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Abstract

Background Urban ecological health is crucial for the long-term sustainable development of watershed. Accurately
evaluating the health level of the ecological environment helps to develop reasonable strategies for ecological envi-
ronment restoration and resource management. This paper constructed a comprehensive evaluation index system
based on the Pressure-State-Response (PSR) framework and evaluated the ecological health of eleven administrative
regions in the Wei River Basin (WRB), northwest China in 1980, 2000, and 2020 using an evaluation model estab-
lished by fuzzy mathematics. Further, obstacle degrees were used to quantify the contribution of pressure, state,

and response modules, as well as individual indicators to ecological health.

Results The comprehensive evaluation system constructed based on the PSR framework could effectively reflect
the ecological health conditions of different regions in the WRB. During the study period, the ecological health went
through a process of first deterioration and then improvement. By 2020, the ecological health of seven administrative
regions reached healthy levels. The state module was the main obstacle module of the PSR framework to the eco-
logical health of the most regions. The population density (P1), patch density of construction land (S5), comprehen-
sive elasticity index (S8), soil erosion index (R1), and per capital GDP (R3) were the most crucial individual indicators
affecting the ecological health. For different cities, the main obstacle factors varied. In economically developed cities,
the limiting effect of P1 was more significant, while in economically underdeveloped cities, the limiting effect of R3
was stronger.

Conclusions In response to the special natural environment and socio-economic conditions of arid and semi-arid
areas in the WRB, an ecological health evaluation index system suitable for the characteristics of the basin was con-
structed. The results indicated that, to improve the levels of urban ecological health, it is necessary to restore the natu-
ral ecological environment and control population size while accelerating economic construction. Our results can
provide scientific support for the ecological health evaluation and protection of the WRB and even the arid and semi-
arid areas in northwest China.
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problems (Wang et al. 2014). For example, from 1985 to
2015, the average annual expansion of global urban area
was 9687 km? and it was expected to continue to grow
in the future (Liu et al. 2020a, b). Urban construction at
the cost of sacrificing the environment poses a threat to
habitat quality and biodiversity (Grimm et al. 2008). In
China, with the development of society and technological
progress, the scope and intensity of human impact on the
natural environment are constantly increasing, and the
resulting regional ecological and environmental prob-
lems are also expanding and intensifying (Ouyang et al.
2000). Therefore, understanding the ecological health
status and its main constraints is of great significance
for effectively coordinating population, resources, envi-
ronment, and economy under resource constraints, and
seeking the optimal comprehensive benefits of ecology,
economy, and society (Bryan et al. 2018).

At present, the concept of ecological health has not
been fully unified (Tang et al. 2015), but a healthy eco-
system must possess the characteristics as reasonable
structure, strong vitality, low external pressure, com-
plete ecological functions, good response to nature and
society, stable system, and sustainable state (Peng et al.
2015; Rapport et al. 1999). When facing different human
expectations, the assessment results of the same ecosys-
tem may be different. Whether the ecosystem is healthy
or not totally depends on the standard value, but "health"
is only a relative concept, and there are certain difficul-
ties in defining the standard value (Han and Cao 2021;
Shamseldin and Jacquin 2009). Therefore, ecological
health assessment is always treated as a fuzzy mathemat-
ics problems (Li et al. 2017). The evaluation model estab-
lished using fuzzy mathematics method is more in line
with the actual situation than traditional methods.

Evaluating the health status of the ecological environ-
ment requires comprehensive consideration of the coor-
dination between resources, environment, and economy
(Jia et al. 2018). At present, assessment index system
method was widely used to evaluate the ecological health
conditions, because it can comprehensively take into
multiple factors and objectively reflect the overall situ-
ation of the evaluated watershed (Fan and Fang 2020).
There are many frameworks for constructing an evalua-
tion index system, such as the structure—function frame-
work (Ogden et al. 2019), pressure-state-response (PSR)
(Jiao et al. 2023) and its extended frameworks, driving
force-pressure-state-impact-response  (DPSIR) (Chen
2022), and ecosystem vigor-organization-resilience-
services (Peng et al. 2015). Among various frameworks,
PSR framework is the most comprehensive, effective,
and highly recognized framework model for studying
environmental issues nowadays (Hazbavi et al. 2019).
The application of the PSR model can deeply reflect the
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interaction between natural ecosystems and socio-eco-
nomic systems, help people better understand the impact
of human activities on the environment and develop
effective environmental protection measures (Wilkerson
et al. 2018). The focus of the evaluation may vary due to
different purposes. For example, it can be used to evalu-
ate the environmental impact of an industrial area, iden-
tify pressure sources, environmental status, and response
measures, to develop effective environmental protection
measures (Chen et al. 2020; Gu et al. 2022). It can also
be used to forecast the potential environmental threats
to help avoid the impact of disasters on the environ-
ment (Sun et al. 2022). What’s more, the PSR framework
also has good applications at different spatial scales. The
existing ecological health assessment research has been
conducted at the national (Zhang et al. 2019), provincial
(Fan and Fang 2020), municipal (Lai et al. 2022; Li et al.
2022), and regional levels (Sun et al. 2016).

The Wei River Basin (WRB) is an important develop-
ment zone in the northwest China, playing an important
strategic role at the regional and national levels (Song
et al. 2015). Since the 1950s, with the rapid development
of the economy and society, the urbanization process has
accelerated, and the ecological environment has been
seriously threatened. The WRB has gradually become an
ecologically sensitive area, with frequent problems such
as water resource shortage, water quality deterioration,
and severe soil erosion (Li et al. 2021). In existing stud-
ies, the evaluation of ecological health in the WRB has
mostly focused on water pollution (Zhao et al. 2022), or
ecological risk assessment at the basin scale based on
comprehensive hydrological conditions, natural habitats,
biological structures, landscape trends, etc. (Yang et al.
2020). However, the WRB contains many administrative
regions, each with differences in geographical location,
natural conditions, socio-economic development, popu-
lation, and other aspects. However, there is currently a
relative lack of research on comprehensive evaluation of
ecological health in different administrative regions of
WRB.

