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Preface to ”Greening Urban Spaces: A Healthy
Community Design”

The focus of this reprint is to draw attention to Greening Urban Spaces. Cities play a central

role in advancing economic and social developments and addressing the challenges that humanity

face today. Although cities provide access to better health services, urban life is also associated with

factors that are deleterious to human health, such as increased stress, mental fatigue, pollution, as

well as sedentary lifestyles and a disconnection to the natural environment. There is a growing

consensus across many academic fields and health promotion policy areas that the provision of

accessible and high-quality greenspace is a vital element in the effort against the adverse health effects

of urbanization. However, there are still research gaps that need to be addressed before the health

benefits of greenspaces can be fully integrated into practice.

Hongxiao Liu, Tong Wu, and Yuan Li

Editors
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Abstract: With the increase of people’s living space, global warming caused by the decrease of
greening urban spaces and the serious decline of greenspace quality has led to extreme weather
events and coastal erosion, which has become the biggest threat to the ocean and has also led to the
occurrence of international public safety incidents. Therefore, it is of great practical significance to
explore the tense relationship between the current marine environmental protection and global public
safety for the development of an international healthy community. Firstly, this paper discusses the
influence of implementing the international law of marine environmental protection on global public
health after the reduction of green urban space and the decline of green space quality. Secondly,
K-means and discrete particle swarm optimization algorithms are introduced and the particle swarm
optimization-K-means clustering (PSO-K-means) algorithm is designed to screen and deal with the
mapping relationship between latent variables and word sets about the impact of implementing
the international marine ecological protection law on the international public health community
in network data information. Moreover, the influencing factors are clustered and the scenarios are
evaluated. The results show that the clustering analysis of the marine environment can promote the
clustering of marine characteristic words. Meanwhile, the PSO-K-means algorithm can effectively
cluster vulnerability data information. When the threshold is 0.45, the estimated recall rate of the
corresponding model is 88.75%. Therefore, the following measures have been formulated, that is,
increasing greening urban spaces and enhancing the quality of green space to enhance the protection
of marine environment, which has practical reference value for realizing the protection of marine
environment and the sustainable development of marine water resources and land resources.

Keywords: international public safety; international law of marine environmental protection; greening
urban spaces; green space quality; healthy community; PSO-K-means

1. Introduction

In recent years, under the trend of the rapid expansion of people’s activity space,
the green area of urban space has been seriously reduced and the quality of green space
has decreased significantly. The resulting global warming has even led to a dramatic
deterioration of the marine environment. In the era of big data, online comments profoundly
affect individuals, groups, societies, and countries [1,2]. Public opinion formed through
online comments has also led people to pay attention to the impact of marine pollution
on human survival and development. The public constantly reflects on the relationship
between human beings and the environment through the news about the situation to
gradually form a substantial public opinion pressure and supervision role [3]. People
expect to find the reasons for the increase in environmental pollution and the frequent
occurrence of pollution incidents to analyze how to prevent environmental pollution [4].
In addition, the local division of data can be realized through the clustering algorithm of
unsupervised learning. After clustering the data set, the clusters are analyzed separately
to obtain more detailed results. Cluster analysis can be used in the data preprocessing
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stage to focus on complex data structures with specific algorithms to standardize complex
data structures. Therefore, applying intelligent analysis methods to the analysis of global
warming and marine environmental degradation, timely and accurately grasping relevant
online commentary, and formulating and implementing environmental protection laws
and policies have become the focus of many scholars in related fields.

Agglomerative hierarchical clustering (AHC) has been applied to opinion analysis
several times in recent years. The AHC method is generally a small to large method. It
starts by dividing each piece of data into a complete cluster. Then, according to the simi-
larity of the data, the nearest clusters are gradually merged into a cluster until all clusters
have merged into one cluster or some established conditions have been reached [5]. The
K-means algorithm, density-based spatial clustering of applications with noise algorithm,
and ordering points to identify the clustering structure algorithm of the AHC algorithm are
preferred algorithms in the analysis methods [6,7]. Among them, density-based clustering
has good effect and fast clustering speed. For each attribute divided, a single scan deter-
mines the number of mesh cells and grid cells per object. The K-means clustering algorithm
is the most commonly used of all clustering algorithms. After artificially setting the initial
K value, K objects are randomly selected to represent the center of K clusters. Next, the
distance of other objects from the K centers is calculated and assigned to the nearest cluster.
Then, the K-means algorithm iteratively improves the intra-cluster variation, calculates a
new mean for each cluster, and takes the updated mean as the new cluster center point. All
objects are reassigned to continue to iterate until they stabilize. The clustering algorithm
has attracted much attention from experts and scholars because of the simplicity of the
algorithm presented in the application, its easy implementation, and the good results of the
application [8]. Currently, cluster analysis methods are widely used in medical diagnoses,
image processing, information retrieval, statistics, biology, and other fields [9–12].

Therefore, the classical K-means algorithm in the AHC analysis method is selected
to combine with the particle swarm optimization (PSO) algorithm. The purpose of this
paper is to explore the relationship between the current situation of marine environmen-
tal protection and international public health safety by digging up online comments on
marine environmental protection. Its novelty lies in the design of the particle swarm
optimization-K-means clustering (PSO-K-means) algorithm. Through the PSO-K-means
algorithm, the mapping relationship between potential variables and word sets of marine
protection status is clustered and the influencing factors are evaluated. In this way, the
impact on global public health is explored by taking measures such as greening urban
spaces, enhancing the quality of green spaces, and implementing the international marine
environmental protection law. In addition, the development trend of online public opin-
ion is predicted, which provides a reference for formulating and implementing marine
ecological protection policies.

2. Literature Review

At present, there are studies on global warming and the governance of the marine
environment. Benedetti et al. (2021) found that zooplankton richness was expected to
decline slightly in the tropics but to increase significantly in temperate to subpolar re-
gions. Meanwhile, climate change threatened the contribution of plankton communities
to plankton-mediated ecosystem services such as biocarbon sequestration [13]. Bache and
Reynolds (2022) reviewed ocean goals as part of the sustainable development goals and
considered the process of linkage thinking in more detail, particularly in relation to ocean-
climate linkages. It was found that relying on SDG interaction analysis was risky because
the results were inaccurate or could not adapt to rapid transformation or knowledge acqui-
sition in some areas. They also recognized that planetary boundary tipping points would
help bring the oceans into climate consideration [14]. Therefore, the strategies of marine
environmental protection and climate management are analyzed through the literature
collation of environmental protection and public health. It promotes the improvement of
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algorithm operation efficiency while saving storage space resources, which has practical
reference significance for establishing international public security model.

As one of the data mining techniques, clustering algorithms can extract useful infor-
mation from massive data. Numerous scholars have studied it. Bu et al. (2019) applied the
classical K-means technique to model a realistic social media network as a discrete-time
dynamic system. They performed social media information analysis regarding opinion
matrix and community structure interactions [15]. Tang (2022) used the K-means algorithm
for mining and analyzing the public opinion hotspots of Chinese microblogs, which could
grasp the public opinion hotspots easily and quickly after experiments [16]. Rahim Tale-
qani et al. (2019) performed data analysis using cluster analysis on 32,000 comments on
Twitter on the issue of bicycle sharing, which precisely derived from people’s concerns
about bicycle sharing [17]. K-means clustering analysis and data mining techniques based
on K-means clustering analysis can also be used in finance. Li et al. (2020) used K-means
clustering analysis to analyze the investment efficiency of smart investments and had good
results [18]. The losses of major enterprises during the new coronavirus can also be explored
in the data. Zheng et al. (2022) analyzed the deviation from the state support policy for
enterprises in southern China, thus providing ideas for their continued development [19].
The results of the literature review data are summarized in Table 1.

Table 1. Systematic summary of the literature review data.

Literature
Number Author Year Research Content

[15] Bu et al. 2019 K-means clustering analysis based on leader
identification and dynamic game

[16] Tang 2022 Chinese detection and research of microblog
public opinion analysis system

[17] Rahim
Taleqani et al. 2019 Public perception of no-dock bike sharing

[18] Li et al. 2020 Machine learning intelligent model based
on K-means algorithm

[19] Zheng et al. 2022
Evaluation of small and medium-sized

enterprise support policies based on
K-means clustering

Through the research of the above scholars, it is found that, under the global warming
trend, people have paid attention to urban space greening and marine environmental gover-
nance. Moreover, cluster analysis methods have become indispensable in the era of big data
and cluster analysis methods will greatly save human and material resources. However, ap-
plying clustering algorithms to marine environmental analysis is extremely rare. Therefore,
this paper improves the cluster analysis algorithm and applies it to the analysis of the ma-
rine environment and the formulation of countermeasures, which can provide a reference
for the subsequent green and sustainable development of the marine environment.

3. Methods and Models
3.1. K-Means Clustering Algorithm

K-means is a partitional clustering algorithm called the K-means algorithm; it has
unique advantages in extensive data analysis and information mining [20]. Figure 1 shows
the workflow of the K-means clustering algorithm.

In Figure 1, K-means starts from K randomly selected centroids to define the prototype
of the cluster structure. Each data point is assigned to the cluster to which the nearest
centroid belongs according to the distance. Then, the centroid position of each cluster is
updated iteratively (the new centroid is usually the mean of the data points within the
cluster and it hardly corresponds to the actual data points) until the positions of all the
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particles no longer change. The K-means algorithm is efficient and scalable when dealing
with datasets. The optimal state is where the algorithm’s K division squared error values
tend to be the smallest. The effect is good when the distribution characteristics of the
clustering results are apparent. The disadvantage of the K-means algorithm is that it can
only be used if the cluster’s mean is pre-defined. Therefore, choosing a suitable initial
centroid is a critical step in the K-means algorithm.
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3.2. Discrete Particle Swarm Optimization (DPSO) Algorithm

The PSO algorithm is proposed for the continuous function optimization problems.
The algorithm is built on a constant domain to optimize the solution [21]. A PSO algorithm
suitable for the discrete binary version is proposed after modifying the basic PSO to solve
the discrete optimization problem. In the DPSO algorithm, the value of each dimension
of the particle’s position vector t is limited to integer zero or one. There is no limit to the
particle’s velocity, but velocity is usually used to characterize the probability that each
dimension in the position vector takes an integer zero or one. If the velocity value v of a
particular dimension j of particle i is larger, the probability that the corresponding position
of the particle takes an integer one is higher. Otherwise, the probability of taking zero is
greater. The sigmoid function conforms to this characteristic, so the sigmoid function is
used in the PSO algorithm to convert the range of the speed v. The function conversion
method is as follows.

sigmoid
(

vj
i(t + 1)

)
=

1

1 + e−vj
i(t+1)

(1)

The sigmoid function increases monotonically on the interval (+∞,−∞). It has a value
of 0.5 at coordinate r = 0. The equation of the discrete binary PSO algorithm based on the
above sigmoid function is as follows. In addition to the particle’s moving speed needing to
be further converted, its basic speed equation and the standard particle swarm algorithm’s
speed equation are as follows.

vj
i(t + 1) = vj

i(t) +
[
c1r1

(
tj
i − xj

i t
)]

+
[
c1r2

(
tj
i − xj

i t
)]

(2)

vj
i(t + 1) = sigmoid

(
vj

i(t + 1)
)

(3)
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vj
i(t + 1) =

{
0, rj

i(t) > vj
i(t + 1)

1, rj
i(t) ≤ vj

i(t + 1)

}
(4)

In Equations (2)–(4), rj
i(t) ∼ ∪(0, 1) represents a random value that follows a normal

distribution. It is mainly used to limit the probability of the speed value. c1 is the initial
center vector and c2 is the largest center vector. In addition, the maximum speed limit is
also preserved in the PSO algorithm. The greater the value of

∣∣∣vj
i(t)
∣∣∣ < VMAX , the greater

the corresponding probability value and the greater the variation probability of the particle
dimension value. From the curve of the sigmoid function f (x) = 1

1+e−vj
i (t+1)

, the value of

the sigmoid function tends to zero and xj
i = 0 when the jth dimension velocity of particle i

is vj
i < 10. Similarly, the value of the sigmoid function tends to one and xj

i = 1 when the

particle’s velocity vj
i > 10. Therefore, it is necessary to limit the maximum speed range to

prevent the algorithm from being stagnant in the search in the process of binary encoding.

3.3. PSO-K-Means Algorithm

The K-means clustering algorithm is considered one of the most influential and pop-
ular data mining algorithms among the AHC algorithms. Despite its popularity, this
algorithm has certain limitations, including issues related to the random initialization of the
centroids. This can lead to unexpected convergence. Therefore, this paper chooses to use
the PSO algorithm to determine the initial centroids of the K-means clustering algorithm.
In this way, the K-means clustering algorithm can select the optimal K value in the marine
environmental protection comment analysis. The optimal analysis results can also be ob-
tained. Here, the combination of the two algorithms is called the PSO-K-means algorithm.
From Figure 2, the number of clusters K is obtained based on the optimal solution obtained
by the PSO algorithm. K-means finds the cluster structure represented by K centroids.

Applying the PSO algorithm to the K-means algorithm can quickly search and accu-
rately find the initial cluster center of the K-means algorithm. The function of evaluating
the clustering effect is taken as the fitness function of the particle swarm. The frequent
word space set Ksst =

(
k1

s , k2
s , k3

s · · · km
s
)T is divided into K categories. Then, the fitness

function is:

g(x) =
√

∑m
i=1 ∑k

j=1

(
ki

s − cj
)2 (5)

In Equation (5), m is the total number of particles in the PSO algorithm and i is the
particle number. k is the initial number of particles in the K-means algorithm. s is the total
number of texts. c is the cluster. j is the number of clusters.

The fitness variance can reflect the convergence degree of the particle swarm and the
group fitness variance can be obtained according to Equation (6).

δ2 =
1
n∑n

i=1

[
g(x)− −g

]
(6)

In Equation (6), g is the population’s average fitness. When δ2 is less than the set
threshold, the fitness value fluctuates less. The particle swarm is in a convergent state. At
this point, terminating the PSO algorithm and executing the K-means algorithm can make
the later convergence speed fast.

PSO-K-means is applied to multi-source network comment mining to explore the
impact of the implementation of international law on marine environmental protection
on global public health. From Figure 3, the review information text is collected first. The
PSO-K-means algorithm is used for cluster analysis and topic extraction to obtain the
analysis after data preprocessing.
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3.4. Preprocessing of Online Comment Data

From Figure 4, comment information mining needs to go through four processes: data
collection, preprocessing, text clustering, and result in analysis. First, the data source of
this analysis is the information related to marine environmental protection obtained from
major social networking and news websites through crawler programs. After preliminary
screening, a total of 5931 data texts are obtained and recorded as the original marine
environmental protection review data set. Secondly, data preprocessing is performed
to extract the information on the features of the online reviews and put them into the
text. Finally, the text is preprocessed to obtain the feature vector, generating compelling
information. In the process of text clustering, the PSO algorithm is used to find the cluster
center intelligently. Then, clustering is implemented using the K-means algorithm. During
the analysis of the clustering results, the marine environmental protection information
after topic extraction is obtained by comparing the relevant high-frequency comments. The
accuracy of the PSO-K-means clustering algorithm in clustering comment information is
evaluated. Then, the algorithm’s performance is analyzed and compared with the pure
K-means algorithm for accuracy convergence. Finally, the application of the algorithm in
practice is evaluated.
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The detailed steps of data preprocessing are as follows.

1. The first is to mark the part of speech. A tokenizer is used to tag high-frequency
words in each comment.

2. The second is to remove stop words. Stop words are meaningless words that need to
be removed. Remove meaningless words (such as am, is, are, and for).

3. The third is to extract valuable words. Proper nouns, verbs, and adjectives are
extracted to ensure that the extracted words have actual meanings and can accurately
express the characteristic information of comments.

4. The fourth is to obtain frequent words. All recorded frequencies are counted. High-
frequency words have a representative role in this description field. Words that are
representative and exceed the word frequency threshold are selected as representative
elements combined with comment elements and high-frequency vocabulary.

A set of documents D(d1, d2, d3 · · · dn) and a set of words W(w1, w2, w3 · · ·wn) are
given. d represents a document and w represents a high-frequency word. Assuming that
the order and position of each word in the text are ignored, a d-w matrix can be formed, as
shown in Equation (7).

A = [n(di, wi)]|D|×|W| (7)

In Equation (7), n(di, wi) represents the word frequency of the word wi in the document
di. In the latent variable set Z(z1z2 · · · zn), z represents the latent variable that has not been
observed. Therefore, d and w are independent of each other and k is based on experience.
The correspondence between the three-level variables of “text-implicit-word” is shown in
Figure 5.
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5. The fifth is the vectorization of representative comment information. Through pre-
processing, the dataset is segmented and stop words removed to turn it into a set of
words. Each comment in the comment dataset is converted into a vector format of
(t1, wi1; t2, wi2 · · · tn, win) to convert textual data into format vector data. tn refers to a
word in a comment. The next is the weight value win that the word has. All articles
are integrated into vector format as input to the PSO-K-means algorithm.
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Additionally, in the performance evaluation of model data mining, word frequency
refers to the frequency of feature words in the text dataset. Recall refers to the proportion of
data in the algorithm that is true positive and judged to be positive. The number of network
comments for feature words can be judged by word frequency and the optimization
performance of different algorithms can be evaluated through recall. Word frequency and
recall can be obtained according to Equations (8) and (9).

Word frequency =
F1
F2

(8)

Recall =
TP

TP + FN
(9)

In Equations (8) and (9), F1 represents the number of occurrences of a particular
phrase in the text. F2 refers to the total number of independent phrases that divide the
dataset text into pieces. TP represents the total number of samples that are actually positive
and predicted to be positive. FN represents the total number of samples that are actually
positive and predicted negative.

3.5. Clustering of Related Online Comment Texts

After processing the original marine environmental protection review data set obtained
above, the relevant online review texts are initialized by the PSO algorithm, as shown in
Figure 6. The remaining objects are divided into the nearest classes according to their
distances from each cluster center and iterate continuously until the function converges.
The original complex comment data set can be normalized and the comment hotspots
from different aspects of the commenting object can be extracted from it. Then, the feature
information extraction of online comments is realized to accurately grasp the hotspots and
key points of the online comments.
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The PSO-K-means clustering algorithm is used to obtain the distance of each vectorized
information from the particle after the noise reduction and vectorization of the comment
information. Then, cluster according to distance. Firstly, the comment vector with the
largest local density is selected from the set as the initial center vector C1 of the maximum
and minimum distance algorithm. The maximum and minimum distance algorithm can
find the center point accurately combined with the reduced candidate vector set. The
distance between other vectors in the dataset and C1 is calculated and the vector C2 with
the largest distance is selected as the second center vector. The distance from each comment
vector to each center vector in the dataset is calculated and denoted as Dij. The minimum
values in Dij are selected to form the minimum distance from the sample to the center vector
set. The largest distance Dw in this set is chosen. In addition, the vector Cw corresponding
to Dw as a new center vector is added to the center vector set to continue to search for the
next center vector until the maximum Dij is satisfied. Meanwhile, Dij is assigned to T1.
The purpose is to select the center of each comment vector as large as possible to avoid
falling into the optimal local solution. Through the cluster analysis stage, multiple clusters
can be obtained. Each cluster represents a hot spot in this review dataset. According to
the corresponding comment vector in each hotspot, the word vector combination with the
largest weight is extracted, representing the hotspot’s main text content. Sorting out the
hotspot information in each cluster realizes the extraction of all hotspot information in this
review dataset.

4. Results and Discussion
4.1. Cluster Analysis of Marine Environmental Reviews

Only 4830 of the original 5931 are left after denoising, deduplication, word segmenta-
tion, stop word filtering, and other text preprocessing operations on the original marine
environmental protection review dataset. When performing text preprocessing operations,
the evaluation command is first issued to the background by any user and the background
system selects the appropriate data range through the functional logic layer. After the
initial population data query is carried out through the data layer, the clustering calculation
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of each item is performed on the model range data. The data of the clustering model is
retained before the judgment operation of the clustering model is performed. After the
original text set is converted into structured data, term clustering and document clustering
are performed on the data set in the cluster analysis process. For the document clustering
process, the representative output term is set to three at a time. K-means cluster analysis is
performed on structured data. The number of initial clusters is set to four, five, and six by
the PSO algorithm. Different K values will have different effects on the clustering results.
The clustering results using PSO-K-means are shown in Table 2.

Table 2. Clustering results of marine environmental protection review data.

Number of Clusters Cluster Feature Word Number

K = 6

1 Pollution, marine, and environment 1956
2 Water quality, resources, and supervision 712
3 Plastic, leaking, and creature 695
4 Life, ship, and development 679
5 Food chain, health, and transportation 476
6 Legislation, ocean currents, and red tides 312

K = 5

1 Pollution, marine, and environment 2214
2 Water quality, resources, and supervision 806
3 Plastic, leaking, and creature 714
4 Life, ship, and development 695
5 Food chain, health, and transportation 401

K = 4

1 Pollution, marine, and environment 2367
2 Water quality, resources, and supervision 984
3 Plastic, leaking, and creature 758
4 Life, ship, and development 721

From Table 1, after clustering analysis of 4830 valid comments, different K values will
output different clustering results. The less the K value is set, the fewer the classification
results of the representative entries and the easier it is to obtain the analysis results. The
larger the K value is set, the more detailed the classification will be and the more complex
the analysis results will be. Furthermore, the clustering time and the number of iterations
are also affected. After preprocessing the comment text and text representation, the feature
items are counted. Figure 7 displays the cluster analysis graph.

For the form of feature item visualization, the word cloud diagram is shown in Figure 8.
“Word cloud” is to visually highlight “keywords” that frequently appear in web texts by
forming a “keyword cloud layer” or “keyword rendering”. There are more than 4000 feature
items in the review set, so the feature items with a word frequency higher than 300 are
used when drawing the word cloud and those with a word frequency lower than 300 are
eliminated. When drawing the word cloud map, a sparsity of 0.98 is selected and 18 high-
frequency feature items are retained to display the relationship between feature items.

From Figure 8, feature items with high frequency are clustered in the middle area
of the word cloud; however, high frequency does not mean important. Although some
feature items are not in the middle area of the word cloud, their importance to comments is
more important than the feature items in the middle area. From the word cloud network
constructed from 18 feature items, the words near the central region are large. This indicates
that its importance is high and the connection between the feature terms is strong.

4.2. PSO-K-Means Algorithm Experimental Evaluation

The selection of the threshold value in the research algorithm directly affects the
clustering effect. Therefore, choosing an appropriate threshold is significant for improving
the clustering effect. Here, the review corpus is used as the training set. The recall is
adjusted to observe the clustering effect. When the recall value reaches the maximum value,
the clustering effect is the best and the value at this time is also used as the threshold. First,
product features for Chinese online products are extracted, filtered, and optimized. The
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similarity between features is calculated using the point mutual information of the equation.
Then, the clustering algorithm is performed. The algorithm selects the maximum recall
value as the final selection threshold. The selection threshold is revealed in Figure 9. From
the figure, when the threshold value is 0.45, the corresponding recall rate is the highest,
which is 88.75%. At this time, the corresponding clustering effect is also the best.
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Figure 9. The effect of different thresholds on the regression rate.

Multi-source web reviews are mined through experimental analysis. Table 3 shows
the performance comparison results of the PSO-K-means algorithm proposed here and the
K-means method only.

Table 3. Comparison of recall rates of two algorithms.

Threshold
Recall

PSO-K-Means K-Means

0.1 0.68 0.68
0.2 0.77 0.76
0.3 0.80 0.79
0.4 0.82 0.81
0.5 0.85 0.83
0.6 0.83 0.83
0.7 0.82 0.81
0.8 0.77 0.77
0.9 0.77 0.75

Table 3 indicates that using the PSO-K-means algorithm has a higher recall rate than
simply using the K-means algorithm. The recall performance of the model represents the
proportion of data in the algorithm that is true positive and judged positive. It can be
seen that the PSO-K-means algorithm has a promising application in the cluster analysis of
related reviews. The main function of PSO is to find the optimal value. The programming
implementation of genetic algorithm is relatively complicated and the utilization rate of
network feedback information is not high. Therefore, the improved optimization algorithm
of K-means + PSO is used here, which has a reference effect on the model experiment of
the big data analysis algorithm.

The accuracy values of the PSO-K-means algorithm and the K-means algorithm under
different thresholds are further analyzed, as shown in Table 4.

Table 4 compares the accuracy values of the PSO-K-means algorithm and the K-means
algorithm. It is found that using the PSO-K-means algorithm has a higher accuracy value
than simply using the K-means algorithm and it reaches 90% with a threshold of 0.5.
Therefore, the PSO-K-means algorithm has application prospects in the cluster analysis of
related reviews. It also has a reference effect on the research of big data analysis algorithms.
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Table 4. Comparative analysis table of accuracy values of the two algorithms.

Accuracy
Threshold

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

PSO-K-means 0.72 0.81 0.85 0.86 0.90 0.88 0.86 0.81 0.81
K-means 0.72 0.80 0.83 0.85 0.87 0.86 0.86 0.81 0.80

Finally, the time required for clustering the PSO-K-means algorithm and the K-means
algorithm under different thresholds is analyzed, as shown in Table 5.

Table 5. Comparative analysis table of the time required for clustering of the two algorithms.

Time (ms)
Threshold

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

PSO-K-means 88.72 84.11 82.03 78.44 77.99 77.72 76.99 76.32 77.62
K-means 89.12 85.01 83.55 81.81 80.13 80.14 78.96 79.02 81.84

Table 5 compares the time required for the PSO-K-means algorithm and the K-means
algorithm at different thresholds. It is found that with the threshold increase, the clustering
completion time of the PSO-K-means algorithm and the K-means algorithm showed a trend
of first decreasing and then rising. Using the PSO-K-means algorithm takes less time than
simply using the K-means algorithm and the time required is only 76.32ms at a threshold
of 0.8. Therefore, the PSO-K-means algorithm can complete the cluster analysis in a shorter
time and the clustering accuracy is better for providing a reference for the research of big
data analysis algorithms.

