green coverage area 0.061 0.062 0.051 0.057
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evaluation result of the j-th evaluation indicator for the i-th evaluation
object due to adjustments made by the weighting method. Aw;
denotes the change in the weight of the j-th evaluation indicator due
to adjustments made by the weighting method. The results are shown
in Table 5 according to Equation 9.

From the mean sensitivity coefficients of each indicator, it appears
that the sensitivity of each indicator to the mean square deviation
method was significantly higher than that of other weighting methods.
However, after removing the two extreme sensitivity coefficients, it can
be seen that there was no significant difference in the sensitivity of
each indicator to the three weighting methods. The direct cause of this
phenomenon lies in the extreme sensitivity of the two indicators—
total agricultural water use and number of agricultural tractors—to
the weighting of the mean square deviation method. The sensitivity
coefficients are 212.471 and 117.377, respectively, which are
significantly higher than the sensitivity coefficients of other indicators
for the three methods. From the perspective of weighting methods,
the entropy weight method places greater emphasis on the stability of
data information entropy, the coefficient of variation method places
greater emphasis on the relative dispersion of data, and the mean
square deviation method places greater emphasis on the absolute
dispersion of data. The three methods have different focuses, which
are of great significance for weighting. Therefore, the study used the
AHP method to perform secondary weighting on the three methods,
with the aim of incorporating the objectivity of the weighting of the
three methods. From the results of the sensitivity analysis after
removing extreme values, it can be seen that no single method has a
dominant influence on the results, which is conducive to the conduct
of the study. This supports the rationality of using secondary weighting
as the final weighting in the study.

3.2.2 Contribution model analysis

The affecting degree model is a research method to explore the
influence of single indicator evaluation results on the final evaluation
score (Fang et al., 2021). The study attempted to introduce the
affecting model to measure the main contributors of regional security
capacity. The calculation formula is as follows:

E.
Cj=—o

T
> i

(10)

C; is the contribution of the j-th indicator. F; is the evaluation
result of the i-th evaluation object under the j-th indicator. The average
contribution of each province was taken as the analysis object. The
results are as follows according to Equation 10 (Figure 3).

The change of indicator contribution tended to concentrate on a
small number of indicators. In terms of quantity, the contribution of
some indicators was far more than that of others. The average annual
contribution of A7 (the pure amount of agricultural chemical fertilizer
application), A8 (the amount of agricultural diesel usage in various
regions), and A9 (the amount of pesticide application) indicators has
reached 46.71% in 8 years, close to half of the total score value. The
reason may be that, for a long period of time, an agricultural economic
development model that relies heavily on agricultural energy (primary
and secondary energy) has been beneficial to China’s food security
and farmers’ income growth. However, it is important to recognize
that this development model is unsustainable. On the one hand, as
yields per unit area increase, the marginal benefits of agricultural
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energy inputs will gradually diminish, and the costs required to
increase inputs will gradually rise. On the other hand, the ecological
pollution caused by the overuse of agricultural energy has gradually
come to light (Tang F. H. M. et al,, 2021). The Chinese government
and the public are also paying increasing attention to green agriculture
and sustainable agriculture. Since 2015, the Chinese government has
issued a series of policies to improve the efficiency of agricultural
energy use. In addition, studies have pointed out that there is still
considerable room for improvement in the utilization rate of
agricultural energy in China. Through appropriate policy
combinations and optimization of crop structures, it is possible to save
a considerable amount of agricultural energy input without affecting
food self-sufficiency and agricultural income (Van Wesenbeeck et al.,
2021). In terms of the magnitude of change, the contribution of most
indicators has been decreasing, and the contribution of a few
indicators has increased significantly. The contribution of A3 (total
water-saving irrigation area), A15 (cumulative soil erosion control
area), and A16 (green coverage area) increased by 27.17, 22.29, and
25.93% respectively, in 8 years.

Specifically, the A8 indicator had the highest average annual
contribution, reaching 15.76%; compared with 2014, the contribution
of A7 and A8 indicators decreased by 2.93 and 2.59% respectively,
while A9 showed an upward trend of 7.48% in 8 years, and ranked first
for three consecutive years. The contribution of the A4 (number of
water-saving irrigation machinery) indicator was the lowest, with an
average contribution of 1.91% for many years. Although the annual
growth rate of A4 was high, the status of the lowest contribution in the
short term may not change due to the low initial value. The
contribution of energy system indicators was generally high, showing
a downward trend. The contribution of ecosystem indicators was
generally low, showing an overall upward trend, indicating that
improving ecosystem functions may be an effective means to maintain
the overall strength of the WEFE in the future.

3.2.3 Obstacle degree model analysis

The obstacle degree model is a method to explore the influencing
factors of evaluation results based on weight evaluation (Tang et al.,
20245 Wang Y. N. et al., 2021). The study attempted to introduce the
obstacle degree model to measure the main obstacle factors that
restrict the regional support capability. The calculation formula is
as follows:

) I,]><9] (1—Y1])XCOJ
T m -

(11)
S (Iix6) 2 [ (1- )< ]

O;j is the obstacle degree of the i-th evaluation object under the
j-th indicator; 6; is the factor contribution of the j-th indicator, that is,
the final weight value ;. Ij; is the deviation degree of the i-th
evaluation object under the j-th indicator. The mean value of the
obstacle degree of each province in the year was taken as the analysis
object. The results are shown in Figure 4 according to Equation 11.

