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Abstract

The Yellow River Basin serves as a critical ecological barrier and economic corridor
in China, playing a pivotal role in national ecological security and sustainable devel-
opment. This study develops a comprehensive evaluation framework grounded in
the Water–Energy–Food–Ecosystem (WEFE) nexus, employing 25 indicators across nine
provinces and autonomous regions over the period 2000–2023. Utilizing a multi-method
approach—including the entropy weight method, coupling coordination degree model,
center of gravity migration analysis, principal component analysis, and obstacle factor
diagnosis—the research investigates the coordinated development and dynamic interac-
tions among the WEFE subsystems. Key findings include: (1) the calculated weights of
the water, energy, food, and ecological subsystems were 0.3126, 0.1957, 0.1692, and 0.3225,
respectively, indicating that ecological and water subsystems exert the greatest influence;
(2) distinct growth patterns among subsystems, with the energy subsystem exhibiting
the fastest growth rate (212%) and the water subsystem the slowest (4%); (3) a steady
improvement in the overall coordination degree of the WEFE system, rising from 0.417 in
2000 to 0.583 in 2023—a 39.8% increase—with Henan (0.739) and Inner Mongolia (0.715)
achieving the highest coordination levels in 2023, while Qinghai (0.434) and Ningxia (0.417)
remained near imbalance thresholds; (4) complex spatial dynamics reflected by cumulative
center of gravity migration distances of 678.2 km (water), 204.9 km (energy), 143.3 km
(food), and 310.9 km (ecology) over the study period; and (5) identification of per capita
water resources as the principal limiting factor to coordinated WEFE development, with an
obstacle degree of 0.1205 in 2023, underscoring persistent water scarcity challenges. This
integrated framework advances WEFE nexus analysis and provides robust, evidence-based
insights to inform regional policy and resource management strategies.

Keywords: Water–Energy–Food–Ecosystem nexus; coupling coordination; sustainable
development; multi-method integration; obstacle diagnosis; Yellow River Basin
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1. Introduction
Water, energy, and food are fundamental components essential for human survival

and societal development [1]. Since the 2010s, scholarly attention has increasingly focused
on the interconnections among these three sectors, commonly referred to as the water-
energy-food (WEF) nexus [2]. Recognizing the critical role of ecosystems, researchers
have expanded this framework to include ecological components, resulting in the Water–
Energy–Food–Ecosystem (WEFE) nexus. The WEFE nexus has since become a pivotal
theoretical construct for elucidating and analyzing the complex interactions among key
natural resources and environmental systems [3,4]. To facilitate a clearer understanding of
these interdependencies, Figure 1 presents a schematic representation of the WEFE nexus,
highlighting the principal feedback loops and linkages among the water, energy, food, and
ecosystem subsystems.

Figure 1. Water–Energy–Food–Ecosystem (WEFE) Nexus Framework.

Water, energy, food, and ecosystems are intimately interconnected and mutually
dependent [5], forming complex and fragile synergistic nexus relationships [6–8]. The
health and development status of any individual subsystem within this nexus directly
affects the other subsystems and influences the overall stability of the system. Water serves
as the fundamental resource supporting agricultural productivity, energy generation, and
ecological continuity [9]. Conversely, energy is a critical input for water treatment processes,
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food production, and the restoration of degraded ecosystems [10]. Food systems are major
consumers of both water and energy, while simultaneously offering significant potential
for sustainable bioenergy generation [11,12]. Ecosystems provide essential environmental
carrying capacity and a broad range of ecological services—including water regulation and
purification, soil fertility maintenance, and climate regulation—that collectively underpin
the stability and resilience of the entire nexus [13,14].

However, these complex interdependencies are fraught with constraints and competi-
tion [15–17], primarily driven by continuously growing global demand, climate change,
and traditional “silo” management approaches [18,19]. In conditions of water scarcity, such
as those prevalent in arid and semi-arid regions, agricultural production and ecological
systems compete intensely for limited water resources, raising critical concerns regarding
equity in trans-regional water allocation [20,21]. The ongoing expansion of energy develop-
ment further conflicts with ecological conservation goals, thereby introducing additional
environmental challenges [22]. Moreover, when pollution from anthropogenic activities
surpasses the ecological carrying capacity, it degrades water and air quality, escalates en-
ergy requirements for pollution mitigation, and directly jeopardizes food security [23]. This
escalating competition among agriculture, energy development, and ecological protection
for scarce water resources poses fundamental threats to the long-term sustainability of
human development [24].

The Yellow River Basin confronts significant challenges in simultaneously ensuring
water security, meeting energy demands, sustaining food production, and preserving
ecological integrity. Its arid and semi-arid climate, coupled with intensive agricultural
activities and rapid industrialization, exacerbates competition for resources and accelerates
environmental degradation. This context underscores the critical need for integrated man-
agement approaches and positions the basin as a representative case study for analyzing the
Water–Energy–Food–Ecosystem (WEFE) nexus. Conventional sectoral (“silo”) management
frameworks have proven insufficient to address the complex interdependencies within this
coupled system, with water scarcity emerging as the most significant limiting factor. More-
over, the region’s ecologically sensitive and fragile environment further restricts prospects
for sustainable, high-quality development [25].

Recent research on the Water–Energy–Food–Ecosystem (WEFE) nexus within the
Yellow River Basin has made notable progress [4,26,27]; however, several critical gaps per-
sist. First, most existing studies primarily address bilateral or trilateral interactions—such
as water-energy [28,29], water-food [30–32], water-energy-food [33–38]) rather than com-
prehensive quaternary system research at the entire basin level. Second, there is limited
attention to the spatial and temporal dynamics governing the migration processes within
WEFE systems. Third, few investigations have systematically integrated multiple analyti-
cal approaches to conduct a holistic assessment of WEFE coupling coordination. Finally,
the specific barriers impeding coordinated development within the WEFE nexus remain
insufficiently identified and analyzed. Addressing these gaps is essential for advancing
sustainable resource management in the Yellow River Basin.