4.3. Research on the Impact of the Implementation of International Marine Environment Protection
Law on Global Public Health

It is necessary to explore the impact of the implementation of international law on
marine environmental protection on global public health. Years of implementation of
international law on marine environmental protection increase. The frequency of repre-
sentative entries related to public health in relevant comments is counted. Among the
original 5931 reviews, good reviews containing public health-related terms are prepro-
cessed into 2867. The PSO-K-means algorithm is set to perform year statistics on different
time windows; the results are shown in Table 6.

Table 6. Statistics of comment information in different time windows.

Feature Word Years Word Frequency

Health 1982–1992 3
Pollution 1992–2000 16

Environment 2000–2010 491
Legislation 2010–2021 2357

Feature word Years Word frequency

From Table 6, the frequency of public health-related entries in online reviews has
increased yearly with the implementation of the international law on marine environ-
mental protection. Especially after 2000, there has been an explosion of commentary on
marine environmental protection and public health. This is closely related to the improve-
ment of international marine protection law after 2000. Therefore, implementing marine
environmental protection laws is vital in promoting global public health.

14



Int. J. Environ. Res. Public Health 2023, 20, 5130

4.4. Discussion

Gao et al. (2020) studied the application of the PSO algorithm in the K-means algo-
rithm [22]. The PSO-K-means algorithm has good clustering performance and is obviously
superior to the existing classical or most advanced clustering algorithms, which is con-
sistent with the research results of Gao et al. (2020) [22]. In summary, the PSO-K-means
algorithm can efficiently cluster vulnerability data information. It has the characteristics
of high accuracy of the AHC algorithm when applied to the clustering analysis of multi-
source online reviews. The development trend of online public opinion information can be
judged by adjusting the time window of the algorithm to predict the implementation of
the international marine environmental protection law and the global public health image.
The results show that the clustering analysis of marine environment by the PSO-K-means
algorithm can promote the clustering of marine characteristic words, which has a practical
reference value for realizing marine environmental protection and sustainable develop-
ment of marine resources. Furthermore, through the analysis of the international marine
environment, it is found that global warming is one of the possibilities for the deterioration
of the international marine environment. As a result, global warming will be mitigated by
taking measures such as greening urban spaces and improving the quality of green spaces.
This is of great practical significance for establishing healthy communities and can provide
concrete measures for the governance of the international marine environment.

5. Conclusions

In this paper, the PSO-K-means algorithm is designed and, based on this algorithm,
the original marine environmental protection review data set obtained in the network is
mined and analyzed in detail. The results show that the designed algorithm has good
clustering performance and can promote the clustering of marine feature words, thus
promoting the protection of marine environment and the development of global public
health communities. Therefore, mitigating global warming by greening urban spaces
and improving the quality of green spaces is of great significance to establishing healthy
communities and the governance of the international marine environment. The PSO-
K-means algorithm applied to the analysis of online review data is more robust than
traditional methods, which provides ideas for online review data mining. Through this
algorithm, the reactions and opinions of network users can be quickly understood, which
affects the judgment of public social opinion. The combined use of the PSO-K-means
algorithm is better than K-means alone. After the recall rate test, the recall rate of the PSO-
K-means algorithm can reach 88.75%. Therefore, the PSO-K-means algorithm has a good
application prospect. However, there are still many details in the process of information
processing that are not considered carefully. The solutions to many problems still need to
be improved. The effect of data preprocessing to eliminate invalid comments needs to be
further strengthened. The visualization of analysis results still needs improvement. This
will also be an important research direction for future related work.
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Abstract: The practice of rural construction has been exploring and trying to adapt to the needs of
rural development in various periods. In recent years, under the attention and promotion of the
central policy, various social forces have joined the ranks of rural construction, and art intervention
in rural construction has begun as a new method. Entering the public eye, it deeply intervenes in
the construction and development of the countryside in a more gentle way, from the key point of
interaction between the social and cultural orientation and the material needs of the countryside.
However, most of the art interventions in rural construction practice only unilaterally use artistic
techniques to beautify local areas or display works, without realizing the hidden artistic and cultural
value of the village and ignoring the participation and role of the villagers in the whole process. After
the construction is completed, once the foreign construction forces are withdrawn, the development
of the village will stagnate. Therefore, mobilizing the main body of rural construction (original
villagers) to participate in the joint construction of the village is an important link to solve the current
problems of art intervening in the construction of rural settlements.

Keywords: cultural image; rural environment; art construction; applied research

1. Introduction

At the beginning of the new journey of building a well-off society in my country, the
rural foundation was weak. At the Fifth Plenary Session of the 16th Central Committee of
the Communist Party of China, the goal of building a new countryside was put forward—
production development, affluent living, civilized rural customs, clean and tidy village
appearance, and democratic management. Entering a new era of socialism, in 2020, when
the first centenary goal is about to be achieved, the main social contradictions have changed.
Compared with the general requirements for the construction of new countryside at the
Fifth Plenary Session of the 16th Central Committee of the Communist Party of China, in
addition to “township and civilization”, the changes in the deepening of connotation are
reflected for the first time. Rural development has risen to a strategic height. In recent
years, research on rural revitalization has shown a spurt of growth [1]. Traditional villages
have paid a large price in the transformation and development of modernization. The 19th
National Congress of the Communist Party of China provided an important action guide for
rural development in the new era, pointing out that rural development should implement
the rural revitalization strategy. Sociologists, artists, local sages, and other experts from all
walks of life have also invested in rural construction projects. Various projects related to
art rural construction are also in full swing. With the advancement of new urbanization,
the state pays great attention to rural issues, rural economy, and rural construction [2].
Cognition and thinking should be a special study that combines rural art practice with
the specific concept of rural landscape sites [3].In the context of the rapid development of
rural revitalization in China, the homogeneity of its cultural and environmental perception
products is relatively serious. The article analyzes the cultural image and the professional
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method of visual communication in the rural environment, integrates the construction of
the rural environment of the plastic arts intervention institution, and will ultimately bring
you to experience the spiritual meaning of local culture in the environmental perception,
leading you to have the aesthetic feeling of the scenery.

2. Relevant Theoretical Basis
2.1. Rural Revitalization

A village refers to a village or village settlement, a regional complex with natural,
social, and economic characteristics, and has multiple functions such as production, life,
ecology, and culture. The rural revitalization strategy is the strategy put forward by
President Xi Jinping in the report of the 19th National Congress of the Communist Party
of China. Efforts will be made to solve outstanding problems such as insufficient and
comprehensive rural development. At the same time, the rural revitalization strategy
is proposed on the basis of a profound understanding of China’s urban-rural relations,
evolution trends, and laws.

2.2. Art Creation

The modern Chinese dictionary explains the word “intervention” in this way: inter-
vention means going deep into it and intervening [4]. The positive experience of real life
endows the real significance of art intervention, which is mainly reflected in two aspects as
shown in Table 1: on the one hand, art that can integrate its own life experience and care
for real life is an art activity that can be inherited; “Art intervention” has the intervention
of independent personality, the spirit of criticism, the courage to participate in society,
promote communication, and enhance the sense of identity [5].

Table 1. Two aspects of artistic involvement.

Dimensions Intervention Features

Dimensions in terms of art Gives art a greater possibility of inheritance

Life aspects Make life more artistic

When art intervenes, the creator does not produce an “art product”, but forms a
larger social event through the effectiveness of design art. They have an effective influ-
ence, causing people to think about related topics perception, so as to effectively intervene
and reshape current social events. At the end of the 20th century, a community building
movement emerged in Taiwan [6]. This community movement not only transforms the
space environment, but also pays attention to the participation of community residents in
public affairs, the happiness index in life, and the aesthetic perception of the community
environment. The concept coincides with the concept of art intervention in rural construc-
tion under the concept of co-construction in this article. The community building of Tugou
Village lets art connect residents’ lives and production spaces, so that villagers can feel the
beauty brought by art to the community and actively participate in the public activities of
building the community. The process of art entering into rural environment construction is
shown in Figure 1:
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2.3. Rural Landscape Environment

Rural landscape can be defined as a landscape space with human settlements and
related behaviors in addition to urban landscapes. The core of rural landscape is rural settle-
ment landscape. The landscape environment complex involves the individual architectural
features, house structure, settlement pattern, etc., of rural settlements. It involves the envi-
ronmental characteristics of the external space of the settlement, including the connection
system with the external landscape environment [7]. In this study, the rural landscape
environment with artistic intervention is a sustainable rural landscape environment that has
an efficient artificial ecosystem, maintains the integrity and diversity of natural landscapes,
and can inherit rural regional culture and a good rural living environment. In the face of
the traditional architecture and landscape pattern of traditional villages being eroded by
modern styles, traditional culture has been broken by modern life, and handmade products
have lost their status as necessities of life and have been replaced by industrialized and
machined products. Along with all these factors, the inherent living soil possessed by the
countryside is losing its inheritance. It is in the embarrassing situation of being assimilated
by urban culture.

2.4. Jointly Create Ideas

Based on the “people-oriented” living environment construction theory, the Ministry
of Housing and Urban-Rural Development creatively put forward the concept of joint
construction in response to community governance issues. The Ministry of Housing and
Urban-Rural Development officially clarified the jointly created theory and implementation
model in relevant documents and promoted the transformation of environmental construc-
tion from government-led to multi-party participation. In 2014, the concept of co-creation
was applied to practice for the first time in the reconstruction and construction of old urban
communities in Xiamen and achieved remarkable results.

Participation is the essence of co-creation. The innovation of this concept lies in the
formation of a new governance model with villagers as the main body, decision-making,
development, construction, construction, effect evaluation, and achievement sharing to
solve the stubborn problems that hinder rural development. In this whole process, the
status and role of the government and designers have changed compared with the past.
They are no longer decision-makers, but the main participants, in guiding villagers to
build beautiful homes. The application of the concept of co-creation in rural construction is
conducive to accelerating the process of rural revitalization. The most important thing is
to arouse the villagers’ subject consciousness, which is the key to solving the problem of
rural development.
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3. Research on the Application of Cultural Intention and Visual Communication
Design in Rural Environment
3.1. Systematic “Five Blessings” Cultural Image

The application of cultural intention and visual communication design in rural envi-
ronment is very extensive. Taking Zhanzishi Village in southeast Hubei as an example, the
cultural intention of “Five Blessings” has been applied in various fields such as architecture
and tourism. In the process of the construction of Chinese rural culture and local natural
environment, the “auspicious” psychological state is widespread. Integrating the inter-
pretation of the regional cultural markers of Zhanzishi Village, its regional culture has an
inherent systematization. The local natural environment culture shows the comprehensive
traditional Chinese “five blessings” culture. This value concept was handed down from
Chongqing’s historical time and is not a reflection of the local living subject’s behavior
norms. It forms a cultural artistic conception of “Shun”, “De”, “Gui”, “Fu”, “Shou”, and
one by one. For example, the sweet persimmons match everything well and the number one
bridge and the number one Lang pavilion match the spirit essence of the ten years of hard
study. The capital bridge represents the pursuit of perfection of capital, the good official
bridge metaphor the official life, the immortal bridge metaphor refers to the cultivation of
immortality, which has extremely rich and very practical content.

3.2. Organization of Cultural System: Construct the Sequence of Virtual and Real Space

The comprehensive “Five Blessings” cultural artistic conception of Zhanzishi Village
is integrated and the bridge section organization strategy of its garden landscape spatial
sequence is carried out in the following manner: 1. Refine a clear cultural theme style
and make it a clue to the structure of institutional environment art space; 2. The design
scheme has an ingenious rhythmic sequence. This is similar to the traditional garden design
principle of “layout planning”.

The aesthetic sequence rhythm of natural environment space is regularly changed
and reflected by the cultural elements or cultural modules in each space according to the
designer’s orientation. The connection point of environmental art and the base price of
the art site are set up according to the “life situation” and the traditional “five blessings”
culture in the local culture. In the space language described by the regional culture, the
Xianren River in Zhanzishi Village is the boundary of Wu Haiying. The south bank is
the noisy vulgar, and the south bank is the spiritual spectacle. The four roads (“virtue”,
“expensive”, “rich”, and “smooth”) all take the four “bridges” in the Xianren River as the
starting point to open the different life realm of life. When we are accompanied by the
winding rise of the countryside, the natural scenery along the line implies the warning of
life, and there will be some fatigue and embarrassment along the way. The design of tourist
attractions along these four roads focuses on the movement track of life. When reaching
the end point, you can only choose one road (“longevity”) to go out of the mountain. It
also implies that it is inevitable: however, it is not a pity, and life is not happy.

4. Problems in the Creation of Rural Environmental Art
4.1. The Main Needs and Artistic Input Are Not Equal

Differences in growth environment, knowledge structure, artistic accomplishment,
etc., lead to different attitudes of artists and villagers towards the countryside. Artists often
consider how to activate the rural history and culture through their own creations, so as
to reflect the cultural value of their works. It is easy to forget that the villagers are the
creators of local culture, ignoring the subjective status of the villagers [8]. Therefore, it is
difficult for artists to create art based on the actual needs of the villagers, which to a certain
extent, discourages villagers from having positive attitudes towards art intervention. As
the cultural level and aesthetic level are not generally high, the art creations performed
by artists in the villages are only an “unknown way” to increase income in the eyes of the
villagers. It is difficult for the villagers to participate in the project and create together with
the artists. Art intervenes in the countryside to activate culture. The ideal is always the
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“wishful thinking” of the artist. In recent years, the Chinese government has vigorously
advocated the protection and planning of traditional historical villages. More and more
villages have been included in the list of protection and planning, as shown in Table 2:

Table 2. Preparatory stage.

Preliminary
Preparation Steps Project Approval Event Planning In-Depth

Research
Information
Collection Data Analysis

Participating
subject

Government,
designers, villagers

Government,
designers, villagers

Government,
designers, villagers

Government,
designers, villagers Analyst

Main content

In view of the goal
of village

construction, all
parties discussed

together

Before entering the
village to carry out
work, carry out a
series of publicity
activities that can

bring the
relationship
between the

villagers closer
together

Comprehensive
and in-depth

understanding of
various elements

in the countryside,
including

environment,
architecture,

villagers,
production, and

living organization

Organize and
record research

data

Objective and
comprehensive

analysis of survey
data

Work method Hold a meeting

Public welfare
activities,

volunteers in the
village to explain

Interviews,
questionnaires,

surveys,
participatory
observation,
developing

detailed survey
checklists

Drone shooting,
GIS geographic

information
system, on-site
photo shooting

SWOT analysis,
chart analysis

4.2. Insufficient Participation of Villagers

The lack of attention to the subjectivity of the villagers makes the reality of rural
development and artistic input unequal, which in turn, leads to a very low participation of
villagers in the process of artistic intervention [9]. In the final analysis, art intervention in
rural construction should take villagers as the main body and give full play to the wisdom
and creativity of villagers. Participation methods also need to be improved. The current
organizational form is shown in Table 3 below:

Table 3. Comparison of the process of rural construction with traditional art and rural construction
under the concept of co-construction.

Compare Content Traditional Art Intervenes in Rural
Environment Construction

Artistic Intervention in Rural
Construction under the Concept of

Joint Construction

Participating subject Government, artist, designer Villagers, government, artists, social
institutions, village organizations

Way of participation Top down Bottom-up, diverse collaboration

Participation time Not stationed in the village Resident in the village, participating in
the whole process of construction

5. Research Results and Suggestions
5.1. Research Results and Reason Analysis
5.1.1. “Source”—Extraction of Original Rural Site Information

The countryside is the birthplace of traditional culture. After the intervention of art in
the construction, to a certain extent, cultural customs have been restored and continued,
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and the sustenance of rural culture and emotions has been preserved. It is also a way to
show rural history and culture to the new generation of people. The rural environment
has attracted urban residents to visit because of the intervention of art and the charm of
the countryside. Tourists see the brilliance of traditional farming culture in the new era.
Not only did the countryside win attention, but the rural culture was also valued. Villagers
also felt different spaces and concepts due to the intervention of art [10]. Art is the best
glue between urban and rural areas. It allows urban and rural cultures to communicate
with each other, allowing art to penetrate deeply into the countryside and make it regain
its brilliance.

Where does the “source” come from? It can be understood as the “raw material” of the
countryside. When art intervenes in the countryside, artists have already appeared here,
and the scene needs to exist. The scene is equivalent to the identity of “raw material” to a
large extent. The artist needs to obtain information from the “source”, which is the artist’s
creative method and inspiration source. In the process of the artist’s creation, there will be
two “source” creation paths. One is that the artist abandons the extraction and refinement
of the “source” and insists that his own creation has nothing to do with the original venue
and audience; here, the artist does not care about the original source. The venue is dynamic.
On the other hand, the artist’s creative path reflects that some artists insist that, in their
artistic creation, they must understand the local situation, have a thorough understanding
of the “source”, and extract the corresponding cultural element symbols from it. Then, the
direction of artistic creation can be determined: see Figure 2.

Int. J. Environ. Res. Public Health 2023, 19, x  6 of 12 
 

 

and the sustenance of rural culture and emotions has been preserved. It is also a way to 
show rural history and culture to the new generation of people. The rural environment 
has attracted urban residents to visit because of the intervention of art and the charm of 
the countryside. Tourists see the brilliance of traditional farming culture in the new era. 
Not only did the countryside win attention, but the rural culture was also valued. Villag-
ers also felt different spaces and concepts due to the intervention of art [10]. Art is the best 
glue between urban and rural areas. It allows urban and rural cultures to communicate 
with each other, allowing art to penetrate deeply into the countryside and make it regain 
its brilliance. 

Where does the “source” come from? It can be understood as the “raw material” of 
the countryside. When art intervenes in the countryside, artists have already appeared 
here, and the scene needs to exist. The scene is equivalent to the identity of “raw material” 
to a large extent. The artist needs to obtain information from the “source”, which is the 
artist’s creative method and inspiration source. In the process of the artist’s creation, there 
will be two “source” creation paths. One is that the artist abandons the extraction and 
refinement of the “source” and insists that his own creation has nothing to do with the 
original venue and audience; here, the artist does not care about the original source. The 
venue is dynamic. On the other hand, the artist’s creative path reflects that some artists 
insist that, in their artistic creation, they must understand the local situation, have a thor-
ough understanding of the “source”, and extract the corresponding cultural element sym-
bols from it. Then, the direction of artistic creation can be determined: see Figure 2. 

 
Figure 2. “Source” authoring path. 

5.1.2. “Sink”—the Output of Rural Site Information 
In the process of rural construction, traditional rural residential buildings are often 

considered to be “shabby houses” and are demolished. The effect of the construction no 
longer has the taste of the countryside and loses the traditional cultural characteristics of 
the countryside. Under the concept of co-construction, art intervention in the rural envi-
ronment is not a cultural invasion, but a benign guidance [11]. Artists and designers 
should gradually change the villagers’ perception of rural things through the intervention 
of art, have a certain understanding of the rural aesthetic standards, and learn how to 
express their own aesthetic ideas. When the overall aesthetic level of the village is im-
proved, the traditional culture of the village can be continued well. 

The output of “Hui” about rural site information also means that we need to think 
about what kind of products we can provide when designing and creating. Taking the 
land landscape as an example, the vast rural land is increasingly favored by artists to cre-
ate land art. This is a transformation of the content of the rural space after the intervention 
of art. The vast land has been freed from agricultural production. The environment is 
bound, and the remodeling into a work of art through design art should be promoted. In 

Figure 2. “Source” authoring path.

5.1.2. “Sink”—The Output of Rural Site Information

In the process of rural construction, traditional rural residential buildings are often
considered to be “shabby houses” and are demolished. The effect of the construction no
longer has the taste of the countryside and loses the traditional cultural characteristics
of the countryside. Under the concept of co-construction, art intervention in the rural
environment is not a cultural invasion, but a benign guidance [11]. Artists and designers
should gradually change the villagers’ perception of rural things through the intervention
of art, have a certain understanding of the rural aesthetic standards, and learn how to
express their own aesthetic ideas. When the overall aesthetic level of the village is improved,
the traditional culture of the village can be continued well.

The output of “Hui” about rural site information also means that we need to think
about what kind of products we can provide when designing and creating. Taking the land
landscape as an example, the vast rural land is increasingly favored by artists to create land
art. This is a transformation of the content of the rural space after the intervention of art.
The vast land has been freed from agricultural production. The environment is bound, and
the remodeling into a work of art through design art should be promoted. In the work
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of art, the environment itself must be purified. The landscape should also be purified to
slightly weaken the things that are too artificial.

5.1.3. “Field”—To Create the Presence of Rural Space

The place represents the viewpoint and vision of the rural users. The place shows
memory through time and changes, and time will leave a memory in the spiritual space of
the place [12–15]. When a work of art is involved in rural practice, the external material and
internal spiritual connotation depend, to a large extent, on the particularity of the realized
spatial landscape environment. The spatial scale, spatial texture, and local materials in
the rural landscape environment all play an important role. The symbolic value in the
rural place reflects the accumulation of spiritual connotation value and represents the rural
spiritual place. The spirit of the place in the spiritual place carries the sense of belonging
and identity in the rural space and place. The type of field is shown in Figure 3.

Int. J. Environ. Res. Public Health 2023, 19, x  7 of 12 
 

 

the work of art, the environment itself must be purified. The landscape should also be 
purified to slightly weaken the things that are too artificial.  

5.1.3. “Field”—to Create the Presence of Rural Space 
The place represents the viewpoint and vision of the rural users. The place shows 

memory through time and changes, and time will leave a memory in the spiritual space 
of the place [12–15]. When a work of art is involved in rural practice, the external material 
and internal spiritual connotation depend, to a large extent, on the particularity of the 
realized spatial landscape environment. The spatial scale, spatial texture, and local mate-
rials in the rural landscape environment all play an important role. The symbolic value in 
the rural place reflects the accumulation of spiritual connotation value and represents the 
rural spiritual place. The spirit of the place in the spiritual place carries the sense of be-
longing and identity in the rural space and place. The type of field is shown in Figure 3. 

 
Figure 3. Types of “fields”. 

Farming is the most traditional way of production in rural areas, and agriculture has 
been a pillar industry in Chinese rural areas since ancient times. However, after the social 
development and progress of today, farmers are no longer willing to go to the fields; re-
lying on growing crops cannot bring better economic benefits. The traditional rural farm-
ing culture is in crisis. Should art intervene in the countryside, and should it change the 
rural status quo of the industrial structure dominated by agriculture? The answer is neg-
ative. When art intervenes in rural construction, we should first protect the traditional 
rural farming culture. Then, under the guidance of the concept of joint construction, we 
should combine the secondary and tertiary industries to realize the linkage of multiple 
industries, coordinated development, and improve the endogenous development mo-
mentum of rural areas. This should be done to create their own industries and brands and 
integrate art into the rural environment: see Figure 4. 

Figure 3. Types of “fields”.

Farming is the most traditional way of production in rural areas, and agriculture has
been a pillar industry in Chinese rural areas since ancient times. However, after the social
development and progress of today, farmers are no longer willing to go to the fields; relying
on growing crops cannot bring better economic benefits. The traditional rural farming
culture is in crisis. Should art intervene in the countryside, and should it change the rural
status quo of the industrial structure dominated by agriculture? The answer is negative.
When art intervenes in rural construction, we should first protect the traditional rural
farming culture. Then, under the guidance of the concept of joint construction, we should
combine the secondary and tertiary industries to realize the linkage of multiple industries,
coordinated development, and improve the endogenous development momentum of rural
areas. This should be done to create their own industries and brands and integrate art into
the rural environment: see Figure 4.
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5.2. The Design Method of Art Intervening in Rural Environment
5.2.1. Co-Participation in the Design Process—Bottom-Up, Multi-Collaboration

In the past, when art intervened in rural environment construction, artists or designers
led the construction plan. However, farmers hardly participated in the entire construction
process [16]. Although this “all-in-one” intervention method can quickly improve the
appearance of the village, it cannot stimulate the villagers’ sense of belonging and responsi-
bility to their homes. In the later maintenance stage after the construction is completed, it is
difficult for the villagers to spontaneously maintain the construction results and buildings.
The effect is far less effective than expected. Under the concept of co-construction, art inter-
vention in rural environmental construction must change the conventional construction
method, guide villagers to actively participate in the construction of their homes, allow
designers to participate in design guidance and services throughout the process, and form
a bottom-up design process model with the government. More attention should be paid to
the cultivation of the participation process, so that the villagers can truly participate in the
construction of their homes.

The government, designers, and villagers participate in the whole process of the
construction process. First, they can understand the advantages and disadvantages of
the village and the actual needs of the villagers in more detail. Then, they can have an
impact on the direction of the village’s development. The second is to better coordinate
the relationship between the government, designers, villagers, social forces, and other
parties. Third, it can not only complete the transformation of environmental space, but also
promotes industrial upgrading, enhances the self-governance ability of the village, and
finally realizes sustainable development of the village.

5.2.2. Common Progress of Design Concepts—Artistic Vision of the Countryside

The difficulty of rural construction lies in “people”, and the difficulty of art rural
construction is more prominent in “people”, because there have always been different
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opinions in terms of aesthetic awareness. The aesthetic concepts of villagers and artists are
often completely different, and their ideas are inconsistent. How can they move towards
the same goal? The first step in the design of rural environment under the concept of
joint construction is to change the concept of villagers, look at the countryside from an
artistic perspective, re-understand the value of the countryside, and re-understand the
wisdom of the countryside [17]. The success of Japanese art village construction lies in the
fundamental change in the concept of farmers.

Rural revitalization is essentially rooted in the cultural customs, the way of life, and the
villagers’ inheritance of traditional handicraft skills. The seemingly random and irregular
construction in the countryside contains the traditional construction techniques of local
dwellings and conveys the cultural attributes and regionality of the village itself. Craftsmen
with traditional craftsmanship in the countryside use their own craftsmanship and wisdom
to build village houses, manufacture living utensils, and connect rural life. Before the
reconstruction of the village, it is necessary for artists, designers, and villagers to regain the
wisdom of the functional layout of the rural space and the traditional rural craftsmanship
to awaken the rural memory. In my country’s traditional villages, the spatial texture of the
village looks natural, but it is also the most reasonable. The location of each building, the
location of the village entrance, and the location of the ancestral temple have their own
rules of development. From any angle, the wisdom of the countryside is revealed [18].