It can be seen that the indicator obstacle degree changed little
from 2014 to 2021. Except for the A9 indicator, the variation range of
the other indicators was not more than 10%. The difference in obstacle
degree between indicators was also small. The horizontal deviation of
the mean distance of all indicators was not more than 5%. Specifically,
the indicators of A1 (total water supply), A4 (number of water-saving
irrigation machinery), and A5 (effective irrigation area of cultivated
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TABLE 4 Estimation results of food security guarantee capacity.

10.3389/fsufs.2025.1662844

Total 2021 2020 2019 2018 2017 2016 2015 2014
average

Beijing 0.218 0.235 0.222 0.204 0.208 0.220 0.219 0.220 0.218
Tianjin 0.211 0.216 0.214 0.208 0.209 0.212 0.210 0.209 0.208
Hebei Province 0.397 0.424 0.420 0.405 0.394 0.389 0.383 0.381 0.377
Shanxi Province 0.287 0.294 0.291 0.288 0.282 0.283 0.283 0.288 0.285
Inner Mongolia
Autonomous Region 0.408 0.427 0.424 0.425 0.418 0.402 0.396 0.392 0.380
Liaoning Province 0.312 0.328 0.314 0.320 0.312 0.309 0.307 0.307 0.300
Jilin Province 0.301 0.317 0.308 0.310 0.303 0.298 0.295 0.289 0.284
Heilongjiang

0.453 0.478 0.470 0.467 0.460 0.449 0.442 0.437 0.421
Province
Shanghai 0.226 0.233 0.217 0.226 0.225 0.228 0.227 0.227 0.227
Jiangsu Province 0.425 0.438 0.424 0.438 0.429 0.425 0.419 0.415 0.412
Zhejiang Province 0.257 0.271 0.259 0.255 0.253 0.259 0.256 0.253 0.253
Anhui Province 0.394 0.411 0.401 0.400 0.394 0.392 0.389 0.387 0.376
Fujian Province 0.243 0.255 0.251 0.240 0.238 0.242 0.237 0.241 0.242
Jiangxi Province 0.318 0.338 0.334 0.325 0.316 0.312 0.308 0.305 0.304
Shandong Province 0.498 0.533 0.521 0.513 0.498 0.488 0.476 0.484 0.472
Henan Province 0.470 0.493 0.488 0.479 0.470 0.463 0.457 0.459 0.448
Hubei Province 0.340 0.365 0.351 0.348 0.341 0.336 0.328 0.331 0.319
Hunan Province 0.337 0.357 0.348 0.342 0.337 0.334 0.331 0.325 0.323
Guangdong

0.352 0.374 0.341 0.362 0.354 0.349 0.344 0.346 0.345
Province
Guangxi
Autonomous Region 0.311 0.325 0.320 0.315 0.310 0.310 0.301 0.306 0.301
Hainan Province 0.195 0.204 0.202 0.192 0.192 0.195 0.194 0.192 0.192
Chongging 0.250 0.257 0.254 0.248 0.247 0.250 0.248 0.247 0.245
Sichuan Province 0.397 0.423 0.414 0.404 0.397 0.395 0.388 0.383 0.375
Guizhou Province 0.296 0.312 0.299 0.297 0.294 0.297 0.292 0.291 0.287
Yunnan Province 0.317 0.342 0.334 0.326 0.319 0.310 0.305 0.302 0.298
Tibet Autonomous 0.210 0.212 0.211 0.210 0.210 0.208 0.208 0.208 0.210
Region
Shaanxi Province 0.283 0.294 0.288 0.281 0.280 0.282 0.281 0.281 0.275
Gansu Province 0.292 0.315 0.305 0.300 0.297 0.288 0.278 0.276 0.276
Qinghai Province 0.213 0.215 0.215 0.213 0.212 0.213 0.212 0.212 0.211
Ningxia 0.230 0.234 0.233 0.230 0.229 0.230 0.228 0.230 0.228
Autonomous Region
Xinjiang 0.418 0.437 0.426 0.430 0.422 0.408 0.411 0.410 0.403
Autonomous Region

land) had high obstacle degrees for many years, which were 10.10,
11.25, and 10.55% respectively, ranking the top three. The continuous
improvement of the obstacle degree of the Al indicator had the
potential to surpass the A4 indicator to become the highest obstacle
degree indicator. The obstacle degree of the A9 indicator decreased
significantly, dropping by 22.17% from 2014 to 2021. The obstacle
degree of the A2 (total agricultural water use) indicator increased the
most, rising by 9.12% from 2014 to 2021. The indicator obstacle
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degree of the water resources system was generally high, with a more
significant upward trend compared to other systems. It showed that
attention should be paid to the restriction of water resources on the
development of the WEFE in the future.

Using the top 10% of provinces with the highest obstacle levels
across the five water resource system indicators as the selection
criterion, the provinces identified include Hebei Province, Inner
Mongolia Autonomous Region, Heilongjiang Province, Shandong
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TABLE 5 Sensitivity analysis of three weight assignment methods.