In view of this, the aim of the study is to establish a
comprehensive evaluation index system to evaluate the
ecological health of urban agglomerations in the WRB.
The specific objectives are to: (1) construct a comprehen-
sive evaluation index system that includes population,
land use, landscape pattern, ecological service func-
tion, natural and socio-economic factors based on the
PSR framework in the WRB; (2) establish an evaluation
model using fuzzy mathematics, and determine the eco-
logical health status of eleven cities in 1980, 2000, and
2020 according to the principle of maximum member-
ship degree; (3) quantify the contribution rate of differ-
ent indicators to the ecological health using the obstacle
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degree method; and (4) discuss the impact of various
indicators on ecological health and propose policy sug-
gestions. The research results would provide reference
for ecological restoration and future efficient watershed
management.

Study area and data

Study area

The WRB is in the southeastern region of the Loess Pla-
teau of China (106°18”-110°37E, 33°42"-37°20"N), with
the drainage area of approximately 13.5x10* km?% The
Wei River rises in the Niaoshu Mountain of in Dingxi,
Gansu Province, with the total length of 818 km, and
finally merges into the Yellow River in Tongguan County,
Shaanxi Province. There are many tributaries of the Wei
River, feathered and asymmetrically distributed on the
north and south bank, with larger tributaries concen-
trated on the north bank. The upper reaches are mainly
loess hilly areas, accounting for over 70% of the area;
The northern part of the middle and lower reaches is
the Loess Plateau in northern Shaanxi, the central part
is the valley alluvial plain area, Guanzhong Plain, and
the southern part is the earth rock mountain area of the
Qinling Mountains (Zhang et al. 2022). WRB is continen-
tal monsoon climate, belonging to the transitional zone
between arid and semi-humid regions, with an average
annual temperature of 9.8 °C and precipitation of 373—
1138 mm. The population distribution in the Guanzhong
area is the densest, accounting for over 65% of the total
population in the basin, while the population distribution
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is sparse in the Qinling Mountains and Loess Plateau
areas (Ren et al. 2016).

As the largest tributary of the Yellow River, the Wei
River flows from west to east through three provinces
(districts) of Gansu, Ningxia, and Shaanxi, including 10
regions and 84 counties. The WRB is one of the impor-
tant water resource economic zones in China, covering
major urban and rural areas in the Guanzhong region
(Gai et al. 2019). This study selected eleven administra-
tive regions in the WRB, namely Dingxi (DX), Tianshui
(TS), Pingliang (PL), Qingyang (QY), Guyuan (GY),
Baoji (BJ), Xi’an (XA), Xianyang (XY), Tongchuan (TC),
Weinan (WN), and Yanan (YA) (Fig. 1), to conduct eco-
logical health assessment and obstacle factor analysis.
Objectively understanding the changes and influencing
factors of urban ecological health can provide a reference
for future regional development. It is worth noting that
the research object of this study is various administrative
regions, rather than referring to "urban" areas with a cer-
tain scale and population density, where economic, cul-
tural, political and other activities are concentrated. The
administrative region is a second level unit in the national
administrative management system, established mainly
for the convenience of administrative management and
the provision of public services, including urban, rural,
and other types of areas.

Data sources

The datasets used for ecological health assessment
included meteorological data, land use data, environmen-
tal data, and social economic data. The meteorological
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Fig. 1 Geographical location and urban agglomeration distribution of the Wei River Basin
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data, including annual average precipitation and temper-
ature), and the spatial distribution of land use/land cover,
were sourced from Resource and Environmental Science
Data Center, Chinese Academy of Sciences (http://www.
resdc.cn), with the resolution of 1 km X1 km. The spati-
otemporal resolution of meteorological data and land use
datasets may not be sufficient to capture subtle changes
within the study area. For example, rough resolution may
not accurately reflect the dynamics of urban heat island
effects or local land cover changes. Therefore, when con-
ducting refined research, observation data from local
meteorological stations or higher resolution land use
datasets should be used to match the local actual situa-
tion. This study is based on administrative regions, so the
accuracy of the data is required to be low. Meteorological
data was used to calculate indicators such as biological
first potential productivity and rainfall erosivity. Land use
data was basic data to calculate the land pressures, the
organization, resilience, service functions, and natural
response of the ecosystem. Environmental data are com-
posed of soil and topographical data. Soil data include
sand, silt, clay, and soil organic matter content (%), which
are from Harmonized World Soil Database (HWSD),
with the spatial resolution of 1 kmx 1 km. Soil data were
acquired to calculate the soil erosion amount. Topo-
graphical data here referred to the digital elevation model
(DEM) of the study area, which was downloaded from
Geospatial Data Cloud Platform of Chinese Academy of
Sciences (https://www.gscloud.cn/), with the resolution
of 30m X 30 m, and it was used for slope analysis. Social
economic data included population density and per capi-
tal GDP of each city, deriving from statistical bulletins of
national economy and social development of provinces
and cities (https://d.qianzhan.com/), which reflected the
population pressure and social response of the research
area during the study period. The boundary of adminis-
trative division of cities was from the Resource and Envi-
ronmental Science and Data Center of Chinese Academy
of Sciences (http://www.resdc.cn).

Methods

Evaluation index system establishment

PSR framework construction

The PSR framework was developed by the Organization
for Economic Cooperation and Development (OECD)
and the United Nations Environment Programme
(UNEP) in the 1980s and 1990s to study environmental
issues (Walz 2000). It has a very clear causal relation-
ship, including indicators at three levels: pressure, state,
and response. Pressure indicators reflect the pressure
faced by the ecological environment, such as pollution,
resource consumption, land use changes, etc. State indi-
cators indicate the current situation of the ecological
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environment and reflect the state of the ecosystem under
the comprehensive influence of various natural, human,
and other factors. In addition to selecting the three
aspects of vigor, organization, resilience proposed by
Costanza et al. (1998), this study also added an ecologi-
cal service function to describe the state of the ecosys-
tem together. Response indicators reflect the response
of ecological environment to pressures. Human society
also responds to environmental changes through envi-
ronmental, economic, and management strategies to
improve environmental quality or prevent environmental
degradation, including policy, legal, technological, and
socio-economic factors (Wang et al. 2021). Based on the
principles of systematicity, independence, differentia-
tion, and quantifiability (Hazbavi et al. 2018), this study
selected 11 indicators and constructed an adaptive PSR
evaluation index system (Table 1). The indicator type
indicates whether the selected indicator belongs to a pos-
itive indicator or negative indicator, represented by “+”
and “—” respectively.