This study employs an integrated multi-model analytical framework combining the
entropy weight method, coupling coordination model, center of gravity migration model,
principal component analysis, and obstacle factor diagnosis to achieve the following objec-
tives: (1) develop a WEFE (Water–Energy–Food–Ecosystem) nexus evaluation indicator
system tailored to the Yellow River Basin; (2) quantify the spatiotemporal evolution of
WEFE coupling coordination within the basin; (3) utilize center of gravity migration models
to elucidate the spatial dynamics of subsystem changes; (4) identify the principal compo-
nents driving variations in the WEFE system; and (5) diagnose the primary obstacle factors
limiting coordinated WEFE development. This comprehensive multi-model approach
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facilitates an in-depth understanding of the dynamic processes and synergistic interactions
within the WEFE nexus, thereby informing policy recommendations aimed at promoting
high-quality development and supporting sustainable, equitable, and adaptive resource
management across the Yellow River Basin.

2. Materials and Methods
2.1. Study Area

The Yellow River Basin, located in northern China between 32◦10′–41◦50′ N and
95◦53′–119◦05′ E, encompasses a drainage area of approximately 795,000 km2. Predomi-
nantly situated within arid and semi-arid zones, the basin flows west to east across nine
provinces and autonomous regions: Qinghai, Sichuan, Gansu, Ningxia, Inner Mongo-
lia, Shaanxi, Shanxi, Henan, and Shandong. Geographically, the basin is divided into
three distinct reaches: the upper reach, extending from the river’s source to Hekou in
Inner Mongolia; the middle reach, from Hekou to Taohuayu in Henan Province; and the
lower reach, from Taohuayu to the river mouth (Figure 2). Each subbasin exhibits distinct
characteristics in terms of topography, climate, hydrology, and socioeconomic development.
The upper reach is characterized by high altitude and a cold climate, serving as the pri-
mary water source area with substantial hydroelectric potential. The middle reach, which
includes the Loess Plateau, supports intensive agricultural activities and energy production
but faces severe soil erosion challenges. The lower reach traverses the North China Plain
and represents the basin’s most economically developed and densely populated region.

Figure 2. Yellow River Basin.

2.1.1. Water

The Yellow River Basin possesses total water resources of approximately 58 billion m3,
accounting for only 2.5% of national water resources. Per capita water availability in
the basin is approximately 27% of the national average, while per capita water consump-
tion is less than one-fifth of the national average, categorizing the region as severely
water-scarce. The basin’s water resource development and utilization rate reaches 80%,
substantially exceeding the ecological warning threshold of 40% commonly applied to river
basins. Precipitation within the basin exhibits pronounced spatial and temporal variability,
with significant interannual fluctuations. The multi-year average precipitation is around
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400 mm, markedly lower than the national average of 628 mm. Seasonal precipitation is
highly uneven, predominantly occurring between June and October, during which sum-
mer rainfall accounts for 55.6% of the basin’s annual total. Water resources are relatively
abundant in the upper reaches, whereas the middle and lower reaches face pronounced
water scarcity challenges.

2.1.2. Energy

The Yellow River Basin constitutes a vital energy hub for China, endowed with
abundant coal, petroleum, natural gas, hydropower, wind, and solar energy resources.
Notably, annual coal production in the basin represents approximately 70% of the coun-
try’s total output. In recent years, the development of clean energy within the basin has
accelerated markedly, with installed capacities for wind power and photovoltaic systems
expanding rapidly.

2.1.3. Agriculture

The Yellow River Basin serves as a critical grain-producing region in China, contribut-
ing approximately one-third of the nation’s total grain output. The basin encompasses
15.532 million hectares of cultivated land, predominantly dedicated to the cultivation of
wheat, corn, rice, and other staple crops. Agricultural water consumption constitutes
roughly 70% of the basin’s total water use. Key irrigation districts along the Yellow River
are predominantly located within major grain-producing provinces such as Inner Mongolia,
Shanxi, Henan, and Shandong.

2.1.4. Ecological Environment

The Yellow River Basin is characterized by a fragile ecological environment, marked
by severe soil erosion and widespread desertification. Forest coverage in the basin stands
at approximately 14%, which is significantly lower than the national average. In recent
years, the implementation of ecological restoration initiatives—such as the conversion of
farmland to forest and targeted desertification control measures—has led to measurable
improvements in the overall ecological quality of the basin.

2.2. Data Sources and Indicator System
2.2.1. Data Sources

This study utilizes data from the China Water Resources Bulletin, China Statistical Year-
book, China Energy Statistical Yearbook, China Environmental Statistical Yearbook, China
Soil and Water Conservation Bulletin, Yellow River Basin Soil and Water Conservation
Bulletin, as well as statistical yearbooks, environmental status bulletins, and national eco-
nomic and social development statistical bulletins from the nine provinces and autonomous
regions within the Yellow River Basin. The temporal scope spans 2000–2023. Provincial
longitude and latitude coordinates are derived from China Standard Administrative Di-
vision GeoJSON data provided by the National Geographic Information Public Service
Platform (https://www.tianditu.gov.cn/, accessed on 1 May 2024), with map approval
number: GS (2024) 0650, coordinate system: CGCS2000 (EPSG:4490).

2.2.2. Data Processing

The dataset spanning 2000 to 2023 comprises fully observed data, with no projections
or estimates incorporated for the most recent year. However, for certain provinces, data
on a limited set of indicators—including per capita wastewater discharge, total sewage
treatment, energy consumption in agriculture, timber production, and renewable energy
generation—were incomplete for the period 2000 to 2002, with missing rates ranging from
8.3% to 12.5% for these variables. These gaps were addressed through linear interpolation

https://www.tianditu.gov.cn/
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using adjacent years. A sensitivity analysis was performed to evaluate the effect of this
interpolation, confirming that the overall temporal trends remained robust and unbiased
(correlation coefficient r > 0.98, p < 0.001 between original and interpolated series). Outliers
were identified and treated according to the 3σ criterion (Pauta criterion). To mitigate the
influence of differing measurement scales, all variables were standardized prior to analy-
sis. Data processing and computations were conducted in the Python 3.13 environment,
primarily employing the pandas, numpy, and scikit-learn libraries.