5.2.3. The Beginning of the Change of Design Concept—Starting from the Needs of the
Villagers

In the previous construction, designers and artists simply took “beautiful and livable”
as the goal of village construction. They think that as long as the living space environment
of the villagers is improved, the living standards of the villagers can be improved, and the
village can develop. However, only focusing on the “appearance” of rural construction can-
not make the road of rural construction go very far, and some villages have even stopped
developing. To realize the transformation from “beautiful and livable” to sustainable devel-
opment of rural construction, designers and artists need to start from the actual problems of
the village, change their design thinking, and explore more effective construction methods
for the countryside. Starting from the foundation of rural industries, creating opportu-
nities for industrial development created by multiple functions is a necessary condition
to stimulate the enthusiasm of village development. According to the actual conditions
of different villages, the feasibility of rural industry cultivation should be investigated,
existing industries should be continued, and new industries that can be cultivated should
be added; this will stimulate the endogenous power of village revitalization.

Rural environment designers, under the guidance of the concept of co-construction,
should abandon the ideal thinking of rural construction, listen to the real voice of the village,
face the actual demands of the villagers, and let the designers truly serve the village. In this
way, the enthusiasm of the villagers will be mobilized and devoted to home construction,
as shown in Figure 5.
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5.2.4. Mutual Transfer of Design Ideas—An Easy-to-Communicate Way of Expression

In the past, in cases of art intervention in rural environment construction, participation
of villagers in the design stage was very low. One of the important reasons was that
the ideas of designers, artists, and villagers were not well communicated to each other.
Designers and artists cannot stand in the position of villagers, and the villagers cannot
understand and accept the ideas of designers and artists. Therefore, it is important for art
to intervene in the rural environment under the concept of joint construction to make it
easier for both parties to obtain each other’s ideas and information [19].

The common way of expressing the environmental design scheme is to use a computer
to construct a site model and to render the design. This method is suitable for use in the
city, but it does not seem to be the best method for the countryside. The more acceptable
way of expressing drawings for villagers is the complete integration of the design scheme
and the actual site. The designer draws the design ideas directly from the photos of the
original site and compares them before and after the renovation. This reflects the design
effect more intuitively [20].

6. Conclusions

Taking Zhanzishi Village in southeastern Hubei Province as an example, this paper
analyzes the purpose of cultural intention and visual communication design of the rural
environment. On the one hand, the village environment is beautiful, and the villagers’ hap-
piness index is improved; On the other hand, we should develop rural tourism and improve
the economic situation of the villagers. In the new era, the purpose of rural environmental
art design is to improve the quality of rural residential environment. With the strong devel-
opment trend of Chinese cities, rural areas are slowly trapped in green ecological dilemma
and aesthetic misconceptions. In many places, the problem of simplification is more serious
in the process of development, ignoring the establishment of the existing rural aesthetic
situation and the overall level of rural environmental art design in the new countryside.
As the level of global integration and economic development globalization continues to
increase, the traditional farming culture and technology in China have been greatly affected.
The inadequate and uneven development of regions and cities has seriously affected the
rural living environment, and traditional rural aesthetic culture and art have been severely
tested. “Beautiful rural construction” should be realized from time to time to inject new
vitality into the new rural infrastructure, generally learn the experience and lessons of
urban infrastructure, and use visual communication art introduction to highly combine
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aesthetics. It can improve the quality of rural plastic arts, the natural environment, and
technology on the premise of meeting the growing material civilization and cultural needs
of farmers. Therefore, the new rural environmental art design and visual communication
must actively refer to the experience and lessons of the city. It should use the improvement
of local comprehensiveness as a guidance, reflect the progressive atmosphere of the times,
and promote the effective development of the new rural environmental art design and
visual communication work. This should be done on the premise of meeting the chemical
life vision of farmers.

Author Contributions: Conceptualization, methodology, F.L.; software, validation, B.L.; formal
analysis, investigation, resources, data curation, K.M.; writing—original draft preparation, F.L.;
writing—review and editing, F.L.; visualization, B.L.; supervision, K.M.; project administration, F.L.;
funding acquisition, B.L. All authors have read and agreed to the published version of the manuscript.

Funding: The research is supported by: Annual Project of Shaanxi Social Science Fund “Research on
Public Art Intervention Path Based on Rural Spatial Cultural Identity in Guanzhong Area” (Project
No.: 2021J047). Special scientific Research Project of Education Department of Shaanxi Province:
Systematic design of cultural and creative products of red Culture tourism in northern Shaanxi project
(Project No.: 20JK0076). Project of Shaanxi Province to improve public Science Quality (Project No.:
2021PSL131).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The labeled data set used to support the findings of this study is
available from the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shams, S.; Asl, M.R.S. An Analysis of Earthquake Preparedness in Tehran with Emphasis on the Resilience Theory (Case Study of

Tehran District 4). J. Hous. Rural. Environ. JHRE 2020, 39, 129–144.
2. Ionescu, C.; Malit,a, M.A.; Perieanu, V.S, .; Burlibas, a, M.; Dina, M.N.; Costea, R.; Perieanu, M.V.; Costea, R.; Babiuc, I.; Beuran,

I.A.; et al. Treatments’ Complexity in Dental Care Assistance, Urban Versus Rural Environment—Preliminary Study. Acta Med.
Transilv. 2021, 26, 75–78. [CrossRef]

3. Ansari, A.H.M.; Umar, R.; Us Saba, N.; Sarah, S. Assessment of Current and Future Groundwater Stress through Varied Scenario
Projections in Urban and Rural Environment in Parts of Meerut District, Uttar Pradesh in Ganges Sub-Basin. J. Geol. Soc. India
2021, 97, 927–934. [CrossRef]

4. Yin, Y.; Yin, H.P. Study on Impacts of Mining Development in Wanjiang City Belt on Urban and Rural Environment. IOP Conf. Ser.
Earth Environ. Sci. 2021, 831, 012053. [CrossRef]

5. Nipen, M.; Vogt, R.D.; Bohlin-Nizzetto, P.; Borgå, K.; Mwakalapa, E.B.; Borgen, A.R.; Jørgensen, S.J.; Ntapanta, S.M.; Mmochi, A.J.;
Schlabach, M.; et al. Spatial trends of chlorinated paraffins and dechloranes in air and soil in a tropical urban, suburban, and
rural environment. Environ. Pollut. 2021, 292, 99–105. [CrossRef] [PubMed]

6. Wang, H. Filling the Distance between Village and Art with Footsteps—Taiwan Professor Wu Lixing’s Rural Revitalization Road.
Taisheng 2021, 16, 76–77.

7. Reed, K.; Reed, B.; Bailey, J.; Beattie, K.; Lynch, E.; Thompson, J.; Vines, R.; Wong, K.C.; McCrossin, T.; Wilson, R. Interprofessional
education in the rural environment to enhance multidisciplinary care in future practice: Breaking down silos in tertiary health
education. Aust. J. Rural. Health 2021, 29, 127–136. [CrossRef] [PubMed]

8. Moraitis, N.; Tsipi, L.; Vouyioukas, D.; Gkioni, A.; Louvros, S. Performance evaluation of machine learning methods for path loss
prediction in rural environment at 3.7 GHz. Wirel. Netw. 2021, 27, 4169–4188. [CrossRef]

9. Liu, P.; Qi, S.; Li, D.; Ravenscroft, N. Promoting agricultural innovation as a means of improving China’s rural environment. J.
Environ. Manag. 2020, 280, 111675. [CrossRef] [PubMed]

10. Liu, Y.; Liang, X. Application of Chinese Regional Traditional Cultural Elements in New Rural Landscape Design. IOP Conf. Ser.
Earth Environ. Sci. 2020, 598, 012043. [CrossRef]

11. Moncho, M.; Palomar-Abril, V.; Soria-Comes, T. Palliative Care Unit at Home: Impact on Quality of Life in Cancer Patients at the
End of Life in a Rural Environment. Am. J. Hosp. Palliat. Med. 2022, 39, 523–529. [CrossRef] [PubMed]

12. Al-Gohary, A.M.; Attia, E.A.; El-Shennawy, L.H. Training Needs for Female Agricultural Extension Agents in Planning Extension
Programs to Preserve the Rural Environment in Gharbia Governorate. Alex. Sci. Exch. J. 2021, 42, 1127–1141.

27



Int. J. Environ. Res. Public Health 2023, 20, 4001

13. Omoze, E.L.; Edeko, F.O. Statistical tuning of cost 231 Hata model in deployed 1800mhz GSM networks for a rural environment.
Niger. J. Technol. 2021, 39, 1216–1222. [CrossRef]

14. Yang, Y. Exploration on the Path of Intangible Cultural Heritage Endowed Beautiful Rural Construction From the Perspective of
Art Education—The case of Yunfu Stone Art. In Proceedings of the 2nd International Conference on Literature, Art and Human
Development (ICLAHD 2020), Xiamen, China, 23–25 October 2020; Advances in Social Science, Education and Humanities
Research. Atlantis Press: Amsterdam, The Netherlands, 2020. [CrossRef]

15. Wan, A.; Qi, X.; Yue, W.; Tu, R. Construction and case verification of rural environmental value-added evaluation system. Environ.
Dev. Sustain. 2022, 24, 116–123.

16. Ao, Y.; Martek, I. Public Satisfaction-Based Performance Appraisal of Rural Infrastructure Construction. In Rural Built Environment
of Sichuan Province, China; Springer: Singapore, 2020. [CrossRef]

17. Zhi, L.I.; Mao, H.Y. Discussion on Residents’ Satisfaction with Rural Cultural Construction in Poverty-stricken Areas and Its
Promotion Countermeasures: A Survey Based on Chongqing. J. Chongqing Technol. Bus. Univ. (Soc. Sci. Ed.) 2020, 55, 16–22.

18. Zhu, H.; Wang, Z. Construction and Research of Formative Evaluation System in Fine Art Classroom Teaching in Rural Primary
Schools. Asian Agric. Res. 2020, 12, 77–84.

19. Brycht, N. Construction Waste Management in Rural Areas of the Czestochowa District in the Aspect of Environmental Safety.
Conf. Qual. Prod. Improv. CQPI 2020, 2, 60–68.

20. Amerani, E.; Partalidou, M. The construction of the rural through social media: An imaged-based methodology to understand
perceptions for the Greek countryside. Int. J. Sustain. Agric. Manag. Inform. 2020, 6, 250–260. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

28



Citation: Yang, Y.; Jiang, Z.; Hou, Y.;

Wang, H.; Wang, Z. Healthy City

Community Space-Oriented

Structural Planning and Management

Optimization under COVID-19. Int. J.

Environ. Res. Public Health 2023, 20,

3863. https://doi.org/10.3390/

ijerph20053863

Academic Editors: Hongxiao Liu,

Tong Wu and Yuan Li

Received: 5 January 2023

Revised: 19 February 2023

Accepted: 20 February 2023

Published: 21 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Healthy City Community Space-Oriented Structural Planning
and Management Optimization under COVID-19
Ya Yang 1,†, Zhengyu Jiang 2, Yawei Hou 3, Huaxing Wang 4,5,* and Zeyu Wang 6,†

1 School of Architecture & Urban Planning, Anhui Jianzhu University, Hefei 230009, China
2 School of Economics and Finance, Xi’an Jiaotong University, Xi’an 710061, China
3 School of Mechanics and Civil Engineering, China University of Mining and Technology,

Xuzhou 221116, China
4 Law School, Hangzhou City University, Hangzhou 310000, China
5 School of Economics, Zhejiang University, Hangzhou 310000, China
6 School of Public Administration, Guangzhou University, Guangzhou 510006, China
* Correspondence: 18603848020@163.com
† These authors contributed equally to this work.

Abstract: This work studies ways of Healthy City Construction (HCC) and Urban Governance
Optimization (UGO) during the COVID-19 pandemic. The specific urban community space planning
structure is proposed following a literature review on the healthy city’s theoretical basis and historical
development. Then, the proposed HCC-oriented community space structure is tested by surveying
residents’ physical and mental health and infectious risk using a questionnaire survey and Particle
Swarm Optimization (PSO). Specifically, the particle fitness is calculated according to the original data
conditions, and the community space with the highest fitness is determined. Based on the calculation,
the community space’s neighbors are investigated from different aspects through a questionnaire
survey on patients’ daily activities and community health security coverage. The results showed that:
(1) The score of daily activities of community patients with respiratory diseases was 2312 before the
implementation of the proposed community structure and 2715 after the implementation. Therefore,
the service quality of residents increases after implementation. (2) The proposed HCC-oriented
community space structure improves the physical self-control ability of chronic patients and helps
them reduce their pain. This work aims to create a people-oriented healthy city community space,
improve the city’s “immune system,” and regenerate the energy and environmental sustainability of
the urban living environment.

Keywords: healthy city; health security; Community spatial structure planning; community space

1. Introduction

Since early 2020, countless human, financial, and material resources have been invested
in disease control and prevention with the outbreak of the Corona Virus Disease 2019
(COVID-19) pandemic. The pandemic has aroused panic among the population and has
also rung an alarming bell against humans to protect their health better against diseases
while pursuing economic development [1]. This is especially true for urban residents who
live in extremely crowded community spaces with relatively fewer health facilities and
inadequate medical services. Thus, the voice for a Healthy City Construction (HCC) is
a rising concern for public health [2]. The HCC involves community space planning and
intelligent management on a legal basis, among others. Its ultimate goal is to safeguard the
resident’s health and safety and improve their living space and subjective well-being [3].

Urban management has always tried to improve residents’ health and has achieved
some success and academic achievements. Over the years, scholars have found that the
sustainable development philosophy is the key to HCC. Urban transport planning, public

29



Int. J. Environ. Res. Public Health 2023, 20, 3863

health facilities, and supportive policies are all essential for the HCC [4]. Yang et al. evalu-
ated several Chinese cities using the Healthy City Construction Index (HCCI). The team
explained that different urban districts and streets’ HCCI could be positively correlated,
negatively correlated, or not correlated [5]. In China, HCC is just taking its maiden flight.
Other studies examined residents’ mental states during the COVID-19 pandemic. They
observed that the national lockdown policies had harmed the residents’ health, causing
social distancing, loneliness, and eating disorders [6]. Another research group found
the HCC played a major role in relieving residents’ mental stress during the COVID-19
pandemic. The research highlighted the potential and key aspects of urban space regen-
eration. The research results enabled people to live new social lives, helping people to
heal disease with a better mindset and get through hard times [7]. There is also evidence
that social relationships, physical vitality, life attitudes, diet, and weight are important
health indexes. Creating an environment that supports healthy behaviors helps engage
citizens and builds their confidence [8]. This further demonstrates the importance of HCC.
In urban community spaces, structure planning and the residents’ physical and mental
health are correlated [9]. In order to encourage residents’ physical exercise, the community
spatial structure must consider both the individual household’s life habits and overall
demographic distribution as much as possible. On the other hand, environment protection
and public resource conservation can strengthen social cohesion and promote a green and
open community space.

Therefore, this study will study the specific requirements of HCC-oriented community
space planning and management and proposes an urban community space planning
structure. The paper then discusses the residents’ physical and mental health under the
proposed structure. Based on this, it summarizes the HCC development requirements and
standards. In order to do so, based on the smart city residents’ health assessment index,
a questionnaire survey is designed. Ultimately, the intelligent management measures of the
smart and healthy city are explored, highlighting the importance of healthy city-oriented
Urban Governance Optimization (UGO).

2. Methods
2.1. Theoretical Sources of Healthy and Smart Cities

The smart city is an information-based digital city development model by emerging
network technologies such as the Internet, Internet of Things (IoT), and edge computing.
Its main features are the integration of smart technologies with urban facilities and urban
governance to generate a low-carbon and human-friendly living environment [10]. Based
on the smart city model, the “healthy city” is a complex system of engineering. Thus, HCC
intersects with the field of “smart city” construction [11]. An HCC-oriented community
space planning focuses on people orientation. The healthy city is a new and future sus-
tainable urban development paradigm in the Internet era. In urban governance, people
orientation must be reflected in all stages, including urban planning, development, and
construction, to achieve sustainable growth. A healthy city is expected to be a panacea
for improving public social services and urban residents’ health and security [12]. Table 1
shows the difficulties of constructing a healthy city.

Table 1. Difficulties in creating healthy cities.

City Disease Influence Situation

Polluted environment Residents have low health conditions and poor
living conditions.Mass infection

Traffic congestion Residents’ simple but basic needs are not always met, such as
traveling and some living materials.Stressful life

Frequent disasters Job opportunities are rare, and defaults on wage payments
occur occasionally.Prominent social problems
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HCC should consider the macro, meso, and micro factors. Then, in terms of residents’
health, HCC will involve socialized health, urbanized health, and population-based health.
The specific structure is displayed in Figure 1.
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Figure 1. Three important structures of healthy cities.

According to Figure 1, theoretically, the HCC must meet the following requirements.
The community space is the basic unit of a city and the main place for residents’ daily
activities. Accessing health services and facilities is a community residents’ common
demand [13]. A healthy city integrates, connects, and supplies various health service
resources in the community and strengthens residents’ health-management awareness and
ability. It also improves the community health services’ efficiency and effect [14,15]. HCC-
oriented community spatial structure planning, management, and optimization provide
a basis for evaluating the current situation of community health service security in China.
They will help analyze the factors affecting the efficiency of community health service
centers to formulate appropriate and effective measures. This has practical significance for
solving the residents’ medical treatment difficulties and realizing China’s people-oriented
medical reform goal.

2.2. Using Particle Swarm Optimization (PSO) to Evaluate Residents’ Health Status and
Infectious Risk in a Healthy City

COVID-19 is a highly contagious respiratory infectious disease. The virus can spread
directly or indirectly through the host. Three primary factors increase the resident’s
infectious risk, as explained in Figure 2:
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The disease’s infectious risk will be analyzed and calculated as follows: Define the
risk value = R(A, T, V). R is calculated by Equation (1).

R = H × E×V (1)

In Equation (1), R means the resident infectious risk index for respiratory diseases,
and H refers to the risk index of disasters caused by respiratory infectious diseases among
urban residents. E represents the exposure risk index of residents to the disease, and V
expresses the vulnerability of residents. Therefore, the specific evaluation value of the risk
is calculated by Equation (2) based on the vulnerability, exposure, and upper respiratory
tract infectious risk:

Ri = EiWe ×ViWv × HiWh (2)

In Equation (2), the E, V, and H are calculated by Equations (3)–(5):

Ei =
n

∑
i=1

KeiWei (3)

Vi =
n

∑
i=1

KviWvi (4)

Hi =
n

∑
i=1

KhiWhi (5)

Ri is the residents’ comprehensive infectious risk against respiratory diseases in the i
community. The larger the value, the greater the community residents’ infectious risk is. In
addition, Ei, Vi, and Hi, respectively, represent the residents’ exposure, vulnerability, and
upper respiratory tract infectious risk in the i community; Kei, Kvi, and Khi demonstrate the
quantities of the three indicators, respectively; Wei, Wvi, and Whi express the weights of the
three indicators, respectively.

Further, original data with different degrees and quantification will be standardized to
eliminate the quantitative relationship between different variables and make comparison
easier. To this end, Equations (6) and (7) are used to screen all data indicators according to
the positive and negative indicators.

xi =
xi

max(xi‘)
(6)

xi =
min(xi‘)

xi‘
(7)
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Equation (6) is a positive index operation, and Equation (7) is a negative index operation,
where xi and xi‘ represent the standard value and the original value of the ith index. max(xi‘)
and min(xi‘) denote the maximum and minimum value of the ith index, respectively.

Subsequently, PSO will use the original high-level data characteristics to calculate the
index score. The main steps are: 1. the population with different conditions is divided;
2. the most suitable position is found according to the conditions; 3. the particle swarm
is initialized; 4. the fitness of the current particle position is calculated; 5. the current
position of the particle is set as Pbest; 6. the position Gbest with the highest fitness is taken;
7. a questionnaire survey is issued to the community with the highest fitness, and 8. the best
risk assessment is obtained by summarizing. The quickest way for a bird swarm to search
for food randomly is to infer the individual closest to the food source if there is only one
food source in this specific area. In this “bird flock”, individuals communicate to acquire
new knowledge and change their behaviors according to the environmental situation [16].
The evolution of the entire bird population includes the birth of new organisms, the process
of group classification, and the process of searching for food.

There are a total of n particles in the space of dimension d, and each particle has a poten-
tial solution obtained by the objective function. The fitness is the function value of the parti-
cle position, which is used to judge the quality of the particle position. Equations (8) and (9)
display the particle’s position and update speed:

vid(t + 1) = W ∗ vid(t) + c1r1(Pid − Xid(t)) + c2r2
(

Pgt − Xid(t)
)

(8)

Xid(t + 1) = Xid(t) + vid(t + 1) (9)

vid(t + 1) is the velocity of particle i after t + 1 iteration; W is the weight of particle
velocity; vid(t) is the velocity of i in dimension d at iteration t; Xid(t) is the position of i in
dimension d of the tth iteration; c1 and c2 indicate learning factors and are positive real
numbers, and r1 and r2 are random distribution functions on the interval [0, 1].

2.3. Community Space Structure Planning for Healthy Cities

A healthy city focuses on people’s health in all aspects, from urban planning, construc-
tion, and management to ensure the healthy life and work of the general public. The health
city is an organic integration of healthy people, environment, and society necessary for
the development of human society [17,18]. A healthy city’s space planning is to regenerate
urban resources and redistribute urban materials. Rational construction of land planning
can help adjust the overall urban spatial design to promote sustainable city growth. It is
a predetermined procedure for controlling land use and planning for fair welfare. The
purpose of urban planning is to realize residents’ high-quality life through urban construc-
tion and other strategies and initiatives. From another perspective, urban planning is to
determine the size, nature, and development direction of a city. Planning the urban physical
space achieves the economic and social development goals over a certain period of time
and promotes the quality of life of the urban population [19,20]. Figure 3 shows the healthy
city’ community spatial planning structure.

The specific planning scheme of the healthy city community space is presented in
Figure 4.

The proposed community space planning scheme plans not only material resources
and visualizes functions through smart technologies but also covers various cultural factors.
The proposed community spatial structures center around resents’ health and offer a novel
community space planning.

The following factors influence the planning and management of the community
spatial structure:

1. Rational organization of urban road traffic. In particular, the division of arterial roads
is often the main factor determining the scale of residential land.

2. The radius of public facilities for residents living services. Reasonable facility scale
(i.e., the economy of operation and management) and service radius (i.e., the walking
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distance of residents using public buildings) affect the convenience and safety of
residents’ lives.

3. A unified urban administrative management system. As the basic cell of society, the
family is bound to be linked with the administrative organization of society.

4. Terrain. The organizational form of residential areas is affected and restricted by
topography to a certain extent. It is generally difficult to compactly arrange residential
land on undulating terrain [21].
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Figure 3. Healthy city’s community spatial structure planning.

According to the concept of “three areas and two channels”, healthy urban planning
divides the community space into three levels: block, residential area, and group, with
public roads running through them. The layout of the spatial form features an overall
openness and specific enclosedness. Under such a layout, when respiratory diseases spread,
the community space can be rapidly transformed into a three-level prevention and control
system [22], as shown in Figure 5.
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ble people to carry out basic fitness activities downstairs. The group space is mainly 
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collection facilities, and other public service supporting facilities within are group-specific 
services, not shared externally [23]. 

Different from the traditional layout of the residential area, the community’s three-
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the road grade. “Sina” is a new community pilot project. “Sina”, an overall openness and 
specific enclosedness pattern, increases the space for neighborhood communication and 
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In Figure 5, the block space is mainly an open mode, providing the public with
municipal, commercial, transportation facilities, and other services; it serves within the
block and also serves its neighbors, realizing the fully open and shared 15 min living
circle. The residential space is mainly semi-open to create good lighting, ventilation, and
a green environment; it sets up adequate outdoor fitness places for vulnerable groups and
susceptible people to carry out basic fitness activities downstairs. The group space is mainly
shared in private mode, and the convenience facilities, public elevators, corridors, garbage
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collection facilities, and other public service supporting facilities within are group-specific
services, not shared externally [23].

Different from the traditional layout of the residential area, the community’s three-
level spatial layout can further divide the closed level of the residential area according to
the road grade. “Sina” is a new community pilot project. “Sina”, an overall openness and
specific enclosedness pattern, increases the space for neighborhood communication and
can be relatively enclosed to form isolated units under abnormal conditions. Meanwhile,
the medical concept of “three areas and two channels” is combined in the plane layout. It
follows the design principles of the healthy city in detail design and relies on the intelligent
system in management. The layout equips the community with the resilience to handle
sudden crises and realizes the original intention of “managing and controlling” an open
community [24].

2.4. Reliability and Validity Analysis

Reliability means the consistency or homogeneity of the measurement results. Accord-
ing to the literature, reliability can be divided into internal reliability and external reliability.
Internal reliability refers to whether a group of questions measures the same concept, that
is, how consistent is the group of questions. Common analysis methods include Cronbach’s
and split-half reliability. External reliability refers to the degree of consistency of repeated
measurements on the same research object for the same questionnaire at different times.
The commonly used analysis method is retesting by SPSS. Validity is to test the validity
of the questionnaire; generally speaking, it is to determine whether the designed items
are reasonable and whether they can effectively reflect the researcher’s goals. A question-
naire survey usually contains single-choice, multiple-choice, fill-in-the-blank questions,
and other forms of questions. Validity analysis is only for scale data, and non-scale items
such as multiple-choice, single-choice gender, and other items cannot be used for validity
analysis [25].