Acquisition of indicators
In this study, P1, P2, R2, and R3 can be directly obtained
by definition or data products, respectively. Landscape
pattern indices (S2, S3, S4) and relevant indicators of
construction land (S5, S6, S7) were calculated using land
use distribution maps in Fragstats 4.2 software. Euclidean
nearest neighbor is a commonly used concept in spatial
analysis and geographic information systems, used to
determine the nearest neighbor point of a given point
in Euclidean space. It is widely used in environmental
science, land use planning, and infrastructure layout.
Perimeter-area fractal dimension is an indicator used to
describe the complexity of the shape of a landscape or
geographic object. It quantifies the fractal characteris-
tics of an object by analyzing the relationship between its
perimeter and area. A higher value usually indicates that
the landscape has a more complex edge structure, with
a larger proportion between edges and area, which may
indicate more edge effects and more complex ecological
processes in the landscape (Jia et al. 2019; Jahanmiri and
Parker 2022). R1 was calculated based on the revised uni-
versal soil loss equation (RUSLE). Chinese scholars have
conducted extensive research on the revision of USLE
factor calculation methods and the use of equations for
soil erosion monitoring and prediction (Chen et al. 2004).
In this study, the revised parameter calculation methods
were used to calculate various indicators and obtained
convincing results (Wu et al. 2023). From slight to severe
soil erosion, the soil erosion index was endowed 10, 8, 6,
4, 2, and 0, respectively.

NPP (S1) is constrained by several environmental and
climatic factors, with temperature and precipitation having
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Table 1 PSR framework for urban ecological health evaluation of Wei River Basin

Module Element Indicator Description Unit Type References

Pressure Population pressure  Population density Population per unit area (P1)  Person/km? - (Cheng et al. 2022)

) Land pressure Land reclamation index The proportion of arable land % - (Liu and Hao 2016)
to total land area (P2)

State Vigor Net primary productivity The ability of organisms g/(m2yr) + (Vargas et al. 2019)

©)

Organization

Resilience

Service function

Response (R) Natural response

Social response

(NPP)

Diversity

Contagion

Evenness

Patch density of construction
land

Euclidean nearest neighbor

Perimeter-area fractal dimen-
sion

Comprehensive elasticity
index

Ecosystem service value

Soil erosion index

Forest coverage rate

Per capita gross domestic
product (GDP)

to absorb external sub-
stances and energy to pro-
duce organic matter (S1)

Diversity and variability / + (Xu et al. 2020)
in spatial structure, functional

mechanisms, and temporal

dynamics of different types

of landscapes (52)

The degree of aggregation / + (Xu et al. 2020)
or extension trend of differ-

ent patch types in the land-

scape (S3)

The uneven distribution / + (Xu et al. 2020)
of patches in the landscape
in terms of area (54)

Number of building land / - (Yu et al. 2020)
patches per unit area (S5)

The closest distance m - (Zhang et al. 2021)
from one patch to another
in space (S6)

Measuring how the edges / - (Florio et al. 2019)
of patches change in differ-

ent proportions to reflect

the irregularity of patch

shape (57)

The ability of an ecosystem ~ / + (Zhang et al. 2020)
to recover after being dis-

turbed (S8)

The value corresponding x 10 yuan/ (km? yr)  + (Costanza et al. 1998)

to the ability of ecosystems
to maintain the natural envi-
ronment on which humans
rely and provide them

with various daily necessi-
ties (S9)

Soil erosion score corre- / - (Cheng et al. 2022)
sponding to soil loss intensity
in the watershed (R1)

Percentage of forest cover % + (Fan and Fang 2020)
area (R2)
An important indicator x 10% yuan + (Zhang et al. 2019)

for measuring economic
development and people’s
living standards (R3)

the greatest impact. This study adopted the Miami model =~ where NPP, and NPP; are the NPP values calculated
first proposed by Lieth in 1971 to calculate NPP (Sun et al.  according to temperature and rainfall, the unit is g/

2010).

NPP; =

3000

1+ el42-0141t

NPPr = 3000 x (1 — e~ 0-00065R)

(m2yr); t is the annual temperature (°C); R is the annual
rainfall (mm). The NPP value is the minimum of NPP,
(1) and NPP,.
The comprehensive elasticity index (S5) of ecosys-
tems can usually be determined by changes in vegetation
(2)  types. Itis calculated as follows:
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S5 =D; Z SiR; (3)

where S, is the area of ith land use type; R, is the compre-
hensive elasticity index of land use i, with the farmland,
forestland, grassland, water area, construction land, and
unused land of 0.5, 0.9, 0.7, 0.9, 0.4, and 0, respectively. D,
is the diversity index.

As for S8, it is equal to the value corresponding to the
ability of ecosystems to maintain the natural environ-
ment on which humans rely for survival and provide
various necessities of life. Economists and ecologists
have conducted many studies on the estimation of the
value of ecosystem services. In this study, we applied
the method proposed by Xie et al. (2008) to estimate
the value of S8. It was an ecosystem service value evalu-
ation system based on expert knowledge that can more
accurately reflect the production-consumption-value
realization process of ecosystem services in China. In
this method, ecosystem services mainly include supply
services, regulation services, support services, cultural
services, etc. (Xie et al. 2008). The average ecosystem
service value of farmland, forestland, grassland, water
area, construction land, and unused land per unit area
were 1.22, 8.17, 2.66, 15.8, 1.15, and 0.22, respectively.
The total ecosystem service value was equal to the sum
of the values of different land use types.

Determination of evaluation index weights

Indicator weight refers to the importance relationship
of each indicator under the same objective constraint.
The entropy method was applied to assign weights to
ecological health evaluation indicators, and the main
steps are as follows:

(1) Data standardization processing. Due to differ-
ences in the dimensions, magnitude, and positive or
negative orientations of each indicator, it is necessary
to standardize the initial data. The standardization
method is as follows:

For positive indicators:

;L X;j — min Xj

i max X; — min X; (4)
For negative indicators:
max X; — Xj;

Xi = ) Y (5)

max X; — min X;

(2) Calculate the proportion of the jth indicator value
in the ith year:
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(3) Calculation of indicator information entropy:

m

e =—k> (Y5 xInYy) (7)

i=1
In the formula, k = ﬁ, then 0 < e; < 1, when Yij=0,
letYj x InY; =0.
(4) Calculation of information entropy redundancy:
dj=1-¢ (8)
(5) Determination of indicator weights:
dj

4 (9)

wj =

j=m

In the formula, Xj’ and Xj; are the standardized and
original values of the jth single indicator in the ith year,
respectively, while max X; and min X; are the maximum
and minimum values of the jth single indicator in all
years. m is the number of evaluation years, and # is the
number of indicators. The weight results of each indica-
tor determined through AHP in this study were shown
in Table S1. P2 of the the pressure module, S2, S4, and
S8 of the state module, and R3 of the response module
had higher weights, indicating that these indicators have
a greater impact on ecological health.

