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Introduction: The objective of this study is to investigate the impact of land 
use changes on the coupling coordination of the regional water-food-carbon 
system in Hebei Province. Moreover, the findings aim to offer insights for 
achieving comprehensive and coordinated development of regional resources.

Methods: By constructing an evaluation index system of the coupled 
coordinated development of the water-food-carbon system, using the coupled 
coordination model to study the coupled coordination of the water-food-
carbon (WFC) system in Hebei Province from 2010 to 2020, and applying the 
Pearson correlation coefficient and ArcGIS to analyze the impacts of land-use 
changes on the degree of coupled coordination.

Results: The results show that: (1) The most notable characteristics of land type 
changes include a decrease in cropland and an increase in construction land, 
primarily driven by the conversion of cropland to construction sites. The total 
area converted amounts to 8207.20 km2. (2) The degree of coupled coordination 
of the water-food-carbon system in the study area as a whole shows an upward 
and then downward trend, and shows a spatial distribution pattern of “high in 
the north-east and low in the south-west”; (3) In Hebei Province, the degree of 
coupling coordination within the water-food-carbon system exhibits a stable 
positive correlation with forest land, grassland, and water area. Additionally, 
the transfer of forest land and grassland are significant factors influencing the 
delineation of cold and hot spots within the region.

Discussion: Therefore, in addressing the coordinated development of the 
water-food-carbon system, it is essential to consider the influence of land. 
Resources should be allocated judiciously based on regional advantages to 
promote sustainable development effectively.

KEYWORDS

land use change, water-food-carbon system, coupling coordination, hotspot analysis, 
correlation analysis

1 Introduction

Water, food, carbon, and land are the key elements closely related to human activities in 
the Earth’s surface system. Among them, land, water, and food are the essential supply 
resources in production and life, which can provide important ecosystem service functions 
for human beings. As one of the key factors of regional economic society and production 
process, carbon is also closely connected to the development process of many resources. With 
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the rapid increase of the global population, climate change, 
environmental pollution, and other problems emerge in an endless 
stream; human lifestyle has also changed and the global warming 
trend caused by massive greenhouse gas emissions is continuing, 
which has seriously threatened the balance of natural ecosystems and 
human health and survival. In this global context, with nearly 20% of 
the world’s annual greenhouse gasses currently coming from 
agriculture and land use (Chen et al., 2023). The global demand for 
water and food is constantly increasing; existing statistics show that in 
the past 50 years, the global per capita occupancy of water resources 
and cropland resources decreased by 20–40% (Endo et al., 2017), but 
in the next 20 years, human demand for them will increase by 30–50% 
(Kaddoura and El Khatib, 2017). Therefore, the study on the coupling 
of “water–food–carbon” is not only a timely response to these 
challenges but also an opportunity to help comprehensively assess the 
potential of regional human activities to cope with carbon emission 
reduction. It is also of great significance in promoting resource 
conservation and improving production efficiency, reducing the 
intensity of various types of resource depletion, and exploring the 
regional low-carbon and sustainable development model.

Resources such as food, energy, water, and land are essential to 
human life and advancement. However, the lack of resource 
availability and ecological damage has led scholars to recognize the 
inadequacy of single-resource and binary resource system 
management models and the need to incorporate more resource 
systems into joint management strategies in areas where resource 
availability is limited (Beekma et al., 2021). As a result, research on 
the water–energy–food triple linkage system has been carried out (Liu 
and Zhao, 2022; Zhang et al., 2022). Since 2011, when the triad of 
water, energy, and food security was first proposed as a nexus (Chen 
and Yan, 2020), the Food and Agriculture Organization of the United 
Nations (FAO), the International Renewable Energy Agency 
(IRENA), and other organizations have published reports on the 
water, energy, and food (WEF) system nexus. At present, domestic 
and international studies in this area focuses on the concept and 
content (Conway et  al., 2015; Li et  al., 2018; Zhan et  al., 2014), 
quantitative assessment of the water–energy–food system (Bai and 
Zhang, 2018; Mahjabin et al., 2020; Sun and Yan, 2018) and simulation 
and prediction research (Momblanch et al., 2019; Peng et al., 2017; 
Wang et al., 2019). More diversified in terms of research methodology, 
such as the indicator system method (He and Yuan, 2021; Wang and 
Ye, 2022), coupled coordination degree model (Wang et al., 2024), 
correlation analysis (Deng et al., 2020), data envelopment analysis (Li 
et al., 2017), multisubject model analysis (Khan et al., 2017), system 
dynamics (Wicaksono and Kang, 2019), collaborative optimization 
model construction (Peng et al., 2017), etc. Spatial differentiation of 
resource coupling relationships is mostly studied with the help of the 
coupling cooperation index (Li and Zhang, 2020; Zhi et al., 2020), 
data envelopment analysis method (Han et al., 2020; Ibrahim et al., 
2019; Sun et al., 2021), principal component analysis (Bai and Zhang, 
2018) and other methods, which are used to compare the efficiency 
of water–energy–food resource coupling (Han et al., 2020; Ibrahim 
et al., 2019; Sun et al., 2021), the level of pressure on supply and 
demand (Deng et al., 2020), and the degree of security in different 
geographical regions (Gai and Zhai, 2021; Wang et  al., 2018). At 
present, a large number of studies on water–energy–food systems 
have been carried out by scholars at home and abroad at different 

