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Abstract: The ecological security of the water environment is a key element in evaluating the dynamic
balance and ecological service functions in the construction of urban ecological civilizations. Through
the regional study of water resources in Huizhou, we selected 24 indicators in five dimensions of the
DPSIR theory, such as “driving force-pressure-state-impact-response”, and constructed an ecological
evaluation index system of the water environment. Combined with the entropy weight TOPSIS
model, the analysis was carried out for spatial differentiation features and spatio-temporal deduction
features, and the results showed that the weight coefficients of the spatial differentiation features for
the guideline layer exhibited significant stratification characteristics. The overall spatial and temporal
interpretation characteristics of the water’s environmental ecology in the Huizhou region from 2016
to 2021 showed a pull-up enhancement effect. The relative proximity value showed a 63.43% increase
from 0.361 in 2016 to 0.590 in 2021 over the six-year period. The region is characterized by regional
differences in the ecological carrying capacity of the water environment, which is high in the south-
east and low in the north-west. The top three areas in the quantitative calculation of the ecological
carrying capacity of the water environment are Shexian County, Jixi County, and Qimen County, in
that order.

Keywords: Huizhou area; water environment ecology; DPSIR theory; entropy weight TOPSIS; spatial
differentiation features; spatial-temporal interpretation characteristics

1. Introduction

Ecological security refers to the state of survival and development of a country’s
ecological environment, which holds an important position in human production and life [1]
With the rapid growth of China’s social and economic sectors and the increasing frequency
of cultural exchanges, it is important to note that the ecologically sustainable supply chain
has been gradually breached, and the ecological security system has shown a downward
trend [2,3]. As an important support and component of ecological security, the ecological
security of the water environment is an important aspect of ensuring the virtuous cycle of
human society and the normal functioning of the surrounding ecosphere [4,5]. The water
environment and ecology are now at the core of ecological civilization development [6–8].
In 2022, China carried out a series of fundamental ecological environmental protection
works and promoted the implementation of key tasks for the ecological protection of the
water environment [9,10] According to the “14th Five-Year Plan” for water safety and
security, the water environment and ecological safety are the main line of China’s safety
and security, and the layout of the water network has been the focus of China’s engineering
construction [11]. It can be seen that the ecological safety of the water environment is a
key element in evaluating the dynamic balance and ecological service functions of urban
ecological civilization construction [12].
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Currently, different countries are increasingly paying attention to the water environ-
ment and ecological issues. The United Nations has released the ‘World Water Development
Report’ to explore a series of global water environmental issues and management mech-
anisms [13]. The field of water environmental ecology is a core area of environmental
ecological management, and its main research objective is to assess the level and scope of
influence on the study area [14]. Multiple studies have shown that using a collaborative
carrying capacity system dynamics model to conduct dynamic simulations of water ecology
in regions such as the Inner Mongolia Plateau lake basins, the Beijing–Tianjin–Hebei urban
agglomeration, and coastal urban clusters in China can optimize the benefits of sea and
lake carrying capacities [15–17] Therefore, simulation modeling based on the differences
in the socio-economic development of different countries can provide a more accurate
understanding of the characteristics of the spatial and temporal evolution of the dynamic
simulation of the water environment. In the Xidiaoxi Wetland in Huzhou, Zhejiang, China,
and the Hefei region in China, soft computing techniques and particle swarm K-means
clustering methods were used to analyze the correlation between land cover changes and
the ecology of water environments based on real-world scenarios, resulting in optimal clus-
tering outcomes [18,19] By observing the dynamic changes in groundwater levels in typical
oasis irrigation areas in North-west China, the sensitivity coefficient of water resource loca-
tion changes and the relative proximity value were discussed using ArcGIS interpolation
methods and the coefficient of variation method [20]. By observing the landscape pattern
and ecological service value of the Manas River Basin in China’s arid inland regions, this
study explores the driving role of reasonable development based on trends in water-level
dynamics, providing insights into the sustainable development of water resource ecol-
ogy [21]. The study of regional water resource development and protection systems uses
coupled coordination and spatio-temporal difference characterization and the exploration
of the mapping distribution of water resource ecology using spatial autocorrelation analysis
and factor probes [22–24]. The water security level in Saskatchewan, Canada, has achieved
alignment with sustainable development goals by combining water resource ecological
security with model data, which has garnered international attention [25]. Through the
assessment of the impact of geothermal energy production on underground masses in [26]
European countries from 1990 to 2021, water resource ecological security has gradually
become central in national environmental management [26,27] The ecological security of
water resources has gradually become the core position of national environmental manage-
ment, and achieving coordination between water resources and socio-economic culture has
become a significant challenge and a key direction for future urban development.