Indicator Entropy Variation Mean

layer weight coefficient square
method method deviation

method

Total volume of 1.446 0.792 1.604

water supply

Total agricultural 1.835 3.260 212.471

water

consumption

Water-saving 2.514 3.057 0.589

irrigation area

Number of water- 1.015 0.994 1.010

saving irrigation

machinery

Effective 0.633 1.252 1.711

irrigation area of

cultivated land

Total power of 1.214 2.420 0.080

agricultural

machinery

Pure amount of 0.120 2.021 2.194

agricultural

chemical

fertilizer

application

Agricultural 2.114 1.750 4.574

diesel usage

Pesticide usage 0.985 1.764 0.151

Number of 1.969 0.490 117.377

agricultural

tractors

Food output 9.048 1.770 0.577

Total sown area 0.233 1.080 0.930

of crops

Cultivated land 0.759 1.303 2.370

ownership

indicator

Year-end 0.022 1.368 0.578

permanent

population

Cumulative soil 2.179 0.060 2.065

erosion control

area

Green coverage 3.154 2.316 0.348

area

Province, Henan Province, Hubei Province, Hunan Province,
Guangdong Province, Sichuan Province, Guizhou Province, and
Xinjiang Autonomous Region. Notably, nine of the 11 provincial-level
regions are major grain-producing provinces. This seems reasonable.
Agricultural water use is a major contributor to water resource
consumption. Grain-producing regions have relatively high
agricultural water demand, placing relatively high demands on local
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water supply capacity and irrigation-related facilities. It is therefore
reasonable that the water resource system is an important factor
affecting the evaluation scores of these regions (Jiang et al., 2024). Of
course, faced with the continuous outflow of resources such as virtual
water and virtual land in the form of grain from major producing
regions, governments at all levels have also been continuously issuing
policies to reduce this impact. At the national level, the Chinese
government has proposed the coordinated construction of inter-
provincial horizontal interest compensation between grain-producing
and consuming regions, attempting to use economic and other forms
of compensation to allow net grain-importing regions to compensate
major producing regions. In addition, the Chinese government
continues to promote the construction of various water conservancy
projects, such as the South-to-North Water Diversion Project (to
supply water to water-scarce areas in the north) and the High-
Standard Farmland Construction Project (to improve water resources
utilization efficiency), with the central government providing funding
to help local governments alleviate water-related issues in their
regions. At the local level, multiple provinces, including Heilongjiang,
Henan, and Hebei, have also promulgated policies on comprehensive
agricultural water price reform, targeted subsidies, and water
incentives entities to

conservation to encourage business

independently improve water resources utilization efficiency.

4 Results
4.1 Functional zoning

Based on the research findings of relevant scholars (Jiang et al.,
2022; Yin et al,, 2023), this study designed a functional zoning of 31
provincial-level regions from assessment results of food security
capability from the perspective of WEFE. Using a 50% threshold as
the standard, this study defined regions with scores in the top 50% of
assessment results as having regional advantages. The 31 provincial-
level regions were divided into seven types: multi-functional balanced
advantage zones, single-functional insufficient advantage zones, dual-
functional insufficient advantage zones, three-functional insufficient
advantage zones, dual-functional insufficient disadvantage zones,
three-functional insufficient disadvantage zones, and multi-functional
insufficient disadvantage zones (Table 6).

4.1.1 Advantage zones

From the perspective of the WEFE, the advantage zones of
the food security capability were regions with better security
capacity. Specifically, they were in the top 16 provincial-level
regions in the security capacity score, which included 13 major
food-producing provincial-level regions in China. According to
the score of each subsystem, they were divided into the multi-
functional balanced advantage zones, the single-functional
insufficient advantage zones, the dual-functional insufficient
three-functional insufficient

advantage zones, and the

advantage zones.

4.1.1.1 Multi-functional balanced advantage zones

The multi-functional balanced advantage zones included three
provincial-level regions, namely Shandong Province, Inner Mongolia
Autonomous Region, and Hebei Province. The food security capability
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of this zoning and the food security capability of each subsystem in
this district were significantly higher than those in the other
provincial-level regions. There was no obvious lack of function in
this zoning.

4.1.1.2 Single-functional insufficient advantage zones

The single-insufficient advantage zones included a total of 10
provincial-level regions, namely Liaoning Province, Heilongjiang
Province, Jiangsu Province, Anhui Province, Jiangxi Province, Henan
Province, Hubei Province, Guangdong Province, Sichuan Province,
and Yunnan Province. Both the overall food security capability and
that of each subsystem were strong. However, one specific subsystem
function was found to be absent in this particular zone. Among them,
Liaoning Province, Heilongjiang Province, Jiangsu Province, and eight
other provincial-level regions lacked the energy subsystem function.
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Anhui Province and Henan Province lacked the ecological
subsystem function.

4.1.1.3 Dual-functional insufficient advantage zones

The dual-functional insufficient advantage zones included Hunan
Province and Guangxi Autonomous Region. Both the overall food
security capability and that of each subsystem were strong. However,
two specific subsystem functions were found to be absent in this
particular zone. Between them, the change range of the energy
subsystem and ecological subsystem in the Guangxi autonomous
region was highly consistent with the average change range of 31
provincial-level regions. The increase of the energy subsystem in
Hunan Province was far more than the average of 31 provincial-level
regions. Both provincial-level regions had good functions to make up
for expectations.
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4.1.1.4 Three-functional insufficient advantage zones

The three-functional insufficient advantage zones category
comprised only the Xinjiang Autonomous Region. The assessment
results of the water subsystem in this province were significantly
higher than those in other provincial-level regions. Consequently,
despite the insufficiency of the three functions, the food security
capability remained at a relatively high level. In recent years, the
ecological and food subsystem guarantee capacity of Xinjiang
Autonomous Region has been improved significantly, while its energy
security guarantee capacity has weakened.

4.1.2 Disadvantaged zones

In disadvantaged zones, food security capability from the
perspective of WEFE is relatively weak. Specifically, they were in the
bottom 15 provincial-level regions in the food security capability,
including all municipalities directly under the central government.
Based on the assessment results of each subsystem, they were
categorized as dual-functional insufficient disadvantaged zone, three-
functional insufficient disadvantaged zone, and multi-functional
insufficient disadvantaged zone.