2.5. Questionnaire Design of Investigating Healthy City Resident’s Health Status and
Public Services

As a developing country, China still struggles to transform all community health
services into public institutions in the short term. Since 2008, Hefei City has greatly
improved the environment and facilities of community health service institutions through
innovation and increasing investment in community health services. In November 2011,
127 community health service institutions were established in the urban area of Hefei,
and the coverage rate of community health service for urban residents was over 95% [26].
This experiment conducted an online questionnaire survey on the residents of the smart
community in Hefei, and the distribution objects were divided into the elderly, the middle-
aged, the adolescent, the sick (including various physical diseases), and the healthy group.
The questionnaire survey investigated residents’ health, mainly from respiratory diseases
and community health services. Respiratory diseases are based on the residents’ basic
knowledge of pneumonia, community epidemic prevention work, self-vaccination, and
physical conditions. Community service involves the community environment, community
staff, work content, and physical and mental health status. Table 2 exhibits the content of
the questionnaire.

The validity of the questionnaire needs to be judged by a specific validity test. The
validity of the questionnaire is tested by statistical software. The relevance of the survey
topic, the correctness of the question, and the appropriateness of the survey time are tested
based on the obtained initial data. Through the evaluation of statistical methods and
relevant experts, the obtained results of the validity test are expressed in Table 3.
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Table 2. The questionnaire.

Basic Information

Age Do you have a chronic disease?

Gender Have you been infected
with COVID-19?

No. Content of the questionnaire

Options:
A. Strongly agree
B. Relatively agree

C. Neutral
D. Disagree

E. Extremely disagree

Respiratory diseases (mainly COVID-19)

1 COVID-19 is extremely contagious. A B C D E

2 Maintaining personal and environmental hygiene is
an effective measure to prevent COVID-19. A B C D E

3 In a crowded environment, I always wear a mask. A B C D E

4 I am actively vaccinated against COVID-19. A B C D E

5 You are satisfied with your community’s COVID-19
prevention efforts. A B C D E

6 Have you recently contracted other respiratory diseases? A B C D E

7 Community workers will often visit your home to check on
your health. A B C D E

Status of community safety and health services

1 I think my living environment is clean and up to standard
regarding hygiene. A B C D E

2 I can achieve my goals in my living environment in
a healthy state. A B C D E

3 My life and activities will not be threatened by
environmental sanitation. A B C D E

4 Community staff will conduct regular health and
hygiene training. A B C D E

5 You are satisfied with the health service attitude of the
community workers. A B C D E

6 Community workers can achieve health protection purposes
in a variety of ways. A B C D E

7 You are satisfied with the work content of health care in
the community. A B C D E

8 You think the spread of healthy communities is
very important. A B C D E

9 The appearance of community workers is decent. A B C D E

10 The community environment is quiet, clean, and
human-focused. A B C D E

11
Community service workers are very concerned about the

residents, and they can help answer any concerns in a
timely manner.

A B C D E

12 Community health service centers are generally trustworthy. A B C D E

Other supplements:

37



Int. J. Environ. Res. Public Health 2023, 20, 3863

Table 3. Results of the validity test of the questionnaire.

Performance
Methods

Statistics Expert Assess

Initial data Good Good

Relevance Good Good

The correctness of the question Good Better

The appropriateness of the survey time Good Good

According to Table 3, the overall effect and performance of the questionnaire design
were good, and the validity was up to standard. Follow-up data collection can be continued.
The questionnaire was distributed twice: before the implementation of the proposed HCC-
oriented community spatial planning structure and after the implementation. Overall,
200 copies of questionnaires were distributed to residents in the community in a healthy
city in a certain place, and 186 valid questionnaires were collected, with an effective rate
of 93%.

3. Results
3.1. Analysis of the Daily Living Ability of Patients with Respiratory Diseases

This section uses a questionnaire survey to analyze before and after the proposed
HCC-oriented community spatial planning structure. Community services are investigated
from the aspects of a community environment, community staff, community service work
content, and physical and mental health status. A scoring system is adopted for statistical
analysis, and each item is scored from 0 to 30 points. The results will reflect the patients’
physical mobility and their ability to perform activities of daily living. The questionnaire
data needs to be sorted and analyzed before processing. In this experiment, the question-
naire is divided into two aspects for investigation. The first is a survey on the disease status
of community patients with respiratory diseases (mainly COVID-19). In the experiment,
the effectiveness of the proposed HCC-oriented community spatial planning structure was
identified by comparing the scores of patients’ ability to act by themselves and scores of
their daily life impact before and after the implementation of the proposed community
structure. The relevant data in the questionnaire is drawn as a statistical graph for analysis
of the results. The data results are illustrated in Table 4.

Table 4. Comparison of scores of daily activities of patients with community respiratory diseases before
and after the implementation of the proposed HCC-oriented community spatial planning structure.

Time of Evaluation
Judgment Standard Patient’s Physical

Mobility Daily Activities

Before the implementation of the proposed
community structure 17.43 ± 7.28 16.57 ± 7.24

After the implementation of the proposed
community structure 20.18 ± 5.42 19.75 ± 5.45

The total score of the statistical questionnaire is 2312 before the implementation of
the proposed community structure and 2715 after the implementation. Apparently, the
service quality of residents after the implementation has improved. The analysis of the
two modules: epidemic prevention and community health services, shows that both before
and after implementation, epidemic prevention work has higher scores than daily work.
Thus, the community is relatively secure. However, it also manifests that while the service
workers are increasing their efforts to overcome the epidemic, they are negligent in daily
health services. Therefore, these public servants are expected to pay more attention to
managing community health, coordinate their work, and take corresponding incentive
measures. The data results are expressed in Figure 6.
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Figure 6 manifests that before the implementation of the proposed community struc-
ture, the average score of physical mobility of patients with respiratory diseases in the 
community was 17.43, and the score of positive and negative errors was 7.28. After the 
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negative errors has also been reduced to 5.42. Thus, the HCC-oriented community spatial 
planning has improved the physical self-control ability of patients with respiratory dis-
eases and helped patients reduce the pain of the disease. As for the daily activities of pa-
tients, the average score before the implementation of the healthy city was 16.57, and the 
error in the positive and negative directions was 7.24. After the implementation of the 
proposed community structure, the score of activities increased to an average of 19.75, 
and the score of error in the positive and negative directions was reduced to 5.45. The 
results showed that the overall daily activities of patients were improved. It can be ob-
served that the planning and optimized management of a healthy city can greatly reduce 
chronic patients’ pains, improve their daily activities, and encourage their normal lives. 
Overall, the finding reflects the importance of HCC. 
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Figure 6. Comparison of daily activity scores of community patients with respiratory diseases before
and after the implementation of the proposed community structure.

Figure 6 manifests that before the implementation of the proposed community struc-
ture, the average score of physical mobility of patients with respiratory diseases in the
community was 17.43, and the score of positive and negative errors was 7.28. After the
implementation, the score of mobility increased to 20.18, and the score of positive and
negative errors has also been reduced to 5.42. Thus, the HCC-oriented community spatial
planning has improved the physical self-control ability of patients with respiratory diseases
and helped patients reduce the pain of the disease. As for the daily activities of patients,
the average score before the implementation of the healthy city was 16.57, and the error in
the positive and negative directions was 7.24. After the implementation of the proposed
community structure, the score of activities increased to an average of 19.75, and the score
of error in the positive and negative directions was reduced to 5.45. The results showed that
the overall daily activities of patients were improved. It can be observed that the planning
and optimized management of a healthy city can greatly reduce chronic patients’ pains,
improve their daily activities, and encourage their normal lives. Overall, the finding reflects
the importance of HCC.

3.2. Community Health Services Coverage among Healthy Cities’ Residents

As previously completed, the chronic patients are evaluated on their self-control ability
and the scores of daily activities. It is found that the proposed HCC-oriented community
spatial planning can indeed improve chronicle patients’ self-care ability and is thus effective.
Therefore, this section will analyze the second part of the questionnaire, that is, the healthy
city’s resident’s community health service coverage. The number of people who knew the
community health service planning of healthy cities in the questionnaire survey is counted,
and the proportion in the total number of respondents is calculated. Similarly, the results
of the questionnaire will be drawn into a statistical graph, which is indicated in Figure 7.
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Figure 7. Healthy city residents’ community healthy service coverage.

According to Figure 7, among regions A to E, the coverage of health services in
community E is the highest, reaching 96%, and about 23,000 people can enjoy health
security services, followed by region B, with a coverage rate of 91%, covering 19,000;
followed by region C, with a coverage rate of 88%, including 17,000; followed by area
A, with a coverage rate of 86%, covering about 16,000 people, and finally community D,
with a coverage rate of only 83% and involving about 13,000 people. Theoretically, health
security services in a healthy city should be a fundamental resident right. Nevertheless, so
far, no community has reached 100% coverage. Therefore, more work is needed in HCC to
reach 100% healthy service coverage, which is the basic requirement of a healthy city.

4. Discussion

The questionnaire survey on residents’ health status and community health service
comprehensively reveals the research results. First, the implementation of the proposed
HCC-oriented community spatial planning can help patients alleviate pain, advance their
self-control ability, and improve their daily activities. The proposed community structure
has brought great benefits to residents’ lives during the epidemic and sets an example for
all communities to follow and practice. Second, the coverage of community health security
is relatively high, reaching 88%. It indicates the vast majority of community health services
are guaranteed. Due to varying factors, the investigation and cooperation of relevant
departments and every citizen are required in HCC. HCC calls for more, and the following
suggestions might help to accelerate HCC:

1. The provision of community health and medical personnel should be accelerated.
Community health medical personnel are the foundation of the development of com-
munity health services. Without excellent personnel, there will be no quality service.
General practice and community nursing programs can be established in medical
colleges and universities to specifically train professionals suitable for community
health [27].

2. A sound community health electronic information platform needs to be established.
The informatization of community health service has played an important role in
promoting the development and mode transformation of community health.
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3. The income of employees should be increased, and a scientific performance appraisal
system should be implemented. While implementing two lines of revenue and
expenditure, a positive and effective performance appraisal system should be adopted.
Otherwise, the efficiency of community health services will be inevitably affected [28].

In this way, healthy cities should be vigorously developed, and optimized management
and health services in the community environment should be strengthened to prevent and
control the epidemic better and safeguard residents’ life and security.

5. Conclusions

The raging COVID-19 affects both China and countries worldwide, and it is said to
coexist with humans for a long time. In this context, this work discusses how to develop
a healthy city and optimize its management. Firstly, the theoretical sources of the healthy
city are summarized together with its cognitive stages in human history and its main
functions and completion standards. Secondly, a PSO is chosen to calculate the healthy city
residents’ health index. PSO can directly solve the best solution by combining the original
high-level data characteristics. Finally, an HCC-oriented community spatial planning
structure is proposed and tested through a questionnaire survey. The questionnaire survey
tries to understand the patients’ living ability and the community health security coverage
under the influence of the pandemic. The following two results are obtained. (1) After the
implementation of the proposed community structure, patients’ daily activities have been
greatly improved. (2) At present, the community residents’ health security coverage has
reached 88%. Then, corresponding recommendations are proposed based on the survey
results. Last but not least, there are still some shortcomings in this experiment. The
questionnaire questions are not comprehensive enough and need improvement. Therefore,
in the follow-up research, the interview scope of the questionnaire will be expanded, and
the generality of the experiment will be improved.
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Abstract: In order to further improve the satisfaction of public health safety, this paper discusses the
impact of government governance on the satisfaction of regional public health safety and discusses
the effectiveness of government public health governance and development countermeasures. From
the perspective of ecological environment protection, combined with the survey data of national
urban public health safety satisfaction in the last two years, this paper performs an in-depth empirical
analysis on the relationship between government governance, public health governance efficiency,
public credibility and regional public health safety satisfaction, as well as the impact mechanism.
Through the analysis, it is found that the efficiency of government governance directly affects the
satisfaction of regional residents with public health safety. With the help of the intermediary effect
test, the significant level standard error of the indirect effect is greater than 1.96, and the confidence
interval does not include 0, which proves that the intermediary effect exists. On this basis, the strategy
of improving the satisfaction of regional public health security is further analyzed.

Keywords: government governance; public health; ecological environment

1. Introduction

In recent years, with the gradual deterioration of the global ecological environment,
eco-environmental protection has become a hot topic of general concern all over the world.
Affected by this, the improvement of the quality of regional public health has also received
general attention from all walks of life. The government plays an important role in regional
public health governance [1].

With the implementation and continuous expansion of China’s basic public health
services in 2009, scholars have successively investigated the awareness rate and satisfaction
of residents’ public health services around the country. Many research results show that
Chinese residents’ satisfaction with public health services shows the characteristics of
uneven geographical distribution [2]. Although many achievements have been made in
the construction of Chinese government efficiency, relatively speaking, empirical research
on the factors affected by government efficiency is not sufficient, and most of these factors
focus on the impact of regional and even national macro policy implementation, including
talent gathering, innovation and entrepreneurship, business environment and other fields.

Some scholars have carried out research on the impact and role of administrative
efficiency on the willingness of high-level talent agglomeration, and through empirical
testing, it is found that administrative efficiency, as one of the dimensions of administrative
efficiency, has a significant positive effect on high-level talent agglomeration. Government
regulation mainly includes economic regulation and social regulation. Economic regu-
lation is mainly aimed at the problem of information asymmetry in reality, preventing
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the irrational allocation of resources, which can ensure the fair use of demanders. Social
regulation is based on the perspective of national security and public interests to implement
mandatory regulation on the social environment, natural resources, security and other
aspects. The influence of the government on the demand of urban community health
service mainly lies in the integration of market regulation and community management
through policy guidance, financial support, strengthening publicity and other strategies
and methods; following the basic laws of the medical service market; doing a good job of
“distribution according to demand”; and transforming the potential health service demand
of urban community residents into the actual distribution demand. This is in order to
maximize the utilization of urban community health service resources to better meet the
needs of both supply and demand, so as to realize their macro-control role and perform
their regulatory functions.

Based on the global data from 1995 to 2022, some scholars found that government
efficiency has a significant positive effect on national innovation capacity. In terms of
exploring the impact of government effectiveness on the individual level, the relevant
empirical research is less. Among them, some scholars have systematically studied the
impact and mechanism of government effectiveness on residents’ well-being. Based on
the practical needs of the development of the Zhuhai government and the theory of social
exchange, they used a structural equation model to discuss in detail the mechanism of a
city’s government effectiveness on residents’ well-being. Thus, it reveals the positive impact
of government effectiveness on residents’ well-being and further clarifies the regulatory
role of urban belonging in the impact of government effectiveness on residents’ well-being,
as well as the intermediary role of residents’ living conditions in this impact process [3]. In
order to achieve the fragile ecological environment, it is necessary to accurately identify the
key environmental factors affecting the economic development of each province, giving
full play to the role of government governance measures, and realize the benign economic
development of each province.

2. Empirical Research

The relationship between the main variables in this study is shown in Figure 1:
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2.1. Research Data Sources

The data used in this study are from the 2017 national urban public security survey data
in the urban public security database of the China University of Mining and Technology. In
terms of the demographic characteristics of the respondents, statistics show that among all
the residents who completed the questionnaire (excluding missing values), men accounted
for 50.0% and women accounted for 50.0% [4]. After removing the missing values, the basic
information of all residents who filled in the questionnaire in this data survey is shown in
Table 1.
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Table 1. Statistical table of residents’ basic information filled in the questionnaire.

Variable Category Frequency Frequency% Variable Category Frequency Frequency%

Political outlook

Member of the
Communist Party of

China
1668 18.0 18–29 years old 4453 48.0

Democratic party’s 228 2.5 Age 30–44 years old 2680 28.9
Communist Youth
League member 2770 29.9 45–59 years old 1588 17.1

Masses 4580 49.4 Over 60 years old 544 5.9

Gender Male 4632 50.0 Civil servant 342 3.7

Female 4639 50.0 Personnel of public
institutions 1061 11.4

Degree of
education

Primary school and
below 342 3.7 Clerk 2031 21.9

Junior high school 1139 12.3 Identity Migrant workers 485 5.2
High school

(vocational and
technical secondary

school)

2371 25.6 Student 2414 26.0

University (junior
college) 4868 52.5 Professional 1396 15.1

Graduate and above 546 5.9 Retired personnel 532 5.7
Other 996 10.7

Nation

Han nationality 8119 87.6

Religious belief

Nothing 7781 83.9
Zhuang nationality 166 1.8 Buddhism 775 8.4

Manchu 184 2.0 Taoism 95 1.0
Hui nationality 240 2.6 Christianity 198 2.1

Miao nationality 63 0.7 Islamism 214 2.3
Uygur ethnic group 56 0.6 Catholicism 38 0.4

Tujia nationality 37 0.4 Other 157 1.7
Yi nationality 26 0.3

Household
registration type

City of this city 4816 51.9
Mongolian 60 0.6 Rural areas of the city 1357 14.6

The Zang or Tibetan
people 207 2.2 Foreign cities 1719 18.5

Other 113 1.2 Rural areas outside
the city 1369 14.8

Personal
monthly income

Below CNY 2000 2734 9.5
Personal

monthly income

CNY 5001–8000 1325 14.3
CNY 2001–3500 2109 22.7 CNY 8001–12,500 430 4.6

CNY 3501–5000 2288 24.7 More than CNY
12,500 202 2.2

2.2. Variable Measurement
2.2.1. Exploratory Factor Analysis

Before conducting the evaluation of the index, it was necessary to determine whether
the index could be used for the analysis of the index itself. This can be checked by two
key indicators: the KMO value of sampling quality and the result of Bartlett’s test of
sphericity [5]. In this study, KMO and Bartlett’s tests were performed on different measures
of public health satisfaction, and the results of the analysis are shown in Table 2.

Table 2. KMO and Bartlett’s test of the scale.

KMO Sampling Suitability Quantity 0.811

Bartlett’s Sphericity Test Approximate chi square 30,531.954

Freedom 21
Significance 0.000

The final result of the factor analysis is shown in Table 3. The cumulative contribution
rate of the two components is 73.558%, that is, the cumulative interpretation of the total
variance is 73.558%, which is greater than the 0.6 suggested by hair. The observation
variables xn1, xn2, xn3 and xn4 have a high load on factor 1. As these observation variables
mainly reflect the subjective perception of the surveyed urban residents on the effectiveness
of government public health governance, factor 1 is named as the effectiveness factor of
government public health governance [6].
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Table 3. Total variation and rotated component matrix of factor interpretation extracted from the scale.

Question Item Ingredients
1 2

Government public health
governance effectiveness (GX)

Prevention effectiveness (xn1) 0.835 0.106
Regulatory effectiveness (xn2) 0.889 0.076
Specification efficiency (xn3) 0.881 0.069

Emergency management efficiency (xn4) 0.861 0.128

Government credibility (GX)
Government expectation (gx1) 0.102 0.812
Government confidence (gx2) 0.090 0.859

Government trust (gx3) 0.080 0.828
Variance explanatory quantity 43.273% 30.285%

Cumulative variance interpretation 73.558%

In addition, the internal quality of each aircraft model can also be checked. The internal
quality of the facet can be measured and verified by the reliability and mean difference
of the measured values. According to Table 4, the average difference between the two
different abilities is 0.696 and 0.558: both of them are higher than the standard 0.50, and
the reliability is 0.901 and 0.790. A value of 0.60 indicates that the quality of the model is
reasonable [7].

Table 4. Test results of internal structure suitability of the model by confirmatory factor analysis.

Potential
Variables Observation Variables Standardized

Load
Index

Reliability
Measurement

Error
Composite
Reliability

Mean Variance
Extraction

XG
Preventive effectiveness 0.757 0.573 0.427

0.901 0.696Regulatory effectiveness 0.892 0.796 0.204
Normative efficiency 0.827 0.684 0.316

GX

Emergency management efficiency 0.856 0.733 0.267

0.790 0.558
Government expectations 0.696 0.487 0.513
Government confidence 0.814 0.663 0.337

Government trust 0.723 0.523 0.477

2.2.2. Normality Test of Sample Data

In this paper, spss26.0 was used to test the normality of each variable in the data model.
The results of the clinical trials are shown in Table 5.

Table 5. Normality test results of the scale.

Number of
Cases

Average
Value

Standard
Deviation Skewness Kurtosis

Xn1 9273 5.10 2.674 0.147 −0.948
Xn2 9273 5.02 2.807 0.173 −1.050
Xn3 9273 4.92 2.691 0.192 −0.959
Xn4 9273 5.19 2.652 0.067 −0.959
my 9273 3.35 0.888 −0.223 −0.009
Gx1 9273 3.19 0.780 −0.283 0.611
Gx2 9273 3.30 0.817 −0.321 0.381
Gx3 9273 3.35 0.815 −0.366 0.364

It can be seen that the skewness coefficients and kurtosis coefficients of all observed
variables in the sample data meet the test criteria, indicating that the data conform to the
characteristics of normal distribution. Therefore, we can use the structural equation model
to further analyze and verify the research hypothesis [8].
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3. Current Situation of Regional Public Health Supply Structure under
Government Governance
3.1. Main Structure of Public Health Supply

It can be seen from the data in Figure 2 below that the health spending of the Chinese
government has not changed significantly in recent years. The distribution of government
health spending has decreased from 2018 to 2021, from 30.7% in 2018; the lowest share of
health spending in 2021 was 29.96%, and in 2022 increased to 30.45%, but remained lower
than the government’s 2018 medical expenses.
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Figure 2. Main structure of public health expenditure in China.

3.2. Public Health Expenditure Structure

From the perspective of China’s public health care, Table 6 shows that China’s health
care spending has increased year by year, from CNY 132.02 billion in 2013 to CNY
119.531 billion in 2018. In 2022, the price pattern also shows the pattern of financing.
This shows that the increase in public health spending is mostly influenced by the budget.
In 2013, 1.9% of medical and health care costs came from the central government, and 98.1%
was public expenditure; meanwhile, in 2022, the central government accounted for only
0.7% of medical and health spending, while public spending accounted for 99.3% [9].

Table 6. Structure of government expenditure on health care in China from 2013 to 2022 unit: CNY
100 million, percentage%.

Particular Year Total Medical and
Health Expenditure

Central
Expenditure Local Expenditure Central

Proportion
Local

Proportion

2018 6459 71.3 6358.2 1.1 98.9
2019 7245.1 74.3 7170.8 1 99
2020 8279.9 76.7 8203.2 0.9 99.1
2021 10,176.8 90.1 10,086.7 0.9 99.1
2022 11,953.1 84.4 11,868.7 0.7 99.3

3.3. Supply Structure of Public Health in the East, Middle and West

From the point of view of the region, the per capita health in the eastern region is
higher than other regions, which is the reason for the regional disparity differences in
population health in the eastern region. Spending on health per person in the eastern
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region is lower than other regions, which affects per capita health spending; in other
regions in the east, there is little difference in the scale of health spending per capita. The
difference in the index of public health expenditure per capita between the regions is small
and insignificant; the level of health expenditure per person in the eastern region is higher
than that of the middle region, and the level of health of the population in the eastern
region is higher than on the middle ground [10].

To identify regional differences in China’s health spending, the Theil index in the
eastern region gradually decreased from 2018 to 2020, as can be seen from Theil index line
in Figure 3 and the price changes in Table 7. It shows that the difference in health care costs
of the population in the east is gradually decreasing. From 2018 to 2022, the TAIR index of
the eastern region is the largest, and the power line of the TAIR index is at the top.
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Figure 3. Change value of public health Theil index of fiscal expenditure in eastern, central and
western regions.

Table 7. Changes of Theil index of public health in eastern, central and western regions.

Intra Group Theil Index 2018 2019 2020 2021 2022

Eastern region 0.0242 0.0244 0.0217 0.0227 0.0230
Central region 0.0056 0.0050 0.0056 0.0034 0.0028
Western region 0.0061 0.0065 0.0078 0.0079 0.0080

4. Empirical Analysis of the Impact of Government Public Health Governance
Efficiency and Government Credibility on Public Health Safety Satisfaction
4.1. Descriptive Statistical Analysis
4.1.1. Public Health Safety Satisfaction Profile

The overall evaluation of urban residents’ satisfaction with public health and safety is
shown in Table 8. In general, the average score of the public health safety evaluation of the
interviewed residents is 3.350, which is above the medium level [11]. However, under the
macro social background of the increasing living standards of Chinese residents and the
increasing needs and expectations of public safety, it is still questionable whether the above
medium public health safety evaluation indicates that the public health safety situation has
been widely recognized by urban residents.
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Table 8. Overall satisfaction with public health and safety (unit: %).

Project
Public Health Safety Evaluation Score Mean Value

Very Poor Relatively Poor Commonly Better Very Nice 1–5

Public health safety
satisfaction 2.5 12.1 42.1 34.8 8.5 3.350

4.1.2. Overview of Government Public Health Governance Effectiveness

The overall situation of urban residents’ perception of government public health gov-
ernance efficiency is shown in Table 9. Overall, the average score of the overall effectiveness
of public health governance is 5.059, which is only at the medium level. The respondents
scored the highest on the sub item of emergency management efficiency 5.191; the average
score of normative effectiveness was the lowest at 4.919 [12]. This shows that the effective-
ness of government public health governance at the subjective perception level of urban
residents has great room for improvement, both on the whole and in specific sub items.

Table 9. Perceived effectiveness of government public health governance (unit: %).

Project Rating Score of Worry Degree (Extremely Worried–Not Worried at all) Mean
Value

1 2 3 4 5 6 7 9 10 1–10 5.059

Preventive effectiveness 12.1 7.3 11.7 11.2 15.8 10.0 9.6 9.9 5.0 7.2 5.104
Regulatory effectiveness 14.9 8.1 10.6 10.8 13.8 9.6 9.2 9.2 5.3 8.2 5.024

Normative efficiency 14.5 7.7 11.6 11.7 14.6 10.6 8.7 9.4 5.1 6.2 4.919
Emergency management efficiency 11.7 7.0 10.6 11.1 15.2 11.4 10.4 10.2 6.1 6.4 5.191

4.1.3. Overview of Government Credibility

The overall perception of urban residents on the evaluation of government credibility
is shown in Table 10. In general, the average government credibility is 3.280, less than
3.5. Although the level of government credibility is above the medium level, it is not
blindly optimistic, and there is still a risk of a weak foundation. The average scores of
the surveyed residents on the degree of realization of the government’s expectations,
confidence and trust were 3.191, 3.297 and 3.351, respectively. The specific sub items of
government credibility and the evaluation of public health safety satisfaction show the
same distribution characteristics of large in the middle and small at both ends [13].