The Huizhou region is located in the middle-to-low-height mountain and hilly areas of
Southern China. This region is influenced by tectonic structures and crustal movements; the
mountainous terrain in the western part of the region is more developed, with concentrated
mountain ranges and higher elevations, while the eastern part is relatively flat, consisting
mostly of low hills or plains. Due to the west-high and east-low topography of Huizhou,
the water flow in this region generally follows a northwest–southeast direction, resulting in
unique geographical resources and climatic conditions. In their quantitative study, Huaiyin
Jiang’s team calculated the water resource carrying capacity in certain parts of Anhui
Province using the entropy weight method and the CRITIC model and applied spatial
kernel density estimation and Dagum analysis to interpret the results [28]. They found that
there were large differences in the carrying capacity of water resources in the study area,
and the Gini coefficient indicated an initial increase followed by a decrease. Ruan Jun’s
team used the Normal Cloud Model to conduct a dynamic assessment of water resource
sustainability across various cities in Anhui Province [29]. A comparison of indicators at the
guideline level identifies key constraints to overall regional development. Chengguo Wu’s
team employed the Probabilistic Coupled Risk Matrix (PCRM) model to analyze water
resource carrying capacity levels in the Huizhou region, effectively exploring the average
characteristic coefficients of the study area [30]. This indicates that research beginning with
water resources can inform other fields on a large scale. These studies show that the water
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resource ecology in Huizhou exhibits regional uncertainties, and dynamic modeling in
regional studies can improve the accuracy of indicator evaluation results, which is crucial
for the rational development and utilization of water resources in the future.

In summary, as a typical research-oriented region for water ecological resources,
Huizhou is one of the areas that promotes the rapid development of water environmen-
tal resources in China. In line with China’s “Key Basin Water Ecological Environment
Protection Planning” policy, this paper selects the Huizhou region of Anhui Province as
the research object. During the study, the DPSIR theoretical model was used to evaluate
the residents’ perception of the ecological safety of the water environment in Huizhou
from the perspective of the driving force–pressure–state–impact–response [31]. The main
research implications of this paper are as follows. (1) This study selected a key region of the
Yangtze River Basin as the research subject, providing specificity and enabling an in-depth
exploration of water resource ecology issues in the area. Additionally, the study utilized
various open-source indicators as data sources, which expanded the data coverage and
enhanced the comprehensiveness of the research from multiple perspectives. The applica-
tion of such comprehensive data sources is relatively rare in previous studies, addressing
the limitations in data dimensions in regional water resource ecological research. (2) This
study applied the entropy-weighted TOPSIS model to analyze water environment ecology
samples from 2016 to 2021, specifically examining the spatial distribution of water resource
utilization by residents and its spatio-temporal evolution. This combination of quantitative
analysis with spatial distribution provides a new perspective for understanding the dy-
namic processes of water resource utilization. (3) Using ArcGIS map location analysis tools,
this study further explored the significant role of the Huizhou region in ecological civi-
lization construction and future water resource development. This holistic analysis, based
on spatio-temporal dynamics, offers scientific insights for the sustainable development
of regional water resources, filling a gap in existing research regarding the relationship
between regional ecological civilization construction and water resource development [32].
Based on these findings, this study proposes reasonable planning recommendations for the
ecological security of water resources in the Huizhou region. These recommendations not
only address the current spatial distribution patterns but also consider future development
needs, providing theoretical support for the region’s ecological civilization construction
and water resource management.

2. Study Area and Data Sources

The Huizhou region is located in southern Anhui Province, at the junction of Anhui,
Zhejiang and Gan provinces. The geographic coordinates of the area range from 117◦10′ E
to 118◦55′ E and from 29◦24′ N to 30◦32′ N. The main river flowing through the region is
the Xin’an River, part of the Qiantang system. Other rivers include the Qingge River, which
originates on the northern slope of Huangshan Mountain and flows into the Yangtze River
in the north, and the Jingyan River, which originates on the western part of the southern
slope of Huangshan Mountain and flows into Poyang Lake in the south, both belonging to
the Yangtze River system [33,34]. The research scope of this study covers the entire city of
Huangshan, Anhui Province, and Jixi County, Xuancheng City, Anhui Province, specifically
Huangshan District, Yixian County, Qimen County, Xiuning County, Huizhou District,
Shexian County, Tunxi District, Jixi County (Figure 1).

The data in this study mainly come from various statistical yearbooks, such as An-
hui Statistical Yearbook, Huangshan Statistical Yearbook, and Xuancheng City Statistical
Yearbook from 2016 to 2021, and the related data come from the official websites of each
regional statistical bureau and each annual statistical bulletin. We maximized data unifor-
mity in volume by filtering, sorting, merging, and deleting data. Finally, 24 indicators were
obtained for eight prefectural-level cities and counties in Anhui Province from 2016 to 2021.
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Figure 1. Topographic map of the study area of Huizhou region.