4.1.2.1 Dual-functional insufficient disadvantaged zones
The dual-functional insufficient disadvantage zones included a
total of four provinces, namely, Jilin, Gansu, Shanxi, and Guizhou
Provinces. There were certain insufficiencies in the food security
capability. However, two specific subsystem functions were found to

TABLE 6 Functional zoning of food security.

Advantage zones

Functional
situation

Administrative
region

Functional
situation

Administrative
region

10.3389/fsufs.2025.1662844

be absent in this particular zone. Among them, Jilin Province had
deficiencies in the functions of the water resources subsystem as well
as the ecological subsystem. Gansu Province, Shanxi Province and
Guizhou Province had deficiencies in the functions of the water
resources subsystem as well as the food subsystem.

4.1.2.2 Three-functional insufficient disadvantaged zones

The three-functional insufficient disadvantaged zones included a
total of 10 provincial-level regions, namely Zhejiang Province,
Shaanxi Province, Ningxia Autonomous Region, Chongging
Municipality, Shanghai Municipality, Hainan Province, Tianjin
Municipality, Beijing Municipality, Tibet Autonomous Region and
Qinghai Province. The food security capability of this functional
zoning was insufficient, with three specific subsystem functions being
absent. Among the regions in this functional zoning, Zhejiang
Province, Shaanxi Province, and Chongging Municipality had
deficiencies in the water resources, energy, and food subsystems. The
remaining provincial-level regions had deficiencies in the water, food,
and ecology subsystems.

4.1.2.3 Multi-functional insufficient disadvantage zones
Only Fujian Province was categorized as a Multi-functional
Insufficient Advantage Zone. It had deficiencies in all its water
resources, energy, food, and ecological subsystems, which placed it at
a relative disadvantage in terms of food security capability. In recent
years, the growth of its multiple subsystems has stagnated, remaining

Disadvantage zones

Functional
situation

Administrative
region

Functional
situation

Administrative
region

Shandong Multi- Guangdong Single- Jilin Dual-functional | Ningxia Three-
functional functional insufficient functional
equilibrium insufficient insufficient

Inner Mongolia Multi- Hubei Single- Gansu Dual-functional | Shanghai Three-
functional functional insufficient functional
equilibrium insufficient insufficient

Hebei Multi- Yunnan Single- Guizhou Dual-functional | Tianjin Three-
functional functional insufficient functional
equilibrium insufficient insufficient

Henan Single- Jiangxi Single- Shanxi Dual-functional | Qinghai Three-
functional functional insufficient functional
insufficient insufficient insufficient

Heilongjiang Single- Liaoning Single- Shaanxi Three- Tibet Three-
functional functional functional functional
insufficient insufficient insufficient insufficient

Jiangsu Single- Hunan Dual-functional | Zhejiang Three- Hainan Three-
functional insufficient functional functional
insufficient insufficient insufficient

Sichuan Single- Guangxi Dual-functional | Chongging Three- Fujian Multifunctional
functional insufficient functional insufficient
insufficient insufficient

Anhui Single- Xinjiang Three- Beijing Three-
functional functional functional
insufficient insufficient insufficient
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below the national average. It is, therefore, imperative for this zone to
develop comprehensive improvement schemes for the WEFE.

4.2 Food security strategy and policy
options

At present, there is a clear trend of the major grain-producing
regions in China moving northward. Continued southward
transportation of food from the north will also continue to increase
the resource constraints on regional food production and will
inevitably build up food security risks (Lu et al., 2022). Based on this,
the study attempted to formulate a holistic strategy and policy options.
These strategic and policy plans were formulated based on the layout
of food security guarantee functional zoning from the perspective of
the WEFE. Under the goal orientation of increasing the per-unit yield
level and ensuring the stable growth of the total output, comprehensive
considerations were given to the characteristics of each regional
zoning and technological potential, combined with the coupling
schemes of departments and policies (Table 7).

There were 13 provincial-level regions in the multi-functional
balanced advantage zones and the single-functional insufficient
advantage zones. The moderate production increase scheme should
be implemented. Specifically, they should increase production
moderately, within the limits of the affordability of resource
subsystems and the ecological subsystem. In addition, they should
adopt synergistic governance policies. Based on maintaining the
current WEFE food security guarantee capacity, the 13 provincial-
level regions should strengthen the synergies within the system and
promote the improvement of regional food yields and total production.
This will contribute to the guarantee of food security in China.

The dual-functional insufficient advantage zones, the three-
functional insufficient advantage zones, and the dual-functional
insufficient disadvantage zones encompassed a total of seven
provincial-level regions. These seven provincial-level regions should
implement the stability assurance plans, with the core goal of
maintaining the current food security guarantee capacity, focusing on
enhancing the levels of weakly functions. In addition, they should also
adopt governance policies oriented toward missing functions to
ensure the overall assurance capacity of the system. By taking these
measures, the regional grain output will be promoted to maintain a
steady increase, thus contributing to ensuring food security in China.

There are 11 provincial-level regions in the three-functional
insufficient disadvantage zones and the multi-functional insufficient
disadvantage zones. These 11 provincial-level regions should
implement a restorative security program, with the core goal of
preventing food security risks, and focus on restoring the subsystem
with weakly functions. At the same time, governance policies that lack
functional orientation should be adopted. These measures are taken
to prevent the potential threat to regional food security and help the
region to make up for the missing function. In this way, they can focus
on improving the overall level of security capabilities and help China’s
food security.