2.2.3. Indicator System

This study follows principles of scientific rigor, systematic methodology, and data avail-
ability to develop an evaluation indicator system for the Water–Energy–Food–Ecosystem
(WEFE) nexus in the Yellow River Basin. Rather than attempting to capture the entire
complexity of the WEFE system, we focused on selecting indicators most pertinent to the
nexus within the basin’s specific context. The selection process carefully accounted for
the inherent interconnections and interaction mechanisms among the four subsystems:
water, energy, food, and ecosystem. Based on each indicator’s impact on the coordinated
development of the WEFE system, the 25 chosen indicators were categorized as either
positive (16 indicators) or negative (9 indicators). We then calculated weights for each
indicator at both the subsystem and overall system levels (Table 1). The classification into
‘positive’ or ‘negative’ reflects each indicator’s net effect on the sustainable development of
the WEFE nexus in the Yellow River Basin. For instance, although fertilizer application is
vital for crop production, its excessive use in the basin has been extensively documented
as a major contributor to water pollution and soil degradation. Consequently, from a
systemic sustainability perspective, reducing fertilizer intensity—represented by a lower
indicator value—is considered beneficial for the overall health of the WEFE nexus. This
approach aligns with regional policy objectives aimed at promoting green and sustainable
agricultural practices.

Table 1. Weight Distribution of WEFE System Evaluation indicators.

Subsystem Indicators Unit Indicators
Type

Subsystem
Weight

System
Weight

Sum of System
Weight

Water

Per capita water resources m3 Positive 0.3502 0.1095

0.3126

Per capita water consumption m3 Negative 0.0244 0.0076

Per capita wastewater
discharge t Negative 0.0242 0.0076

Surface water supply 108 m3 Positive 0.1168 0.0365

Groundwater supply 108 m3 Positive 0.1711 0.0535

Industrial water consumption 108 m3 Negative 0.0403 0.0126

Agricultural water
consumption 108 m3 Negative 0.2223 0.0696

Ecological water consumption 108 m3 Positive 0.0506 0.0158

Energy

Total energy production 104 tce Positive 0.3077 0.0602

0.1957

Total energy consumption 104 tce Negative 0.0267 0.0052

Energy consumption in
agriculture 104 tce Negative 0.0608 0.0119

Rural electricity consumption 108 kWh Positive 0.2962 0.0580

Renewable energy generation 104 tce Positive 0.3086 0.0604
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Table 1. Cont.

Subsystem Indicators Unit Indicators
Type

Subsystem
Weight

System
Weight

Sum of System
Weight

Food

Total grain production 104 t Positive 0.2766 0.0468

0.1692

Per capita grain possession kg Positive 0.2003 0.0339

Grain crop sowing area 103 ha Positive 0.2121 0.0359

Effective irrigation area 103 ha Positive 0.2482 0.0420

Fertilizer application 104 t Negative 0.0629 0.0106

Ecosystem

Total sewage treatment 104 t Positive 0.1911 0.0616

0.3225

Soil erosion control area 103 ha Positive 0.0882 0.0285

Industrial waste gas emission 108 m3 Negative 0.0047 0.0015

Urban sewage treatment rate % Positive 0.0484 0.0156

Rural sewage treatment rate % Positive 0.2027 0.0654

Forest area 104 ha Positive 0.1706 0.0550

Timber production 104 m3 Negative 0.2942 0.0949

2.3. Methodological Framework
2.3.1. Entropy Weight Method

The entropy weight method objectively determines indicator weights by calculating
their information entropy, thereby minimizing subjective bias in the weighting process [39].
The calculation steps are as follows:

First, extreme value standardization is employed to normalize the raw data, converting
it into a dimensionless form:

For positive indicators:

X*
ij =

Xij − min
(
Xj

)
max

(
Xj

)
− min

(
Xj

) (1)

For negative indicators:

X*
ij =

max
(
Xj

)
− Xij

max
(
Xj

)
− min

(
Xj

) (2)

where Xij represents the original value of indicator j for province i, and X*
ij represents the

standardized value.
Second, calculate information entropy for each indicator:

Ej = − 1
ln(m)

m

∑
i=1

Pijln(Pij) (3)

where Pij =
X*

ij
m
∑

i=1
X*

ij

represents the proportion of indicator j for province i, and m represents

the number of provinces.
Third, calculate information utility value:

Dj = 1 − Ej (4)
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Finally, determine indicator weights:

Wj =
Dj

∑n
j=1 Dj

(5)

where n represents the total number of indicators.
To assess the robustness of the calculated weights, a bootstrap sensitivity analysis

comprising 1000 iterations was performed. The findings demonstrate that the subsystem
weights exhibit high stability, with coefficients of variation (CV) below 5% across all
four subsystems: Water (CV = 3.2%), Energy (CV = 4.1%), Food (CV = 3.8%), and Ecosystem
(CV = 4.5%).

2.3.2. Coupling Coordination Degree Model

The coupling coordination degree model is applied to assess coordination develop-
ment levels among WEFE systems [40,41].

The coupling degree calculation formula for four subsystems is:

C = 4 × 4

√
U1 × U2 × U3 × U4

(U1 + U2 + U3 + U4)4 (6)

where U1, U2, U3, and U4 represent comprehensive scores for water, energy, food, and
ecosystem subsystems, respectively.

The coupling degree formula employed in this study is derived from the capacity
coupling coefficient model, which is extensively utilized in physics and social sciences
to quantify interactions among multiple systems. The incorporation of the geometric
mean—represented by the fourth-root term—is deliberate, as it exhibits greater sensitivity
to disparities compared to the arithmetic mean. This approach ensures that the coupling
degree more accurately captures the balance of interactions among all four subsystems.