3. Methodology
3.1. DPSIR Framework

The DPSIR theory was introduced by the Organization for Economic Cooperation
and Development (OECD) in 1993 and is based on the characteristics of the PSR model,
which helps in understanding system concepts and providing potential solutions to current
problems [35,36] The DPSIR theory is a framework for causality correlation indices, aimed at
establishing a chain of causality in the form of driver–pressure–state–impact–response. The
theory integrates social, economic, environmental, and public health domains to highlight
the threats to the ecological security of water environments across various sectors. It also
illustrates the positive and negative feedback from the environment to society as a result
of human activities and their eventual impacts, using response indicators [37]. Its broad
scope makes it the most suitable method for studying the ecology of water environments
(Figure 2).
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3.2. Analysis of Ecological Mechanisms of Water Environment in Huizhou under
DPSIR Framework

The DPSIR theory of ecological carrying capacity of the water environment in the
Huizhou region systematically presents the region’s optimal development dynamics.
Among these, drivers are key factors that either promote or hinder regional socio-economic
development, such as population density, gross domestic product per capita, and natural
population growth rate [38,39] Pressure refers to the irreversible environmental pressure
generated by social production activities or population lifestyle, such as per capita daily
domestic water consumption, industrial water consumption, ecological water consumption,
and total sewage discharge [40,41]. Status describes the current condition of the society
under these pressures, such as total water resources, average annual precipitation, area
of green space coverage, and area of green space in parks [42,43]. Impacts are significant
factor changes resulting from residents’ lifestyle shifts, including the proportion of days
with good air quality, the proportion of surface water sections with good water quality
(Class I–III), the greening coverage rate of built-up areas, and the compliance rate of water
quality standards for drinking water sources [44,45]. Responses refer to implementation
plans designed to address these issues, including the centralized wastewater treatment rate,
the total volume of industrial wastewater treated, and the number of wastewater treatment
facilities [46,47]. These five factors are closely interconnected and are the primary elements
constituting the water environment ecology in the Huizhou region (Table 1).

Table 1. Ecological evaluation index system of water environment in Huizhou area.

Target Layers Standardized
Layers Programmatic Layers Unit Attributes Literature

Sources

Ecological
evaluation

index system
of water

environment
in Huizhou

area

P1
Drive Force

Q1 Population density People/km2 +

[38,39]
Q2 GDP per capita RMB/year +

Q3 Natural population
growth rate % −

Q4 Birthrate % +

P2
Pressure

Q5 Per capita daily domestic
water consumption tons +

[40,41]

Q6 Total sewage discharges tons −
Q7 Water consumption in

residential households tons −

Q8 Industrial water consumption Billions of cubic meters −
Q9 Ecosystem water consumption Billions of cubic meters −

P3
State

Q10 Total water resources Billions of cubic meters +

[42,43]

Q11 Average annual precipitation millimeters +

Q12 Green space and plaza land square kilometer +

Q13 Area covered by green space hectares +

Q14 Green area of parks hectares +

P4
Impact

Q15 Proportion of days with good
air quality % +

[44,45]Q16 Proportion of surface water
sections with good water

quality (I–III)
% +
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Table 1. Cont.

Target Layers Standardized
Layers Programmatic Layers Unit Attributes Literature

Sources

Ecological
evaluation

index system
of water

environment
in Huizhou

area

P4
Impact

Q17 Greening coverage in
built-up areas % +

[44,45]
Q18 Rate of compliance with
water quality standards for

quoted water sources
% +

Q19 Annual average
concentration of fine particulate

matter (PM2.5)

micrograms per
cubic meter −

P5
Response

Q20 Centralized sewage
treatment rate % +

[46,47]

Q21 Total industrial
wastewater treatment +

Q22 Pollution-free treatment rate
of domestic waste % +

Q23 Number of wastewater
treatment facilities interleave +

Q24 Percentage of forest cover % +

EnNotes: “+” rNotes: “+” represents positive type indicators and “−” represents negative type indicators.

3.3. Entropy Weight TOPSIS Model

The entropy weight TOPSIS model is a commonly used comprehensive evaluation
method that effectively avoids the interference of subjective factors present in the traditional
TOPSIS method. It makes full use of the original data samples and objectively reflects the
development and changes among the influencing factors [48–50]. Currently, the entropy
weight TOPSIS model is widely applied in assessing water environment carrying capac-
ity [51], land use performance [52], and the level of qualitative economic development [53].
The field is widely used.

3.3.1. Standardized Evaluation Matrix and Indicator Data Matrix

We defined the standardized evaluation matrix and the indicator data matrix for the
ecological sample data related to the water environment in the Huizhou region. This
process evaluates the positive and negative characteristics of the indicators, reflecting the
development level of the water ecological environment across various areas in Huizhou.
The calculation formula is as follows:

V =


V11

V21
...

Vx1

V12
V22

...
Vx2

· · ·
· · ·

...
· · ·

V1y
V2y

...
Vxy

 (1)

Wij =
Vij − min

(
V1j, V2j, . . . , Vni

)
max

(
V1j, V2j, . . . , Vni

)
− min

(
V1j, V2j, . . . , Vnj

) (2)

Wij =
max

(
V1j, V2j, . . . , Vni

)
− Vij

max
(
V1j, V2j, . . . , Vni

)
− min

(
V1j, V2j, . . . , Vnj

) (3)

where Vij represents the standardization evaluation matrix, and W signifies the indicator
data matrix. The element index is denoted as Vij, indicating a specific element within the
matrix. (i = 1, 2, 3, . . ., x; j = 1, 2, 3, . . ., y). i represents the number of units being evaluated,
and j denotes the quantity of evaluation indicators. Data are standardized through range
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normalization, which is expressed as
(
Vij

)
y×xo = W, to address the issue of inconsistent

units and dimensions in the original data samples. Wij serves as the standardized index
for the evaluation indicators of the assessed objects. Wimax is the maximum value of the
indicator, and Wimin is the minimum value of the indicator.