Taking into account the WEFE, the food subsystem and the
ecological subsystem are more complex. Its manifestation is reflected
in the results of water resources and energy input. Therefore, the study
suggested that the specific policy formulation to improve the status
quo of insufficient functions should mainly consider how to affect
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water resources and energy input to promote food output and improve
ecological friendliness. The policy recommendations are as follows:

In terms of agricultural water use: Firstly, it is necessary to
implement water pricing standards that classify crops by type and tier
water usage (Xu et al., 2019; Chen et al,, 2013). The relative economic
returns from grain crops are lower than those from cash crops.
Offering relatively lower water prices can help reduce the cost of
growing grain crops. A reasonable standard should be set for water
usage requirements for crops of the same type. Farmers whose water
usage exceeds this standard should be charged a relatively higher rate,
while those whose usage is below the standard should be charged a
relatively lower rate. This approach encourages farmers to proactively
improve the efficiency of their irrigation water use. Secondly, planning
and design for improving water resources utilization efficiency should
be prioritized. On the one hand, exploring a more reasonable crop
planting structure and cultivating crops better suited to local natural
conditions is essential. On the other hand, constructing high-standard
farmland, accelerating the development of agricultural water-saving
facilities, and promoting the application of water-saving technologies
such as drip irrigation and sprinkler irrigation are critical steps
forward. Use policy support measures to encourage farmers to adopt
water-saving technologies and build water-saving facilities. Explore
water-saving facility construction plans that combine fiscal and
financial support. Finally, encouraging market operators to actively
adopt water-saving practices is key to ensuring the continued
improvement of water resource utilization efficiency. Cultivating a
water-saving industry can effectively promote the adoption of water-
saving technologies in the region and reduce the cost of applying
water-saving facilities.

In terms of agricultural energy: Firstly, strengthening subsidies
for agricultural energy products such as agricultural diesel,
fertilizers, plastic mulch, and pesticides is necessary to promote
regional agricultural economic development and maintain national
food security (Fan P. E et al., 2023). Agricultural energy has always
been a key component of China’s agricultural production costs.
Reducing the cost of agricultural energy use will help increase
farmers’ incomes (Li et al., 2014). Subsidies for agricultural energy
should be viewed as a systematic project. Subsidizing agricultural
energy will benefit the entire industry. The agricultural energy
industry is part of the chemical industry, and its development will
greatly help investment, imports and exports, and employment. In
addition, the upstream and downstream industries of agricultural
energy have certain requirements for storage and transportation.
Local governments can use financial support to address these key
issues, which will greatly improve the operating costs of local
enterprises and benefit various industries, including agriculture.
Secondly, it is also essential to integrate new technologies and
concepts into the use of agricultural energy. Determining appropriate
quantities and methods for the use of fertilizers, agricultural films,
and other agricultural energy sources can significantly enhance the
efficiency of agricultural energy utilization, not only reducing costs
but also minimizing the ecological impact of agriculture. The
application of new agricultural technologies is also a key means of
developing environmentally friendly agriculture. Government
policies, such as subsidies for organic fertilizers, intensive agriculture
development, and clean energy integration, can boost farmers’
confidence, promote the efficient use of agricultural energy, and
foster the growth of regional technology industries.
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TABLE 7 Food security strategy and policy choices based on functional
zoning.

Functional Strategic Policy
situation choice choice
Multi-functional Hebei Appropriate yield | Collaborative
balanced Shandong increase scheme governance
olic
Inner Mongolia porey
Insufficient energy Liaoning Appropriate yield | Collaborative
function Heilongjiang increase scheme | governance
. policy
Jiangsu
Jiangxi
Hubei
Guangdong
Sichuan
Yunnan
Insufficient Anhui Appropriate yield | Collaborative
ecological function g0 increase scheme governance
policy
Insufficient energy- | Hunan Stability Energy-ecology
ecological function Guangxi guarantee oriented policy
scheme
Insufficient Energy- | Xinjiang Stability Energy-food-
food-ecological guarantee ecology oriented
function scheme policy
Insufficient water- Shanxi Stability Water-food
food function Guizhou guarantee oriented policy
scheme
Gansu
Insufficient water- Jilin Stability Water-ecology
ecological function guarantee oriented policy
scheme
Insufficient water- Zhejiang Restorative Water-energy-
energy-food Chongging assurance food oriented
function . program policy
Shaanxi
Insufficient water- Hainan Restorative Water-food-
food-ecological Tibet assurance ecology oriented
function rogram olic
Qinghai prog poliey
Ningxia
Beijing
Tianjin
Shanghai
Insufficient Multi- Fujian Restorative Three-functional
functional assurance oriented policy
program

5 Discussion
5.1 Data sample

The panel data used in this study were sourced from official
Chinese government agencies (the National Bureau of Statistics and
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the Ministry of Water Resources), providing a reliable and scientific
foundation for the study findings. The panel data cover the time
period from 2014 to 2021, spanning a total of 8 years. This selection
was made after considering factors such as data availability,
representativeness, and regional characteristics, and may have certain
implications for this study. For example, the limited eight-year panel
data may struggle to capture long-term trends, potentially leading to
data biases that result in lower estimated values for some regions (this
may be one of the reasons why Fujian Province is the only “multi-
functional disadvantageous region”). However, the researchers
consider that this choice is sufficient to support the conduct of the
study, and the reasons are primarily twofold: On the one hand, in
2014-2021, the Chinese government promulgated a series of policies
closely related to the research topic of the WEFE. Examples are as
follows: At the end of 2015, the Central Rural Work Conference
proposed the concept of an “all-encompassing approach to food” and
the agricultural policy of “Agricultural Supply-Side Structural
Reform?” The Ministry of Agriculture and Rural Affairs of China also
issued policies on the control of non-point source pollution in the
same year (Fan S. G. et al., 2023). The 13th Five-Year Plan (2016-
2020) of the People’s Republic of China on National Economic and
Social Development proposed a food crop production strategy based
on farmland management and technological application (Wei, 2022).
In 2016, China proposed a series of policies to promote adjustments
to the agricultural production mix and support comprehensive price
reform of water used for agricultural purposes (Zhang and Oki,
2023). The Central Committee of the Communist Party of China and
the State Council released a package of policies in 2018, charting the
roadmap for rural revitalization (Geng et al., 2023). In 2021, the
“Opinions of the Central Committee of the Communist Party of
China and the State Council on Comprehensively Promoting Rural
Revitalization and Accelerating the Modernization of Agriculture
and Rural Areas” emphasized that the Communist Party of China will
regard work concerning agriculture, rural areas and farmers as its top
priority. These key policy changes affecting China’s WEFE have been
included in the time range of the study, indicating that the data are
representative. On the other hand, compared with the long-term, the
medium and long-term time range avoids the impact of major
changes in policies or changes in data statistical caliber on the study
results, which is conducive to increasing the scientific nature of
the study.