Table 10. Perception of government credibility (unit:%).

Project Evaluation Score of Government Credibility Mean
Value

1 2 3 4 5 (1–5)

Government credibility 3.280
Expected degree 2.7 11.2 53.6 29.2 3.3 3.191
Confidence level 2.5 10.4 47.0 35.1 5.0 3.297
Degree of trust 2.2 9.7 44.4 38.2 5.5 3.351

4.1.4. Correlation Analysis between Variables

By averaging the measurement items of government public health governance effi-
ciency and government credibility, respectively, the correlation between the three main
research variables can be obtained. The results are shown in Table 11. There is a positive
correlation between the effectiveness of government public health governance, government
credibility and urban residents’ satisfaction with public health safety at a significance level
of 0.01 [14].
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Table 11. Correlation analysis between variables.

Variable Relevance XN GX MY

Government public health governance
effectiveness (XN) Pearson correlation 1

Government credibility (GX) Pearson correlation
Sig (double tailed)

0.215 **
0.000 1

Public health safety satisfaction (MY) Pearson correlation
Sig (double tailed)

0.318 **
0.000

0.345 **
0.000 1

Note: ** p < 0.01.

4.2. Main Effect Test
4.2.1. Overview of Structural Equation Models

A structural equation model is composed of a measurement model and structural
model. The measurement equation is:

X = Λxξ + δ (1)

Y = Λyη + ε (2)

The structural equation is:
η = Bη + Γξ + ξ (3)

Equation (1) is the measurement equation of the external latent variable, and ξ is
the external latent variable; Equation (2) is the measurement equation of the internal
dependent latent variable, and η is the internal dependent latent variable; Equation (3) is a
structural equation, which describes the relationship between internal latent variables η
and each other, and Γ describes the influence of external latent variables ς on internal latent
variables η.

4.2.2. Empirical Test and Results

In this study, because public health safety satisfaction is an explicit variable, while the
government’s public health governance efficiency and government credibility are regarded
as potential variables, and the structural model of path analysis includes both explicit and
potential variables, the path analysis of the mixed model is constructed. The overall model
fitness test results of the overall relationship model are shown in Table 12.

Table 12. Overall model fitness test results of overall relationship model.

Test Statistics Adaptation Standard Inspection Result
Data

Model Adaptation
Judgment

Absolute fitness index
GFI value >0.90 0.997 Yes

AGFI value >0.90 0.994 Yes
RMR value <0.05 0.026 Yes

RMSEA value <0.05 (good) <0.08
(reasonable) 0.023 Good

Value added fitness index
NFI value >0.90 0.997 Yes
RFI value >0.90 0.995 Yes
CFI value >0.90 0.998 Yes

Simple fitness index

X2/df value
1 < x/df value < 3, good; 3 <
x2/df value < 5, acceptable; 5

< x2/df value, poor
5.987 Poor

PNFI value >0.50 0.570 Yes
PGFI value >0.50 0.443 No
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It can be seen that, except for the x2/df value and PGFI value, the other statistical
test quantities meet the overall model fitness standard. As mentioned in Section 3, the
problem of too large an x2/df value caused by too large a sample size is also ignored here.
Therefore, the fitness index of the model generally meets the fitness standard, indicating
that the model has a good fitness. Table 13 shows the test results of the overall relationship
model [15].

Table 13. Test results of the overall relationship model.

Relationship
between Variables

Non-Standardized Estimation Results Standardized
Regression
Coefficient

Non-Standardized
Regression Coefficient Standard Error Critical Ratio

Value Significance

xn1←XN 1 0.802
xn2←XN 1.103 0.013 83.511 . . . . . . 0.844
xn3←XN 1.098 0.013 83.805 . . . . . . 0.875
xn4←XN 0.999 0.012 80.252 . . . . . . 0.808
gx1←GX 0.704 . . . . . . 0.704
gx2←GX 1.2 0.021 58.317 . . . . . . 0.807
gx3←GX 1.075 0.019 56.995 . . . . . . 0.724

Note: The symbol “←” indicates the action direction between variables.

Table 14 shows the hypothesis test results. It can be seen that the standardized re-
gression coefficients of “government public health governance efficiency” on “government
credibility” and “public health safety satisfaction” are 0.232 and 0.251, respectively, and
the standardized regression coefficients of “government credibility” on “public health
safety satisfaction” are 0.326, both reaching a significant level of 0.001. The value of stan-
dardized regression coefficient is positive, indicating that the influence path relationship
between the three core variables is positive, which is consistent with the original theoretical
hypothesis [16].

Table 14. Research assumptions and test results.

Relationship Between
Variables

Non-Standardized
Path Coefficient

Standardized Path
Coefficient

Corresponding
Assumption

Hypothesis Test
Results

MY←XN 0.104 0.251 *** H1 Support
GX Y←XN 0.059 0.232 *** H2 Support
MY Y←GX 0.527 0.326 *** H3 Support

Note: *** p < 0.001; The symbol “←” indicates the action direction between variables.

This means that the first three hypotheses of this study have been verified. Specifically:
First, the operation of the government’s public health care has a positive effect on the

satisfaction of the public’s health security. The sign of the path coefficient of the influence of
public health management on the results of urban residents’ satisfaction with public health
safety is positive and reaches a significant level of 0.001, indicating that the effectiveness of
public health management has a positive effect on the assessment of health. In terms of the
satisfaction of residents in cities with public health safety, hypothesis H1 is confirmed [17].

Second, the effectiveness of government public health care has a positive effect on
trust in government. The sign of the path coefficient of the effect of health management on
public trust is positive and reaches a significant level of 0.001, indicating that public health
management has a positive effect on public confidence according to citizens, meaning that
hypothesis H2 is confirmed.

4.3. Intermediary Effect Test
4.3.1. Overview of Mediation Effect

Mediation means that there are m intervening variables in the causal relationship
mechanism between the independent variable X and the dependent variable Y: that is, the
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independent variable X can affect the difference between Y and M mediating variables [18].
In this case, m is the average difference between m affecting both the independent variable
X and the variable Y. A schematic diagram of the mediation process is shown in Figure 4.
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When all variables are centralized or standardized, the specific relationship between
the three variables can be described by the following equation:

Y = cX + e1 (4)

M = aX + e2 (5)

Y = c′X + bM + e3 (6)

The intermediary effect is equal to the coefficient product ab, that is, the indirect effect.
The total effect is the sum of the direct effect and the indirect effect. The specific relationship
is as follows:

c = c′ + ab (7)

The mediating effect can be divided into the complete mediating effect and the partial
mediating effect. In the complete intermediary effect, X can only affect Y through the
intermediary variable m, but it cannot directly affect Y: that is, at this time, the coefficient
c′ is 0, c = ab. In some mediating effects, X can not only directly affect Y, but also affect Y
through the mediating variable M.

4.3.2. Intermediary Effect Test

The bootstrap method is one of the common methods to test the mediation effect. It
does not need samples to obey the hypothesis of positive distribution and does not rely on
theoretical standard error. It has high statistical effect, and is also considered the most ideal
mediation effect test method at present. Bootstrap is a nonparametric statistical method
that estimates the variance of statistics and then estimates the interval. Its basic core idea is
to use resampled sample data to calculate statistics and estimate sample distribution [19].
The test results are shown in Table 15.

Table 15. Intermediary effect test results.

Effect Type
Non-Standardized Test Results Bias-Corrected Percentile

Coefficient Standard Error 95% Confidence
Interval p 95% Confidence

Interval p

Total effect 0.143 0.005 0.133, 0.153 0.001 0.133, 0.153 0.001
Indirect effect 0.034 0.002 0.030, 0.039 0.001 0.030, 0.039 0.001
Direct effect 0.109 0.005 0100, 0.118 0.001 0.100, 0.118 0.001

Table 15 shows that government trust plays a mediating role in the effect of gov-
ernment health care on public health on urban residents’ satisfaction with public ser-
vices. The health Z value of the significance level of the indirect effect is equal to the
value of the unstandardized coefficient of the indirect effect/standard error of the indirect
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effect = 0.034/0.002 > 1.96. In addition, the confidence interval for the direct effect does not
include 0, thus confirming the existence of a moderated effect. The planting time for the
direct effect does not include 0, so there is still an indirect effect [20]. Through the analysis,
it is found that the efficiency of government governance directly affects the satisfaction of
regional residents with public health security. With the help of the mediation effect test, the
significant level standard error of the indirect effect is greater than 1.96, and the confidence
interval does not include 0, demonstrating the existence of the mediation effect. On this
basis, strategies to improve regional public health safety satisfaction were further analyzed.

5. Development Countermeasures of Government Governance to Improve the
Satisfaction and Quality of Public Health Security from the Perspective of
Ecological Environment
5.1. Improve the Existing Public Health Administrative Norms

First, governance plays an important role in improving the legal system of public
health, establishing and forming the legal department of public health, improving the status
of public health law in China’s legal system, and making public health law an independent
department of the legal system. Second, it solves the basic theoretical problems related to
public health law (characteristics, essence, origin, legal basic rights and obligations of health)
and determines the basic categories of public health law to adjust various social relations
based on the right to life and health [21]. This is to explore the relationship between public
health law and other legal norms, and to study the relationship between public health legal
rights and obligations, and the related legal responsibilities, so as to provide a theoretical
basis for the establishment of the basic theoretical system of health law. Third, it is of great
significance to strengthen the construction of a socialist public health legal system. (1) In
terms of public health legislation, through the study of the legal system of public health,
we can clearly find the defects and deficiencies of the current legal system of public health,
so as to scientifically formulate public health legislation strategies; gradually implement
public health legislation planning; realize legislative intent, legislative value and legislative
effectiveness; and provide theoretical support for the construction of public health rule of
law. (2) It is of great significance to guide public health administrative law enforcement
and judicial practice, improve the health level and awareness of the safeguarding rights of
the whole population, and protect citizens’ health rights and interests. Only by enhancing
the understanding and recognition of the national public health legal system can the public
increase their knowledge, understanding of, and ability to abide by the law [22].

5.2. Formulate the Basic Law of Public Health and Standardize Government Functions

The formal rationality of law can serve as a powerful footnote to the systematization
requirements of public health law. The so-called formal rationality of law refers to the
systematization and scientization of legal rules controlled by reason and the formalization
of the process of law making and application. According to Max Weber, a famous German
legal sociologist, formal rationality is the highest level of rationality pursued by law. He
believes that theoretically, the last stage of legal development is the systematic development
of professional jurists on the basis of literature and formal logic training [23]. However,
due to the lack of command and coordination, separate public health laws and regulations
are isolated from each other. This situation is not conducive to the unified regulation and
management of the field of public health, nor to the implementation of a single public
health law. People involved in legislation at different places often start from the perspective
of their own departments and regions, causing the relevant laws and regulations to be
one-sided and limited, rather than overall and long term. Therefore, it is necessary to
formulate a unified basic law of public health.

5.3. Give Full Play to the Government’s Supervision of Public Health Services

The government’s supervision function in the field of public health is particularly
important under the current market economy. Since the reform and opening up, under the
conditions of the market economy, due to the profit seeking nature of the market, many bad
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businesses, in order to pursue interests, have taken advantage of problems such as untimely
government supervision and loopholes in supervision, waiting for the opportunity to
produce and sell fake and shoddy food and drugs, causing serious social harm, as well as
causing public opinion to falter regarding the government’s supervision ability. China has
had a market economy for more than 30 years [24]. With the rapid economic development,
weak supervision of market behavior has occurred from time to time, especially in the
field of public health. The field of public health is closely related to all aspects of society;
whether it is food safety or drug safety, environmental protection or ecological balance,
it is related to the lives and safety of the public. It is also the strictest set of regulatory
measures that public health functional departments must implement. From production
license, production to transportation, sales and other links, professional supervisors must
be sent to supervise the whole process, in order to be open and transparent and ensure
that businesses can conduct market behavior in accordance with relevant professional
standards [25].

6. Conclusions

In the new era of social transformation, various public health events emerge in an
endless stream; this leads to a great threat to public health and causes people to question the
government’s governance capacity in the field of public health. In this case, the government
should aim at building a service-oriented government, give full play to its initiative in
performing public health functions, and strive to reform and improve China’s public health
undertakings under the guidance of public health law.
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Abstract: Understanding how street spatial patterns are related to street vitality is conducive to
enhancing effective urban and street design. Such analysis is facilitated by big data technology as
it enables more accurate methods. This study cites data from street view imagery (SVI) and points
of interest (POI) to assess street vitality strength after the classification of street spatial and vitality
types to explore the relationship between street spatial patterns and street vitality with a further
discussion on the layout features of street vitality and its strength in various street spatial patterns.
First, street spatial patterns are quantified based on SVI, which are further classified using principal
component analysis and cluster analysis; POI data are then introduced to identify street vitality
patterns and layout, and the strength of street vitality is evaluated using spatial overlay analysis.
Finally, relevance analysis is explored to cast light on the relationship between street vitality layout
and street spatial patterns by overlaying street spatial pattern, street vitality types, and street vitality
strength in the grid cells. This paper takes the urban area of Guiyang, China, as an example and
the analysis shows that a pattern is discovered in Guiyang regarding the layout of street vitality
types and vitality strengths across different street spatial patterns; compact street spaces should be
prioritized in designing street space renovation; and cultural leisure vitality is most adaptive to street
spatial patterns. Based on big data and using grids to understand the intrinsic relationship between
street spatial patterns and the type and strength of street vitality, this paper brings more options to
urban street studies in terms of perspective and methodology.

Keywords: street spatial patterns; street vitality; street design; big data; China

1. Introduction

Streets are the main spaces of public life in cities, carrying diversity and vitality [1]. At
the same time, streets help to shape a city by determining the way people move and stay [2].
Peoples’ impressions of the urban space are directly impacted by the spatial patterns of
streets. In addition, a large number of scholars believe that mixed street vitality and high
street vitality strength are more conducive to sustainable development [3,4]. However, the
spatial forms of streets in urban areas are different, and the distribution and development
trends of streets with different space morphology are different [5]; notably, the very different
space morphology of urban streets has different influences on the urban, social, economic,
cultural, and natural environment [6]. Streets with different spatial forms provide people
with different ways of living and activities [7–9]. Remarkably, mixed land use is one of the
characteristics of urban street spaces [10], which means that the urban street space contains
rich urban functions and multiple urban vitality, and the vitality of a street is closely related
to the physical space form of the street [11].

In this context, a large number of studies on the vitality and spatial patterns of urban
streets have emerged, but the assessment of street vitality and the classification of street
spatial patterns are largely based on manual survey methods, such as questionnaires, field
statistics, and measurements [12–14]. In recent years, new perspectives emerging from
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big-data-based computer analytics and geographic information science and technology
are facilitating space analysis of urban streets [15–17]. Compared with the traditional
manual collection of information and data, urban big data that promise fast and free-of-
charge access show a huge advantage in that big data do not only carry objective physical
information but also preferences and characteristics regarding peoples’ activities, making it
highly applicable and effective in the analysis of the vitality and spatial patterns of urban
streets. Many urban street studies have already been using multiple sources of big data
such as street view imagery (SVI) and points of interest (POI).

Existing studies of street vitality are currently dominated by vitality evaluation.
Liu et al., used POI data as the basis for urban vitality identification, which was com-
bined with the features of land use in surrounding areas to calculate the space–time layout
of vitality and analyze the influencing factors of layout evolution [18]. Zeng et al. used big
data to create spatially explicit indices to identify spatial patterns of vitality in cities and
developed a graded assessment of vitality [19]. Chen et al. cited POI and Weibo check-in
geographic markers to analyze vitality distribution and indices [20]. These attempts to
study urban vitality have demonstrated the feasibility of analytical methods that use big
data to reflect the characteristics of population activity as a means to obtain an accurate
distribution of urban vitality [21]. They equally prove the validity of geo-information data
in the analysis of the spatial pattern and vitality of streets [22]. However, current studies on
urban vitality tend to neglect the interaction of vitality and built-up environment [23] and
few have provided a categorization framework for vitality understanding, which limits the
creative value of vitality analysis for urban design [24].

Street space morphology studies, on the one hand, evaluate the quality of street space
by analyzing peoples’ perceptions of street space from the public viewpoint [25,26]. Wu et al.
formed an SVI-based random forest model trained on perceptual samples to assess the
visual quality of street space [27]. Hu et al. accessed POI data to identify street functions,
which were further integrated into an SVI semantic segmentation analysis of street space to
illustrate the impacts of function variance on street spatial patterns [28]. On the other hand,
many studies focus on the relationship between such patterns and the speed of the vehicles
passing through [29] them, as the street patterns change drivers’ perceptions of street
length and the density of buildings and consequently, their speed [30]. The influencing
variables on street patterns, in turn, include urban traffic volumes and traffic demand [31].
Differences in spatial patterns of the streets and their design speed also influence their
vitality [32]. Evidence also shows that street spatial patterns have implications for urban
microclimate and pollution, most of which are SVI-based analyses [33–35]. In general, SVI
is an important source of data for street space studies [36], and the mutual relations of
street spatial patterns and vitality are supported by a wide range of studies.

There also exist many studies which act as support to the analysis of street vitality
and spatial patterns, while we can find equally abundant evidence for the relationship
between the two. Studies on how the environmental features of buildings improve street
vitality can be dated back to the 1960s [37]. Xu et al. proposed a framework to assess street
vitality, which includes street pattern, street business type, and street accessibility [38].
Long et al. discovered a positive correlation between street function mix and its ‘walk
score’ [39]. Jiang et al. based the analysis of a human-scale investigation of vitality vis à vis
environmental features of buildings on the various types of LBS (location-based service)
data, such as bus cards, taxis, mobile phones, and taxi trajectory [40]. Xia et al. studied city
vitality in daytime and at night with the help of nighttime lighting data and extended the
analysis to the spatial relationship between land use intensity and urban vitality [41].

This study emphasizes the interactive relationship between the spatial patterns of
streets, vitality types, and vitality strength (the more vitality types in the same area, the
higher the vitality strength). It explores the differences in street spatial patterns, which
are believed to be a perspective to the spatial layout features of street vitality types and
strength, so as to contribute to enriching the methodology and angles towards urban street
space renovation design and the shaping of street spatial vitality.
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Street spatial patterns embody the feature of the area by integrating the function of the
buildings and the morphological elements. As such, streets and buildings, the functions the
buildings have, and the vitality of such functions are closely interconnected [42]. Streets are
the core space for public life in cities and should highlight the integration of street spatial
patterns and the vitality that takes the function of the street as the foundation [43]. For
a long time, planners and designers have been working to create streets with a unique
identity and high vitality [44], which can only be accomplished after understanding the
interactions between the spatial pattern, vitality type, and strength of streets, allowing the
full release of the potential in street spatial patterns and vitality during the urban and street
design process [45]. Hence, the main concerns of this study are:

• Exploring the classification of urban street spatial patterns;
• Exploring methods for determining street vitality types and vitality strength;
• Analyzing the inter-relationship between the spatial pattern, vitality type, and vitality

strength of streets.

This paper proposes a classification method of street spaces and an evaluation method
of street vitality based on multi-sourced data based on ArcGIS. Such methodology and
quests into a perspective on urban street analysis that integrates street spatial pattern and
vitality serve as compliments to the existing system of urban street analysis and are more
suitable for the urban design of intensive city centers.

2. Research Scope and Data Processing
2.1. Research Scope

The scope of this paper is the city center of Guiyang, Guizhou, China. To be more
specific, it is north of Beijing Road, south of the southern section of the central ring road;
west of Huaxi Avenue, and east of Guiyang Ring Highway. The urban streets in the
abovementioned scope are considered research subjects, which are cut by intersections.
The total number of streets concerned in this study is 1153.

Guiyang is located in the mountain area of southwest China, and cities of its kind
typically lack flat lands [46]. As a result of changing landscapes, streets in central Guiyang
show high density and complex spatial patterns [47]. Moreover, as a city with a long history,
Guiyang has many buildings and areas of historical importance. Our team has calculated
the number of historical and cultural sites protected at the provincial- and municipal-level
and the result is 39 in the study area alone. For example, the Qianling Mountain monuments
and stone inscriptions (4,260,000 square meters), the ancient buildings of Guizhou Normal
University (694,667 square meters) and the former residence of Mao Guangxiang and the
site of warehouses for Forbidden City relics (404,290 square meters) are the three main sites.
There are also seven more sites with areas larger than 10,000 square meters and seventeen
larger than 1000 square meters. Among the 39 sites in the research area, 25 of them are
adjacent to streets, meaning that these law-protected sites are key driving forces behind
the changes in street spatial patterns in central Guiyang. Although facing huge demand
due to a large population, the central area of the city has maintained diversity in spatial
patterns. At the same time, as urbanization speeds up, the street functions in the central
area continue to be more integrated and denser, resulting in a highly diverse combination
of street function and spatial pattern. Therefore, the central area of Guiyang is an ideal
research scope for the understanding of the relationship between the spatial pattern, vitality
type, and vitality strength of urban streets.

2.2. Data Processing

A total of 1153 central points, latitude, and longitude coordinates of all streets in
the research scope were collected. The starting point, ending point, and central points of
street sections were used as anchors to crawl SVI data in Tencent Map, which resulted in
three street photos for each section. A total of 3459 Tencent Streetview pictures of central
Guiyang were collected, as shown in Figure 1. The OpenStreetMap (OSM) and satellite
map of Guiyang were imported into ArcGIS to sketch all 1153 street sections in the research
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scope. The street centerlines were simplified to generate the street network in ArcGIS. In
addition, POI data of the research scope were gathered using online tools, resulting in
95,522 entries of 11 categories.

Figure 1. Tencent Streetview pictures of downtown Guiyang (selected).

3. Research Methodology
3.1. Street Space Classification
3.1.1. Establishing Street Space Indicators

From the perspective of humans’ perceptions of the enclosing state of street space,
this paper draws on the street skeleton variable system proposed by Harvey Chester
Wollaeger in 2014 [48] to include indicators which are street width, street length, total
building numbers, building height, building cross-section ratio, street wall continuity,
ratio of total building numbers to street length, and height variance. The definition and
importance of each indicator is introduced in Table 1. The research classifies street space
types by evaluating the enclosing state of street space. In view of the difference between the
two sides of the street, 8 indicators are decomposed into 11 sub-indicators in Table 2. The
detailed explanation of each spatial index is shown in Figure 2.

Table 1. Spatial definition and importance of indicators.

No. Category Spatial Definition and Importance

1 Street Width Distance between the edges of the street view. The width is the field
of view for a user.

2 Street Length Length of the centerline of a block. Street length is the depth of the
street view for a user.

3 Total Building Numbers Total number of buildings along the street. It reflects the granularity
of the street view.

4 Building Height
Average building height along the street. It is an important
indicator of the street enclosing degree and determines the user’s
range of vision.

5 Building Cross-Section Ratio Average building height to width ratio. It describes the interaction
of these dimensions.

6 Street Wall Continuity Ratio of street frontage building width to street length. It describes
the interaction between street buildings.

7 Ratio of Total Building Numbers to Street Length The count of buildings along both sides of a segment standardized
by centerline length. It reflects the density of the block.

8 Height Variance The difference between the tallest building and the lowest building
along the street. It describes the continuity of street enclosing degree.

Source: Harvey Chester Wollaeger, 2014 [48].
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Table 2. Quantitative Street Space Indicators.

No. Category Sub-Category

1 Street Width Street Width
2 Street Length Street Centerline Length
3 Total Building Numbers Total Building Numbers

4 Building Height Average Building Height Higher Side
Lower Side

5 Building Cross-Section Ratio Average Building Height to Width Ratio Higher Side Ratio
Lower Side Ratio

6 Street Wall Continuity Ratio of Street Frontage Building Width to Street Length More Continuous Side
Less Continuous Side

7 Ratio of Total Building
Numbers to Street Length Ratio of Total Building Numbers to Street Length

8 Height Variance Difference between High End and Low End of the Building

Source: Harvey Chester Wollaeger, 2014 [48].

Figure 2. Quantitative street space indicator interpretation map [48].

3.1.2. Collection of Street Space Data Set

As shown in the indicator table, this study requires six data sets, namely, street length,
street width, higher building height, lower building height, building width, and the number
of buildings. Street length is calculated using the Calculate Geometry tool in ArcGIS and
street width is calculated based on high-resolution satellite images.

61



Int. J. Environ. Res. Public Health 2023, 20, 1646

As for building heights, widths, and numbers, four undergraduates with urban and
rural planning and design backgrounds were recruited to make estimations based on
the street view pictures and input into the software. They started with the collective
measurement using a shared method to collect street building data from street view pictures
and then worked individually to import data into ArcGIS street network attributes table.
The imported data were converted into indicator data using the aggregated statistics tool
in ArcGIS. In total, this took six days. Specifically, every undergraduate was required to
complete 48–49 streets each day, and the import time of each street was controlled within
10 min; hence, each student was supposed to work less than 8 h a day.

The calculation of the mean and standard deviation for each indicator data set was
completed as shown in Table 3.

A total of 7398 buildings were counted in the research scope. Most of the streets were
two lanes in both directions in terms of average width. The mean heights of buildings fell
in the range of 10.32–19.7, and most of the buildings had one floor or a couple of floors.
Street wall continuity, which in general was high at 59% in dense places and 42% in sparse
places, reflects the proportion of the length of the street versus building width.

This was based on the deviation calculation formula:

CV =
SD

Mean
× 100%

In the formula, CV is the deviation value, SD is the standard deviation, and Mean is
the mean. The CV values for each indicator were calculated (within a reasonable range
of 5–35%) and it was found that the CV values for the street space indicators within the
data collection area were all higher than the maximum skewness value of 35%, indicating
that the street spaces in downtown Guiyang are significantly different with a wide range of
street types.

3.1.3. Street Spatial Pattern Identification

1. Principal Component Analysis (PCA)

PCA is conducted in SPSS on street space data, yielding a matrix as shown in Table 4.
The criteria for the spatial classification of streets can be derived from the proportion of
the components corresponding to the indicators. The data obtained were divided into four
principal components with a total contribution of 64.86%, cumulatively.