3.3.2. Information Entropy and Weight Values

The value of information entropy considers all possible outcomes of the random vari-
able, while the weight value reflects the amount of information carried by the indicator data.
Addressing the intricacies of entropy requires a thorough examination of its conceptual
foundation and historical significance, thereby underscoring its indispensable role across
various domains, such as information theory, thermodynamics, computational complexity,
and artificial intelligence. Fundamentally, entropy serves as a quantifier of uncertainty or
disorder within a system. Its application spans diverse fields, demonstrating the versatility
and depth of this concept. The calculation formula is as follows:

Ej = −K
m

∑
i=1

GxylnGxy (4)

ωj =

(
1 − Ej

)
∑n

j=1
(
1 − Ej

) (5)

where Ej represents the information entropy of each indicator, ωj denotes the weight value,

and Gxy is the proportion of the xth indicator in the yth year. Gxy =
Wij

x
∑

i=1
Wij

. K = 1
lnm ,

ωj ∈ [0 , 1].

3.3.3. Normalized Standard Matrix

Data are processed row-wise according to the feature matrix. Sample vectors are trans-
formed into unit vectors for calculating similarity, either through dot product operations
or by employing other kernel functions. Using boundary value information, the feature
values are scaled to the interval [0 , 1], facilitating the construction of a normalized standard
matrix. The specific formula is provided below:

R =
(
rij
)

m×n (6)

where rij = Wijωj.

3.3.4. Positive and Negative Ideal Solutions

The selection of positive and negative ideal solutions takes into account the decision
objectives and attribute characteristics. The calculation formula is as follows:

r+j =
[
maxrxy|x = 1, 2, . . . , m

]
=

[
r+1 , r+2 . . . , r+m

]
(7)

and
r−j =

[
minrxy|x = 1, 2, . . . , m

]
=

[
r−1 , r−2 . . . , r−m

]
(8)

where r+j represents the positive ideal solution for each indicator, and r−j denotes the
negative ideal solution for each indicator.

3.3.5. Euclidean Distance

We determined the Euclidean distance and comprehensive score for the evaluation of
the ecological development of the water environment in the Huizhou region in relation to
the positive and negative ideal solutions. The specific formulas are as follows:

D+ =

√√√√ m

∑
y=1

(
rxy − r+y

)2
(x = 1, 2, . . . , n) (9)
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and

D− =

√√√√ m

∑
y=1

(
rxy − r−y

)2
(x = 1, 2, . . . , n) (10)

where D+ represents the distance to the optimal (positive ideal) solution, and D− denotes
the distance to the worst (negative ideal) solution.

3.3.6. Proximity Value

We then calculated the proximity of each evaluation object to the optimal solution.
The specific formula is as follows:

Ti =
D−

D+ + D− (11)

where Ti is the approximation value, which indicates the closeness of the ecological carrying
capacity of the water environment of evaluation object i to the ideal solution and takes a
value in the range of [0 , 1]. When Ti = 1, it indicates that the site has the highest ecological
carrying capacity of the water environment; when Ti = 0, it indicates that the site has the
lowest ecological carrying capacity of the water environment.

3.4. Division of Thresholds for the Level of Development of the Ecological Carrying Capacity of the
Water Environment

In threshold delineation, it is challenging to define the scope of the ecological carrying
capacity of the aquatic environment, as numerous scholars have adopted different research
methods across various study areas. This study is based on the ‘Technical Guidelines
for Water Ecological Carrying Capacity Assessment’ published by the Chinese Society
for Environmental Sciences. According to the characteristics of the DPSIR model and
combining it with the entropy-weighted TOPSIS model, proximity was divided into five
levels to evaluate the ecological carrying capacity of the water environment in the Huizhou
region (Table 2).

Table 2. Criteria for judging the development level of ecological carrying capacity of water environ-
ment in Huizhou area.

Posting Progress [0–0.30) [0.30–0.40) [0.40–0.50) [0.50–0.60) [0.60–1)

Ecological carrying capacity of the
water environment rudimentary cordon intermediate favorable talented

4. Analysis of the Results
4.1. Characteristics of Spatial Differentiation in the Ecological Development of the
Water Environment

Using the DPSIR model to explore the ecological development trends of the water
environment in the Huizhou region from 2016 to 2021, the weighting coefficients for the
spatial differentiation characteristics of the criterion layer system in the driver–pressure–
state–impact–response causality chain, in descending order, are P5 (0.2711), P3 (0.2216), P2
(0.1975), P1 (0.1858), P4 (0.1340) (Table 3). Among them, the weighting coefficients of the
response system and state system are above average (Pn ≥ 0.200), indicating a significant
impact on ecological governance and land resources in Huizhou. The pressure system, the
driving force system, and the impact system are all below average (Pn < 0.200), indicating
that population and economic development, water resource conditions, and natural ecology
in the Huizhou region exert a weaker influence on the strength of implementation.
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Table 3. Weighting coefficients calculated by entropy weighting method TOPSIS.