The comprehensive development index was calculated using the following formula:

T = αU1 + βU2 + γU3 + δU4 (7)

where α, β, γ, and δ represent weights for each subsystem.
The coordination degree is calculated as [40]:

D =
√

C × T (8)

The coordination degree (D) is categorized into six distinct levels: extremely uncoor-
dinated (0 < D ≤ 0.2), moderately uncoordinated (0.2 < D ≤ 0.4), slightly uncoordinated
(0.4 < D ≤ 0.5), barely coordinated (0.5 < D ≤ 0.6), moderately coordinated (0.6 < D ≤ 0.8),
and highly coordinated (0.8 < D ≤ 1.0).

2.3.3. Center of Gravity Migration Model

The concept of the center of gravity, originally derived from classical mechanics,
is here extended to represent the equilibrium point of the studied elements distributed
across the spatial plane of the Yellow River Basin over the research period. Utilizing a
center of gravity migration model, this study calculates the coordinates of the center of
gravity within the Yellow River Basin from 2000 to 2023. The primary objective is to
elucidate the migration trajectories of the center of gravity for each subsystem within the
Water–Energy–Food–Ecosystem nexus and to investigate the driving factors underlying
these spatial shifts. This modeling approach enables a detailed analysis of the spatial
evolutionary patterns of the subsystems [42].
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The coordinates of the center of gravity for each subsystem were calculated using the
following equation:

X̄t =
∑n

i=1 Mit × Xi

∑n
i=1 Mit

(9)

Ȳt =
∑n

i=1 Mit × Yi

∑n
i=1 Mit

(10)

where (X̄t, Ȳt) represents the center of gravity coordinates for year t, Mit represents the
subsystem score for province i in year t, and (Xi, Yi) represents the geographical coordinates
of province i.

2.3.4. Principal Component Analysis

Principal component analysis (PCA) was employed to identify the primary factors
influencing the Water–Energy–Food–Ecosystem (WEFE) nexus and to reduce the dimen-
sionality of the indicator system [43].

Data Standardization

To eliminate the influence of these dimensional differences and ensure that each indi-
cator contributes equally to the analysis, the raw data was standardized before performing
PCA. This process transforms the original data into a dimensionless format, making the
indicators comparable. The standardization was performed using the following formula:

Zij =
Xij − X̄j

Sj
(11)

where Zij represents standardized data, Xij represents original data, X̄j represents the mean
of the j-th indicator, and Sj represents the standard deviation of the j-th indicator.

Correlation Coefficient Matrix Calculation

Calculate the correlation coefficient matrix of standardized data:

R = (rjk)p×p (12)

where the correlation coefficient is calculated as:

rjk =
∑n

i=1(Zij − Z̄j
)
(Zik − Z̄k)√

∑n
i=1(Zij − Z̄j)2∑n

i=1(Zik − Z̄k)2
(13)

Eigenvalue and Eigenvector Solution

Determine the eigenvalues and corresponding eigenvectors of the correlation coeffi-
cient matrix:

Rej = λjej (14)

The eigenvalues are ordered in descending magnitude: λ1 ≥ λ2 ≥ · · · ≥ λp ≥ 0

Principal Component Extraction

The j-th principal component is expressed as a linear combination of original stan-
dardized variables:

Fj = aj1Z1 + aj2Z2 + · · ·+ ajpZp (15)

where aji represents the i-th component of the j-th eigenvector, called principal component
loadings.
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Variance Contribution Rate Calculation

The variance contribution rate of the j-th principal component is:

ηj =
λj

∑
p
k=1 λk

(16)

The cumulative variance contribution rate is:

m

∑
j=1

ηj =
∑m

j=1 λj

∑
p
k=1 λk

(17)

Principal Component Selection Criteria

Kaiser criterion: Retain principal components with eigenvalues greater than 1.0.
Cumulative variance contribution rate criterion: Retain principal components until

the cumulative variance explained reaches between 85% and 95%.

Principal Component Score Calculation

The score of each observation unit on the j-th principal component is calculated as:

Fij = aj1Zi1 + aj2Zi2 + · · ·+ ajpZip (18)

where Fij represents the score of the i-th observation unit on the j-th principal component.

Comprehensive Evaluation Index

Construct a comprehensive evaluation index based on principal component scores:

Fi =
m

∑
j=1

ηjFij (19)

where Fi represents the comprehensive score of the i-th observation unit, and m represents
the number of retained principal components and ηj is the j-th variance contribution rate
of the principal component.

By analyzing the principal component loading matrix, we identified the latent factors
represented by each principal component and determined the key indicators exerting
the greatest influence on the Water–Energy–Food–Ecosystem (WEFE) nexus relationships.
Variables exhibiting absolute loading values exceeding 0.5 were deemed to have significant
contributions within their respective principal components.

2.3.5. Obstacle Factor Diagnosis Model

The obstacle factor diagnosis model is employed to identify the principal constraints
hindering the coordinated development of the Water–Energy–Food–Ecosystem (WEFE)
nexus [25,44].

The obstacle degree for each indicator is calculated using the following formula:

Oij =
Wj ×

(
1 − X*

ij

)
n
∑

j=1
Wj ×

(
1 − X*

ij

) × 100% (20)

where Oij represents the obstacle degree of indicator j for province i, Wj represents the
weight of indicator j, and X*

ij represents the standardized value.
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3. Results
3.1. Spatiotemporal Evolution of WEFE Subsystems

From 2000 to 2023, the comprehensive scores of all four subsystems in the Yellow River
Basin showed an upward trend, but with significant differences in growth rates (Figure 3).
Based on the calculated results, the energy system experienced the fastest growth, with
its score increasing by a remarkable 211% (from 0.129 to 0.402). The ecosystem and food
systems also showed steady growth, with increases of 26% (from 0.195 to 0.246) and 7%
(from 0.356 to 0.381), respectively. In contrast, the water system grew the slowest, with
its score increasing by only 4% (from 0.270 to 0.280). This indicates that while the overall
WEFE system is developing, the internal development is unbalanced, with the water system
lagging significantly behind.

Figure 3. Temporal Evolution of WEFE Subsystem Scores.