In the component matrix, we selected data with component indicators greater than 0.6.
In the first principal component, the indicators that met the criteria were building height
(lower and higher) and street wall continuity (1.2); in the second principal component, it
was the number of buildings; in the third and fourth principal components, there were
no values that met the selection criteria. Hence, the three categories of building height,
street wall continuity, and the number of buildings were used as the basis for classifying
the street space for analysis in the next step.

2. Cluster Analysis

Building height, street wall continuity, and the number of buildings were used as the
basis for cluster analysis of street spaces, which was conducted using Ward’s method (sum
of squares of deviations). The indicators were grouped into four categories according to
the results. As breakdown data show in Table 5, they corresponded to the four types of
street space: closed, compact, semi-open, and open.
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Table 4. Street Spatial Component Matrix.

1 2 3 4

Building Numbers 0.372 0.650 0.428 0.110
Street Width 0.362 0.191 −0.459 −0.026
Building Height
(Lower Side) 0.728 0.158 −0.050 −0.410

Building Height
(Higher Side) 0.810 −0.265 −0.116 0.073

Street Centerline Length 0.152 0.549 0.594 0.224
Cross-Section Ratio 1 0.555 −0.627 0.310 0.058
Cross-Section Ratio 2 0.531 −0.697 0.279 0.185
Street Wall Continuity 1 0.662 0.336 −0.056 −0.348
Street Wall Continuity 2 0.670 0.105 −0.009 0.533
Building Numbers
Street Length 0.110 0.125 −0.410 0.566

Height Variance 0.594 0.266 −0.297 0.189
Source: Authors’ calculations.

Table 5. Classification of street space in downtown Guiyang.

No. Type Number of Streets (Sections) Building Numbers Height Range (m) Street Wall Continuity

1 Closed 593 8 10.80–24.08 0.59–0.71
2 Compact 34 10 8.98–15.32 0.57–0.71
3 Semi-open 459 6 8.98–18.9 0.33–0.54
4 Open 64 6 7.35–13.24 0.31–0.43

Source: Authors’ calculations.

• Closed streets are characterized by high continuity of street walls and multi-floor or
high buildings. The street space looks narrow from the human eye’s perspective;

• Compact streets are similar to closed streets in street wall continuity and building
numbers, but most buildings in this type of street are ground-floor buildings or
podiums of high-rise buildings. The buildings are lower than those in closed streets;

• Semi-open streets are occupied by fewer buildings and characterized by large gaps
in the continuity of the street walls on both sides of the street, with large building
spacing and independent distribution;

• Open streets are spacious, with squares, public buildings, or vacant lots appearing
on both sides of the street. The wall continuity is low, and the obstruction of views
is fewer.

3.2. Street Vitality Identification
3.2.1. Street Vitality Categories

Urban street vitality is represented by the categories and frequency density of POI data.
Based on the street type classification method of Better Street Plan in San Francisco [49] and
the urban space characteristics of Guiyang city, this paper divides street vitality into four
categories based on Baidu POI data categories, namely, residential, commercial, cultural
leisure, and management and medicine (see Table 6). The residence category includes the
buildings for people to live in and services, such as housekeeping, moving companies,
wedding, elderly care, auto repair, renovation, car wash, and parking, among others; the
commercial category includes facilities for personal, enterprise, and government consump-
tion, such as enterprises, financial services, office buildings, accommodation, shopping,
and catering services; cultural leisure refers to those facilities for entertainment, culture,
and learning, among other purposes, such as tourism attractions, historical sites, education
centers, research buildings, sports centers, and art performance buildings; management and
medicine refer to the facilities required for the operation of the city and for the health care
of residents, such as government buildings, municipal services, welfare centers, hospitals,
clinics, and pharmacies.
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Table 6. Street functions based on Baidu POI.

Street Vitality Category Baidu POI Category

Residencial Residential buildings, utility services
Commercial Enterprises, shopping, catering, and accommodation services
Cultural leisure Science, education, culture, sports, leisure, and scenic beauty
Management and medicine Government and health care

Source: Collated by the author.

3.2.2. Street Vitality Categories and Levels

This paper draws upon the San Francisco street type classification method and quanti-
tative identification method of urban functional area [49]; the research divides the research
area into grids of 500 m × 500 m. POI data are then cited to determine the vitality type
of each grid, which is quoted as the vitality type of the streets in the grid [50]. This pa-
per uses the 500 m × 500 m scale because the target area includes many historical sites,
which occupy large areas. Furthermore, the local residence facilities are largely big, closed
communities. Consequently, the street spaces that are the target of design and renovation
scatter in such large objects. The 500 m × 500 m scale allows the grids to include street
spaces that are possible for renovation and design, and is fit for maintaining a complete
street spatial experience. Normally, 500 m is the distance for a 10–30 min walk, allowing
pedestrians to have a more comfortable and complete street spatial experience and that of
the street vitality.

Firstly, the frequency density of every POI category was calculated according to the
following formula:

fi =
ni

∑4
i=1 ni

(i = 1, 2, 3, 4)

In the formula, fi denotes the frequency density of type i POI in the grid and ni is the
number of type i POI in the grid.

Then, the frequency density of each POI category within each grid was compared to
the total frequency density to determine the dominant POI category and thus the type of
street vitality within that grid. The formula to calculate total frequency density of POI is
as follows:

Fi =
Ni
N

(i = 1, 2, 3, 4)

In the formula, Fi denotes the total frequency density of type i POI; Ni is the number
of type i POI; and N represents the number of all POI.

By overlaying the four vitality types, more vitality types appear in a grid, the higher
the vitality strength of the grid that is considered, and the grid vitality strength is graded
according to this method. Hence, streets can be classified into four levels: grids with four
vitality types are high vitality grids, which correspond to high vitality streets; grids with
three vitality types are relatively high vitality grids, which correspond to relatively high
vitality streets; grids with two or one vitality type(s) are relatively low and low vitality
grids, which correspond to relatively low and low vitality streets.

This paper overlays the maps of vitality grids with street spatial pattern layouts to
calculate the proportion of different patterns in each grid. The pattern with the highest
proportion becomes the pattern of the grid. As a result, the layout of street vitality types
is generated by counting the number of grids with a certain type of street vitality under a
certain spatial pattern. Then, the vitality strength level grids are overlaid with the grids
of street spatial patterns to show the numbers of grids with a certain type of vitality
under a certain spatial pattern, so as to generate the vitality strength layout of various
spatial patterns.

65



Int. J. Environ. Res. Public Health 2023, 20, 1646

4. Research Conclusion
4.1. Street Spatial Pattern Classification

The four street types are connected in the ArcGIS street network map according to
the classification of indicator data to form a visual analysis model to obtain a spatial
distribution of street types in downtown Guiyang (see Figure 3).

Figure 3. Process of street space classification.

The street spatial patterns in downtown Guiyang are concluded as follows: compact
(540) > closed (483) > open (95) > semi-open (29); in terms of distribution, the closed street
spaces are located in the city center, while the closed streets are surrounded by compact
streets. The two types of streets are in typical commercial, office, and living areas and
most of them have two narrow lanes for two-way traffic. The semi-open and open street
spaces are located close to hills, squares, large public buildings, and express roads. Such a
distribution structure is closely related to the type of urban street vitality and the degree of
street vitality.

4.2. Street Vitality Classification and Leveling Results

As shown in Figure 4, the layout of street vitality types is cultural leisure vitality
(47 grids), accounting for 54.02% of the total; management and medicine (46), 52.87%; and
residential and commercial are both 40, accounting for 45.98%, respectively. In terms of the
layout features of the street vitality types, streets that boast residential and management
and medicine features are more evenly distributed, while commercial vitality is more
concentrated in the west and south-west of the study area, and cultural leisure vitality is
more seen in the center and north-east regions.
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Figure 4. Identification of the type and level of grid vitality based on POI data.

The street vitalities can also be classified according to their levels. The percentage
of the grids considered to have high vitality levels is 25.29%; it is 44.83% with relatively
high vitality, 28.74% with relatively low vitality, and 1.15% with low vitality levels. An
investigation of space distribution of vitality levels shows that most of the study area is
covered by grids with high and relatively high vitality levels that stretch out in patches.

4.3. Vitality Types and Levels in Different Street Spatial Patterns

As shown in Figure 5, commercial vitality occupies the largest share in open street
spaces at 35%, followed by lifestyle, which stands at 25.00%. In semi-open street spaces, the
four vitality types are equally mixed with residential, commercial, and management and
medicine accounting for 28.57%, respectively, and cultural leisure accounting for 14.29%,
which is relatively lower. It is noteworthy of our attention that in compact and closed
street spaces, the most widely distributed vitality type is cultural leisure, with 32.69% and
31.96%, respectively, whereas in compact spaces, others (28.85%) outperform those of closed
spaces (24.74%). The same pattern is observed for the residential category, which accounts
for 21.15% of vitality in compact spaces and 15.46% in closed spaces. The proportion
of commercial vitality is higher in closed street patterns (27.83%) than in compact street
patterns (17.31%).

Figure 5. Layout of vitality types against street space patterns.

In general, compact street spaces enjoy the highest level of vitality. Among compact
streets, 33.33% are high vitality streets and 43.33% are relatively high vitality streets. Closed
street patterns are the second highest, with high vitality accounting for 25.00% and relatively
high vitality accounting for 45.45%; in open street spatial patterns, the vitality level is the
lowest, with 75.00% of the streets considered to be relatively low vitality streets (see
Figure 6).
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Figure 6. Layout of vitality levels against different street space patterns.

5. Discussions
Effectiveness and Universality of Research Method and Data Processing

This paper proves that the space data in SVI are feasible for the quantified classification
of urban street spaces, avoiding uncertainty in spatial pattern classification. Meanwhile,
the POI data help to accurately identify street vitality types and layout features. The
two quantitative methods for street analysis provide a sound foundation for the quest into
the relationship between urban street space and vitality. Moreover, a new method and
perspective are introduced for urban street research when grids are used to breakdown the
spatial layout of street spaces and vitality types.

6. Conclusions

Driven by quick urbanization, the street vitality types in the central area streets of
Guiyang continue to overlap and the street space form is undergoing rapid transformation.
Hence, Guiyang is in urgent need of clarifying the relationship between street space form,
street vitality type, and street vitality strength, so as to provide guidance for shaping street
space scientifically and efficiently.

6.1. Regularity Found in Layout of Vitality Type and Strength in Various Spatial Patterns

In terms of vitality types, an obvious difference is found in Guiyang regarding the
layout of different vitality types in different spatial patterns. The commercial vitality has
the widest layout in closed street spaces; residence, cultural leisure, and management and
medicine are mostly found in compact spaces; and in semi-open street spaces, all vitality
types show the lowest distribution.

In terms of vitality strength, closed and compact street spaces are stronger than semi-
open and open. Compact street spaces registered as the highest strength level, whereas the
semi-open spaces registered as the lowest.

6.2. Compact Street Spaces Should Be Prioritized in Designing Street Space Renovation

Among the four street spatial patterns in central Guiyang, compact street spaces
show the highest level of vitality and most diverse vitality types, also making them the
best street patterns for dense and rich vitality. As a result, it is recommended that more
emphasis should be given to compact street spaces in urban and street design in Guiyang.
To be specific, on one hand, this would strengthen the refined design of existing compact
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street spaces to give full play to the street vitality carried in such street spaces and, on the
other, it would intentionally cultivate new compact street spaces in the city to promote
urban vitality.

6.3. Cultural Leisure Vitality Is Most Adaptive to Street Spatial Patterns

In central Guiyang, it can be found that cultural leisure vitality is the most widely
distributed vitality type in its street spaces, especially in compact and closed patterns where
cultural leisure outnumbers others extensively. This shows that cultural leisure vitality in
central Guiyang streets can adapt to different spatial patterns and co-exist with them, which
is highly conducive to both the mental and physical health of the Guiyang people [51].
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Abstract: The spatial distribution of urban green spaces (UGS) is closely related to the health of
residents and the ecological pattern of cities. Exploring the equity of UGSs plays an important role
in urban planning and also provides guidance for urban development. Taking the main urban area
of Fuzhou City as an example, this study uses network big data and census data to pinpoint the
population demand, evaluates the accessibility and equity of UGS within the basic living circle,
neighborhood living circle and daily living circle of residents at the scale of residential and sub-
districts. Based on the G2SFCA model, we also quantify the actual effective UGS’s service capacity.
Then, using the scale and travel range as the entry point, we further discuss the similarities and
differences under different scales and different travel ranges. Finally, optimization strategies are
proposed for the construction status. The results show that: (1) The spatial allocation of urban green
space resources varies significantly, and there is a serious inequity in the spatial distribution of urban
green space under pedestrian conditions; (2) The results of UGS accessibility, equity, and service
capacity in Fuzhou at both residential and sub-district scales are consistent; (3) Urban construction
should be multi-level overall planning, combined with local economic and social development factors
in accordance with local conditions to take measures. The results of the study can provide a scientific
reference for the optimization of the spatial distribution of UGS.

Keywords: urban green space; life circle; different research scales; equity; G2SFCA

1. Introduction

Urban green space (UGS) is an important part of urban natural ecosystems, which has
the functions of purifying the environment [1], regulating microclimate [2], alleviating the
urban heat island effect [3], and maintaining biodiversity and other ecosystem services [4]. It
has many positive effects on human physiological and psychological health [5]. The justice
of UGS resource allocation is not only conducive to enhancing the human well-being, but
also promotes social justice and harmony [6]. Therefore, exploring the equity of UGS has an
important role to play in urban planning and also provides guidance for urban development.

Most previous studies on UGS equity have started from accessibility, discussing
whether residents have access to urban green space services within a certain spatial range.
Accessibility was first proposed by Hansen in 1959 [7], and the existing measurement
methods mainly include the buffer zone method, the minimum proximity method, the
network analysis method, and the two-step floating catchment area method. Compared
with other accessibility analysis methods, the two-step floating catchment area method
takes into account the interaction between supply and demand, which was first proposed by
R. John et al. [8] and it has been adopted by a large number of scholars since then. However,
this method not only ignores the actual resistance of road network formation, but also does
not consider the radius difference between the supply and demand side of the service [9,10].
To solve this problem, a series of improved algorithms have been derived from the two-step
floating catchment area method. Shalini K et al. established the enhanced two-step floating
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catchment area model (E2SFCA) [11]; Polzin et al. proposed the expanded kernel density
two-step floating catchment area (KD2SFCA) method and validated it in the Portuguese
region [12]; and Weiji Xu [13], Xiaoyan Zhou et al. [14] used the gravity floating catchment
area method (Gravity-2SFCA) to measure UGS accessibility. Xiaotong Xue et al. [15] used
the Gaussian floating catchment area method (G2SFCA) to measure the urban accessibility
of green space supply in different communities in Xuzhou. In previous studies, the demand
of residents was mainly represented by population distribution data or census data, which
is difficult to accurately match to the demand of the population. However, high-density
cities lack space for development and construction. Accurate matching of supply and
demand and urban micro renewal are new trends in urban planning.

Previous research scales mainly focused on macro-scales [16], but the evaluation of the
mezzo-scale or micro-scale was insufficient, which led to many problems such as too-large
units, inaccurate data, and so on. The existing studies lack comparative studies between
different scales. In order to evaluate the equity of UGS more scientifically and accurately,
this study takes the main area of Fuzhou City as an example, combines the data of the
7th Chinese census and network big data to locate the supply and demand, and adds a
Gaussian decay coefficient on the traditional two-step floating catchment area (G2SFCA)
method to measure the accessibility of UGS at different scales under various travel distances
of residents in the main urban area of Fuzhou. At the same time, the Gini coefficient and
Lorenz curve are introduced to evaluate the overall social equity of UGS allocation, and the
effective coverage of UGS and the locational entropy method are used to discuss the real
capacity of service supply of UGS. Previous studies lacked commonalities and diversities
among different research scales and different travel scopes, so this study will also continue
to improve and explore the spatial differentiation of UGS accessibility, equity and actual
supply capacity of services at different research scales and different travel ranges. Then we
will make planning proposals for urban construction in Fuzhou based on the results, with
a view to providing a reference for the optimization of the spatial layout of UGS.

2. Materials and Methods
2.1. Study Area

Fuzhou, the capital of Fujian Province, is located at 25◦15′~26◦39′ N latitude and
118◦08′~120◦31′ E longitude, with a total area of 11,968 km2. It has a subtropical mon-
soon climate with suitable temperatures and warm and humid conditions. By the end of 2021,
the total resident population in Fuzhou City was about 8.42 million, the regional GDP was
113.248 billion RMB, and the urbanization rate was 73.0% (access on http://tjj.fuzhou.gov.
cn/zz/fztjnj/2022tjnj/zk/indexch.htm (accessed on 8 March 2022)). In this study, the main
urban area of Fuzhou City was selected as the study area, with an area of about 311.8 km2 as
of the end of 2021. It includes the whole area of Cangshan District, Gulou District and Taijiang
District, and six sub-districts in Jin’an District, for a total of 39 sub-districts (Figure 1).

2.2. Data Source and Preprocessing
2.2.1. Urban Green Space

UGS is the green infrastructure of the city, as well as a basic spatial guarantee for
sustainable urban development [17]. Previous studies mostly focus on park green space and
mostly take the geometric center of green space as the service supply point, which ignores
the service value of other types of UGS and is not in line with the actual situation. The
Fuzhou Urban Green Space System Plan (2016–2020) divided UGS into five categories: park
green space, square green space, protective green space, regional green space and attached
green space. Since the protective green spaces focus more on ecological protection function
and the attached green spaces were not developed externally leading to the specificity
of the service population, only park green space, square green space and regional green
space were included in this study. This study extracted 85 UGSs with a total area of about
76,537.6 ha with reference to the “Urban Green Line of Fuzhou City (2016–2020)”, published
by the Fuzhou Landscape Bureau and Google remote sensing image data. We assumed
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that residents have access to the entrance of the UGS within a certain walking range that
is served by the UGS. According to previous studies [13], the geometric centers of green
areas with a scale of less than 5 ha were extracted and used as the center of the network
analysis; for green areas with a scale larger than 5 ha, the actual entrances and exits of the
green areas were determined by Baidu map poi data and field research (Table 1). The park
green space dataset was established (Figure 2a).

Figure 1. Location and information of study area.

Table 1. Classified statistics of UGS.

Type Count Ratio/% Area/ha Ratio/%

>5 ha 43 50.59 2000.30 96.19
<5 ha 42 49.41 79.24 3.81
Total 85 100.00 2079.54 100.00
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Figure 2. (a) Distribution of UGS in the study area. (b) Population distribution in sub-district scale.
Information on the road network in the study area. (c) Population distribution in residential scale.
(d) Information on the road network in the study area.

2.2.2. Residential Population Data

The population can represent the demand for urban green space to a certain extent. To
obtain more accurate research results, this study used residential areas as the measurement
unit for analysis. The outline of residential areas within the study area was obtained from
Baidu Map (https://lbsyun.baidu.com/, accessed on 29 December 2021). The geometric
center of each residential area was used as the service demand point, and a total of 2020
residential points were finally obtained. This study assumed that the population was
evenly distributed within the settlement area [18]. The population of all settlements in each
sub-district was calculated based on the population data of the sub-district (Figure 2b), and
the proportion of each settlement in the total area of the settlement in its street (Figure 2c,
Table 2). The population data of sub-districts were obtained from the data of the seventh
national census published by the Fuzhou City Bureau of Statistics (http://tjj.fuzhou.gov.cn,
accessed on 20 December 2021). The formula is as follows.

Dk =
RAK
RA

× SP, (1)

where Dk is the population in the kth residential area; RAk is the area of kth residential area;
RA is the total residential area of the sub-district where the residential area is located; SP is
the total population of that sub-district. Thirty residential areas were randomly selected
as samples and, by surveying the number of households in these residential areas, the
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calculation results of the above formula were tested according to the average household
size of 3.5 persons (the results of the seven popular population statistics in Fuzhou City).
The average accuracy rate was at 76%, so the present estimation was considered to be able
to estimate the residential population well.

Table 2. Data display for residential.

Number District Sub-District Population Number District Sub-District Population

A1 Cangshan Jinshan 3166 A6 Jinan Xiangyuan 1254
A2 Jinan Xindian 663 A7 Taijiang Shanghai 409
A3 Gulou Huada 1024 A8 Jinan Wangzhuang 282
A4 Gulou Antai 618 A9 Taijiang Chating 1393
A5 Cangshan Duihu 1305 A10 Gulou Gxi 1296

2.2.3. Road Network

Open Map Street platform was used to obtain open-source data (www.openstreetmap.
org, accessed on 4 February 2022) and extract the road network data in and around the
study area. The data were combined with Google Maps’ high-accuracy images to correct
the data, screen out railways, highways and other roads that are not suitable for pedestrians.
Finally, we obtained a road network that better matched the real situation (Figure 2d).

2.3. Methodology

Firstly, we used multi-source data to build a database of UGSs and population. After
that, calculated the accessibility of residents under pedestrian condition based on G2SFCA
model, and further explored the fairness of accessibility. We also quantified the service
capacity of UGS using service coverage and locational entropy. Finally, we identify the
inequitable areas of UGS service provision in Fuzhou and make reference suggestions for
urban construction (Figure 3).

Figure 3. Technology Route.

2.3.1. G2SFCA-Based Accessibility Evaluation

The Gaussian two-step floating catchment area (G2SFCA) method is an accessibility
research method optimized from the traditional two-step floating catchment area method.
The distance decay coefficient is added to the traditional calculation, which is more suitable
for the actual situation while the calculation results are more reliable. In this study, residents
were set to reach UGS by walking, and the walking speed was determined to be 5 km/h
according to previous studies [13]. The 5-min walking distance is the basic activity range of
residents [19], and 15 min is the best travel time for residents to use the UGS service [20,21],
while the ultimate travel time is 30 min [2,22]. So, this study delineated the 5-min living
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circle, 15-min living circle and 30-min living circle as the travel range (Table 3) to further
quantify the residents’ received services by UGS under different activity ranges (Table 3).

Table 3. Traveling scopes.

Type 5-min Life Circle 15-min Life Circle 30-Min Life Circle

Distance 500 m 1000 m 2000 m

The spatial accessibility evaluation based on G2SFCA was divided into two main steps.
In the first step, the UGS point data was used as the starting point and the residential

points as the destination points for analysis, and the residential points k within the search
space range d0 were filtered out from the UGSj. The number of all populations within
d0 was aggregated and assigned weights according to the distance decay law using the
Gaussian function [22]. These weighted populations were summed and aggregated to
calculate the supply–demand ratio Rj.

Rj =
Sj

Σk∈{djk6d0}
G(djk)Dk

(2)

where Dk is the population number of each residential k, dkj is the actual road network
distance between locations k and j. For the UGSs with multiple entrances, the road network
distance from the settlement to the nearest entrance was selected, while the settlement k is
in the search field (i.e., dkj ≤ d0); Sj is the area of urban green space j; G(dkj) is a Gaussian
decay function considering the spatial friction problem. Its expression as follows.

G
(

dkj

)
=

e−
1
2×(

dkj
d0 )

2

− e−
1
2

1− e−
1
2

(
djk<d0

)
. (3)

In the second step, the analysis was performed with residential points as the starting
point and UGS point data as the destination point. All UGSs j in the search domain d0 were
found separately, and the supply and demand ratios Rj of these UGSs were summed up on
the basis of Gaussian decay function to obtain k the spatial accessibility Ak based on the
distance cost, whose larger value indicates a higher degree of accessibility. The formula is
as follows:

Ak = Σj∈{dkj6d0}
G(dkj)Rj (4)

The accessibility results calculated by the G2SFCA have the meaning of UGS capita in
a wide sense. Therefore, it can be compared with UGS per capita as a basis for evaluating
accessibility, especially for horizontal comparison of different units in the region [23]. The
UGS per capita is the ratio of urban green space to total population, and the measured
green space per capita in the study area is 6.95 m2/person.

2.3.2. Accessibility-Based Spatial Equity Evaluation

The Lorenz curve method is often used to explore the justice of national income in
distribution. Recently, the Lorenz curve has been widely used in the fields of urban public
resource allocation and spatial layout of green space to reflect the justice level. The value
of Gini coefficient is taken between 0~1 [24]. The smaller the Gini coefficient, the more
reasonable the level of spatial distribution of resources among urban residents and the
fairer its spatial distribution. In this study, the Lorenz curve was introduced to analyze
the justice level of the spatial distribution of UGS in the main urban area of Fuzhou. The
calculation formula is as follows.

G = 1− 1
n

(
2Σn−1

i=1 Wi + 1
)

(5)

78



Int. J. Environ. Res. Public Health 2023, 20, 1180

where G is the Gini coefficient, n is the total number of sub-districts (or residential areas)
in the study area, ‘ i’ is the i-th sub-district (residential area) after the result of the ratio of
the cumulative value of accessibility of each sub-district (residential area) to the number of
people in the sub-district (residential area) is ranked from smallest to largest, i = 1, 2, . . . , n;
Wi is the proportion of urban green space accessibility per capita from sub-district (resi-
dential area) 1 to sub-district (residential area) i to the total accessibility per capita in the
whole area.

2.3.3. Accessibility-Based Performance Evaluation of UGS Services

(1) UGS service coverage

Referring to the studies of Shuang Niu et al. [25] and Zilai Tang et al. [26], and we
selected the ratio of the effective service area of UGS in a spatial unit (the sum of population)
to the area of the spatial unit (population) as a quantitative indicator of the service level
of UGS, i.e., the effective service area ratio and the effective service population ratio. The
formulas are as follows:

Tj =
∑ Sn

Sj
=

S1 + S2 + S3 + . . . + Sn

Sj
, (6)

Uj =
∑ Pn

Pj
=

P1 + P2 + P3 + . . . + Pn

Pj
, (7)

where Tj is the UGS effective service area ratio of unit j; Uj is the UGS effective service
population ratio of unit j; n represents the presence of n residential areas in sub-district j.