Standardized
Layer

Guideline Layer Weights
Programmatic

Layer

Programmatic Layer Weights

Information
Entropy

Information
Utility Value

Weighting
Factor

Information
Entropy

Information
Utility Value

Weighting
Factor

P1 0.8449 0.1551 0.1858

Q1 0.8817 0.1183 0.0248
Q2 0.8446 0.1554 0.0326
Q3 0.8280 0.1720 0.0361
Q4 0.8945 0.1055 0.0222

P2 0.8352 0.1648 0.1975

Q5 0.8059 0.1941 0.0408
Q6 0.7543 0.2457 0.0516
Q7 0.8921 0.1079 0.0226
Q8 0.7761 0.2239 0.0470
Q9 0.6709 0.3291 0.0691

P3 0.8233 0.1767 0.2116

Q10 0.7686 0.2314 0.0486
Q11 0.6413 0.3587 0.0753
Q12 0.6530 0.3470 0.0728
Q13 0.8415 0.1585 0.0333
Q14 0.7846 0.2154 0.0452

P4 0.8881 0.1119 0.1340

Q15 0.8734 0.1266 0.0266
Q16 0.9044 0.0956 0.0201
Q17 0.8190 0.1810 0.0380
Q18 1.0000 0.0000 0.0000
Q19 0.7708 0.2292 0.0481

P5 0.7737 0.2263 0.2711

Q20 0.8585 0.1415 0.0297
Q21 0.7752 0.2248 0.0472
Q22 0.9044 0.0956 0.0201
Q23 0.6845 0.3155 0.0662
Q24 0.6097 0.3903 0.0820

The ecological mechanisms in the water environment of the Huizhou region generally
showed a positive growth trend. The weight coefficients of the response system and
state system layer are 0.2711 and 0.2216, respectively, ranking first and second among the
subsystem layers. The high coefficient values of the program layer weights corresponding
to the response system are mainly attributed to effective measures implemented to solve
water ecosystem problems, listed in descending order as Q24, Q23, Q21, Q20, and Q22.
The main reason for this is the overall improvement in ecological construction in the
core of Huizhou and its district and county cities. This includes the completion and
operation of a comprehensive domestic waste treatment plant and the near completion of
the sewage and wastewater management and treatment system, reflecting the effectiveness
of planning followed by construction and management. The high coefficient values of the
programmatic layer weights corresponding to the state system are mainly derived from
the current positive trends in social development, ranked in descending order, Q11, Q12,
Q10, Q14, and Q13. This can be attributed to the strong implementation of the National
Ecological Civilization Construction Demonstration Zone, increased green space coverage,
and the effective mitigation of urban and rural land resource depletion. The advantages of
ecological civilization are becoming increasingly evident.

The ecological pressure on the water environment in the Huizhou region has basically
maintained a smooth dynamic change. The pressure system layer, driver system layer, and
impact system layer are slightly below the average regional development level, with weight-
ing coefficients of 0.1975, 0.1858, and 0.1340, respectively. In the pressure system layer,
the high coefficient values of its programmatic layer weights are mainly derived from the
environmental pressures generated by social production and daily life. In descending order,
these are Q9, Q6, Q8, Q5, and Q7. The main reasons for this include the basic resolution of
drinking water and water supply issues for impoverished populations, the construction
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of the province’s first dynamic monitoring and early-warning platform for low-income
populations, and overall improvements in the quality of life. In the driver system layer,
the high coefficient values of its programmatic layer weights are mainly driven by positive
socio-economic development factors. In descending order, these are Q2, Q3, Q1, and Q4.
This reflects the region’s unbalanced urban and rural development, weak demographic
and employment functions, and insufficient livelihood resources. These factors have led to
a decline in the ecological weight of the water environment, further weakening its driving
force as a key factor affecting the water ecosystem. Ranked last in the subsystems tier in
the impact systems tier. The high coefficient values in its programmatic tier weights are
mainly derived from the significant changes. In descending order, they are Q19, Q17, Q15,
Q16, and Q18. This is due to the current trend of man-made damage to the water ecological
environment of the Yangtze River Economic Zone and the rectification opinions of China’s
central and provincial ecological and environmental protection organizations; therefore, it
is urgent to continue the battle to protect blue skies, blue water, and clean soil.