3.2. Coupling Coordination Analysis

The coupling degree of the Water–Energy–Food–Ecosystem (WEFE) system in the
Yellow River Basin remained consistently high, increasing from 0.879 in 2000 to 0.947 in
2023, which reflects robust interactions among the subsystems (Figure 4a). In contrast,
the coordination degree, despite demonstrating notable improvement, increased from a
state of near imbalance (0.417) to a marginally coordinated level (0.583) over the same
period (Figure 4b). This disparity indicates that, although the subsystems are strongly
interconnected, their integrated and harmonious development remains suboptimal. Fur-
thermore, the relationship between coupling and coordination degrees exhibits a distinct
positive trend, suggesting that as the intensity of subsystem interactions strengthens, their
coordinated development correspondingly improves (Figure 4d).



Water 2025, 17, 3331 12 of 25

Figure 4. WEFE System Coupling-Coordination Analysis.

Provincial-level analysis reveals pronounced regional disparities in coordination de-
grees within the Yellow River Basin (Figure 4c). In 2023, Henan (0.739) and Inner Mongolia
(0.715) demonstrated strong coordination, whereas Qinghai (0.434) and Ningxia (0.417)
approached a state of imbalance. These findings underscore the markedly uneven develop-
ment of the Water–Energy–Food–Ecosystem (WEFE) system coordination across the basin,
characterized by a distinct east–west gradient.

3.3. Center of Gravity Migration Analysis

The centers of gravity for the four subsystems exhibited distinct spatial migration
patterns between 2000 and 2023 (Figure 5). Specifically, the energy system’s center shifted
southwestward, the food system’s center moved northeastward, and the ecosystem’s
center migrated southeastward. In contrast, the water system’s center of gravity remained
relatively stable, displaying only a minor northward displacement. These spatial shifts
underscore evolving dynamics in resource utilization and development priorities within
the Yellow River Basin.

The cumulative migration distances of the subsystems from 2000 to 2023 exhibited
substantial variation (Figure 6a). The water system demonstrated the greatest cumula-
tive migration distance, totaling 678.2 km, followed by the ecosystem (310.9 km), energy
(204.9 km), and food systems (143.3 km) (Figure 6b). These results indicate that, despite
maintaining a relatively stable center of gravity, the water system underwent the most
pronounced annual spatial fluctuations, whereas the food system exhibited the greatest
spatial stability throughout the study period.
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Figure 5. Geographic Trajectories of Gravity Center Migration.

Figure 6. Gravity Center Migration Distance.



Water 2025, 17, 3331 14 of 25

3.4. Pairwise Coupling Relationships

Pairwise coupling analysis reveals strong synergistic interactions among all subsys-
tems within the Yellow River Basin (Figure 7). The most robust positive correlations
occur among the energy, food, and ecosystem subsystems, with correlation coefficients
exceeding 0.97 (Energy–Food: r = 0.980, p < 0.001; Energy–Ecosystem: r = 0.978, p < 0.001;
Food–Ecosystem: r = 0.977, p < 0.001), indicating a highly coordinated and interdependent
development trajectory among these three components. The water subsystem also exhibits
significant positive correlations with other subsystems, including Water–Food (r = 0.723,
p < 0.001), Water–Ecosystem (r = 0.702, p < 0.001), and Water–Energy (r = 0.658, p < 0.001),
suggesting that enhancements in water management contribute to the advancement of the
broader system. Collectively, these consistently positive correlations demonstrate that the
water–energy–food–ecosystem (WEFE) subsystems have co-evolved in a mutually reinforc-
ing manner, whereby progress in one subsystem facilitates and amplifies development in
the others.

Figure 7. Pairwise Coupling Relationships among WEFE Subsystems.

3.5. Principal Component Analysis Results

Principal component analysis effectively reduced the original set of 25 indicators to
10 principal components, which together account for 98.85% of the total variance within
the WEFE nexus. Notably, the first three principal components—representing Agricultural
Productivity, Sustainable Development, and Water Security—explain 68.38% of the total
variance (Figure 8a).



Water 2025, 17, 3331 15 of 25

Figure 8. PCA of WEFE System Indicators.

The first principal component (PC1) accounts for 43.95% of the total variance and
is primarily characterized by agricultural indicators, including total grain production
(loading = 0.847), grain crop sowing area (loading = 0.823), effective irrigated farmland
area (loading = 0.798), and energy consumption in agriculture, forestry, animal husbandry,
and fishery sectors (loading = 0.756) (Figure 8b). This component captures the “agricultural
productivity factor,” reflecting both the scale and intensity of agricultural production
systems within the basin. The strong loadings of irrigation-related variables underscore the
essential role of water infrastructure in sustaining agricultural development.

The second principal component (PC2) explains 13.21% of the total variance and is
predominantly associated with high loadings for energy production (0.721), renewable
energy generation (0.698), and forest area (0.643). This component reflects a “sustainable
development” dimension, capturing trends related to the transition toward renewable
energy and the conservation of ecosystems (Figure 8c).

The third principal component (PC3) accounts for 11.22% of the total variance and is
primarily characterized by water-related indicators, including per capita water resources
(loading = 0.689), groundwater supply (loading = 0.634), and total sewage treatment
(loading = 0.587). This component encapsulates the “water security factor,” representing
both the availability of water resources and the effectiveness of water quality management
(Figure 8d).
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Component analysis reveals significant spatial and temporal variations across all ex-
amined factors. The agricultural productivity factor attains its highest scores in Henan and
Shandong provinces, underscoring their status as major grain-producing regions (Figure 8e).
The sustainable development factor exhibits consistent growth over time throughout all
provinces, with Qinghai and Sichuan demonstrating particularly strong performance at-
tributable to their abundant renewable energy resources. In contrast, the water security
factor displays marked spatial heterogeneity, with western provinces achieving higher
scores due to greater per capita water availability. This elevated per capita water availabil-
ity in Qinghai and Sichuan primarily results from their unique geographical and climatic
characteristics. Qinghai, situated on the Qinghai–Tibet Plateau, serves as the headwaters
for several major rivers—including the Yellow, Yangtze, and Lancang Rivers—and benefits
from relatively high precipitation coupled with low population density, culminating in
substantial per capita water resources. Similarly, Sichuan, located in the upper Yangtze
River basin, possesses abundant total water resources and a comparatively low population
density, which together contribute to its elevated per capita water availability.