(2) Location entropy method

The locational entropy represents the ratio of UGS services received by the population
living in a study unit to the per capita UGS resources of the residents in the whole study
area. It can be used to express the spatial distribution pattern of the justice of the per capita
distribution of resources in different study units. The higher the locational entropy value,
the higher the level of resource allocation equipped in the study unit. If the locational
entropy of the study unit is greater than 1, it indicates that the per capita level of UGS
resources receiving services in the study unit is higher than the overall level of the whole
study area; if the locational entropy is less than 1, it indicates that the per capita level of
urban green space resources enjoyed in the study unit is lower than the overall level. The
calculation formula is as follows:

AALQj =
Aj(
S
P

) , (8)

where Aj denotes the per capita UGS enjoyed by the population of unit j within the travel
threshold, i.e., the actual accessibility of UGS obtained using the two-step floating catchment
area method, S denotes the total UGS within the study area, P denotes the total population
within the study area, and the ratio of S to P is the per capita UGS resources in the study area.

3. Results
3.1. Evaluation of Spatial Accessibility of UGS
3.1.1. Residential Scale

Based on the G2SFCA method, the spatial accessibility of UGSs within the 5-min life
circle, 15-min life circle and 30-min life circle of residential areas in the study area was
analyzed. The results were graded by the natural breakpoint method into five grades: very
low, lower, middle, higher and very high (Table 4).
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Table 4. Accessibility grading statistics of residential areas under different traveling scopes.

Level 5-min Life Circle Ratio 15-min Life Circle ratio 30-min Life Circle Ratio

Inaccessible 1689 83.6% 1417 70.1% 907 44.9%
Very low 286 14.2% 496 24.6% 918 45.4%

Lower 27 1.3% 66 3.3% 129 6.4%
Medium 10 0.5% 21 1.0% 56 2.8%
Higher 5 0.2% 17 0.8% 8 0.4%

Very high 3 0.1% 3 0.1% 2 0.1%
Accessible 331 16.4% 603 29.8% 1113 55.1%

Higher than the
UGS per capita 190 57.4% 322 53.4% 540 48.5%

A total of 1689 residential areas in the main urban area of Fuzhou are not accessible
within the 5-min life circle, i.e., 83.6% of the residential areas in the study area cannot
be served by UGSs; only 5.7% of the accessible residential areas are rated as higher and
very high in accessibility, among which those with very high accessibility are located
in the Xiangyuan sub-district and the Yingzhou sub-district. The accessibility of only
190 settlements is greater than the per capita UGS in the study area, accounting for 57.4%
of the total accessible settlements. The mean value of the accessibility evaluation result is
40.2, while the standard deviation is 953.7, with obvious spatial variation (Table 5).

Table 5. Statistical results of accessibility for different traveling scopes.

5-min Life Circle 15-min Life Circle 30-min Life Circle

Average 40.2 35.8 32.2
Standard deviation 953.7 337.3 186.0

When the search radius was set to 15 min living circle, 70.1% of the settlements were
inaccessible. The settlements with grade of inaccessible or very low in theHongshan sub-
district, the Xindian sub-district, the Jianxin sub-district and the Gushan sub-district were
the most numerous, with the number of settlements with both classifications exceeding 5%
of the total number of settlements; settlements with very high accessibility were located
in the Hongshan, Wenquan and Xindian sub-districts. There are 322 settlements with
accessibility greater than the per capita green area in the study area, accounting for 53.4%
of the total number of accessible settlements. The mean value of the settlement accessibility
evaluation results is 35.8 in the 15-min life circle, and the standard deviation is 337.3, which
also shows obvious spatial differentiation (Table 5).

When the search scope was expanded to the 30 min living circle, 55.1% of the resi-
dential spots in the study area were accessible; among them, 540 residential areas were
accessible more than the UGS area per capita, accounting for 48.5%, which is a significant
improvement in accessibility compared to the first two cases. However, there are still cases
of inaccessible settlements. These are concentrated in the incompletely developed areas at
the edge of the study area and in the relatively sparsely constructed areas of the Sanchajie
and Duihu sub-districts.

According to the results of UGS accessibility at the scale of residential area, the spatial
separation of UGS occurs in the study area under the search radii of 500 m, 1000 m and
2000 m (Figure 4). The smaller the activity circle, the more green space service blind areas;
even within the 30 min living circle, the percentage of residential areas within the service
blind area reaches 44.9%. These indicate that the current UGS arrangement can hardly meet
the population demand.
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Figure 4. G2SFCA-based residential scale accessibility under different traveling scopes (a) 5-min life
circle. (b) 15-min life circle. (c) 30-min life circle.

3.1.2. Sub-District Scale

The accessibility analysis results of sub-district scale based on G2SFCA are shown
in Figure 5: within the 5-min life circle, the Wangzhuang, Xiangyuan and Yingzhou sub-
districts, which are located in the center of the study area, have the highest accessibility,
while Sanchajie sub-district is beyond the accessibility space and has inaccessibility. In the
case of the 15-min life circle, the number of sub-districts with high accessibility increases,
accounting for one-third of the total. The accessibility of the Hongshan sub-district ranks
first. Further expanding the search threshold to the 30 min living circle, the sub-districts
with the highest accessibility are the Xindian sub-district and the Cangxia sub-district.

Figure 5. G2SFCA-based sub-district scale accessibility under different traveling scopes (a) 5-min life
circle. (b) 15-min life circle. (c) 30-min life circle.

The overall accessibility of the study area showed as high in the northwest and low
in the southeast under all three activity range circles. There are four sub-districts with
unchanged grades, from higher, middle, lower to very low accessibility corresponding to
Wufeng, Guxi, Gudong, and Luzhou sub-districts, respectively. The accessibility level of
Shangdu sub-district and Chengmen sub-district has been at a very low or lower level.
Eighteen percent of the sub-districts have changed significantly, with the increase of travel
range, the accessibility levels of the Antai sub-district, Cangxia sub-district and Changshan
sub-district have continued to become higher, while the accessibility levels of four sub-
districts, namely Chayuan sub-district, Yingzhou sub-district, Wangzhuang sub-district
and Xiangyuan sub-district, have been reduced.

3.2. Evaluation of Spatial Equity of UGS

The Gini coefficient and Lorenz curve express the overall social equity performance of
UGS allocation (Figure 6). The calculated results of the Gini coefficient under the residential
scale are all greater than 0.9. The UGS resource allocation varies greatly among residential
areas and the social inequity is significant. The spatial allocation of UGS in the study area
at the sub-district scale has a large gap in each sub-district, and all three spatial thresholds
show a large difference in the allocation of UGS resources; especially at the search radius
of the 15-min life circle, the Gini coefficient achieves 0.723, indicating the serious social
inequity. Both research scales reveal significant differences in the allocation of UGS and
serious social inequity.
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Figure 6. Gini coefficient and Lorenz curve under different scales. (a) Residential scale. (b) Sub-
district scale.

3.3. Service Performance Evaluation of UGS
3.3.1. Residential Scale

The location entropy reflects the specific pattern of “spatial matching” between the
allocation of UGS and the resident. Additionally, the sub-district location entropy value
grade generally represents the evaluation level of the actual per capita UGS allocation.
Therefore, after measuring the fairness in general, the spatial distribution pattern of UGS
social equity can be analyzed using the locational entropy method (Figure 7). With refer-
ence to previous literature, the locational entropy value is divided into five grades: very
low, lower, medium, higher, and very high. The locational entropy grading under the
two research scales is counted separately [27].

Figure 7. Locational entropy at residential scale under different traveling scopes (a) 5-min life circle.
(b) 15-min life circle. (c) 30-min life circle.

Based on the locational entropy method, it was calculated that 9.5%, 16.0% and 26.8%
of the settlements had a higher per capita acceptance level of UGS than the overall level
of the study area at 500 m, 1000 m and 2000 m search radii, respectively. A hierarchical
classification was made for each residential area. As can be seen from Table 6, the total
number of settlements with very low and lower locational entropy tends to decrease as the
spatial threshold increases, while the number of settlements with higher and very high
locational entropy increases significantly. This indicates that, within a certain range, an
increase in the actual choice of the travel distance of residents will result in more residents
accepting the UGS. However, even at the travel limit distance (2000 m) about 70.6% of
residential areas receive a lower or very low level of UGS services.

Table 6. Classification statistics of residential location entropy under different traveling scopes.

Very Low Lower Medium Higher Very High Above-Average

Type 0–0.5 0.5–0.75 0.75–1.2 1.2–2.0 >2.0 >1.0

5-min life circle 1802 16 20 30 152 191
15-min life circle 1624 39 55 33 268 323
30-min life circle 1351 75 74 68 451 541
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3.3.2. Sub-District Scale

The effective service area ratio is the ratio of UGS service coverage area to total sub-
districts within the study area, which reflects the effective service of UGS in the spatial
dimension. Under the three living circle activity ranges, Antai sub-district, Chating sub-
district, Dongsheng sub-district and Ninghua sub-district all show a high level, while
Aofeng sub-district, Cangxia sub-district, Duihu sub-district and Xiadu sub-district all
show a low level. With the increase of activity range, the UGS service coverage of each sub-
district was improved, but only Sanchajie sub-district stopped increasing after the travel
range reached 1000 m. The results show spatial consistency with accessibility (Figure 8a).

Figure 8. UGS service capability under different traveling scopes. (a) UGS service coverage ratio.
(b) UGS service population ratio.

The effective service population ratio is the ratio of the actual number of populations
covered by the UGS service range in the spatial unit to the total population, which re-
flects the actual service of UGS from an objective perspective. None of the three living
circle ranges can make the UGS service cover the whole population; with the increase of
travel range, the population covered by each sub-district as a whole also tends to increase
(Figure 8b).

The results of the sub-district scale locational entropy calculation were matched with
the UGS service coverage of each sub-district under different search thresholds to derive
the actual equity spatial pattern of UGS distribution. Within the 5-min life circle and the
15-min life circle, all sub-districts in the study area have a locational entropy of less than 1
and are at a low grading level; the per capita acceptance level of UGS is also lower than the
overall level (Figure 9).

Figure 9. Locational entropy at sub-district scale under different traveling scopes (a) 5-min life circle.
(b) 15-min life circle. (c) 30-min life circle.
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4. Discussion
4.1. Similarities and Differences at Different Study Scales

Accessibility at both the residential scale and the sub-district scale showed a spatial
distribution pattern of being high in the northwest and low in the southeast. When
residential areas are used as the evaluation unit, the residential areas with higher and very
high accessibility ratings are mainly distributed in Gulou District and Taijiang District,
while the residential areas without accessibility are scattered in all parts of the study area.
However, they are mainly concentrated in the underdeveloped areas at the edge of the
study area and in some areas with relatively sparse road construction, such as Sanchajie
sub-district and Taihu sub-district.

The Gini coefficient shows social inequity at both scales, with inequity more pro-
nounced at the residential scale. This is because the distribution of UGSs is more con-
centrated in the central part of the study area, where residences have more options and
the per capita of UGS is much higher than the average, while some residential areas are
not accessible. This creates a serious polarization and an extremely inequitable distribu-
tion of UGSs. The evaluation unit of sub-districts is evaluated at the macro level. Each
sub-district includes several residential areas, which weakens the characteristics of local
area differences.

The results of locational entropy at both evaluation scales indicate that UGS services
vary widely among regions in the study area, and there is an obvious spatial mismatch
between resources and population. In addition, both scales show an overall spatial distri-
bution pattern of high in the northwest and low in the southeast, but differ in the spatial
distribution. When residential areas are used as the evaluation unit, more than 70% of the
residential areas receive fewer UGS services than the overall level. At the sub-district scale,
more than eight sub-districts are less than the overall level of the study area, accounting for
20.5% of the total number of sub-districts. The difference is that the UGS services of the
study area are all at a poor level and are severely under-served at the sub-district scale when
the living circle range is small. Additionally, all sub-districts cannot enjoy equitable UGS
services within 1000 m. In contrast, some zones can be served by abundant UGS resources
at the residential scale. In the sub-district with a low value of locational entropy grading at
the macro-scale, there are high value residential units distributed at the micro-scale; it is
similar in the sub-district units with good UGS service, containing residential areas with
insufficient green space service.

4.2. Similarities and Differences at Different Traveling Scopes

Spatial divergence between UGS and population occurs under all three travel scopes.
The smaller the activity circle, the more blind areas of UGS services there are. Compared
with the 5-min life circle and the 15-min life circle, the values of accessibility result in
the 30-min activity circle changing more gently, the number of spatial units with higher
accessibility increasing and the service blind areas decreasing. The results show that the
spatial accessibility of urban green space will change when the travel range changes. The
longer the distance people travel within a certain range, the higher the accessibility; the
smaller the variability of green space accessibility between spatial units, the more people
will enjoy urban green space services, and the more balanced the distribution of green
space resources will be.

In the evaluation of the equity of UGS, all three activity ranges show inequity. As the
activity circle range increases, the more the Gini coefficient calculation results converge to
0, the closer the Lorenz curve is to the absolute equity line; that is, the spatial distribution
of UGS service supply in Fuzhou is relatively more equal.

With the increase of activity range, the level of UGS service supply in Fuzhou City is
significantly improved. When the travel range of residents increases, the effective service
area and the population coverage of UGS increases, and the more UGS services residents
enjoyed, the better the supply of UGS services.
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4.3. Application of UGS Planning in Fuzhou

In order to scientifically build an urban green space system and achieve the purpose
of equitable supply of services and precise matching of supply and demand, this study
mainly proposes the following optimization suggestions in view of the existing problems
of UGS allocation in the main urban area of Fuzhou.

(1) The per capita level of UGS resources in Chengmen sub-district, Duihu sub-district
and Sanchajie sub-district is much lower than the average level. They are at a disad-
vantageous level in both scales even under the extreme travel scope. This is mainly
due to the incomplete construction, the lack of concentrated distribution of UGS
resources, and the inadequate road system. They should be further evaluated and
prioritized for measures in urban construction.

(2) For the high population density, the dense distribution of residential areas and land
constraints of Chayuan sub-district and Dongjie sub-district, the existing urban layout
should make full use of abandoned space to build pocket parks, set up street side
green space and corner green space to improve the efficiency of space utilization.

(3) Walking is the primary choice of daily travel for residents. Not only should the
construction of UGS areas be strengthened, but also the planning of slow-moving
transportation systems should be paid attention to. Due to the sparse road network
and inconvenient traffic in Shangdu sub-district, some residents are inconvenienced
in using the UGS. The accessibility of UGS for residents should be improved by
increasing UGS. Building green corridors connecting with surrounding green space,
strengthening road network construction, opening up cut-off roads, and improving
road network continuity seem to be enforceable.

(4) In the context of building a livable city in the new era, urban renewal and construction
should be tailored to local conditions and strategies should be adopted for different
situations. Different regions are not consistent in terms of population structure, eco-
nomic structure and development status. We should avoid using a single indicator
as the basis for spatial optimization when conducting optimization. Urban planners
should coordinate and unify with government with considering the city, region and
street as a whole at multiple levels. A more scientific and effective construction man-
agement system should be formed by satisfying both macroscopic rigid regulations
and a microscopic grasp of construction details.

(5) The 5 min, 15 min and 30 min walkable living circles defined in this study determine
the spatial evaluation range based on time. They correspond to the basic, neigh-
borhood and daily social and travel distances of residents, respectively. There are
also cases of urban spatial planning that emphasize the time-scale as the bound-
ary [28], such as a maximum 5-min walk to all amenities and public transport in
Copenhagen [29], the 15-min city in Paris [30], the 20-min neighborhood in the United
States [31] and Australia [32], the 20-min town in Singapore [33], and the 15-min
convenient living circle in China [28], which have transformed the concepts of urban
planning and construction in the past. However, due to the differences in the time
delineation of the living circle and the choice of transportation in different countries,
a unified spatial scope division has not yet been formed. With the development of
intelligent technology, the planning mode of living circle series will undergo new
changes. UGS, which has great ecological and social benefits, should bear the brunt;
the new planning methods deserve further attention and exploration.

4.4. Limitation

Due to the limitations to obtaining data, this study assumed that the population
is evenly distributed within the residential area. The number of building floors was
not considered. The result calculated from the area weight and the census data is an
approximate expression of the number of people in the settlement. In reality, the population
distribution is not uniform and should be related to the number of building floors. The
accuracy of the research results will be greatly improved if the population data can be
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accurately obtained by using big data. As a service provider, the higher the quality of the
physical environment of the urban green space itself, the more residents can be attracted
to visit. Although there have been some studies on the assessment of UGS quality in the
past, there is no uniform assessment standard and further discussion should be had. The
real meaning of equity should include more consideration of the demand-side state, taking
into account the distribution of population, social attributes, and the ability to obtain green
space services, etc., which means people-oriented planning. To ensure UGS construction
meets the diverse needs and preferences of different social groups is the meaning of UGS
equity evaluation.

5. Conclusions

This study used web big data, based on G2SFCA, to measure the accessibility of UGS
for residents of 39 sub-districts and 2020 residential areas in Fuzhou at different travel
scopes, to identify the inequities in the spatial distribution of UGS at the different scales,
respectively, and to quantitatively evaluate the actual service of UGS. Finally, scientific
proposals were provided for the urban construction and improvement of the urban green
space system in Fuzhou. The main conclusions of this study are as follows:

1. Fuzhou city has significant variations in the allocation of urban green space resources
with serious social inequities. The accessibility of UGS shows a spatial distribution
pattern of being high in the northwest and low in the southeast.

2. Within the walking limit travel distance, with the expansion of residents’ travel range,
the accessibility degree of UGS in Fuzhou increases, the distribution of UGS resources
is more balanced, therefore the higher the extent of equity, and the level of urban
green space service supply is significantly improved.

3. The evaluation results of UGS accessibility, equity, and green space services in the
main city of Fuzhou are consistent overall at the residential scale and sub-district
scale. However, at smaller travel ranges, the residential scale has an advantage in
identifying access to green space resources.

4. The city construction should be planned holistically from multiple levels and take into
account the population structure, economic structure and development status, and
so on. We should take measures according to local conditions. The construction of
UGS should also be further explored and investigated with reference to the planning
model of new living circles.
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Abstract: An analytic database was built based on meta-regression analysis (MRA) method, mainly
including ecosystem service type, farmland division, cultivated land type, value assessment method,
and farmland characteristics. The feasible weighted least square (FWLS) method was adopted to
comprehensively investigate the seventy observations from empirical studies. The results indicate
that: (1) except the negative impact of farmland area on farmland value, such factors as paddy
field, good soil conservation function, mainly providing agricultural products, and using market
value method for assessment all produce positive effect on the promotion of farmland value. (2) In
meta-regression analysis, the average transfer error is 36.74%, and the median transfer error is 14.59%.
(3) Under the A1B, A2, B1, and B2 scenarios of IPCC SRES, it is discovered from calculation that
the value changes under different scenarios have some differences, in which, the total value rises
significantly under A2 scenario and will reach to 15,220 billion yuan until the year of 2100; while
the total value loss is the greatest under B1 scenario and will fall to 6320 billion yuan until the year
of 2100. Finally, this paper gives some suggestions for scholars to deeply study the service value of
farmland ecosystem as well as for the government to formulate differentiation policies.

Keywords: ecosystem services; value transfer; farmland; meta-regression analysis

1. Introduction

Nowadays, the increasingly severe natural resource depletion, ecology destroying,
and environmental pollution have attracted people’s attention to the environment [1].
China is the world’s largest developing country, and its long-term extensive way of de-
velopment has resulted in many ecological environment problems, which show sharp
conflict to people’s growing demands for comfortable environment. Around the world,
the farmland ecosystem is always one of the most important ecosystems [2]. Up to the 25
August 2021, according to the public data of Ministry of Natural Resources of the People’s
Republic of China, Chinese cultivated land area is 1.43 × 106 square kilometer, covering
14.90% of national territorial area, mainly distributed in Northeast China, Huanghai-
Huaihai-Haihe region and Yangtze Plain, Middle, and Lower. Farmland ecosystem not
only provides crops [3–5] and recreational tourism [3,6] for people, but also plays an impor-
tant role in gas regulation [3,7,8], soil conservation [3,4,6,9], water conservation [3,10,11],
and soil nutrient circulation [3,4], with huge environmental and economic benefits [12].
Recently, the main methods to evaluate farmland ecosystem service value include shadow
project approach, market valuation approach, surrogate market approach, and carbon
tax approach [11,13–15]. Before 2003, the ecosystem service value assessment in China
mainly focused on forest [16–18], wetland [19], landscape [20], and river ecosystems [21,22],
especially for forest and wetland ecosystems, but there were few contents about assess-
ment of farmland ecosystem service value. In 2003, Zhao Rongqing [23] et al. initially
defined and classified farmland ecosystem service functions. After that, China started to
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study the farmland ecosystem service value of different or specific region at different time
periods [3,24,25].

At present, research on the application of Meta-analytic value transfer methods in the
field of ecosystem service valuation is mainly two-fold: first, to develop a meta-analytic
value transfer model with general applicability for ecosystem service value prediction
within a broad ecosystem service valuation framework, and second, to develop a meta-
analytic value transfer model for a specific policy context [26].The applied research of
meta-analysis value transfer method in farmland ecosystem service value assessment field
mainly focuses on the former aspect. In the research of ecosystem service value transfer,
meta-analysis method can take effect in three points: (1) Integrate and evaluate the ecosys-
tem service value assessment study; (2) build meta-regression model for evaluating the
influential factors of ecosystem service value changes; (3) use the meta-regression model
built to predict ecosystem service value [27]. Meanwhile, there are very few applied re-
search on meta-analysis value transfer method. According to the current literature retrieval
condition, overseas and domestic scholars have already launched the applied research
of meta-analysis value transfer method in China’s forest ecosystem service value assess-
ment [28], study of dry farmland ecosystem’s active and passive restoration measures [29],
land use changes and ecosystem service value transfer in Changbai Mountains region [30],
study of agroforestry system’s grain yield [31], and assessment of wetland ecological pro-
tection value in Changbai Mountain region [32]. However, there is no applied research of
farmland ecosystem service value assessment in China yet.

IPCC SRES has four broad scenarios: A1, A2, B1, and B2. Scenario A describes a
world that tends toward economic development, while Scenario B tends toward social
and environmental development; Scenario 1 has a more globalized world with frequent
economic, cultural, and technological interactions among countries, while Scenario 2 has a
less globalized world. Specifically, the A1 scenario depicts a future that is called the “Golden
Age of the Economy. Scenario A2 is called “Cultural Diversity”. People are concerned with
regional independence and environmental issues are not a priority. Populations continue
to grow, trade barriers exist, and technological progress is slow. Scenario B1 is similar
to “sustainable development”: there is a high level of globalization, stable populations,
international cooperation, a preference for more efficient and cleaner energy sources, and
rapid development of energy-efficient technologies. “Regional Solutions”. People are
concerned about regional independence, but also about environmental protection. Some
regions would use clean coal as fuel, others would use clean energy sources such as wind
and solar. Among them, A1B fuel use is more balanced. The different scenarios are based
on different drivers, such as economy, energy use and temperature. Several specific drivers
are represented in these four scenarios:

1. Economic development: globalization is better than non-globalization (1 series > 2
series), but focusing on the economy does not necessarily yield better benefits than
focusing on the society/environment (A2 < B2).

2. The Human Development Index (HDI) is an index proposed by the United Nations
Development Programme (UNDP) that includes three dimensions: human health and
longevity, knowledge and education, and economic development. A2 is basically the
worst scenario, with B2 slightly worse.

3. Temperature rise: Focus on more economic warming (A > B), less globalization
warming (1 < 2)

In light of the above problems, we collected the value assessment results of empirical
research literature about farmland ecosystem service value assessment in China, established
a value transfer database, built a meta-analysis value transfer model of farmland ecosystem
service in China by using meta-analysis and multiple regression analysis method, and
calculated farmland ecosystem value change condition in China between 2010 and 2100
based on these. First, an influential factor analysis and a model error evaluation were
conducted though the regression results. Then, on this basis, according to the A1B, A2, B1,
and B2 scenarios of IPCC SRES, the farmland value change condition in China between
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2010 and 2100 was calculated, and the applicability and development prospect of Meta-
analysis value transfer method in farmland ecosystem service value assessment field in
China were discussed.

2. Research Method and Data Processing
2.1. Database Establishment

The monetizing valuation of the entire biosphere’s ecosystem service value made by
Costanza et al. [33] has become an important milestone for the entire ecosystem service
value assessment system in future. Now, there are three sources for ecosystem service
value in China: Costanza et al. [33], The Millennium Ecosystem Assessment (MA) [34],
and Xie Gaodi et al. [35]. This paper referred to the value assessment procedure of existing
literature and the MA reports, and established a meta-analysis farmland ecosystem service
value assessment system (see Figure 1).

Figure 1. Meta-analysis farmland ecosystem service value assessment system.

Based on the farmland ecosystem service value assessment system in Figure 1, the
research information such as the title, author, research time, research region, farmland type,
evaluation method, ecosystem service type, and ecosystem service value were collected
uniformly from the literature and then input into the Excel table. At last, a total of 26 lit-
erature and 70 value observations were included in the meta-analysis database. It can be
seen from the geographical location distribution of study sample site (Figure 2) that the
evaluated farmland ecosystems were mainly distributed in the major grain-producing area
such as Huanghai-Huaihai-Haihe region and Yangtze Plain, Middle, and Lower, while very
few study samples were distributed in the non-major grain-producing area such as the
central and western regions of China.
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Figure 2. Geographical location distribution of study samples.

2.2. Selection of Independent Variables

The study on ecosystem service value transfer at home and abroad generally considers
the value assessment method of study samples, research region area, ecosystem service
type, regional economic development level of research region, substitution effect of the
same type of ecosystems, as well as the influence of other factors on ecosystem service
value changes [36]. By reference to overseas and domestic influential factors considered,
combined with the actual data collection condition in this paper, the independent variables
used to build meta-regression model were selected:

Ecosystem service type: different types of services provided by an ecosystem are
different, their importance are also differed, so the generated values are varied. The
difference between different ecosystem service types may have impact on the value of
farmland ecosystem.