4.2. Ecological Carrying Capacity of the Water Environment
4.2.1. Temporal and Spatial Interpretation Features

Overall, the ecological spatio-temporal interpretation characteristics of the water
environment in the Huizhou region from 2016 to 2021 show a pull-up enhancement effect.
The relative proximity value increased from 0.361 in 2016 to 0.590 in 2021, marking a 63.43%
increase over the six-year period (Table 4). The overall relative proximity value can be
divided into two stages: Stage 1, from 2016 to 2019, shows minor fluctuations, with the
ecological carrying capacity of the water environment remaining at the alert level. Stage 2,
from 2019 to 2021, shows a rapid upward trend, as the ecological carrying capacity of the
water environment gradually changes from the alert level to good status. The overall trend
is one of steady development.

Table 4. Evaluation of relative proximity by year.

Vintages Ideal Solution
D+

Ideal Solution
D− Closeness Ti Sequence

2016 0.187 0.106 0.361 4
2017 0.193 0.077 0.285 6
2018 0.181 0.089 0.329 5
2019 0.152 0.099 0.394 3
2020 0.104 0.170 0.622 1
2021 0.128 0.184 0.590 2

averages 0.158 0.121 0.430 /

Rain-cloud plots combine a variety of visualization methods, primarily to display
data samples, distributions, and key peaks. As such, a rain-cloud map can be used to
visualize yearly differences in the ecological carrying capacity indicator coefficients for
the water environment across different region of Huizhou, China. As seen in the figure
(Figure 3), the 2016–2018 period shows a wide range of dispersion peaks, with significant
regional disparities represented by the dot distribution. The 2016–2017 peak was flatter,
indicating weaker ecological carrying capacity in those years. In 2018, the peak began to
converge toward higher values, though the range of dispersion remained large, suggesting
a positive shift in the ecological carrying capacity that year. From 2019 to 2021, the number
of peaks surged, the degree of dispersion gradually decreased, and the spatio-temporal
characteristics of each region showed a steady upward trend. During the study period, the
peaks of low-value areas in the rain-cloud plots gradually disappeared, while the width
of high-value areas expanded. This indicates an improvement in the ecological carrying
capacity of the water environment across the regions, suggesting both the potential for
further growth and favorable development prospects.
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Figure 3. Rain-cloud map of yearly differences in correlation coefficients for each region of Huizhou.

4.2.2. Trends in the Development of Temporal and Spatial Interpretation

To compare the spatial and temporal evolution characteristics of the water environ-
ment’s ecological carrying capacity in Huizhou, we analyze the trends in the differences
in development across the region and propose ways to improve the overall development
from the perspective of regional coordination (Table 5). According to the evaluation results
of the ecological carrying capacity of the water environment in each area of Huizhou from
2016 to 2021, and using a heatmap and the ArcMap software platform (version 10.8), each
area of Huizhou is graded according to the development level thresholds. These levels,
from low to high, are categorized as low, alert, intermediate, good, and excellent, forming a
comparative differentiation map that visualizes the type of area development.

Table 5. Evaluation of ecological carrying capacity of water environment in Huizhou area.

Area/Year 2021 2020 2019 2018 2017 2016 Averages

Tunxi district 0.174 0.195 0.140 0.146 0.205 0.175 0.173
Huangshan district 0.264 0.219 0.155 0.234 0.176 0.200 0.208

Huizhou district 0.201 0.138 0.130 0.147 0.171 0.190 0.163
Shexian county 0.798 0.597 0.521 0.594 0.624 0.563 0.616
Xiuning district 0.510 0.382 0.509 0.406 0.372 0.391 0.428
Yixian county 0.111 0.089 0.101 0.115 0.106 0.112 0.106
Qimen county 0.298 0.237 0.193 0.221 0.211 0.236 0.233