Urban ecological health evaluation model

This study used the evaluation model based on fuzzy
mathematical method to determine the ecological health
levels of each city. The model quantifies some unclear
and non-quantitative factors by applying the principle of
fuzzy relationship synthesis, and uses the membership
degree in fuzzy mathematics to describe the evaluation
level (Zahabi and Kaber 2019). It provides a systematic
for a similar representation of complex or poorly defined
problems using linguistic variables, in which the transi-
tion from one member to another is gradual rather than
sudden, and is consistent with human reasoning pro-
cesses. Using fuzzy models for soft classification can
make a single indicator value belong to multiple health
levels with different membership degrees, thus better
reflecting the actual characteristics of the indicator and
comprehensive assessment results (Cheng et al. 2022).
In this study, ecological health level is divided into five
classes, namely “Morbidity” (I), “Unhealthy” (II), “Sub-
healthy” (III), “Healthy” (IV), and “Very healthy” (V). The
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ecological health evaluation model developed by fuzzy
mathematical method is as follows:

H=W xR (10)

where H is the diagnosis result of ecological health; W is
the weight matrix of pressure, state, and response to eco-
logical health, W = (w1, w2, w3) ; R is the membership
matrix of each ecological health assessment element to
health standards at all levels:

Ri1 Riz Ri3 Ria Rys
Ro1 Ry Ry3 Roy Ros
R31 R33 R3z R3yq Rs3s

R= (11)

where Rj; is the degree of membership of the ith element
to the jth level standard:

r'1]'
|
Rj = (wi wia---wi ) K (12)
Tkj

where k is the number of indicators included in each rat-
ing indicator; w;, is the weight of the kth indicator in the
ith element; ry; is the relative membership degree of the
kth indicator to the jth health level standard. In fuzzy
sets, relative membership is usually used to determine
the health status of ecosystems.

Relative membership is to compare the advantages and
disadvantages of different decisions in the limited uni-
verse and has nothing to do with decisions outside the
universe. It can reduce or even eliminate the defects of
subjective arbitrariness (Chen and Zhao 1993). In this
study, we follow the principle of maximum membership
to judge the ecological health levels. For positive indi-
cators, the calculation formula is as follows (taking the
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ith indicator X; as an example, where §;; is the jth level
health standards for the ith indicator), while the calcula-
tion for negative indicators is similar, with only the sign is
reversed.

(1) when the ith indicator X; is less than its correspond-
ing first level standard value (Morbidity), its relative
membership degree to “morbidity” is 1, while to other
health levels is 0. That is, when X;<S;

rip=Lripo=r3=ria=ri5=0 (13)

(2) when the ith indicator X; is between its correspond-
ing j level and j+1 level standard values, its relative
men}(begship degree to the j-level heagh Sgrade is
1— Xz- +5;;, to the j+1 level health level is X; +S;j, and to
other health levels is 0. That is, when S;; < X; < §; 1 1:

X; — Si,/'

= 0 =114 = 1,2,3,4
Sijr1 — Sij Y K

Tij (14)

(3) when the ith indicator X; is greater than its cor-
responding fifth level (very healthy) standard value, its
membership degree to the fifth level health level is 1,

while to other health levels is 0. That is, when X, > S

ris=1ri1=rip=ri3=rig=0

(15)

The flowchart of research methodology to evaluate
the ecological health status of administrative regions is
shown in Fig. 2. It includes the following steps: assess-
ment class set, criterion set, weights set, membership
function, fuzzy combination, fuzzy relation matrix and
fuzzy evaluation matrix.

Evaluation criteria for indicators
To conduct comprehensive quantitative analysis and
evaluation of ecological health, it is necessary to establish

‘ Construction of PSR index system ‘

|

[ P, 8, R module index data ] —>‘ Data collection and preprocessing ‘

|

‘ Extraction of evaluation indicators ‘

[ Entropy weight method ] l

Health level classification

‘—> [ Obstacle degree model ]

l

[ Weight for each indicator ] —>‘ Fuzzy membership evaluation ‘

l

maximum degree of
membership principle

]—)‘ Ecological health assessment ‘(—— [ Obstacle degree of index layer ]

Fig. 2 Flowchart of research methodology to evaluate the ecological health status of the WRB based on PSR framework
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comparable quantitative indicators for evaluating the
health of indicator factors and determine the threshold
range of the indicators. The methods for determining
the threshold range of indicators are not unified (Jakob-
sson et al. 2021). Some indicators are based on relevant
national or international standards, such as soil erosion
classification standards, while others are classified using
sorting and statistical methods or natural breakpoint
method in Arcgis10.2 software. The results of quantifying
and grading various indicators based on the actual situa-
tion of the WRB are shown in Table S2.

Diagnosis of the obstacle factors

Ecological health is a complex issue, and the degree
of impact of various factors on “health” varies. Obsta-
cle analysis method is a technique used to identify and
quantify the main obstacles that affect the achievement
of goals in a multi-indicator comprehensive evaluation
system. This method reveals which indicators have the
greatest impact on the overall evaluation results by calcu-
lating the obstacles of each evaluation indicator, thereby
providing decision-makers with directions for improve-
ment measures. To determine the main obstacle factors
affecting ecological health, three indicators, namely fac-
tor contribution degree (F), indicator deviation degree
(1), and obstacle degree (h, H), were used to diagnose,
and analyze the obstacles to ecological health (Yao et al.
2015), which provides reference for efficient environmen-
tal management (Zhang et al. 2019).

Li=1-Xj (16)
h I] x F] 100%

= = X o

1= S E <) (17)

where Xi’j represents the standardized values of individ-
ual indicator i under each module j; J; represents the gap
between each individual indicator and the development
goals, ie. the difference between the standardized val-
ues of each individual indicator and 100%; F] represents
the degree of impact of each individual indicator on the
ecological health, that is, the weight of each individual
indicator on the overall goal; / and H represent the mag-
nitude of the impact of each individual indicator and
each assessment module (P, S, R) on ecological health,
respectively, which are the goals and results of diagnosing
ecological health barriers.