scales., and the existing research focuses on large-scale and mesoscale, 
such as national scales (Wang and Tian, 2022), watershed scales (Qin 
and Tong, 2021; Zhao et  al., 2021), and specific regions 
(Bakhshianlamouki et al., 2020). Other scholars have found that the 
level of coordinated development and time–series evolution 
characteristics between water–energy–food systems at the urban scale 
(Dang et al., 2020; Ding et al., 2023; Wang et al., 2020; Wang et al., 
2021; Wang and Ye, 2022). In addition, some scholars have also 
considered factors other than the water–energy–food system, such as 
studying WEF security in light of global climate change (Bach et al., 
2016), incorporating land into the water–energy–food system, finding 
ways to develop more sustainably in the Beijing–Tianjin–Hebei urban 
agglomeration (Wang and Sun, 2022), and constructing a network of 
causal linkages of the water–energy–food system that includes social, 
economic and environmental subsystems (Li et al., 2016), and so on. 
In addition, carbon emission—as one of the important factors 
affecting ecosystem services—is also intimately related to WEF 
production processes. For example, by considering the “water–land–
energy–carbon” linkage, we  constructed an input–output 
measurement index of carbon emission efficiency in agriculture and 
industry. We  concluded that the overuse of land resources is the 
primary factor influencing the efficiency of carbon emission in 
agriculture (Jiang et al., 2020). The relationship between food security 
and water, food, energy, and land was identified using system 
dynamics, and quantitatively calculated carbon dioxide emissions 
from various types of resources, and provided a reference for carbon 
emission reduction in rice cultivation in Japan (Lee et  al., 2018). 
Summarizing the results of existing research shows that there are 
studies on “water–food” (Jin, 2019), “water–carbon” (Cao et al., 2020), 
and “food–carbon” (Li et al., 2022) coupling aspects, but lack of a 
systematic view of water, food, and carbon into a unified framework 
of research perspective.

Hebei Province, recognized as a primary grain-producing region 
in China, possesses abundant cropland resources. However, the 
province faces challenges due to its high total energy consumption and 
an energy structure predominantly reliant on coal, resulting in 
significant carbon emissions that rank among the highest in the 
country. As a chief food-producing area and a high-energy-consuming 
region, Hebei has historically supplied essential resources to Beijing 
and Tianjin. This intense resource flow can lead to imbalances within 
the regional resource system. Consequently, this study has chosen 
Hebei Province as the focus area for analysis. The main objectives of 
the study are (1) to investigate the features of land usage and how it 
has changed over time and space in Hebei Province for the periods 
2010, 2015, and 2020; (2) to analyze the characteristics of the spatial 
and temporal evolution of the coupling coordination of the water-
food-carbon system by constructing a system of indicators for 
evaluating the development of the coupled system; and (3) to explore 
the impacts of volume and spatial changes in land use on the coupling 
coherence of “water–food–carbon” system, and deeply reveal the 
correlation between land-use changes and the spatial and temporal 
changes in the coupling coordination of the system. The innovation of 
the study is to incorporate water–food–carbon into a unified 
framework to explore the impact of land-use change on the coupled 
coordination of the water-food-carbon system and to explore how to 
enhance the coordination of the overall resource allocation in the 
region through the rational use of land.
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2 Materials and methods

2.1 Study area

Hebei Province is located in North China, between latitude 
36°05′ ~ 42°40′ north and longitude 113°27′ ~ 119°50′ east, with 
complex and diverse topography, and a complete range of landform 
types, such as plains, mountains, plateaus, hills, basins, and other 
landform types, and it is an important ecological barrier for the 
Beijing-Tianjin area. Hebei Province has a temperate continental 
monsoonal climate, with an average precipitation of between 300 and 
800 mm per year, and an average temperature of between −2°C and 
14°C per year. There are obvious geographical differences in land-use 
types, with cropland widely distributed, mainly focusing on the center 
and south of the study area, and woodland and grassland mainly in 
the north of the study area. In 2020, the total water consumption of 
Hebei Province will be 18.28 billion m3, and the total water resources 
will be 14.63 billion m3, accounting for 3.14 and 0.46% of the total 
amount of water used and total water resources of the country, 
respectively; as one of the main grain-producing provinces, Hebei 
Province has always ranked at the forefront of grain production in the 
country, with a total grain output of 38,651,000 ton in 2022, ranking 
seventh in the country; the total energy consumption of Hebei 
Province is large, and the energy structure is still dominated by coal, 
and carbon emissions are at a high level in the country. It is significant 
for Hebei Province to realize the carbon peak and carbon neutrality 
for the country as a whole (Figure 1).

2.2 Data sources

Acquisition of land-use data from the Resource and 
Environmental Sciences Data Center of the Chinese Academy of 
Sciences (CAS) for three periods, 2010, 2015, and 2020, for use in the 
study. According to the National 1:100,000 Land Use Classification 
System of the CAS Resource and Environment Data Center, land use 
is classified into six first-level land categories: cropland, woodland, 
grassland, water, building site, and unused land. Precipitation data are 
derived from the ERA5-Land data set published by the European 
Union (EU) and organizations such as the European Center for 
Medium-Range Weather Forecasts (ECMWF). The years of Defense 
Meteorological Program/Operational Line-Scan System (DMSP/OLS) 
nighttime lights are 1992–2013, and the years of National Polar-
orbiting Partnership (NPP)/Visible Infrared Imaging Radiometer 
Suite (VIIRS) nighttime lights are 2012–2023. It is not possible to 
analyze the data of DMSP-OLS and SNPP-VIIRS in direct comparison 
because of the differences in resolution, product update cycle, and so 
on. Therefore, the nighttime light data for 2010, 2015, and 2020 are 
quoted from corrected year-by-year China-wide DMSP-OLS-like data 
for 1992–2023 obtained by Wu et al. (2021) by integrating DMSP-OLS 
and SNPP-VIIRS data at a resolution of 1 km in the coordinates 
WGS_1984_. Albers. Data from the Geographic Data Sharing 
Infrastructure, global resources data cloud.1 The county data of Hebei 
province are mainly from the Hebei Statistical Yearbook and Hebei 

1 www.gis5g.com

Rural Statistical Yearbook, and the missing data are interpolated by 
linear interpolation method.