5.2 Overall level

The issues to be considered in the functional zoning of food security
are multifaceted (Li et al., 2022). It is necessary to conduct a systematic
analysis and examination of various material elements that affect food
production, as well as to comprehensively consider the humanistic
elements that influence food security (Xu et al., 2023). This paper
explored the functional zoning for food security guarantee from the
perspective of the WEFE. At least four aspects need to be considered, and
it must start from the organic unity of all factors. Therefore, based on the
previous results, this study constructed an indicator system from four
aspects of water resources, energy, food, and ecology, and incorporated
various influencing factors. The principal component analysis method
was introduced to screen the indicators again from the perspective of
data information. To a certain extent, it reduced the redundancy of the
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the
representativeness of the measurement system.

measurement system and enhanced scientificity and

It is in line with the frontier and development trend of the
academic circle to explore food security from the perspective of the
WEEE. The research on food security from the perspective of multi-
dimensional is innovative and valuable (Qin et al., 2022). On the one
hand, studying food security from the perspective of resources has a
certain innovative perspective and practical value (Van Vuuren et al,
2019). On the other hand, the study of incorporating ecosystems into
food security has reference value for the development of sustainable
agriculture (Huang et al., 2015). In terms of the evaluation results of
each province, except for Jilin Province in 2014 and 2015, the
evaluation scores of food security capacity of 13 major grain-
producing regions were ranked in the top 17, which was more in line
with expectations. This was more consistent with the reality of the
higher level of food security capacity in the main producing areas. It
is worth noting that the Xinjiang Autonomous Region, Guangdong
Province, Yunnan Province, and Guangxi Autonomous Region were
non-major food-producing areas with high scores in evaluating multi-
year food security capabilities. The Xinjiang Autonomous Region’s
multi-year food production was at the national forefront of non-major
grain-producing zones (Zhao et al., 2025). The food production of
Guangdong, Yunnan, and Guangxi autonomous regions was also
higher food production in the non-major grain-producing areas.
Moreover, they are located in the south with abundant water resources.
It was in line with the reality that these areas have obtained a relatively
high evaluation score in the calculation of the ability to ensure food
security with the WEFE. In terms of overall results, from 2014 to 2021,
the cumulative value of the evaluation results of food security capacity
in 31 provincial-level regions showed positive growth. This is
consistent with the reality of the rising overall capacity of China’s food
security. On the other hand, the changing trend of the cumulative
value of the evaluation results of the food security guarantee capacity
of 31 provincial-level regions was also highly correlated with the
changing trend of the total food output of 31 provincial-level regions.
Although there were differences in values, the changing trend had a
high consistency, which further proved the reliability of the indicator
system and the calculation results (Figure 5). In terms of influencing
factors, the total amount of water supply (A1), the number of water-
saving irrigation machinery (A4), and the effective irrigation area of
cultivated land (A5) had the highest multi-year obstacle degree. The
obstacle degree of the total agricultural water (A2) indicator increased
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FIGURE 5
Change curves of food output and evaluation score.
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the most. The above indicators are closely related to the development
of water-saving agriculture. It confirmed that the guarantee level of
food security is restricted by the utilization level of regional water
resources (De Laurentiis et al., 2016). The agricultural fertilizer
application amount (A7), the amount of agricultural diesel oil used in
various regions (A8), and the amount of pesticide used (A9) had the
highest multi-year contribution to the food security guarantee
capacity. They are all agricultural material inputs for food production.
It is consistent with the reality that China’s agricultural economic
development has relied on a large amount of agricultural materials in
recent years (Zhang et al., 2019). The contribution of water-saving
irrigation area (A3), cumulative soil erosion control area (A15), and
green coverage area (Al6) to food security capacity has been
increasing. It revealed that the level of food security in the future may
be closely related to regional ecology. It also confirmed the necessity
of incorporating ecology into the water-energy-food system to carry
out food security research in this paper. And it should be explored in
more details in the future (Gu et al., 2025).

5.3 Empirical models

The zoning scheme based on the calculation results of the
empirical model is a scientific method, and the reliability of the results
has been confirmed in research and practice (Teng et al., 2021). Due
to the lack of zoning research in the field of link relationships, this
study attempted to refer to the zoning research model in related fields
such as agricultural zoning and water resources zoning (Ma and Niu,
2009; Liu and Tu, 2018). This study researched on the food security
function zoning related to the water-energy-food-ecological system.
Specifically, this study integrated the principal component analysis,
the entropy weight method, the coefficient of variation method, the
mean square deviation method, the analytic hierarchy process, the
obstacle degree model, and the contribution degree model to study
and judge the food security guarantee ability of the region. From the
function of the model, the influencing factors of support capability can
be effectively identified. It considered the need for empirical judgment
and objective data redundancy elimination in the selection of
indicators, which was innovative. It can provide reference and
inspiration for the research of bond relationships. However, the model
makes it difficult to describe the cyclical interaction between the links
fully. There are still some deficiencies in showing the mutual
transformation between the four elements. At this stage, it is necessary
to introduce a multi-domain empirical model to improve it, so as to
show this complex relationship better.