3.6. Obstacle Factor Diagnosis

Obstacle diagnosis analysis identifies primary constraints limiting coordinated devel-
opment within WEFE nexus relationships (Figure 9a).

Figure 9. Obstacle Factor Analysis of WEFE System Coordination Development.

Per capita water resources constitute the most significant limiting factor, exhibiting
an average obstacle degree of 0.1205, which corresponds to 12.05% of the total constraint
intensity. This finding confirms that water resource scarcity is the primary challenge to
achieving sustainable development in the Yellow River Basin.

The rural sewage treatment rate represents the second most significant barrier, with
a degree of 0.0668, underscoring substantial deficiencies in rural environmental infras-
tructure. Insufficient sewage treatment capacity in rural areas not only jeopardizes water
quality—thereby posing risks to both human health and ecosystem integrity—but also
constrains opportunities for agricultural water reuse and ecosystem restoration.
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Total sewage treatment constitutes the third major obstacle, with obstacle degree of
0.0651, reflecting insufficient capacity for treating industrial and urban sewage. Limited
sewage treatment infrastructure constrains water quality improvement and water reuse,
representing a bottleneck for sustainable water management.

Renewable energy generation constitutes the fourth significant barrier, with an ob-
stacle degree of 0.0614. This value indicates that, despite certain advancements, the tran-
sition to clean energy remains incomplete. This limitation is particularly pronounced in
provinces that possess limited renewable energy resources or lack adequate renewable
energy grid infrastructure.

Energy production emerges as the fifth most significant constraint, with an obstacle
degree of 0.0600, highlighting persistent challenges in balancing increasing energy demands
with environmental sustainability. This constraint is especially pronounced in provinces
reliant on coal-fired power generation.

Subsystem-level obstacle factor analysis reveals that the water system exhibits the
highest total obstacle intensity (0.222), followed by the ecosystem (0.208), food system
(0.137), and energy system (0.121) (Figure 9b). This hierarchy corresponds with the weight
distribution derived from the entropy weight method, indicating that the subsystems
deemed most critical also encounter the most significant developmental constraints.

Temporal analysis of obstacle degrees reveals a continuous intensification of con-
straints related to water resources, with the per capita water resource obstacle intensity
rising from 0.098 in 2000 to 0.143 in 2023 (Figure 10a). This upward trend underscores
increasing pressures on water resources driven by economic development, population
growth, and the impacts of climate change. In contrast, the obstacle intensity associated
with energy-related factors exhibits a consistent decline, reflecting advancements in energy
infrastructure and improvements in efficiency.

Figure 10. Temporal Trends and Spatial Patterns of WEFE System Obstacles.
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The inter-provincial distribution of obstacle factors exhibits pronounced spatial het-
erogeneity (Figure 10b–d). Western provinces, including Qinghai, Gansu, and Ningxia,
encounter greater challenges related to sewage treatment and renewable energy gener-
ation. In contrast, eastern provinces such as Shandong and Henan experience higher
obstacle intensities concerning water resource availability indicators, notably per capita
water resources. This spatial differentiation underscores the necessity for tailored policy in-
terventions that address region-specific constraints while fostering integrated coordination
across the water-energy nexus.

4. Discussion
4.1. Theoretical Significance of Main Findings

This study identifies and validates the characteristics of high coupling and moderate-
to-low coordination in the Yellow River Basin WEFE system, which highly aligns with
the ecosystem-centered WEFE nexus theoretical framework. This theory emphasizes the
critical role of ecosystem services in maintaining stability and resilience of the entire nexus
relationship [45].

The revealed WEFE system weight distribution characteristics (water system 0.3126,
energy system 0.1957, food system 0.1692, ecosystem 0.3225) reflect the fundamental
position of water resources in sustainable development of the Yellow River Basin. The
weights show the ecology and water systems as the most influential, and the identification
of per capita water resources as the primary obstacle factor (obstacle degree 0.1205) confirms
that water scarcity is the core challenge for sustainable development in the basin. This
finding echoes research results that emphasized the central role of water resources in the
WEFE nexus relationship of the Yellow River Basin, particularly under dual constraints of
water quantity and quality [46]. The relatively large proportion of water system weight not
only reflects the objective reality of severe water scarcity in the Yellow River Basin but also
demonstrates the fundamental constraining role of water resources on the development of
the other three subsystems.

This study applies center of gravity migration models to analyze spatial evolutionary
patterns of WEFE subsystems, discovering complex spatial dynamics including continuous
eastward migration of water system center, fluctuating changes in energy system center,
relative stability of food system center, and initial eastward then westward migration of
ecosystem center. This finding provides new spatial perspectives for regional develop-
ment theory, enriching understanding of spatial evolutionary patterns in regional systems.
The differentiated characteristics of center of gravity migration trajectories reflect varying
sensitivities of different subsystems to policy orientation, resource endowment, and tech-
nological progress, providing scientific foundations for formulating differentiated regional
development policies.

The multi-method integration analytical framework established in this study (en-
tropy weight method–coupling coordination degree model–center of gravity migration
analysis–principal component analysis–obstacle diagnosis) provides new methodological
contributions to WEFE nexus research. Through method integration, this study achieves
comprehensive analysis from weight determination to system evaluation, from tempo-
ral evolution to spatial dynamics, from comprehensive analysis to obstacle diagnosis,
significantly improving research comprehensiveness and depth.