2.3 Analysis of the coupling mechanism of 
the water–food–carbon–land system

Land is an important basis for carrying water, food, and other 
resources and their activities smoothly, and it has an important impact 
on water and food that cannot be ignored; it is also an important 
carbon reservoir, with large differences in carbon storage and 
emissions between different land-use patterns. Land, water, food, and 
carbon interact, exchange and feedback of material and energy 
between each other, and its mechanism of action is shown in Figure 2. 
The four elements, water, food, carbon, and land, cover the raw 
materials, sites, drivers, and impacts of human activities in the region. 
“Land” is the basis and place for various human activities and the 
source of nutrients for plant growth; “water” is the substance and 
medium necessary for life activities and the raw material for most 
industrial production processes; “food” is the basic material for 
economic and social development, and the raw material of biomass 
for energy production; “carbon” is the material basis for major energy 
sources, as well as the emission and metabolism products of various 
activities of human beings. The land is the basis for all activities, 
including carrying resources such as water and food and realizing 
their use, the development and utilization of which are interlinked. 
Cultivation, irrigation, production, harvesting, and processing of food 
continuously consume water, energy, and soil fertility. In contrast, 
hazardous substances produced during food production lead to the 
contamination of groundwater resources, as well as chemical 
fertilizers, pesticides, mulch films, the use of agricultural machinery 
and equipment, and the use of irrigation equipment, directly and 
indirectly in agricultural production, generating carbon emissions. 
Water resources are one of the main bodies constituting the land 
system, and its transport and purification processes are accompanied 
by energy consumption. The different types and intensities of energy 
inputs in different parts of the utilization of land and water resources 
largely affect the carbon emission intensity of regional human 
activities. Because different natural and social territories have different 
WEF mix relationships and carbon footprints. Therefore, the 
combined configuration of various types of resources in the region 
needs to be considered comprehensively, especially land resources that 
play a basic carrier function in the system, and a reasonable land 
utilization approach can promote the effective configuration and 
coordinated development of various types of resources.

2.4 Research methodology

2.4.1 Construction of the indicator system
This study considers the dependency relation between the three 

resources, namely, water, food, and carbon, and combines the existing 
statistics on the statistical status of county scale data, following the 
principles of comprehensiveness, systematicness, scientificalness, 
representativeness, and data availability. Based on these, this study 
determines a comprehensive evaluation index system of water–food–
carbon for the Hebei Province region (Table 1). Fertilizer application, 
total carbon emissions, carbon emissions from agricultural 
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FIGURE 1

The geographical location of Hebei Province in China.

FIGURE 2

Water–food–carbon–land mechanisms diagram.
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production, per capita carbon emissions, and carbon intensity are 
negative indicators, while the others are positive. The carbon emissions 
research discussed in this article mainly includes direct carbon 
emissions and indirect carbon emissions in the total amount. Direct 
carbon emissions from land-use change, including carbon emissions 
from cropland, forest land, grassland, water, and unused land, are 
obtained by using the carbon emission coefficient method (Li et al., 
2023); In Hebei Province, due to the lack of energy statistics at the city 
and county scales, indirect carbon emission data within the study area 
were used to simulate carbon emissions from urban energy 
consumption by using DMSP/OLS nighttime lighting data and NPP/
VIIRS nighttime lighting data (Wu et al., 2022).

2.4.2 Measurement of land-use change
The measurement methods used in this section include land-use 

transfer matrices and land-use change mapping. Land-use transfer 
matrices are a classic means to explore the transfer direction and 
quantity change between land-use types, demonstrating the evolution 
of land-use type patterns. With the area tabulation function 
ArcGIS10.7, the cross-tabulated areas of the two-phase land-use raster 
image datasets can be  calculated, and the results can be  output. 
Land-use change mapping is mainly through the spatial superposition 
of land-use data in different periods to reflect the change of land-use 
patterns in a certain period. Drawing on the existing mapping fusion 
method, the mapping fusion is realized by superimposing the codes 
of the mapping units of the land-use types in the previous periods 
according to the map algebra to record the evolution process of the 
mapping units. The formulas and indicators are explained in Table 2.

2.4.3 Measurement of coupling coordination 
degree

In the constructed integrated evaluation index system of the 
water–food–carbon system, due to the large differences in the 
dimensions, orders of magnitude, and positive and negative 
orientations of each index, it is vital to standardize the original data 
collected to ensure the scientific validity and rigor of evaluation results. 
First, the entropy weight method is used to calculate the weights of 
evaluation indexes, and the comprehensive evaluation indexes of the 

three systems of water, food, and carbon are finally calculated. Then, 
this study quantitatively analyses the degree of interaction between the 
comprehensive evaluation indices of the WFC system in Hebei 
Province through the coupling degree model. Although the coupling 
degree model can quantify the degree of dependence between different 
systems and describe the degree of closeness between systems, the 
coupling degree alone cannot reflect the level of coordinated 
development between systems or elements. It is not easy to reflect the 
overall coordinated development effect of a region, especially in the 
case of comparative studies of multiple regions. Meanwhile, in 
multidimensional systems with complex relationships, coupling alone 
cannot effectively represent the interaction and interdependence 
between different dimensions. Therefore, the level of coordinated 
development between WFC systems in different regions is further 
evaluated by constructing the coupling coordination degree. To better 
analyze the degree and stage of development of coordination between 
systems, the degree of coupled coordination is classified into levels and 
types concerning existing research results (Zhang et al., 2020; Table 3). 
At last, the hotspot analysis can be used to explore whether spatial 
changes in the regional water–food–carbon coupling coherence are 
characterized by the phenomenon of high-value clustering (hotspots) 
and low-value clustering (coldspots), and to determine where spatial 
clustering occurs in high and low-value areas. If a range of water–food–
carbon system coupling degree of coordination changes compared with 
the surrounding higher, it turns into a statistically significant hotspot, 
called the coupling degree of coordination of value-added hot spot, 
indicating that the coupling degree of coordination in the area of the 
increased is larger; if a range of water–food–carbon system coupling 
degree of coordination changes compared with the surrounding lower, 
then it turns into a statistically significant cold spot, called the coupling 
degree of coordination loss cold spot area, indicating that the coupling 
coherence in the area of a larger reduction. The formulas and indicators 
are explained in Table 3.