5.4 Functional zoning

The results of the functional zoning designed by this study may
not be consistent with the conventional understanding of the
distribution of resources in different regions, such as some regions
with net energy output were judged to be energy-dysfunctional. There
are many reasons for this, and the limitation of data and indicator
selection is one of the important reasons. However, the results of this
study on food security oriented to the WEFE are reasonable and
scientific. The reasons are as follows (taking Fujian Province as an
example): On the one hand, this study emphasized food security from
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the perspective of the WEFE and favored food-related water, energy,
and ecology indicators in indicator construction, which is unfavorable
for Fujian Province, a non-major grain-producing region. For
example, from the perspective of total water resources and per capita
water resources, Fujian Province is not a water shortage region, but
from the perspective of agriculture, the investigation of water
resources has become agricultural water consumption and investment
in water conservancy facilities. Fujian Province is not so advantageous
in quantity (Chen et al.,, 2007). On the other hand, the judgment basis
of functional advantage and regional advantage mainly lies in its
assessment results. Fujian Province was evenly dispersed in the four
subsystems due to the low assessment results of some indicators in
non-major grain-producing regions. Therefore, the evaluation scores
of the four functions in Fujian Province were all in a state of deficiency.

The potential impact of extreme climate on functional zoning is
difficult to ignore (Chavez et al., 2015; Beer, 2018). In the long run,
extreme climate will affect the function of regionalization by affecting
the ecosystem and water circulation system of the region, but this effect
will not rapidly transform the advantageous area into the
disadvantageous area in the short term (Fanzo et al., 2025). Therefore,
improving the resilience of the regional WEFE is still an ideal strategy
to deal with this impact (Liu et al., 2022). In practice, the improvement
of resilience can be promoted by strengthening policy support and
innovating engineering technology. In terms of policy support, first,
local governments should formulate reasonable emergency response
plans to ensure that appropriate response strategies are in place when
disasters occur (Xie et al., 2024). In addition, an inter-departmental
emergency management mechanism should be established to ensure
the effective implementation of emergency response programs and the
rational scheduling of emergency supplies. Second, innovate policy
support methods to provide farmers with disaster recovery capabilities
in the form of insurance, loans, etc. In the engineering foundation
innovation program, first, we must continue to promote the
construction of water conservancy facilities, ensure the maintenance
of existing facilities, and minimize the probability of predictable
disasters (Zhao et al., 2022). In addition, it is also necessary to pay
attention to the water level monitoring of the whole basin, which helps
to reduce the flood risk caused by the reservoir water level problem,
even if the reservoir water level is regulated. Second, high-standard
farmland has stronger resilience than ordinary farmland. In the face of
flood disasters, the impact is relatively small. Continuously promoting
the construction of high-standard farmland is also a powerful measure
to improve the resilience of the WEFE (Ren et al., 2024).

5.5 Policy impact

Food production is affected by natural conditions and socio-
economic factors. However, there are significant differences in social
economy and natural endowments in China’s vast regions. To achieve
comprehensive protection of China’s food security, it is necessary to
make an overall plan (Cottrell et al., 2019). Therefore, they should
effectively take advantage of the geographical advantages and carry
out scientific planning based on food (Liu et al., 2018). In recent years,
with the rapid development of agriculture and the rural economy,
different regions have formulated agricultural zoning work according
to different target needs. However, food security zoning from the
perspective of multi-dimensional resources is still scarce, and there are
few research results in related fields. On the one hand, it is due to the
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short time of the nexus. On the other hand, there are many competent
departments involved (Chen Y. S. et al., 2024), and it is difficult to
carry out supervision in the process of zoning implementation. Food
production needs agricultural inputs, land elements, water resources,
and related infrastructure investment. The input of various factors will
involve the overall coordination of multiple competent departments
(Garcia-Martin et al., 2016). This study divided the guarantee ability
and function of food security from the perspective of multi-
dimensional resources. It can form the basis and reference for
decision-making in the coordinated governance of food security by
multiple departments. In the future, we will continue to explore in
detail based on this direction. We will also explore the specific
measures of multi-sectoral participation in food security governance
to form more specific policy recommendations.

Regarding the impact of regional differences on policies, the study
argued that the sustainable development of the WEFE is of great
significance to any region. However, in the process of promotion,
we should comprehensively consider the local economic level, natural
endowment, functional positioning and other factors to formulate
policies suitable for local development (Wichelns, 2017). First, there
are areas with certain differences in economic levels. For relatively rich
areas, the form of performance appraisal can be adopted. The resource
footprint of regional resource utilization efficiency or grain output is
taken as part of the assessment content of officials (Halpern et al.,
2022). The performance incentive and promotion incentive are taken
as the enthusiasm to promote regional self-governance. For relatively
poor areas, the central government should give relatively tolerant
financial support. It can help the government in relatively poor areas
to deal with the financial problems of related projects and policies in
the form of special subsidies or a fixed number of project support each
year. In addition, financial forces can also be introduced for the
construction of large-scale engineering facilities, such as the Real Estate
Investment Trust (REIT) and other forms to raise funds from society
(Tang and Sun, 2022). Second, there are areas with certain differences
in natural endowments. No crop is suitable for all environments, and
the optimization of crop planting structure is an effective solution to
the differences of resource endowment (Qiu et al., 2024). The core idea
is to make the land more suitable for crops, which includes both the
yield and value of the fit, but also the sustainability of the fit. Scientific
and reasonable crop planting structure optimization can effectively
improve the utilization efficiency of resources. For example, the tea
planting industry in Fujian. Third, there are some differences in
functional positioning. According to the regional grain flow, China has
designated the main production area, the main sales area and the
production and sales balance area, which correspond to the net
outflow, net inflow and relative balance of grain, respectively. Such a
division provides a reference for the formulation of a benefit
compensation mechanism for grain production (Delang and Yuan,
2015). Specifically, the net inflow area of grain should be compensated
for the net inflow area. This compensation should consider the resource
footprint generated by the production of grain, the impact of the
production of grain on the local ecosystem, and the impact of a large
number of labor and land factors on economic development.