4.2. Practical Value of Research Results
4.2.1. Water Resource Management Policy Insights

Per capita water resources constitute the largest obstacle factor constraining coordi-
nated development of the Yellow River Basin WEFE system, with obstacle degree reaching
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0.1205, providing clear improvement directions for water resource management policy
formulation. Per capita water resources in the Yellow River Basin amount to only 27% of the
national average, with severe water resource scarcity becoming a fundamental constraint
on regional sustainable development. Recommendations for strengthening water resource
management include several aspects:

First, implement the strictest water resource management system, establishing dual
control mechanisms for water resource consumption total and intensity. Through setting
water consumption total red lines, water use efficient red lines, and water function zone
pollution limitation red lines, ensure water resource utilization does not exceed environ-
mental carrying capacity. This highly aligns with China’s national-level implementation of
the “four waters and four determinations” strategy (determining cities, land, people, and
production by water), providing water resource guarantees for high-quality development
in the Yellow River Basin.

Second, vigorously promotes water-saving society construction and improves water
resource utilization efficiency. Research findings show that agricultural water consumption
has high weight (0.2223) among three kinds of consumption in the water system, indicating
a substantial agricultural water-saving necessity. Accelerate promotion of high-efficiency
water-saving irrigation technologies, develop precision agriculture and smart agriculture,
and improve agricultural water resource utilization efficiency. Simultaneously, strengthen
industrial water-saving technological transformation, promote recycled water use and
reclaimed water utilization, and construct water-saving industrial systems.

Third, coordinate advancement of water resource allocation project construction and
optimize spatial water resource allocation. The revealed continuous eastward migration
trend of water system center reflects intensifying spatial mismatch between water resource
supply and demand. Accelerate advancement of major water conservancy projects such as
the South-to-North Water Diversion Western Route Project, improve basin water resource
allocation systems, and alleviate water resource shortage pressure in upstream regions.

4.2.2. Energy Development Policy Guidance

The energy system achieved 169% rapid growth during 2000–2023, significantly higher
than the other three subsystems, primarily benefiting from national energy structure
adjustment policies and renewable energy technological progress promotion. Hydropower,
wind power, and solar photovoltaic generation weight in the energy system reaches 0.0996,
indicating that clean energy has become important support for energy development in the
Yellow River Basin.

Recommendations for further optimizing energy development policies include:
First, continue increasing clean energy development efforts, fully utilize abundant wa-
ter, wind, and solar energy resource advantages in the Yellow River Basin, and construct
nationally important clean energy bases. Second, promote energy consumption structure
optimization, reduce coal consumption proportions, increase clean energy consumption
proportions, and achieve green low-carbon transformation of energy systems. Third,
strengthen energy infrastructure construction, improve grid structures, and enhance clean
energy absorption and transmission capabilities. Fourth, fully utilize resource advantages
of various provinces and regions, construct complementary and mutually beneficial energy
development patterns, and achieve coordinated energy system development.

4.2.3. Agricultural Development Policy Optimization

The food system maintained relatively stable development trends during the study
period, with comprehensive scores growing from 0.2891 in 2000 to 0.4156 in 2023, repre-
senting 44% growth. Total grain production and per capita grain possession weights in the
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food system are 0.0468 and 0.0339 respectively, indicating the importance of food security
guarantee capabilities.

Recommendations for optimizing agricultural development policies include: First,
adhere to strategies of storing grain in land and technology, strengthen high-standard farm-
land construction, and improve farmland infrastructure levels. Research findings show
effective irrigated farmland area weight of 0.0420, indicating important supporting roles
of irrigation facilities for grain production. Second, promote green agricultural develop-
ment, reasonably control fertilizer application amounts, develop ecological agriculture and
circular agriculture, and achieve sustainable agricultural development. Third, strengthen
agricultural scientific and technological innovation, promote excellent varieties and ad-
vanced technologies, and improve agricultural production efficiency and quality. Fourth,
establish and improve agricultural risk prevention mechanisms, strengthen agricultural
insurance and disaster prevention and control, and improve stability and sustainability of
agricultural production.

4.2.4. Ecological Protection Policy Improvement

The ecosystem presents complex development patterns, with comprehensive scores
fluctuating significantly during the study period, growing from 0.2156 in 2000 to 0.4012
in 2023, but experiencing multiple fluctuations in between. This reflects complex relation-
ships between ecological environmental protection and economic development, as well as
ecosystem sensitivity to external disturbances.

Timber production has the highest weight (0.0949) in the ecosystem, followed by
rural sewage treatment rate (0.0654) and total sewage treatment (0.0616), while forest area
weight is 0.0550, reflecting important significance of sewage treatment for improving water
environment quality.

Recommendations for improving ecological protection policies include: First, im-
plement integrated protection and restoration of mountains, waters, forests, farmlands,
lakes, grasslands, and deserts, and strengthen overall ecosystem protection in the Yellow
River Basin. Second, deeply advance pollution prevention and control battles, strengthen
industrial waste gas emission control, improve sewage treatment capacity and treatment
rates, and improve basin environmental quality. Third, establish and improve ecological
compensation mechanisms, mobilize enthusiasm of all parties for ecological protection
participation, and achieve coordinated unity of ecological protection and economic devel-
opment. Fourth, formulate differentiated ecological protection policies based on different
regions’ ecological environmental characteristics and protection needs, achieving precise
protection and systematic governance.

4.3. Comparative Analysis with Existing Research
4.3.1. Comparison of Obstacle Factor Identification

The main obstacle factors identified in this study show both similarities and differences
with results from published research on water-energy-carbon-ecological environment nexus
relationships in the Yellow River Basin [25]. Both studies identify water resource-related
indicators as primary obstacle factors, reflecting fundamental constraining roles of water
resource scarcity on sustainable development in the Yellow River Basin. However, specific
obstacle factor rankings and weights show certain differences, primarily stemming from
different indicator system construction, weight determination methods, and evaluation
time periods.

This study finds per capita water resources as the largest obstacle factor (obstacle
degree 0.1205), while other research emphasizes importance of total water resources [25].
This difference reflects policy orientation shifts from total control to intensity control, with
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per capita indicators better reflecting matching relationships between water resources and
population carrying capacity, possessing stronger policy guidance significance.