2.4.4 Measurement of the impact of land-use 
change on the degree of coupling coordination

This study contains two aspects: the effect of quantitative and 
spatial land-use changes on the degree of coordination of the system 

TABLE 1 Integrated evaluation indicator system for water–food–carbon systems.

Target layer Index layer Data sources and calculations Unit Direction

Water resource

Annual precipitation National Weather Science Data Center mm +

Rate of water area Water area/land area % +

Effective irrigated area Statistical yearbook for the study area hm2 +

Number of villages benefiting from tap water Statistical yearbook for the study area Individual +

Food production

Mechanical power Total power of agricultural machinery/sown area of crops kW/hm2 +

Fertilizer application Statistical yearbook for the study area t −

Grain yield per unit area Total grain production/grain sown area ton/km2 +

Per capita grain output Total food production/total population of the region kg/capita +

Disposable income of rural residents Statistical yearbook for the study area yuan +

Carbon emission

Total carbon emissions Direct carbon emissions + indirect carbon emissions million t −

Carbon emissions from agricultural production Cropland area x carbon emission factor t −

Carbon emissions per capita Total carbon emissions/total regional population ton/capita −

Carbon intensity Total carbon emissions/gross regional product ton/104yuan −

Forest cover Forest area/land area % +
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TABLE 3 Coupling coordination level classification.

Coupling coordination degree Type of coordination Trait

0 < D ≤ 0.2 Severe disorder Interfunctional game state is apparent, disordered, and dysfunctional development

0.2 < D ≤ 0.4 Mild disorder Functions compete with each other, and uncoordinated interactions increase

0.4 < D ≤ 0.5 Forced coordination Barely coordinated operation between functions can maintain the development

0.5 < D ≤ 0.8 Medium coordination
Functions are balanced and coordinated with each other in a more harmonious 

relationship

0.8 < D ≤ 0.1 High degree of coordination Enhanced positive interactions between functions and well-coordinated relationships

coupling. First, the Pearson coefficient method was used to reflect the 
correlation between land-use change and the coupling coordination 
degree of water–food–carbon system in Hebei Province during 2010–
2015 and 2015–2020. Then, using the land-use change map and the 

hot spot map of the coupling coherence of the water–food–carbon 
system as the basic data, the influence of land-use change on the 
coupling coordination degree in spatial dimensions was explored 
through the superposition of the two.

TABLE 2 Research methodology.

Measurement methods Modeling Calculation formula Model interpretation

Measurement of land-use change Land-use transfer matrix 11 1

1

A A
A

A A

n
ij

n nn

 
 =  
  



  



Aijis the size of the area converted from type i to 

type j in the study area; n is the number of 

classifications of land-use types

Land-use change 

mapping
C 10 A= × ±B C is the new atlas unit formed by evolution; A is the 

value of raster attributes of the early-stage atlas unit; 

and B is the value of raster attributes of the end-

stage atlas unit (Yu et al., 2019)

Measurement of coupling 

coordination

Comprehensive 

evaluation index model
4

1
1
w X tρ α α

α
=

=
∑

5
2

1
w X tρ β β

β
=

=
∑

5
3

1
w X tρ γ γ

γ
=

=
∑

1ρ , 2ρ ,and 3ρ are the comprehensive evaluation 

index of WFC subsystems in t years, respectively; 

,w wα β , and wγ  are the weight of each index in the 

system of WFC, respectively; ,X Xt tα β , and X tγ  

indicates the standardized value of each indicator

Coupled coordination 

degree model 3
3 1 2 3

1 2 3
C

ρ ρ ρ
ρ ρ ρ

× ×
= ×

+ +

D C T= ×

1 2 3T α ρ β ρ γ ρ= × + × + ×

C represents the degree of coupling, indicating the 

degree to which the subsystems influence each 

other through interaction; D represents the degree 

of coupling coordination, indicating the degree of 

good or bad coordination among the systems; T 

represents the comprehensive evaluation index of 

the water–food–carbon system; , ,andα β γ  are the 

weights of the importance of each system, and in 

this study, we consider the three systems to 

be equally important, so we set α β γ= = =1/3

Hot spot analysis

( )/ 1

1 1
22

1 1

W X X W
G

S n W W n

n n
ij j ijj i

i
n n

ij ijj j

−
=

   − − 
   

= =∗

= =

∑ ∑

∑ ∑

1

1
X X

n

n
i

i
=

=
∑

( )1 22

1
S X X

n

n
i

i
= − −

=
∑

X j is the attribute value of factor j, Wij represents 

the spatial weight between factor i and j (adjacency 

is 1, non-adjacency is 0), and n is the total number 

of sample points. X  is the mean, S is the standard 

deviation, and the statistical result of Gi∗ is z score
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3 Results

3.1 Analysis of land-use change

3.1.1 Quantitative characteristics of changes in 
land-use area

From Table 4, the overall expression of changes in the mutual 
transfer of the area of each land-use category is the largest transfer in 
the area of the construction site, the largest transfer out of arable land, 
and the smallest transfer in the area of unused land. In terms of the 
area of land transferred in, the amount of construction land 
transferred in from 2010 to 2020 is 9,711.72 km2, and its primary 
source is cropland; in terms of the area of land shifted out, the amount 
of cropland shifted to other land-use types from 2010 to 2020 is 
11,387.24 km2. From Figure 3, it can be seen that 2010–2015 was a 
stronger period of land transfer in Hebei Province, with a total 
converted area of 40,824.78 km2, of which the cropland area turned 
out to be the largest, 9,833.49 km2. The largest area transferred to the 

type is construction land, amounting to 8,881.83 km2, which is mainly 
converted from grassland and cropland. The next largest area 
transferred from cropland is 4,353.70 km2, which is mainly converted 
from construction sites and grassland. The total area of land 
transformed from 2015 to 2020 is 12,244.56 km2. Among them, the 
largest area of cropland is transferred in, which is 1,791.71 km2, and 
the main source of cropland is construction land, but at the same time, 
the largest area of cropland is transferred out, which is 2,545.30 km2, 
and it is mainly used as construction land, and the second largest area 
is grassland, which is transferred out, which is 11,36.32 km2, and it is 
mainly transformed into cropland.