5.6 Cost-benefit for policies

In the part of Food Security Strategy and Policy Options, this
study proposed a package of policy recommendations to promote the

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1662844
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Wei et al.

sustainable development of the WEFE. The cost-benefit of these
policy recommendations is directly related to the feasibility of the
policy, so it is necessary to discuss further.

From the perspective of water circulation, agricultural economic
development always has a negative impact on the regional water
circulation and water conservation (exploring regional ecological
compensation of cultivated land from the perspective of the mismatch
between grain supply and demand) (Sterling et al., 2013). This cost is
necessary from the perspective of food security, because human
beings must rely on food to obtain energy. However, we can reduce
the impact on the ecological environment within our ability
(Jagermeyr et al,, 2015). A series of measures to improve the utilization
efficiency of water resources are a response to the above problems. It
can not only reduce the demand for natural resources in agricultural
development, but also reduce the risk of soil loss (Perrone and
Hornberger, 2014). In addition, it should be noted that the process of
improving the utilization efficiency of water resources is also the
process of cultivating water-saving industries. While improving the
utilization efficiency of resources, it can also create new jobs, thus
promoting the high-quality development of the social economy.

From the perspective of ecological agriculture, the problems of
non-point source pollution and carbon emissions brought by
agricultural development have reached a level that is difficult to
ignore, and action must be taken to deal with them (Xian et al., 2020).
It is a low-cost but very effective means to promote the rational and
efficient use of agricultural materials such as fertilizers, pesticides and
plastic films. The reason is that the manufacturing process of these
materials will produce carbon emissions and pollution. The excessive
use of these materials will not only fail to achieve effective yield
increase of crops, but also bring pollution (Sun et al., 2012). The direct
reason is that it is difficult for farmers to accurately grasp the demand
of crops for nitrogen, phosphorus and potassium. This requires the
government to build a reasonable platform to promote effective
communication between universities, scientific research institutions
and other professionals and farmers. Such platform construction is a
win-win situation for farmers, scientific research institutions and the
government. Farmers can reduce procurement costs, such as fertilizer.
Scientific research institutions can obtain relevant data for research.
The government can achieve achievements such as increasing farmers’
income, and can achieve lower costs and higher benefits.

From the perspective of the sustainability of the food system, the
construction of high-standard farmland and related functional facilities
has multiple values (Peng et al., 2022). Food security is of great strategic
significance to China. Ensuring food security is an important guarantee
for safeguarding national sovereignty. Under the background of frequent
extreme disasters, intensified geographical contradictions and challenges
to global security governance, the construction of high-standard farmland
not only has the function of reducing resource consumption and
increasing food production, but also has the important value of
maintaining national food security (Xu et al., 2025).

6 Conclusion

This study constructed a measurement system consisting of four
subsystems and 17 indicators and used 2014-2021 panel data from
31 provincial-level regions (excluding Hong Kong, Macao, and
Taiwan) to assess food security capability from the perspective of
WEFE. The conclusions are as follows: Firstly, From 2014 to 2021,
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the food security guarantee capacity had improved. The food
security guarantee capacity value of 31 provincial-level regions
showed an upward trend. The provincial average support capacity
value increased by 8.48%. The scores of Yunnan, Hubei, Gansu, and
12 other provincial-level regions increased significantly by more
than 10%. The 13 major grain-producing regions in China were
ranked in the top 16 in terms of security capacity in 2021. Secondly,
From 2014 to 2021, a small number of indicators contribute more
significantly to food security capacity. Specifically, the average
annual contribution of agricultural fertilizer application, agricultural
diesel fuel use, and pesticide use reached 46.71%, which may
be unsustainable and pose potential environmental risks.
Furthermore, the contribution of some indicators to food security
guarantee capacity has significantly increased. Specifically, over
8 years, the water-saving irrigation area, cumulative soil erosion
control area, and green coverage area have increased by 27.17, 22.29,
and 25.93%, which has shown the important role of ecological
environment and resource elements in the food system. Thirdly,
From 2014 to 2021, the indicator obstacle degree to food security
capacity changed little. While pesticide use decreased significantly
by 22.17%, all other indicators changed by less than 10%. Differences
in the degree of obstacles between indicators were slight, and the
horizontal deviation of all indicators from the mean value was not
more than 5%. The obstacle degree of the water resources system
indicator was generally high. In the future, attention should be paid
to the constraints of water resources on the development of the
WEEFE. Lastly, based on the assessment results of food security
capability from the perspective of WEFE, this study designed
functional zoning for the studied regions. This functional zoning
includes seven types, and the difference between them is mainly the
degree of perfection of the WEFE system function in the assessment
results. Furthermore, it proposed response strategies and policy
recommendations to improve food security in the region, which
were tailored to the characteristics of different functional areas.
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