The standardized values of individual indicator X;; was
calculated as follows to eliminate the differences in units
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and magnitudes of individual indicators (Liu and Hao
2016):
For positive indicators:

P (Xij — minXj) )

V' (maxXj — minX ) (19)
For negative indicators:

, (maxX; — Xj;) 20)

§= (maxXj — minX ;)

where X, represents the original values of individual indi-
cator i under j module; maxX; and minX; represent the
maximum and minimum individual indicator value of the
ith indicator. The increase of positive indicators or the
decrease of inverse indicators will promote the improve-
ment of ecological health, while the decrease of posi-
tive indicators or the increase of inverse indicators will

reduce the ecological health (Fan and Fang 2020).

Results

Evaluation grades for the pressure, state, and response
Figure 3 depicted health levels of pressure, state, and
response modules of different cities in 1980, 2000, and
2020. For pressure module, it showed that cities in the
south and east of the WRB faced greater pressure than
those in the north and west (Fig. 3a—c). In 1980 and 2020,
except for DX, YA, GY, and BJ, the pressure modules in
all other administrative regions were at an “Unhealthy”
and “Morbidity” level, with a total of seven. In 2000, nine
administrative regions were at an “Unhealthy” or “Mor-
bidity” level, indicating that in 2000 the health level of
the pressure modules in each administrative region was
the lowest. During the research period, the pressure
modules in WN and XY remained at a “Morbidity” level,
while GY remained at a “Very healthy” level. Overall, the
health level of pressure module has improved. The health
level of the pressure module has gone through a process
of first deteriorating and then improving, with the num-
ber of administrative regions under “Very healthy” going
through a process of first decreasing and then increas-
ing, from three in 1980 (GY, DX, and YA) to one in 2000
(GY) and two in 2020 (DX and GY). With the growth of
population and economic development, better developed
cities such as XA, WN, and TC are facing greater popu-
lation and land pressure, while slower developing cities
such as DX and TS are facing less pressure.

For state module, all administrative regions were clas-
sified as “Sub-healthy” level or above (Fig. 3d—f). During
the research period, except for TS, PL, TC, XY, BJ and
XA in 1980 and PL, TC, BJ, and XA WN in 2000, DX,
PL, TC, XY, WN, BJ and XA in 2020 being “Healthy” and
“Very healthy” levels, all other administrative regions
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Fig. 3 Ecological health assessment results of pressure (a-c), state (d-f), and response (g-i) of different cities

were at the “Sub-healthy” level. It was obvious that the
health level of the state module has gone through a pro-
cess of first deteriorating and then improving. The num-
ber of administrative regions with a “Healthy” level or
above decreased from six in 1980 to four in 2000, and
increased to seven in 2020. The health status of the state
module was closely related to the natural conditions, and
the improvement of the state level indicated that vegeta-
tion restoration measures in the watershed have signifi-
cant effects.

For response module, in 1980 and 2000, all cities were
in “Morbidity” or “Unhealthy” level, while in 2020, the
health level has been improved in all administrative
regions, with YA, XY, TC, BJ, and XA being upgraded to
“Healthy” levels, GY, PL, TS, and QY to “Sub-healthy”
levels (Fig. 3g—i). Compared to 1980 and 2000, the
health level of the response module in 2020 significantly
improved. There are two levels of response, natural and

social response, indicating that administrative regions
have achieved significant results in economic develop-
ment or ecological restoration.

Comprehensive evaluation of ecological health

The ecological health assessment results of adminis-
trative regions in the WRB in 1980, 2000 and 2020 are
shown in Fig. 4, and the relative membership degrees to
different health levels are shown in Table 2. Overall, the
ecological health of various administrative regions in the
WRB has gone through a process of relative improve-
ment, deterioration, and then improvement. According
to the principle of maximum membership, in 1980, the
number of administrative regions classified as “Healthy”
or “Very healthy” was six, namely TS, PL, TC, XY, BJ,
and XA, while all other administrative regions were at a
“Sub-healthy” level. In 2000, the ecological health level
of XY decreased to a “Sub-healthy” level, and that of
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Fig. 4 Comprehensive evaluation results of urban ecological health in different years
Table 2 Relative membership degrees of urban ecological health evaluation in different years
City Year Morbidity (1) Unhealthy (11) Sub-healthy (l1I) Healthy (IV) Very healthy (V) Comprehensive
evaluation
grade

DX 1980 0.0341 0.0340 0.1137 0.0619 0.0554 MMl
2000 0.0341 0.0342 0.1098 0.0677 0.0533 M1l
2020 0.0173 0.0391 0.0756 0.0784 0.0886 \%

PL 1980 0.0313 0.0507 0.0816 0.1200 0.0480 v
2000 0.0312 0.0536 0.0914 0.1088 0.0464 Y
2020 0.0107 0.0609 0.0652 0.1028 0.0918 v

Qy 1980 0.0353 0.0511 0.1013 0.0477 0.0635 MM
2000 0.0353 0.0608 0.0911 0.0481 0.0636 Il
2020 0.0126 0.0376 0.1169 0.0473 0.0847 1l

TS 1980 0.0198 0.0148 0.1060 0.1242 0.0431 v
2000 0.0199 0.0150 0.1164 0.1181 0.0388 v
2020 0.0029 0.0203 0.1044 0.0879 0.0910 M1l

GY 1980 0.0197 0.0699 0.1567 0.056 0.0341 Il
2000 0.0190 0.0798 0.1455 0.0618 0.0304 M1l
2020 0.0027 0.0241 0.1650 0.0976 0.0471 Il

BJ 1980 0.0170 0.0086 0.0791 0.0703 0.1270 %
2000 0.0156 0.0113 0.0763 0.1188 0.0800 Y
2020 0 0.0075 0.0764 0.0884 0.1296 vV

TC 1980 0.0228 0.0237 0.0664 0.0904 0.0826 v
2000 0.0228 0.0209 0.0683 0.0924 0.0879 v
2020 0.0007 0.0162 0.0526 0.1309 0.0918 v

WN 1980 0.0428 0.0181 01214 0.0886 0.0070 M1l
2000 0.0428 0.0143 0.1415 0.0723 0.0065 Il
2020 0.0222 0.0122 0.1073 0.1298 0.0064 v

XA 1980 0.0197 0.0164 0.0762 0.0939 0.1157 \%
2000 0.0092 0.0269 0.0749 0.1040 0.1069 %
2020 0.0073 0.0077 0.0775 0.0690 0.1605 \%

XY 1980 0.0403 0.0161 0.1141 0.1152 0.0086 \%
2000 0.0403 0.0171 0.1249 0.1034 0.0085 Il
2020 0.0139 0.0162 0.0705 01722 0.0215 v

YA 1980 0.0324 0.0212 0.1204 0.0280 0.0811 M1l
2000 0.0209 0.0360 0.1263 0.0197 0.0801 M1l

2020 0.0059 0.0189 0.0953 0.0705 0.0927 Il
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BJ decreased to “Healthy” level, while the health levels
of other administrative regions remain unchanged. In
2020, the number of administrative regions classified as
“Healthy” or “Very healthy” increased to seven, namely
DX, PL, TC, WN, XY, BJ, and XA, other cities were at
“Sub-healthy” level. In terms of space, the ecological
health status of cities in the north of the watershed was
worse than that in the south, which was related to the
economic development and natural conditions of differ-
ent regions.