3.1.2 Characteristics of spatial differentiation in 
land-use change

According to formula (2), the calculation results in obtaining the 
characteristics of the land-use change pattern map of Hebei Province in 
2010–2015, 2015–2020, and 2010–2020. As can be seen from Figure 4 
and Table 5, in general, the change of land-use categories from 2010 to 

TABLE 4 Land-use transfer matrix, 2010–2020.

Type of land 2020 Total

Cropland Forest 
land

Grassland Water Construction 
land

Unused 
land

2010

Cropland 85,106.57 921.21 1,281.04 838.15 8,207.20 139.65 96,493.81

Forest land 485.68 34,486.15 1,338.54 38.65 359.18 17.27 36,725.46

Grassland 1,203.41 1,898.88 29,173.85 187.13 832.06 161.57 33,456.90

Water 554.57 79.73 164.30 2,666.74 201.29 230.79 3,897.42

Construction land 2,370.39 42.80 132.05 1,022.78 11,277.71 26.40 14,872.14

Unused land 563.00 50.41 302.44 94.75 111.99 796.77 19,19.37

Total 90,283.63 37,479.17 32,392.23 4,848.19 20,989.43 1,372.45 18,7365.09

FIGURE 3

Land-use change trajectory in Hebei Province, 2010–2020.
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2020 is dominated by the conversion of cropland to construction land, 
building sites to cropland, and grassland to woodlands, with the 
conversion area of the three beings: 8,207.20, 2,370.39, and 1,898.88 km2, 
and the rate of change being 34.40, 9.94, and 7.96%, respectively.

In terms of phases, from 2010 to 2015, the mapping unit with the 
largest variation is the conversion of cropland to the construction site, 
with a change rate of 36.68% and a changing area of 7,493.97 km2, 
which is mainly located in Baoding, Xingtai and Shijiazhuang regions; 
the conversion of construction land to cropland is also stronger, with 
a change rate of 11.07% and a changing area of 2,262.38 km2, which 
mainly occurs in the Cangzhou, Baoding and Hengshui areas; next is 
the conversion of grassland to forest land, with a change rate of 7.42% 
and a changing area of 1,515.35 km2, mainly in Zhangjiakou, Chengde, 
and Qinhuangdao areas. From 2015 to 2020, the change rate of 
cropland converted to construction land was 20.45%, which was 
16.23% lower than that of the previous period, indicating that the 
expansion of building sites in this period was significantly reduced, 
and the area converted was 1,252.24 km2; at the same time, the 
conversion of the building site to arable land was also stronger, with a 
change rate of 10.45% and an area of 640.03 km2, which was mainly 
concentrated in the Baoding, Handan, and Xingtai areas; the change 
rate of cropland to grassland was also larger, at 9.38%, with a changing 
area of 574.23 km2, concentrated in Zhangjiakou and Chengde areas.

3.2 Analysis of the coupled coherence of 
the WFC system

3.2.1 Analysis of the degree of subsystem 
coupling and coupling coordination

The coupling coordination of the WFC system and its subsystems 
in Hebei Province in 2010, 2015, and 2020 were calculated by coupling 
coordination degree mode.

From Figure 5A, the overall coupling degree of the system slightly 
swings in the range of 0.75 ~ 0.85, maintaining a high coupling status 
for a long time, reflecting a strong correlation among the systems. The 
degree of coupling coordination fluctuates greatly and demonstrates 
a rising and subsequently falling trend between 2010 and 2020, and 
the overall performance between water, food, and carbon in Hebei 
Province needs to be more coordinated development level. The two 
subsystems have also maintained high coupling for a long time, of 
which the water–food system has the highest and most stable coupling, 
which has a pulling effect on improving the overall level of coupling 
and coordination, and the food–carbon system has a relatively weak 
degree of coupling. Figure 5B shows that the water–food system has 
the highest level of coupled coordination, with relatively large changes, 
moving from moderate coordination to barely coordinated during the 
2010–2020 period, which has a higher impact on the overall level of 
coupled coordination of the system. The water-carbon system 
fluctuates slightly in the range of 0.35–0.40 and shows an overall mild 
level of misalignment.

3.2.2 Characteristics of the spatial distribution of 
the overall coupling coordination degree of the 
system

The coupling degree and coupling coordination degree of the 
WFC system in each county of the study area from 2010 to 2020 were 
calculated, and according to the change of coupling coordination type 
and its numerical evolution characteristics in each region, the spatial 
evolution map of coupling coordination of WFC system in study area 
at each time node was plotted.

From Figure 6, it can be seen that from 2010 to 2020, high-level 
coordination areas were dominated by the northeastern part of Hebei 
Province, showing a certain degree of spatial aggregation. From 2010 
to 2020, the coupling coordination status has always maintained a 
medium level of coordination of a total of 26 areas, and is located in 

FIGURE 4

Atlas of land-use changes in Hebei Province, 2010–2020.
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the northeastern part of Hebei Province, Chengde City, and eight 
districts are ranked among them, accounting for 31%, in addition to 
the northeastern part of the region, the development of the central and 
western regions is also relatively stable, the level of coupling 
coordination for an extended period to maintain a relatively high and 
spatial distribution of the concentration of the situation. The low-level 
coordination areas have long been laid out within the southwestern 
part of Hebei Province, showing a certain degree of low-value locking 
phenomenon. In terms of type change, the number of districts where 
the coupled coordination status always remains mild disorder from 
2010 to 2020 is 11, and the five districts that always remain mildly 
dysfunctional among all districts and counties in the study area belong 
to Xingtai City, which are Ren, Nanhe, Julu, Pingxiang, and 
Guangzong counties, respectively. As a whole, the coupling degree of 
the WFC system in the study area during 2010–2020 appears to have 
a spatial pattern of “high in the northeast and low in the southwest.” 