Jixi county 0.306 0.497 0.442 0.523 0.514 0.554 0.473

From a spatial interpretation perspective, over the six years, the relative proximity
evaluation index and the coefficient of variation in the spatial analysis of the Huizhou
region generally showed a trend of slow fluctuation followed by a rise. To visually display
the spatial variability of the water environment’s ecological carrying capacity across the
counties in the Huizhou region, a heatmap was used (Figure 4). The heatmap effectively
highlights the differences between counties and helps identify trends and areas of high and
low distribution. Especially when the normality or distribution type of the data is unclear,
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the heatmap can more intuitively reveal the patterns of spatial variability. The results
show that in 2016, the development levels of ecological carrying capacity, ranked from
highest to lowest, were as follows: Shexian County (0.563), Jixi County (0.554), Xiuning
District (0.391), Qimen County (0.236), Huangshan District (0.200), Huizhou District (0.190),
Tunxi District (0.174), and Yixian County (0.112). In 2021, the ecological carrying capacity
development level from high to low was Shexian County (0.798), Xiuning District (0.510),
Jixi County (0.306), Qimen County (0.298), Huangshan District (0.264), Huizhou District
(0.201), Tunxi District (0.175), Yixian County (0.111). These indicators quantified and
ranked the development levels of water environment ecological carrying capacity across the
counties in the Huizhou region based on relative proximity values, reflecting the strengths
and weaknesses of each county’s ecological carrying capacity. The spatial variability in the
ecological carrying capacity of the water environment in the Huizhou region is evident, with
Shexian County, Xiuning District, and Jixi County showing higher levels of development.
The coefficient of variation indicates that the dispersion of the relative proximity evaluation
index has decreased year by year, suggesting that the spatial gap in the ecological carrying
capacity of the water environment in the Huizhou region is gradually narrowing.
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From 2016 to 2021, the ecological carrying capacity of the water environment in
Huizhou basically exhibited a development trend of “high in the southeast and low in
the northwest” (Figure 5). Quantitative calculations of the ecological carrying capacity
ranked Shexian County first, with an average value of 0.616, reaching an excellent level
of ecological carrying capacity. Jixi County and Xiuning District ranked second and third,
with averages of 0.473 and 0.428, respectively, both achieving intermediate standards in
water environment ecological carrying capacity. The ecological carrying level of the water
environment in Qimen County, Huangshan District, Tunxi District, Huizhou District, and
Yixian County in the Huizhou region was low grade. The quantitative calculation results
show that the ecological carrying capacity of the water environment in areas along the
Xin’an River (Huangshan section) was at an intermediate level or above. This is due to
the fact that the watershed area has utilized ecological protection compensation as a tool
to promote upstream and downstream coordinated management, with a well-established
ecological compensation mechanism and effective water environment management moni-
toring. In contrast, areas with low ecological carrying capacity have not yet implemented
the cross-provincial horizontal ecological protection compensation mechanism, which is
why their water environment ecological carrying capacity remains low.
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5. Discussion

The DPSIR framework and TOPSIS model have proven effective in evaluating water
environment ecological carrying capacity and in making scientifically sound management
decisions across different geographical and ecological contexts. In Europe, the EU Water
Framework Directive (WFD) uses the DPSIR model to assess the ecological status of rivers,
lakes, and seas, promoting water quality improvement and sustainable use [54,55]. In this
context, the TOPSIS model is employed to help weigh the effectiveness of different manage-
ment options, thereby optimizing decision making. In Mediterranean coastal countries such
as Italy and Spain, the DPSIR framework is used to conduct comprehensive assessments of
the coastal water environment, identifying key environmental pressures such as pollution
and overdevelopment [56–58]. The TOPSIS model is then applied to quantify the priority of
different management strategies to protect sensitive ecological areas and maintain marine
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ecosystem health [59]. In South Asian countries like India and Bangladesh, the DPSIR
model has been used to evaluate the health of wetland ecosystems, especially in the face of
pressures from agricultural expansion and urbanization [60,61]. By integrating the TOPSIS
model, researchers can effectively prioritize conservation efforts in different regions and
propose targeted ecological restoration strategies [62]. In Malawi’s Lake Malombe area, the
DPSIR model is used to analyze pressures on the lake’s ecosystem, such as overfishing, pol-
lution, and climate change [63]. The application of the TOPSIS model enables researchers
to identify the most effective strategies from a range of governance measures, improving
water quality and protecting the lake’s ecological environment. These examples further
illustrate the universality and effectiveness of the research methods.

In this study, the DPSIR (driving force–pressure–state–impact–response) framework
was used to construct an ecological evaluation index system for the water environment
in the Huizhou region. By incorporating social, economic, and ecological perspectives,
the coherence factors within the DPSIR theory were introduced into the measurement of
Huizhou’s water environment ecological carrying capacity. The entropy-weighted TOPSIS
model was employed to coordinate the data samples, thereby revealing the impact of the
“Driving Force-Pressure-State-Impact-Response” chain on the water environment ecology
in Huizhou. Simultaneously, using the ArcMap software platform (version 10.8), the
spatio-temporal deductive characteristics and development trends of water environment
ecological carrying capacity were analyzed, overcoming the limitations of single data
presentation formats and enhancing the diversity of comparative analyses of carrying
capacity across different regions in Huizhou.

The results indicate that the evaluation of water environment ecological carrying
capacity directly impacts the socio-economic quality and natural ecological space of the
region. Although Huizhou leads the nation in ecological indicators, there is a significant
asymmetry between this achievement and the environmental pressures from regional pro-
duction and living activities, the degree of balance in urbanization and development, and
the region’s capacity to sustainably supply resources. Therefore, Huizhou should address
local ecological issues by adhering to principles of legality, scientific rigor, and precision to
improve the environmental quality of residents’ production and living conditions, moving
toward a more balanced and coordinated development. While the use of the DPSIR theory
and entropy-weighted TOPSIS model effectively reveals the macro-level characteristics of
water environment ecological carrying capacity, future research should include more micro-
level field surveys and social interviews to obtain more accurate data and compensate for
the lack of subjective initiative from residents in the data samples.