Obstacle degrees of indicators

Obstacle degrees of pressure, state, and response module
The obstacle degrees of pressure, state and response
modules to ecological health varied in different admin-
istrative regions and years (Fig. 5). The state module
dominated in the ecological health assessment in most
of the administrative regions. Except for the response as
the main obstacle factor to the ecological health of PL in
1980 and the pressure as the main obstacle factor to YA,
WN, PL, and DX in 2020, the main obstacle factor to the
ecological health of other administrative regions in 1980,
2000, and 2020 was the state module. This was because
there were many indicators in the state module, and this
module accounts for a large proportion of the weight, so
it has a greater impact on the results of ecological health
assessment.

Obstacle degrees of individual indicators

The obstacle degrees of all individual factors to the eco-
logical health are shown in Fig. 6. The top five individual
indicators and their obstacle degrees to different admin-
istrative regions in the WRB from 1980 to 2020 are
shown in Table 3. For a single city, the top five indicators

[ Pressure
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that affected its ecological health level in different years
were basically the same, but there are differences in some
cities in 2020. For individual indicator, in the pressure
module, both population pressure (P1) and land pressure
(P2) posed significant obstacles to ecological health of the
administrative regions. In the state module, the obstacle
degrees of patch density of construction land (S5), com-
prehensive elasticity index (S8), and ecosystem service
value (S9) were relatively high. In the response module,
soil erosion index (R1) and per capita GDP (R3) posed
significant obstacles to ecological health. Overall, the
indicators in the state module have the highest number
of obstacles to ecological health in the top five, which was
consistent with the results in Fig. 5. Compared to 1980
and 2000, the number of obstacles to ecological health in
2020 was relatively small, but the degree of obstacles was
relatively high. For different cities, due to differences in
socio-economic development status and basic ecologi-
cal environment conditions, single indicator had differ-
ent obstacle degrees to ecological health. For example,
in 2020, population pressure (P1), patch density of con-
struction land (S5), and soil erosion index (R1) became
the single indicators that most affect ecological health.

Discussion

Factors affecting urban ecological health

The impact of economic development on ecological health
Based on the constructed PSR framework and individual
obstacle degree analysis, the indicators related to socio-
economic and having high obstacle degrees to ecological
health were P1 and S3 indicators. In economically devel-
oped cities like XA, the obstacle degree of R3 to ecologi-
cal health was relatively low, while the obstacle degree of
P1 was high. However, in economically underdeveloped

[ Response []state
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Fig. 5 Obstacle degrees contributed by pressure, state, and response modules in 1980, 2000, and 2020. Obstacle degrees less than 5% did

not display
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Fig. 6 Obstacle degrees contributed by single indicator of different cities in 1980, 2000, and 2020

areas, such as DX and TS in Gansu Province, the situ-
ation was the opposite. This is because with the eco-
nomic development and population growth, the social
response had reached a high level, but along with the
fact that the increasing rate of resources demand, the
pressure facing cities is gradually increasing, and exces-
sive exploitation of resources leads to resource depletion,
ultimately disrupting ecological balance, which was con-
sistent with the results of Liu et al. (2020c). What’s more,
population growth may also lead to environmental pol-
lution and ecosystem degradation, affecting biodiver-
sity and ecological service functions. Wang et al. (2019)
found that during the urban development process, a large
amount of industrial and agricultural waste was gener-
ated, causing huge damage to the environment. Zhu and
Li (2014) pointed out that many urbanization efforts were
achieved at the cost of damaging the environment, such
as removing lots of surface vegetation, which worsened
the ecological health status. Our results were consist-
ent with Zhang et al. (2019), who found that ecological
deficit often existed in economically developed regions,

such as the eastern regions of China. Cheng et al. (2022)
also concluded that developed urban areas often had low
security due to strong socio-economic pressure. Gener-
ally, the comprehensive ecological security of China’s
land resources showed a lower level in the northwest.
Dai and Khan (2022) thought that city was a unified spi-
ral composite system of “socio-economic-environment’,
and how to effectively protect the ecological environment
while achieving economic and social development is an
important value of urban ecological security research. To
improve the ecological environment, China has imple-
mented a series of major measures. The 13th Five-Year
Plan (2016-2020) have to some extent alleviated the
pressure on urban resources and land, and promoted
high-quality development of cities by adjusting the scale
of cities according to resource and environmental car-
rying capacity, implementing green planning, design,
and construction standards (Zhang et al. 2019). In this
study, seven administrative regions reached a “Healthy”
or higher ecological health grades in 2020, indicating that
the combination of ecological and economic measures



Wau et al. Ecological Processes (2024) 13:50

Page 13 of 19

Table 3 Obstacle degrees of top five indicators to urban ecological health

City  Year Pressure State Response
P1 P2 S1 S2 S3 S4 S5 S6 S7 S8 S9 R1 R2 R3

DX 1980 9.80 1149 12.06 11.55 9.21
2000 10.99 893 9.62 11.26 11.26
2020 59.09 2051 2040

PL 1980 18.64 14.55 1341 1261 1241
2000 14.19 10.27 11.31 10.84 8.14
2020 4079 2266 2292 13.63

Qy 1980 11.04 1194 1164 10.72 11.12
2000 1048 1147 11.19 10.11 10.87
2020 2404 3733 38.63

TS 1980 11.86 9.01 11.87 10.26 12.02
2000 9.36 10.69 11.98 11.26 11.62
2020 3287 25.05 19.46 2262

GY 1980 1070 1072 13.61 993 10.79
2000 9.66 11.76 10.02 9.14 843
2020 2618 38.04 3578

BJ 1980 10.61 14.07 12.10 14.76 11.13
2000 9.87 14.60 11.84 15.21 10.61
2020 2723 1840  19.65 3471

TC 1980 1540 11.20 1247 16.94 15.85
2000 17.12 11.30 10.70 18.38 15.39
2020 16.66 16.65 16.58 17.06 1648

WN 1980 13.56 9.35 1202 10.77 1337
2000 1190 12.90 1143 10.95 12.72
2020 5007 25.14 2149

XA 1980 1071 1124 1125 1338 12.20
2000 9.90 12.75 1091 10.69 11.23
2020 20.75 15.27 2946 2417 10.35

XY 1980 12.29 12.74 14.70 8.69 15.12
2000 1173 12.03 1243 1843 16.14
2020 9.25 2030 2334 1956 19.28

YA 1980 9.86 1258 1147 13.87 10.84
2000 11.70 1398  13.00 14.65 10.57
2020 3636 31.76 31.86

has significantly improved the urban ecological health of
the WRB.