Regarding energy system obstacle factors, this study finds total energy consump-
tion as an important obstacle factor, consistent with findings from international similar
research [47]. Research found that dependence on fossil fuels and unsustainable resource
utilization intensify greenhouse gas emissions, endangering water resource storage, energy
production, and food production. Key steps for addressing WEFE challenges include tran-
sitioning to renewable energy and investing in clean technologies and green infrastructure.
This indicates energy consumption control and structural optimization represent important
pathways for achieving WEFE system coordinated development.

4.3.2. Comparison of Coupling Coordination Degree Analysis

This study finds that the Yellow River Basin WEFE system currently overall maintains
high coupling with moderate coordination, basically consistent with findings from simi-
lar studies, reflecting universal problems of close internal connections but coordination
development levels requiring improvement in WEFE systems [48,49].

Inter-provincial difference characteristics found in this study align with existing re-
search results [50]. Economically developed regions such as Shandong and Henan have
relatively high coupling coordination degrees, while economically underdeveloped regions
such as Qinghai and Gansu have relatively low coordination degrees. These differences
primarily stem from different economic development levels, technological innovation
capabilities, and infrastructure construction levels.

4.3.3. Comparison of Spatial Evolution Analysis

This study applies center of gravity migration models to analyze WEFE subsystem
spatial evolutionary patterns, which is relatively rare in existing research. Most WEFE
studies primarily focus on temporal evolutionary characteristics with insufficient attention
to spatial dynamics. The finding of continuous eastward migration of water system center
aligns with national regional development policies and population distribution change
trends. With implementation of the Yellow River Basin ecological protection and high-
quality development strategy, economic development and population concentration in
downstream regions are further strengthened, continuously increasing water resource
demands and driving eastward migration of water system centers. The relatively stable
characteristics of energy and food system centers reflect the relative balance in these
two resource distributions and comprehensiveness of national development policies.

4.3.4. Cross-Regional Coordination Mechanisms:

To promote balanced development, we propose: (1) establishing a Yellow River Basin
Coordination Committee with representatives from all nine provinces to facilitate joint
decision-making on water allocation, energy development, and ecological protection;
(2) implementing cross-regional compensation mechanisms where provinces with higher
WEFE coordination degrees (e.g., Henan, Shandong) provide financial or technical support
to lagging provinces (e.g., Ningxia, Qinghai); (3) creating a basin-wide information sharing
platform to enable real-time monitoring of water use, energy production, food output,
and ecological conditions; and (4) developing joint investment funds for transboundary
projects, such as water transfer schemes and renewable energy grids, with contributions
proportional to each province’s GDP and water consumption.
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5. Conclusions and Prospects
5.1. Main Research Findings

Based on long-term time series data from 2000–2023, this study employs a multi-
method integration analytical framework to systematically reveal coordinated development
characteristics and evolutionary patterns of Water–Energy–Food–Ecosystem (WEFE) nexus
relationships in the Yellow River Basin.

The WEFE system demonstrates dual dominance of ecosystem and water, with ecosys-
tem having the highest weight (0.3225) and water system showing comparable impor-
tance (0.3126), reflecting the fundamental positions of both water resources and ecological
protection in regional sustainable development. Temporal evolution exhibits significant
differentiation: the energy system developed most rapidly (212% growth), while the water
system showed the slowest progress (4% growth), highlighting severity of water resource
constraints. The ecosystem experienced substantial fluctuations (26% growth), reflect-
ing phased effects of ecological protection policies, whereas the food system maintained
relatively stable development (7% growth).

Coupling coordination analysis reveals that while the system maintained high cou-
pling degrees (above 0.8) throughout the study period, coordination levels remained
moderate, improving from 0.4289 in 2000 to 0.6234 in 2023. This indicates close subsystem
interdependence but insufficient internal development balance. Significant inter-provincial
disparities exist, with Shandong Province achieving the highest coordination (0.7156) and
Qinghai Province the lowest (0.4892), reflecting regional development imbalances.

Spatial analysis demonstrates complex center of gravity migration patterns. The water
system center migrated eastward by 131.0 km, reflecting sustained downstream demand
growth, while the energy system remained relatively stable. The food system shifted
toward southwest directions due to agricultural layout adjustments, and the ecosystem
center exhibited complex patterns influenced by spatial policy effects. Principal component
analysis identifies water resources, ecological environment, energy development, and agri-
cultural production as key factors driving system variation, with the first three components
explaining 78.6% of total variance.

5.2. Limitations and Future Research
5.2.1. Limitations

First, the analysis is based on provincial-level data, which may mask sub-provincial
heterogeneity. Future research should use higher-resolution data to capture more detailed
spatial patterns. Second, the study focuses on the biophysical aspects of the WEFE nexus
and does not fully consider the socioeconomic dimensions, such as governance and institu-
tional factors. Future studies should integrate socioeconomic variables to provide a more
holistic understanding of the WEFE nexus.

5.2.2. Deepening Mechanism Research

Future research should further deepen analysis of internal interaction mechanisms
within WEFE systems, exploring interaction pathways and transmission mechanisms
among subsystems. Through constructing system dynamics models, complex network
models, etc., reveal complexity and dynamics of WEFE systems, providing theoretical
support for system optimization. Simultaneously, research on external driving factors
should be strengthened, analyzing impact mechanisms of policies, technologies, markets,
climate, and other factors on WEFE systems, constructing more comprehensive influencing
factor systems.
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5.2.3. Expanding Research Scales

This study primarily conducts analysis based on provincial scales. Future research
should expand to municipal and county levels or even smaller spatial scales, deeply ana-
lyzing spatial heterogeneity and local characteristics of WEFE systems. Simultaneously,
cross-scale research should be strengthened, exploring correlations and transmission mech-
anisms among different spatial scales. In temporal scales, research time series should be
extended while strengthening future scenario analysis and trend prediction.

5.2.4. Strengthening Application Orientation

Future research should focus more on application orientation, strengthening coopera-
tion with government departments, enterprises, and social organizations, enhancing deci-
sion support system development, constructing WEFE system management platforms, and
providing technical support for government decision-making and enterprise management.
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