In general, this feature also has strong stability, but comparing 2010–
2015 and 2015–2020, it reveals that although the coupling 
coordination of the northern region of Zhangjiakou and the western 
region of Xingtai has increased, the areas with mild dislocations in the 
central-eastern part of study area show a tendency of shrinking and 
then expanding.

3.2.3 Characteristics of the spatial evolution of 
the overall hot and cold spot pattern of the 
system

To analyze the spatial distribution of the variation in the coupled 
coordination degree of the WFC system in Hebei Province, this study 
employs county areas as the unit of analysis and utilizes hotspot 
analysis in ArcGIS as the methodological tool. The observed values 
are derived from the changes in the coupled coordination degree 
from 2010 to 2015 and from 2015 to 2020. Consequently, hotspot 

TABLE 5 Rate of change of land-use change mapping in Hebei Province, 2010–2020.

Types of mapping
Rate of change (%)

Code 2010–2015 2015–2020 2010–2020

Grassland→Cropland 31 3.57 8.45 5.04

Grassland→Construction land 35 3.74 2.14 3.49

Grassland→Forested land 32 7.42 7.13 7.96

Grassland→Water 34 0.82 0.60 0.78

Grassland→Unused land 36 0.65 0.24 0.68

Cropland→Grassland 13 3.75 9.38 5.37

Cropland→Construction land 15 36.68 20.45 34.40

Cropland→Forested land 12 4.32 6.29 3.86

Cropland→Water 14 2.87 4.85 3.51

Cropland→Unused land 16 0.50 0.61 0.59

Construction land→Grassland 53 0.53 1.14 0.55

Construction land→Cropland 51 11.07 10.45 9.94

Construction land→Forested land 52 0.20 0.50 0.18

Construction land→Water 54 4.94 2.21 4.29

Construction land→Unused land 56 0.13 0.24 0.11

Forested land→Grassland 23 4.47 7.52 5.61

Forested land→Cropland 21 1.48 8.33 2.04

Forested land→Construction land 24 1.57 1.00 1.51

Forested land→Water 24 0.14 0.76 0.16

Forested land→Unused land 26 0.04 0.64 0.07

Water→Grassland 43 0.61 0.79 0.69

Water→Cropland 41 2.53 1.74 2.32

Water→Construction land 45 1.05 1.72 0.84

Water→Forested land 42 0.39 0.28 0.33

Water→Unused land 46 1.21 0.66 0.97

Unused land→Grassland 63 1.51 0.13 1.27

Unused land→Cropland 61 2.76 0.29 2.36

Unused land→Construction land 65 0.43 0.38 0.47

Unused land→Forested land 62 0.25 0.04 0.21

Unused land→Water 64 0.39 1.06 0.40
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maps depicting the changes in the coupled coordination degree for 
Hebei Province during the periods of 2010–2015 and 2015–2020 are 
generated (Figure 7).

As illustrated in Figure 7, the cold and hot spots of the coupling 
coordination degree of the WFC system in Hebei Province were 
dispersed during the period from 2010 to 2015. Specifically, the hot 
spots of value-added were predominantly located in the south-
central region of Zhangjiakou and the east-central area of 
Shijiazhuang. In contrast, the cold spots of loss were concentrated in 
Chengde, with additional scattered occurrences in Xingtai, Handan, 
Langfang, and Tangshan; From 2015 to 2020, the concentration 
range of cold and hot spots about the coupling coordination degree 
of the WFC system in Hebei Province increased. During this period, 
the value-added hot spots were primarily located in Zhangjiakou 
and Xingtai, while the cold spots of loss were mainly found in 
Langfang, Cangzhou, Shijiazhuang, and Chengde. A comparison of 

the periods 2010–2015 and 2015–2020 reveals an expanding trend 
in the range of cold and hot spots related to the coupling 
coordination degree of the WFC system in Hebei Province. 
Furthermore, there is a notable correlation in the spatial 
transformation of these cold hot spots. Specifically, areas including 
the eastern part of Shijiazhuang, Julu County in Xingtai, Pingxiang 
County, Quzhou County, and Guantao County in Handan 
transitioned from being cold spots of loss in 2010–2015 to becoming 
hot spots of value-added in 2015–2020. As a whole, the distribution 
range of value-added hotspots and loss cold spots in the water–
food–carbon system coupling coordination degree in Hebei Province 
from 2010 to 2020 is large, and the distribution of hotspots has 
obvious spatial agglomeration, which is characteristic of the overall 
performance of the “large difference between the high and low 
values of east–west agglomeration, and distribution of hot spots in 
both north and south”.

FIGURE 5

Degree of coupling and coupling coordination for two-by-two combinations of subsystems (A) Degree of coupling between two combinations of 
subsystems (B) Degree of coupling coordination between two combinations of subsystems.

FIGURE 6

Spatial evolution of the type of coupled coordination degree of the water–food–carbon system in Hebei province.
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3.3 Impact of land-use change on the 
coordination of coupled WFC systems

3.3.1 Impact of changes in land-use quantities on 
the degree of coupling coordination

To study the impact of land-use changes on the coupling 
coordination of the WFC system in Hebei Province, correlation 
analyses were carried out between the two based on the Pearson 
correlation coefficient (Figure 8).