The impact of land use on ecological health

The impact of indicators closely related to land use/land
cover conditions on ecosystem health also cannot be
ignored, such as P2, S2, S3, S4, S5, S6, and R2. During
the research period, the land use in the WRB has under-
gone significant changes. The area of forest land, grass-
land, and construction land in each administrative region
showed an increasing trend, while the area of cultivated
land decreased (Figs. 7 and 8). The growth of construc-
tion land area indicates that the WRB has undergone

rapid urbanization and industrialization processes.
With population growth and economic development,
the demand for housing, infrastructure, and industrial
land has increased, leading to the conversion of existing
farmland into construction land. The area of water and
unused land has increased and decreased. WN has the
largest area of water and unused land, while TC has the
smallest area of water and unused land. Among different
administrative regions, YA has the largest reduction in
farmland and the largest increase in forest and grassland
areas. Compared to 1980, arable land has decreased by
about 19.29%, while forest and grassland have increased
by 9.79% and 7.22%. The construction land area in
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Fig. 7 The land use distribution of different administrative regions in the Wei River Basin in 1980, 2000, and 2020

WN, XA, and XY regions has increased the most sig-
nificantly, with increases of 62.25%, 80.41%, and 83.16%,
respectively. The development of the economy and the
construction of infrastructure have promoted social reac-
tions, while vegetation restoration has promoted the
improvement of state modules. Compared with 1980 to
2000, the speed of land use change was faster from 2000
to 2020. This explains why in 2020, compared to 2000 and
1980, the degree of obstacles to urban ecological health
in the state module decreased, while the degree of obsta-
cles in the pressure and response module increased.
Administrative regions with a large proportion of agri-
cultural land had poor ecological health status due to
high population and land pressure. For example, XY, WN,
and BJ located in the Guanzhong Plain area, were greatly
affected by the P2 index. Cities that were greatly affected
by state module often have characterized by dry climate
and sparse vegetation, such as PL, QY, and TS in Gansu
Province, TC and YA in Shaanxi Province. Most of these
places are in the Loess Plateau region, with crisscross-
ing gullies, fragmented terrain, and severe soil erosion
(Jiang et al. 2018). The natural conditions were initially
at a relatively low level, resulting in weaker primary veg-
etation productivity and ecosystem service functions.
Coupled with underdeveloped economy and the inap-
propriate land use planning and sustainable development
measures, the state and response level for ecological
health in these places was consequently constrained (Li
et al. 2012). To protect the ecological environment and
improve land quality, the Grain for Green Project was
carried out first in Sichuan, Shaanxi, and Gansu prov-
inces, and has been implemented nationwide since 2000
(Mu et al. 2007). However, since various vegetation res-
toration measures have only just begun, and the ecologi-
cal environment was still at a poor level, resulting in poor
performance of state assessment for ecological health in
2000. By 2020, the increase in vegetation coverage has
improved the ecological environment and enhanced the

resilience to pressure (Qiu et al. 2022). Therefore, after
2000, the obstacle degree of indicators in state module
which restricted by land use types decreased, which led
to the ascended levels of comprehensive urban ecological
health.

In addition, the indicator of proximity to water bod-
ies is an important factor affecting ecological health.
Although the Wei River flows through these administra-
tive regions, its distance from the water system varies,
resulting in differences in the ecological health status of
each administrative region. Firstly, water systems are an
important source of water resources, and their proxim-
ity directly affects the availability and supply efficiency of
water resources. Regions closer to the water system may
have easier access to sufficient water resources, which
is beneficial for maintaining regional ecological balance
and supporting biodiversity. Secondly, water systems play
an important role in regulating climate and maintaining
hydrological balance. Regions closer to the water system
may benefit from more stable climate conditions and
better flood prevention and control capabilities. Thirdly,
the health status of the water system directly affects the
water quality in the surrounding areas. Areas closer to
water systems need to pay more attention to water qual-
ity protection and pollution control to prevent pollutants
from causing damage to water systems and ecosystems.
Fourthly, water systems have a significant impact on the
socio-economic development of surrounding areas, such
as agricultural irrigation, industrial water use, and tour-
ism development. Regions closer to the water system may
have more advantages in economic development, but at
the same time, it is necessary to balance development
and ecological protection.

Suggestions for future urban development

Based on the comprehensive evaluation index system
and obstacle diagnose, we identified the primary obsta-
cle factors to ecological health. To provide theoretical
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Fig. 8 Area changes of different land use types of various administrative regions in 1980, 2000, and 2020. a—f represent cultivated land, forest land,

grassland, water area, construction land, and unused land, respectively

references for the realization of efficient, coordinated,
and sustainable development of society-economy-ecol-
ogy, we proposed corresponding improvement sugges-
tions for cities dominated by different obstacle factors.
Cities dominated by pressure often have the character-
istics of high population density and frequent economic
activities. Thus, to improve the level of ecological health,
the number of populations should be controlled within a

reasonable range, or be transferred to adjacent cities with
less pressure designedly. This can alleviate high pressure
while improving the response level of nearby cities with
the development of economy (Cheng et al. 2022). For
example, the establishment and development of Xixian
New Area, a core area of the Guanzhong-Tianshui Eco-
nomic Zone, has helped Xi'an’s industries and population
spread to Xianyang, optimizing industrial structure and



Wu et al. Ecological Processes (2024) 13:50

urban functional zoning. For land pressure, it is essential
to reasonably plan land resources and accelerate the con-
struction of high standard farmlands.