6. Conclusions

This study focuses on the Huizhou region and examines the ecological development
trends of the water environment from 2016 to 2021, using the DPSIR (driving force–pressure–
state–impact–response) framework at the criterion level. The spatio-temporal deductive
characteristics and development trends were used as the focal points for analyzing the
ecological carrying capacity of the water environment. The main conclusions are as follows:

First, in the DPSIR theoretical model, the weight coefficients of spatially differentiated
features at the criterion level exhibit significant stratification. The weight coefficients,
ranked in descending order, are as follows: response (P5), state (P3), pressure (P2), driver
(P1), and impact (P4). Among these, response (P5) and state (P3), which are above the
average level, dominate the region’s ecological governance and show an upward trend in
positive effects. This indicates that the infrastructure for water environment management
in the Huizhou region is relatively complete, including the construction and operation
of domestic waste and sewage treatment plants. The continuous promotion of ecological
protection and green development projects in the Xin’an River Basin has increasingly
highlighted the advantages of ecological greening and efficiency actions in the region. On
the other hand, pressure (P2), driver (P1), and impact (P4), which are below the average
level, generally maintain stable dynamic changes. This suggests that the natural ecological
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compensation mechanism in the Huizhou region is not yet mature, with challenges such
as unbalanced urban–rural development, insufficient resource supply for livelihoods, and
ongoing human-induced damage to the water ecological environment in the Yangtze River
Economic Zone. Therefore, it is necessary to continue promoting the sustainable use of the
water environment and ecology.

Second, the spatio-temporal deductive characteristics of the water environment in
Huizhou from 2016 to 2021 showed an overall pull-up effect. The relative proximity value
increased from 0.361 in 2016 to 0.590 in 2021, a rise of 63.43% over the six-year period.
The ecological carrying capacity rating of water resources improved from an alert status
to a good status, maintaining a steady development form overall. The overall relative
proximity value can be divided into two stages: The first stage (2016–2019) showed minor
fluctuations, with the ecological carrying capacity of the water environment remaining
at the alert level. The second stage (2019–2021) exhibited a rapid upward trend, with the
ecological carrying capacity of the water environment gradually improving from an alert
level to a good status, maintaining a steady development form overall. This is because,
in order to implement the general tone of “water conservancy projects to make up for
shortcomings and strengthen supervision”, the Ministry of Water Resources formulated
the “Key Points of Water Resources Management Work in 2019”, which strengthened the
regulatory basis of the water environment, clarified the water flow control mechanism, and
highlighted water ecology management programs. Therefore, 2019 marked a turning point
in the spatio-temporal interpretation of the water environment in the Huizhou region, and
it was also a period of rapid increase in ecological carrying capacity.

Third, the spatio-temporal development of the water environment ecology in the
Huizhou region showed a slow fluctuating downward trend followed by an upward
trend from 2016 to 2021. The region exhibits regional differences in ecological carrying
capacity, characterized by higher levels in the south-east and lower levels in the north-
west. Quantitative calculations of water environment ecological carrying capacity ranked
the top three areas as Shexian County, Jixi County, and Qimen County, with Shexian
County having an average proximity value of 0.616, reaching an excellent level of ecological
carrying capacity. Jixi County and Huoning District followed, with average proximity
values of 0.473 and 0.428, respectively, meeting the intermediate standard of ecological
carrying capacity. In contrast, the ecological carrying capacity of Qimen County, Huangshan
District, Tunxi District, Huizhou District, and Yixian County in the Huizhou region was
classified as low. The construction of the Xin’an River ecological corridor has elevated the
ecological carrying capacity of water environments in flow-through areas to intermediate
or higher levels while actively promoting the implementation of a diversified ecological
compensation mechanism. However, the low-grade ecological carrying capacity in some
areas indicates that the cross-provincial horizontal ecological protection compensation
mechanism is still underdeveloped. Therefore, it is necessary to intensify pollution control
efforts, implement a diversified ecological compensation mechanism, and continuously
promote the river and lake chief system, the forest chief system, and the system of special
supervisors for ecological environmental protection.

In the future, changes in water environment ecological carrying capacity and their
driving factors can be explored through different spatial scales (such as watershed, regional,
and national levels). Analyzing at larger spatial scales can reveal patterns and trends
that cannot be detected in small-scale studies. This approach will help better explain
the similarities and differences in the water environment ecological carrying capacity at
different spatial scales, providing a basis for the formulation of cross-regional or cross-
national ecological protection policies. By integrating the research results of domestic
and international scholars, multiple datasets can be combined to improve the accuracy
and predictive power of models [64,65]. For example, remote sensing data, climate data,
and land use data can be integrated with existing ecological carrying capacity models
for more comprehensive analysis. By referencing and drawing on the results of other
studies, existing models can be validated and improved, further enhancing the reliability
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and scientific rigor of the research results. Utilizing global case studies, such as those
from Europe, North America, and the Asia-Pacific region, where similar studies on water
resource management and ecological protection have been conducted [66,67], can allow
for comparisons and validations of Huizhou’s research findings on a global scale, thereby
increasing the universality and applicability of the research.

By taking these specific measures, future research can not only validate and expand
existing findings over a broader spatial range but also connect the research results from the
Huizhou region with those from other regions globally, providing more broadly applicable
ecological protection strategies and recommendations.
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