By stages, in 2010, the WFC system in the study area was 
significantly positively correlated with forest land, grassland, and 
waters, with correlation coefficients of 0.60, 0.52, and 0.46, 
respectively; in 2015, the WFC system in Hebei Province was 
significantly positively correlated with woodland, grassland, waters 
and construction site, with the correlation coefficient of construction 
land is relatively low, at 0.17; in 2020, the degree of coordination of the 
WFC system in Hebei Province is significantly positively correlated 
with cropland, woodland, grassland and water, of which the 
correlation with cultivated land has changed from irrelevant to 
relevant, with a correlation coefficient of 0.20. Overall, the WFC 
system in the study area during the study period had a stable positive 
correlation with forest land, grassland, and watersheds, but the 
correlation between the degree of coordination of the system coupling, 
and woodland and grassland, increased, and the correlation with 
water showed a decreasing trend. Therefore, the increase in the area 
of woodland and grassland can ensure regional water resources, food 
security, and green ecological development through water 
conservation, emission reduction and sink enhancement, and soil and 
water conservation, thus increasing the benign reciprocal feedback 
among the systems and facilitating the enhancement of the 
coupling coherence.

3.3.2 Impact of spatial land-use change on the 
degree of coupling coordination

The land-use change map was superimposed with the hot spot 
map of the change in the WFC system (hotspots and cold spots 
with statistical significance with a confidence level of 95% and 
above were selected) to analyze the land-use change in the cold hot 
spot regions in Hebei Province in the 2010–2015 and 2015–
2020 periods.

Figure 9 shows that during the period 2010–2015, the value-added 
hotspot areas are distributed in the south-central region of 
Zhangjiakou and the east-central region of Shijiazhuang, and their 
increase is mainly attributed to the conversion of cropland to 
construction land, woodland, and grassland, in which the area of 
cropland converted to building site is the largest, with the converted 
area of 1,009.19 km2, followed by cropland converted to forest land 
and grassland, with the converted areas of 290.89 and 148.30 km2. The 
loss of cold spot area is mainly concentrated in Chengde, Langfang, 
and Handan areas, and its decrease mainly comes from the conversion 
of cropland to building land, with a conversion area of 733.34 km2; 
next, the biological space of grasslands and forests is converted to 
various types of land., with a conversion area of 542.74 and 330.47 km2; 
during the period 2015–2020, the value-added hotspot areas are 
mainly distributed in Zhangjiakou and Xingtai regions, and their 
increase mainly originates from the conversion of cropland, with a 
conversion area of 488.00 km2, of which the area of cropland converted 
to the building site is the largest, with a conversion area of 201.05 km2. 
The loss of cold spot areas is mainly concentrated in Shijiazhuang, 
Tangshan, and Chengde regions, and its reduction mainly originates 
from the conversion of woodland to arable land and woodland to 
grassland, with the conversion areas of 129.20 and 85.53 km2, 
respectively.

FIGURE 7

Distribution of cold hotspots for changes in the coordination degree of the coupled water–food–carbon system in Hebei Province, 2010–2020.
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4 Discussion and recommendations

4.1 Changes in the coupling coordination 
degree of water–food–carbon system

The coupled coordination degree model indicates that the overall 
coupled coordination level of Hebei Province in 2010–2020 shows a 
barely coordinated development level, which is the same as the 
research results of Li and Zhang (2020). Hebei Province, China’s major 
energy consumption province, has huge carbon emissions, and there 
is a considerable conflict between economic development and 
resource and ecological protection, which seriously affects the stable 
and coordinated development of the WFC system. Among them, the 
fluctuation of the coupling coordination of the water–food system is 
more obvious; Hebei Province, as a main agricultural region, the 
contradiction between water resources and grain is more prominent, 
agriculture accounts for more than 60% of the total water 
consumption, the water-grain system is closely related (He and Yuan, 
2021). Compared with provincial-scale resource studies (Wang and 
Tian, 2022), county-scale studies can more accurately identify the 
development level of the WFC system in each region. From the 
viewpoint of spatial distribution, the city of Chengde, which has a high 
coupling coherence, resides in the northeast region of the study area; 
however, for the period 2010–2020, the coupling coordination in the 

northern part of Zhangjiakou increased, and at the same time the 
hotspot value-added areas are also distributed more agglomerated in 
Zhangjiakou. Zhangjiakou has a larger area of agricultural land, more 
developed agriculture, better ecological advantages, slower urban 
expansion than other regions, and abundant water resources.

4.2 Impact of changes in land-use 
quantities on the degree of coupling 
coordination

While studying, the building site of Hebei Province has been 
expanding and ecological and agricultural land has been shrinking, 
which in turn affects the coupling coherence of the regional WFC 
system. Among them, cropland area and the level of regional WFC 
system coupling coordination are positively connected, and the 
conversion of cropland to the building site is the most dominant type 
of land-use change during the study period. Cropland has the 
ecological functions of producing organic matter, gas regulation, water 
containment, soil retention, environmental purification, and other 
ecological functions, it is an important ecological landscape and the 
most important production resource for human survival (Ren et al., 
2016), however, the area of cropland in Hebei Province has been 
declining year by year, thus threatening the development of the 

FIGURE 8

Correlation coefficients between land-use types and the degree of coordination of the coupled water–food–carbon system.
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coupling coherence of the WFC system; the area of woodland, 
grassland, and watershed is positively correlated with the degree of 
coordination of regional WFC system coupling, from the point of view 
of the hotspot value-added areas in Hebei Province, from 2010 to 2020, 
the main reason for the increase in the degree of coupling coordination 
due to land-use change is the conversion of other types of land to 
woodland or grassland., and the increase in the area of woodland and 
watershed not only eases the demand for water resources in Hebei 
Province’s agricultural production but also helps to Biodiversity 
restoration, which in turn inhibits the living space of agricultural pests, 
ensuring stable food production (Dainese et  al., 2019); generally 
speaking, the increase of construction land will squeeze the space for 
food cultivation and contribute to higher pollutant emissions, which 
will have a negative impact on coordinated development. However, in 
this study, the building site is not relevant to it, which may be related 
to the relatively low level of economic development of the study area, 
which indicates that the increase of the building site is at a reasonable 
stage of the urbanization process in Hebei Province, and will not 
negatively affect the coupling coordination for the time being.