Indicators of the state module were largely influenced
by the vegetation coverage and the proportion of con-
struction land. The state module dominated cities often
characterized by adverse natural environment, leading
to low carrying capacity and resilience, such as YA and
GY. Therefore, the ecological restoration measures such
as Grain for Green Project and afforestation should be
implemented persistently and the quality of afforestation
should be improved through reasonable allocation, and
restoring some cultivated lands and overgrazed grass-
lands to forests and grasslands to improve soil and water
conservation capabilities and increase biodiversity. After
completing the restoration of existing farmland to for-
ests, the government (county or township) shall organ-
ize the continued afforestation of barren mountains,
deserts, and wasteland suitable for forests. In addition,
the ecological environment in densely populated urban
areas, such as XY and XA, can be effectively improved by
increasing urban green spaces, optimizing urban plan-
ning, establishing a sound environmental monitoring
network, and promoting green buildings.

Response is divided into natural response and social
response. Improvement measures in terms of natural
response can refer to that of state dominated cities, while
social response is mainly reflected in economic develop-
ment. Through breaking the boundaries of administrative
divisions, promoting resource sharing and connectivity,
exploring and improving benefit sharing and assistance
mechanisms, promoting the “enclave economy’, and
achieving coordinated development between developed
regions and surrounding regions are effective strategies
to promote the capability of social response.

In addition to targeted improvements to ecological
health under the leadership of different modules, the fol-
lowing measures also contribute to the restoration and
improvement of ecological health. The soil and water
conservation projects, such as constructing terraces,
dams, sedimentation tanks, should be implemented con-
tinuously to reduce soil erosion and protect and improve
water quality. The supervision of industrial emissions,
agricultural fertilizer and pesticide use, urban sewage
should be strengthened to reduce the impact of pol-
lutants on the ecosystem. The sustainable agricultural
models such as organic agriculture and ecological agri-
culture should be promoted to reduce the use of chemi-
cal fertilizers and pesticides, and improve the ecological
friendliness of agricultural production. An ecological
compensation mechanism should be established to pro-
vide economic compensation to areas or groups that
provide ecological services, to encourage all parties
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to participate in ecological protection. In urban plan-
ning, the integrating green spaces should be taken into
to promote green building standards and enhance the
service function of urban ecosystems. Finally, policies
and measures should be developed to address climate
change, including reducing greenhouse gas emissions
and enhancing the adaptability of ecosystems. Through
these comprehensive measures, the ecological health can
be effectively improved and maintained, and the goal of
harmonious coexistence between humans and nature can
be achieved.

Advantages and disadvantages of the research

In response to the special natural environment and
socio-economic conditions of arid and semi-arid areas
in the WRB, an ecological health evaluation index sys-
tem was constructed to suit for the characteristics of the
watershed from three dimensions: pressure, state, and
response. This can provide scientific support for the eco-
logical health evaluation and protection of the WRB and
even the arid and semi-arid areas in northwest China. In
the evaluation process, the ecological health was treated
as a fuzzy issue. The assessment model established by
fuzzy mathematics was more in line with the actual situa-
tion than the traditional assessment method and weaken
the defects of subjective arbitrariness. Moreover, the
results can help to see the distance between the final eco-
logical health rating and its adjacent health levels, which
will guide the future planning of watershed. In terms of
evaluation indicators, we selected the most critical indi-
cators for each module to structure the evaluation system
for the sake of efficiency, simplicity, and comprehen-
siveness and obtained consistent evaluation results with
similar studies. At the same time, the obstacle analysis
method was used to quantify the direction and degree of
the impact of various ecological environments and socio-
economic factors on the ecological health of the WRB at
different time periods, which provided a new perspective
for understanding and predicting changes of the ecologi-
cal health in the WRB, and provided scientific basis and
methodological support for formulating effective eco-
logical restoration measures and promoting sustainable
development strategies of the social economy.

Certainly, there are also some uncertainties in our
research, mainly manifested in the following aspects.
First, in the fuzzy mathematical evaluation model, the
relative membership degree was sometimes very sensi-
tive to the increase or decrease of the number of evalu-
ated objects, which may affect the stability of the ranking
results (Cheng et al. 2022). What’s more, the WRB has a
vast terrain, and there are significant differences in the
topography and landforms of different sub-basins. Using
a single evaluation system may not accurately reflect the
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actual ecological health status of the basin, and social
and economic data are mostly based on administrative
regions, making it difficult to expand to natural water-
sheds. In order to improve the accuracy and applicabil-
ity of evaluation, future research should consider using
more refined geographical units, such as using grid based
methods or conducting ecological health assessments
based on small watersheds, which can capture the spa-
tial distribution differences of ecological health in more
detail, thereby providing more accurate data support for
ecological protection and management. This also pro-
vides a train of thought and method for ecological health
assessment in other watersheds around the world.

Conclusions

Based on the PSR framework, this study constructed a
comprehensive evaluation index system for ecological
health, and used the fuzzy comprehensive assessment
model to analyze the ecological health status of eleven
administrative regions in the WRB in 1980, 2000 and
2020. Then, the obstacle model was applied to quantify
the obstacle degrees of pressure, state, and response
modules, as well as individual indicators on urban eco-
logical health. The main conclusions are as follows:

(1) The comprehensive evaluation index system con-
structed based on the PSR framework could reflect
the status of urban ecological health in the WRB.
During the study period, the urban ecological
health in the WRB went through a process of first
deterioration and then improvement. The num-
ber of administrative regions in “Healthy” status
decreased from six in 1980 to five in 2000. By 2020,
the ecological health level of seven administrative
regions has reached the “Healthy” or “Very healthy”
levels.

(2) Obstacle analysis showed that state module of the
PSR framework was the main obstacle to urban
ecological health, and dominated in most of the
selected administrative regions. Population pres-
sure (P1), patch density of construction land (S5),
comprehensive elasticity index (S8), soil erosion
index (R1), and per capita GDP (R3) were the top
five individual indicators affecting urban ecological
health.

(3) The dominated obstacle modules or indicators for
ecological health varied in different regions and
periods. For economically developed cities, popula-
tion pressure was often the main obstacle for urban
ecological health, while in economically underde-
veloped regions, the social response was the main
obstacle. To improve the levels of urban ecological
health, it is necessary to restore the natural ecologi-

Page 17 of 19

cal environment and control population size while
accelerating economic construction.

Our findings could provide a scientific foundation
for safeguarding ecological health in WRB and pro-
vide methodological references for subsequent related
researches.
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