4.3 Impact of spatial land-use change on 
the degree of coupling coordination

Analyses from a spatial perspective can be targeted to spatially 
regulate land-use and improve the coupling coherence of regional 
WFC systems according to local conditions. In terms of phasing, the 

value-added hotspots in 2010–2015 were distributed in the south-
central region of Zhangjiakou, and the east-central region of 
Shijiazhuang, with the south-central region of Zhangjiakou, mainly 
attributed to the transformation of other spaces into grassland 
ecological space, and the east-central region of Shijiazhuang due to the 
transformation of other spaces into forest land ecological space, and 
the loss of the cold spot area was more clustered in scope in this 
period, especially in the northeastern region of study area. This is 
primarily because of the transformation of forest land and grassland 
ecological space in this region. In 2015–2020, there is a tendency to 
expand the scope of loss cold spot zones, so for value-added hot spot 
zones, based on improving the level of intensive and economical use 
of land, it is necessary to guide the WFC system to a higher level, and 
in the case of loss of cold spots, the protection of ecological resources 
in parts of these counties should be strengthened, and to rationally 
plan the land resources of cropland, forest land and waters, to promote 
sustainable development of the resources.

Land has a special role in water resources, food resources, and 
carbon emissions, and promoting the rational use of land resources is 
an effective way to improve the WFC system in the region. The specific 
recommendations are as follows:

 (1) Optimize the layout and structure and strictly abide by the red 
line of cropland. Hebei Province is one of the significant 
agricultural provinces in China. Nevertheless, due to the 
development of new urbanization, the area of cropland is 
decreasing, so we must adopt strict cultivated land protection 

FIGURE 9

Atlas of land-use changes in Hebei Province, 2010–2020.

https://doi.org/10.3389/fsufs.2024.1449041
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Zhao et al. 10.3389/fsufs.2024.1449041

Frontiers in Sustainable Food Systems 14 frontiersin.org

policies, reasonably increase ecological land based on ensuring 
food production security, and coordinate the protection of 
forests, grasslands, and wetlands.

 (2) Seize regional advantages and promote coordinated 
development. Improving and upgrading the intercoordination 
between the water–food–carbon systems in Hebei Province, 
taking advantage of Hebei’s geographical advantages, raising the 
proportion of clean energy used, developing green low-carbon 
industries, and grasping energy-saving and carbon-reducing 
renovation. Hebei is the Beijing–Tianjin–Hebei resilience 
shortboard, but it is also where the development potential lies, 
narrowing the gap between Hebei and Beijing–Tianjin will help 
to realize the Beijing–Tianjin–Hebei synergistic development.

 (3) Developing differentiated policies to improve land-use 
efficiency. For areas with scarce land resources, the use of clean 
energy should be encouraged, technological innovation should 
be  carried out in industries with high water and energy 
consumption, drought-tolerant and high-yield crops should 
be introduced, and the consumption of water, land, and other 
resources should be reduced. For regions with abundant land 
resources, the advantages of regional resources should be fully 
utilized, accelerate the upgrading of their industrial structure, 
introduce advanced technologies and enhance the overall 
competitiveness of their economic development.

Compared with most of the current studies on the water-
energy-food system, this study incorporates land-use into the 
system, explores its impact on the degree of coordination of WFC 
coupling, and then looks for paths to promote the synergistic 
development of various types of resources. Nevertheless, there are 
some shortcomings, in the construction of the water–food–carbon 
system evaluation index system, this study to the county as a 
research unit, Hebei Province, due to the lack of municipal and 
county scale part of the index data because there are some 
limitations in the selection of indicators; this study to the 132 
counties in Hebei Province as the object of the study, to explore 
spatial and temporal variations in the coupled coherence of the 
water–food–carbon system in 132 districts of the region, the future 
will be from a multiscale perspective.

5 Conclusion

In this study, by analyzing the changes in land-use types, 
constructing the evaluation index system for the coupling 
coordination development of the WFC system, calculating the degree 
of coupled coordination in Hebei Province from 2010 to 2020, and 
analyzing the impact of quantitative and spatial land-use changes on 
the WFC systems, the following conclusions were reached:

 (1) From 2010 to 2020, the change of land-use type is characterized 
by the decrease of cropland and the expansion of building site, 
with the conversion of cropland to building site dominating in 
each mapping unit, with a conversion area of 8,207.20 km2, a 
change rate of 34.40%, and spatially concentrated in Baoding, 
Xingtai and Shijiazhuang; followed by the conversion of 
building site to arable land, with a conversion area of 
2,370.39 km2 with a change rate of 9.94%, mainly in Cangzhou, 
Baoding and Hengshui regions.

 (2) From a temporal perspective, the coupling degree of the WFC 
system in the study area from 2010 to 2020 is at a high level, 
with the system as a whole fluctuating slightly in the range of 
0.75 to 0.85, but the coupling degree of coordination of the 
WFC system is at a low level, fluctuating slightly in the range 
of 0.35 to 0.40, and the overall performance is at the level of a 
mild dysfunctional disorder. From a spatial perspective, the 
water–food–carbon system coupling coordination degree has 
a significant spatial differentiation law, presenting a spatial 
distribution pattern of “high in the northeast and low in the 
southwest”; from 2010 to 2020, the distribution of hot and 
cold spots in the coupling coherence of the WCF system in 
study area shows the “east–west high and low values of the 
agglomeration difference is too large.”

 (3) From the point of view of changes in land-use quantity, the 
coupling coherence of the WFC system in each county from 
2010 to 2020 is positively correlated with cropland, forest land, 
grassland, watersheds, and building sites, and is not correlated 
with the unused land; regarding the spatial changes in land use, 
the conversion of urban and rural construction land, as well as 
agricultural production space, to forest ecological space in the 
region is primarily responsible for the hotspot value-added areas, 
while the conversion of forest and grassland ecological space to 
other land types is the primary cause of the loss of cold spot areas.
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