Value assessment method: the ecosystem value assessment method can affect the
assessment results to a great extent, especially the selection of service quality evaluation
index and price parameters. This paper focuses on analyzing the influence of using different
value assessment methods on the change of farmland ecosystem service value.

Farmland division: farmland is mainly divided into major crops producing region
and non-major crops producing region. The crops producing region covers the northeast
plain, Huanghai-Huaihai-Haihe plain, Yangtze River plain, with wide distribution scope
and good production condition.

Farmland area: it is known from recently collected literature that ecosystems have
boundary effect. Within the boundary effect, with the increase of farmland area, the unit
area value of some farmland ecosystems will increase as well; but when it exceeds a
certain critical threshold, the value of some farmland ecosystems may show decreasing
scale benefits.

Number of beneficiaries: the number of beneficiaries of farmland ecosystem service
reflects the demands or market size of farmland ecosystem service [37]. This paper defines
the scope of farmland beneficiaries as within the administrative region. The population
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data within administrative regions originates from the Statistical Yearbook of each province
and city.

Per capital GDP: the farmland ecosystem service value is closely related to the eco-
nomic development level of the region in which the farmland is located, for example, there
is a huge gap between the developed and under-developed regions in identification and
market realization of farmland ecosystem service value [38]. This paper uses per capital
GDP as the index to measure regional economic development state. According to data
collection condition, the scale of the region is defined as within the administrative region.
The per capital GDP data of the administrative region in which the farmland is located
originate from the Statistical Yearbook of each province and city.

Cultivated land type: the level-1 cultivated land mainly includes paddy field and dry
land. Dry land normally refers to the lands in which dry crops are planted without seasonal
irrigation. Paddy field refers to the farmlands in which paddy and other aquatic plants
are planted with seasonal ponding every year. Different cultivated land types may have
impact on farmland ecosystem service value.

Count the number and mean of value observations corresponding to each variable,
follow the statistical and metric data requirements to assign various information of inde-
pendent variables, and calculate their mean values and standard deviations respectively.
See the variable information of meta-regression model in Table 1 [3,14,25,39–60].

Table 1. Variable definitions and summary statistics a (in CNY¥ ha−1 yr−1).

Variable Names Variable Description Mean SD N

Dependent variable

Farmland value Annual value per hectare in 2015 CNY¥ in
logarithmic form 10.770 1.101 70

Independent variables
Value evaluation approach
Surrogate market approach Baseline category b 0.143 0.352 10

Opportunity cost approach If the opportunity cost approach is used for
assessment, the value is set as 1, otherwise as 0 0.443 0.500 31

Carbon tax approach If the carbon tax approach is used for assessment,
the value is set as 1, otherwise as 0 0.143 0.352 10

Shadow project approach If the shadow project approach is used for
assessment, the value is set as 1, otherwise as 0 0.457 0.502 32

Market valuation approach If the market valuation approach is used for
assessment, the value is set as 1, otherwise as 0 0.529 0.503 37

Farmland ecosystem services
Water conservation Baseline category b 0.500 0.504 35

Crops If the ecosystem service type is crops, the value is
set as 1, otherwise as 0 0.786 0.413 55

Gas regulation If the ecosystem service type is gas regulation, the
value is set as 1, otherwise as 0 0.600 0.493 42

Soil conservation If the ecosystem service type is soil conservation,
the value is set as 1, otherwise as 0 0.457 0.502 32

Recreational tourism If the ecosystem service type is recreational
tourism, the value is set as 1, otherwise as 0 0.257 0.440 18

Soil nutrient circulation If the ecosystem service type is soil nutrient
circulation, the value is set as 1, otherwise as 0 0.414 0.496 29

Dry land Baseline category b 0.643 0.483 45

Paddy field If the cultivated land type is paddy field, the value
is set as 1, otherwise as 0 0.371 0.487 26
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Table 1. Cont.

Variable Names Variable Description Mean SD N

Non-major crops producing
region Baseline category b 0.700 0.462 49

Northeast region If the crops’ geographic region is northeast region,
the value is set as 1, otherwise as 0 0.043 0.204 3

Huanghai-Huaihai-Haihe region
If the crops’ geographic region is

Huanghai-Huaihai-Haihe region, the value is set as
1, otherwise as 0

0.257 0.440 18

Yangtze Plain, Middle and Lower
If the crops’ geographic region is Yangtze Plain,

Middle and Lower, the value is set as 1, otherwise
as 0

0.057 0.234 4

Farmland size Area of Farmland site in logarithmic form 12.599 2.256 70
Number of beneficiaries Numerical variables in logarithmic form 15.476 2.485 70

GDP per capita c GDP per capita in logarithmic form 9.896 0.961 70
a Note: N = number of observations for each variable or variable level; SD = standard deviation. b Baseline
category refers to that which is excluded for each categorical variable in order to avoid perfect collinearity.
c Referring to year 2015.

2.3. Model Establishment

In meta-regression, the weighted regression model, panel data model or hierarchical
linear model are usually used to explain individual research effect [61]. In weighted
regression, every study has its independent weight, irrelevant to the number of value
obtained from a single research. Panel data include fixed effect model and random effect
model, in which the former assumes every study has fixed individual effect, and its
interior estimator could only explain the influence inside the study. While the latter
assumes every study has random individual effect, and it often uses the generalized
least square estimation, able to explain the influence between studies and inside the
study simultaneously. Hierarchical linear model mixes random and fixed models [62].
However, in meta-regression dataset of this paper, the estimated value variance change is
not sufficiently explained inside single research, so panel data model or hierarchical model
is not suitable for the dataset of this paper [62].

In the existing relevant meta-regression analysis, the majority adopts the ordinary
least squares(OLS), with general expression as below:

ln (yi) = α + βsXs + βtXt + βpXp + βeXe + δi (1)

In which, the dependent variable y is the value vector of farmland ecosystem service, in
CNY ha−1 a−1. α is a constant term, δ is a residue term, β is the regression coefficient matrix
of independent variable, and X is the independent variable matrix, in which, Xs represents
the variable of farmland ecosystem service value assessment method, Xt represents the
characteristics of evaluated farmland, Xp represents farmland ecosystem service type, Xe
represents the geographical environment characteristics around evaluated farmland.

The main reason for choosing a log-linear model in this paper is that the logarithmic
transformation can reduce fluctuations in the original data, improve the accuracy of the fit
and reduce heteroskedasticity [62,63]. Since the value assessment in literature was often
based on different years, in order to make the data comparable, the paper used the value
observation conversion method adopted by Kochi et al. [64] and Johnston et al. [65] for
reference, and regulated the values of different assessment base years into the price level of
2015 through consumer price index (CPI); then, divided the value (CNY a−1) of unified base
year by farmland area (ha) of study region, obtained the unit area value (CNY ha−1 a−1) of
farmland ecosystems in different study regions, and took it as the dependent variable of
meta-regression model.
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3. Results Analysis
3.1. Meta-Regression Analysis

The meta-regression results are shown in Table 2. The Model(A) reports the general
model covering all explanatory variables and makes estimation through OLS, but the B-P
test results indicate the existence of heteroscedasticity (p = 0.000). The reason may be that
the potential assumption of least square method is that different observations are irrelevant.
In the established meta-analysis database, one literature can provide 11 value observations
at the most, and 50% literature provide multiple observations. Since the observations from
the same literature are not independent and different studies may be correlated, these
could result in biased estimation simultaneously. In Model(B), we referred to the solutions
to this problem in existing studies and used the weighted least square (WLS), in which
some used the weighted least square taking the reciprocal of observation number as the
weight [36,63,66], reducing the influence of sample correlation to a certain extent. But the
demerit of WLS is that it assumes the covariance matrix of disturbing term is known, which
is often an unrealistic hypothesis. In view of this, it only can be used after using sample
data for uniform estimation, and this method is called the feasible weighted least square
(FWLS) [67], see the results in Model (C). Moreover, we tested whether the regression
model had serious multicollinearity problem by figuring out the variance inflation factor
(VIF), which was defined as:

VIF =
1

1− R2
i

(2)

In which, Ri is the negative correlation coefficient of regression analysis performed by
independent variable Xi on other independent variables. The greater the VIF is, the larger
the possibility of multicollinearity exists between independent variables will be. Generally
speaking, if VIF is more than ten, the regression model has serious multicollinearity. While
the independent variable’s VIF being less than ten is generally acceptable, this indicates
there is no multicollinearity problem between independent variables [67]. It is known from
Table 3 that the VIF of the independent variable-number of beneficiaries is greater than
ten, so after we delete it from Model(D-G), the VIF values of all independent variables are
tested to be less than ten. It can be seen from the results of Model (D) that the significance of
farmland area has been improved, and the independent variable-number of beneficiaries is
not significant in Model (A) and Model (B). This demonstrates that the model accuracy has
been improved after the number of beneficiaries is deleted. In Model (E), the significance
of opportunity cost method and per capital GDP declines slightly, but it is still statistically
significant at a level of 5%, but the significance of such ecosystem service type variables
as crops and gas regulation rise to some extent. This may be due to the influence of
multicollinearity interference which can be improved after deleting the influential variables.
Brander et al. [68] considers when evaluating a given ecosystem’s service value, more
than one assessment method is often used, and the value assessment method of a given
ecosystem service is generally definite, for example, using shadow project approach to
evaluate the value of water conservation [69], using opportunity cost method to evaluate
the value of biodiversity, etc. [70] Therefore, the regression results can be affected. So,
we deleted the value assessment method variables from Model (F) and Model (G), but its
results showed that except the significance of farmland area did not change, the significance
and regression coefficient of other variables had changed. This phenomenon also manifests
that the value assessment method play a certain effect in regression model, so we should
refer to existing studies to reserve the value assessment method variable. [36,64,66].
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Table 2. Estimated meta-regression value transfer function.

Variable
Full Model Reduced Model

Model (A) Model (B) Model (C) Model (D) Model (E) Model (F) Model (G)

Opportunity cost
approach

−0.462
(0.296)

−0.288
(0.239)

−0.559 ***
(0.194)

−0.326
(0.230)

−0.465 **
(0.190) - -

Carbon tax
approach

−0.279
(0.318)

−0.170
(0.374)

0.068
(0.422)

−0.208
(0.395)

0.116
(0.358) - -

Shadow project approach 0.344
(0.294)

0.189
(0.257)

−0.084
(0.209)

0.262
(0.256)

−0.171
(0.184) - -

Market
evaluation
approach

0.870 ***
(0.215)

1.326 ***
(0.262)

0.623 ***
(0.134)

1.338 ***
(0.257)

0.627 ***
(0.128) - -

Crops 0.224
(0.256)

0.443 *
(0.257)

0.445 **
(0.168)

0.403 *
(0.227)

0.464 ***
(0.168)

0.164
(0.348)

0.403 *
(0.225)

Gas regulation 0.237
(0.297)

0.212
(0.331)

0.490
(0.323)

0.188
(0.336)

0.495 *
(0.284)

0.417
(0.367)

0.486 **
(0.189)

Soil conservation 0.444*
(0.230)

0.152
(0.222)

0.872 ***
(0.164)

0.169
(0.216)

0.923 ***
(0.155)

0.411
(0.397)

1.577 ***
(0.297)

Recreational tourism −0.780 ***
(0.249)

−0.654 **
(0.273)

−0.989 ***
(0.343)

−0.629 **
(0.246)

−1.018 ***
(0.301)

−0.540
(0.391)

−0.544 **
(0.240)

Soil nutrient
circulation

0.255
(0.253)

0.403
(0.270)

−0.108
(0.230)

0.409
(0.269)

−0.152
(0.209)

−0.273
(0.294)

−0.419 ***
(0.142)

Paddy field 0.734 ***
(0.240)

0.996 ***
(0.330)

0.649 ***
(0.222)

1.013 ***
(0.323)

0.590 ***
(0.199)

0.747 *
(0.444)

0.080
(0.315)

Northeast region −0.222
(0.453)

−0.268
(0.685)

0.103
(0.403)

−0.220
(0.665)

−0.073
(0.403)

−0.368
(0.855)

−0.841 *
(0.493)

Yangtze Plain, Middle
and Lower

−1.056 ***
(0.331)

−1.411 ***
(0.360)

−1.147 ***
(0.412)

−1.411 ***
(0.357)

−1.141 ***
(0.371)

−0.921*
(0.544)

0.321
(0.528)

Huanghai-Huaihai-
Haihe region

−0.388
(0.269)

−0.422
(0.418)

−0.189
(0.359)

−0.407
(0.422)

−0.218
(0.303)

−0.407
(0.396)

0.080
(0.248)

Farmland area −0.215 **
(0.082)

−0.166
(0.104)

−0.149 ***
(0.053)

−0.135 **
(0.053)

−0.181 ***
(0.046)

−0.190 ***
(0.067)

−0.298 ***
(0.044)

Number of
beneficiaries

−0.014
(0.087)

0.035
(0.099)

−0.034 ***
(0.006) - - - -

Per capital GDP −0.083
(0.090)

−0.149 *
(0.075)

−0.106 ***
(0.034)

−0.149 *
(0.074)

−0.090 **
(0.035)

−0.040
(0.125)

0.047
(0.052)

Constant term 13.620 ***
(1.112)

12.420 ***
(0.853)

13.268 ***
(0.357)

12.570 ***
(0.771)

13.014 ***
(0.323)

13.129 ***
(1.669)

13.108 ***
(0.640)

Number of
observations 70 70 70 70 70 70 70

R2 0.827 0.742 0.990 0.741 0.987 0.554 0.937
Adjusted R2 0.775 0.664 0.986 0.670 0.983 0.469 0.925

Note: Figures in brackets are standard errors. Model (A) uses OLS. WLS is used for Model (B, D, F), using
reciprocal of sample size as weights. FWLS is used for Model (C, E, G). Significance is indicated with ***, **, and *
for 1%, 5%, and 10% statistical significance levels, respectively.

Table 3. MAPE of MRA models.

MAPF (%)
In-Sample MAPE Out-of-Sample MAPE

(1) Model (D) (2) Model (E) (3) Model (D) (4) Model (E)

Average MAPE 47.60 36.74 94.96 88.87
Median MAPE 42.18 14.59 47.97 23.04

Maximum 263.69 314.64 874.91 1802.72
Minimum 0.72 0.07 0.84 0.04

Note: Columns (1) and (3) use the WLS results from Model (D), Table 2. Columns (2) and (4) use the FWLS
results from Model (E), Table 2. Columns (1) and (2) report the in-sample MAPE. Columns (3) and (4) report
out-of-sample comparisons.

96



Int. J. Environ. Res. Public Health 2023, 20, 440

In Model (E), the ecosystem service type, value assessment approach, farmland divi-
sion, cultivated land type, farmland area and per capital GDP in all can explain 98.3% of the
value change of sample size farmland. In the regression results, the regression coefficient
of virtual variables (ecosystem service type, value assessment method, farmland division,
cultivated land type) reflects the deviation direction and degree of specific variables rela-
tive to control group; the regression coefficient of continuous variable represents elastic
coefficient, i.e., the ratio of change rate of dependent variable to independent variable. A
specific analysis of regression results is made as below:

1. Value assessment method: the regression coefficient of opportunity cost approach
and market evaluation approach is statistically significant. This indicates when other
influential factors remain unchanged, the value estimates obtained through opportu-
nity cost approach and market valuation approach show significant difference with
that obtained through surrogate market approach. The market valuation approach
is higher than other value assessment method, while the value estimated obtained
through opportunity cost approach is the lowest.

2. Ecosystem service type: in the six farmland ecosystem services, the regression coeffi-
cients of crops, gas regulation, soil conservation, and recreational tourism are statis-
tically significant. This indicates when other influential factors remain unchanged,
the values of crops, gas regulation, soil conservation, and recreational tourism ser-
vices show significant difference with water conservation. The values of crops, gas
regulation, and soil conservation are higher than other farmland ecosystem services,
in which the value of soil conservation service is the highest, while the value of
recreational tourism service is the lowest.

3. Cultivated land type: the regression coefficient of paddy field is positive and is statisti-
cally significant at the level of 1%. This indicates when other influential factors remain
unchanged, the value estimates obtained when farmland ecosystem’s cultivated land
type is paddy field are evidently higher than that obtained from dry land.

4. Farmland division: in the four farmland division regions, the regression coefficient
of Yangtze Plain Middle and Lower is statistically significant. This indicates when
other influential factors remain unchanged, the farmland ecosystem service value
of Yangtze Plain Middle and Lower is obviously lower than the service value of
other regions.

5. Farmland area: the regression coefficient of farmland area is significantly negative.
This indicates the per hectare value of farmland ecosystem has decreasing return
to scale, but this effect will decrease geometrically with the increase of ecosystem
area [71,72]. Taking the regression coefficient −0.181 of farmland area as an example,
for a farmland ecosystem of 10 ha, if the area increases by 1%, its per hectare value
will decrease by 1.81%; but for a farmland ecosystem of 1000 ha, if the area increases
by 1%, its per hectare value only decreases by 0.018%. So, the total value of farmland
ecosystem still increases with the increase of farmland area.

6. Per capital GDP: the regression coefficient of per capital GDP variable is statistically
significant, showing negative correlation. This indicates when other conditions remain
unchanged, if the per capital GDP of research region becomes higher, the unit area
value of farmland ecosystem will be lower, and economic growth may lead to a
recession of ecosystem function. When per capital GDP increases by 10%, the unit
area value will reduce by 0.9%.

3.2. Value Transfer

Transfer error is used to test the consistency between model prediction value and value
observations [12,28], equivalent to the mean absolute percentage error (MAPE), defined as:

MAPE = ∑ [
|V est −Vobs|

Vobs
·100]/n (3)
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where Vest is the transferred (predicted) farmland value from the MRA, Vobs is the farmland
value as reported in a primary study, and n is the number of estimates. Generally speaking,
the smaller the transfer error is, the higher the effectiveness of value transfer model will
be [12,28].

The paper adopts the leave-one-out cross validation [63,68,73], i.e., successively select
every observation as test set, take other observations as training set, and calculate the trans-
fer error of corresponding observation in the test set respectively. Compared to the ordinary
K-fold cross validation(k > 1), though the calculation of leave-one-out cross validation is
more tedious, its sample use ratio is the highest. It not only can accurately evaluate the
model’s global error, but also make it easier to analyze the change characteristics of error
with observations.

We use MAPE to calculate the transfer error rate according to Equation (3). The
transfer error rates are presented in Table 3, columns (1) and (2) for in-sample comparisons.
Column (1) represents the transfer error of Model (D) in Table 2, and column (2) represents
the transfer error of Model (E), with the average transfer errors of 47.60% and 36.74%,
respectively. The results show that the regression results of FWLS are better than WLS
results. We also report out-of-sample predictions in columns (3) and (4), with average
errors of 94.96% and 88.87%, respectively, both of which are greater than in-sample errors.
This condition conforms to the prediction [71]. The column (2) in Table 3 indicates that the
median transfer error rate is 14.59%, in which, 74% of sample transfer error rate is less than
40%, and 9% of sample transfer error rate is greater than 100%. Therefore, it is necessary to
be cautious due to that some transfer error rates are very large.

By sorting the value observations in ascending order, the change condition of model’s
predicted value and transfer error is obtained as shown in Figures 3 and 4. Figure 3 displays
the change of predicted values of Model (D) and Model (E). It can be seen that when value
observations are small, the model’s predicted value is higher with large deviation degree;
when value observations are large, the model’s predicted value is lower with gradually
descending deviation degree and data fluctuation range. The predicted value deviation
and fluctuation range of Model (E) is obviously better than that of Model (D). Figure 4
indicates that with the increase of value observations, the transfer error shows a declining
trend, and the transfer error of Model (E) is less than the results of Model (D) in most cases.

Figure 3. Value observations and predicted value (value observations are sorted in ascending order,
with Model (D) on the left and Model (E) on the right).
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Figure 4. FWLS and WLS transfer error.

3.3. Value Change Assessment of China’s Farmland Ecosystem between 2010 and 2100

This paper adopts the global 1 km land cover change dataset of 2010~2100 established
by Li Xia et al. [2]. This dataset is built based on IMAGE module [74] and cellular automata
techniques [75], and simulates the evolutionary process of different land use types between
2010 and 2100 according to the four scenarios of IPCC SRES: A1B, A2, B1, and B2, in
which the baseline scenario is in the year of 2010. A1B belongs to the sub-scenario of
various energy balance development in A1 scenarios. This dataset can be downloaded at
https://geosimulation.cn/download/GlobalSimulation/ (accessed on 2 December 2021).

The paper extracted the dataset of China’s land use (Farmland, Water, Urban, Forestry,
Barren and Grassland) in the years of 2050 and 2100 under four scenarios, as shown in
Figure 5. The meta-regression model results were used to calculate the change of China’s
farmland ecosystem service value under different scenarios, see the calculation results in
Table 4. In 2010, the total farmland area in China was about 110 million hectare, and the total
ecosystem service value was 8860 billion yuan. Under four scenarios, the change in total
values of farmland area and farmland ecosystem service with time shows the same tendency.
Under A2 and B2 scenarios, the total values of farmland area and farmland ecosystem
service continuously increase, reaching to 15,220 billion yuan and 14,930 billion yuan till the
year of 2100, respectively. Under A1B and B1 scenarios, both the total values of farmland
area and farmland ecosystem decline after a rise, and the total farmland values will be only
7920 billion yuan and 6320 billion yuan in the year of 2100, respectively. In general, as
China’s farmland ecosystem is concerned, A2 scenario is the optimal development path,
and the total service value loss of farmland ecosystem in B1 scenario is the maximum.
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Figure 5. China’s land use distribution in different scenarios (with no modification to base map).
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Table 4. Change in farmland area and value in China under different scenarios (2010–2100).

Scenarios Year Area (108 ha) Value (1012 CNY)

Baseline Scenario 2010 1.10 8.86

A1B Scenario
2050 2.29 14.86
2100 0.96 7.92

A2 Scenario
2050 1.93 13.44
2100 2.40 15.22

B1 Scenario
2050 1.50 11.31
2100 0.74 6.32

B2 Scenario
2050 1.76 12.66
2100 2.31 14.93

Note: A1B Scenario: low-speed population growth; sprawling city; super high-speed economic growth; rapid
technological innovation; strong bio-fuel demand, balanced development of various energy. A2 Scenario: high-
speed population growth; sprawling city; medium-speed economic growth; slow technological innovation; lower
bio-fuel demand. B1 Scenario: low-speed population growth; compact city; high-speed economic growth; slower
technological innovation; low overall energy consumption, low bio-fuel demand. B2 Scenario: medium-speed
population growth; compact city; medium-speed economic growth; slower technological innovation; less overall
energy consumption, low bio-fuel consumption.

4. Discussion

It is worth noting that meta-analysis is a method of performing quantitative compre-
hensive analysis and variation source analysis on existing results, so the effectiveness of
meta-analysis-based value transfer method depends on the quantity and quality of existing
empirical study to a great extent. But at present, there are a few research on farmland
ecosystem in China, which may affect the research results. So, we suggest to further
improve the quantity and quality of relevant empirical studies and attach importance
to the technical perfection and index integrity in the process of ecosystem service value
assessment. Meanwhile, it is also found from this study that whether urban development
or national development in future, it is essential to pay attention to protecting arable land
minimum and persist in permanent basic farmland policy, which could bring huge benefit
for numerous natural ecosystems and social ecosystems.

5. Conclusions

China has always been a great agricultural country, in which farmland ecosystem
development directly relates to national development. In this paper, MRA was made on the
service value of farmland ecosystem in China, providing a novel contribution to the study
of farmland ecosystem service value transfer. We discover that farmland characteristics,
assessment method, and service type all affect the value of farmland. For example, farmland
area negatively affects farmland value, and the farmland with cultivated land type as paddy
field is more valuable than that as dry land. In addition, the farmland that provides crops
and that has good soil conservation function is more valuable than that used for recreational
tourism. This demonstrates that converting farmland into tourism development may bring
down its value, but protecting it may increase its value. Another result is that the farmland
value evaluated by using market valuation method is obviously superior to other value
assessment methods, so the market valuation approach should be preferred in the farmland
ecosystem service value assessment method in future. By sorting the value observations
in ascending order, it is noted that with the increase of value observations, the model
predicted value gradually transits from overestimation to underestimation, and transfer
error also tends to decrease. This result is consistent with the research results of Brander
et al. wetland ecosystem) and Salem et al. (mangrove forest ecosystem). Recently, there is
still no reasonable explanation to such phenomenon, but it can be taken as a reference for
value transfer process.

Regarding value transfer model construction, compared to the published meta-analysis
studies, this paper used fewer explanatory variables, without considering such influential
factors as the physical characteristics, environmental quality, climate change, and human
activities of farmland ecosystem. The reason is the lack of locating observation and experi-
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mental research of ecosystem function in the study of farmland ecosystem in China, as well
as the formation process of various ecosystem services and the mechanism study of human
influence, so it is difficult to include relevant influential factors in this meta-regression
analysis model. This is also a regret of this study. Regarding the results, we used the
leave-one-out cross validation to obtain the error range of 88.87% and its median of 23.04%,
both of which are higher than in-sample error by 36.74% and 16.59%. The FWLS error fluc-
tuation results are significantly better than the WLS model. The studies on value transfer of
farmland ecosystem in China between 2010 and 2100 indicate that the change trend in total
values of farmland area and ecosystem is consistent, conforming to the opinions of Brander
et al. and Woodward et al. However, the specific change conditions are somewhat varied
under different scenarios, in which the total value increases evidently under A2 scenario,
while the total value loss is the maximum under B1 scenario.

Author Contributions: Methodology, L.N., B.C., Y.L. (Yixin Luo) and J.M.; software, N.X. and Z.Y.;
validation, T.Z. and P.L.; investigation, Y.L. (Yue Li) and T.Z.; data curation, Z.Y.; writing—original
draft, L.N.; writing—review and editing, B.C. and J.M.; visualization, Y.L. (Yixin Luo), Y.L. (Yue Li)
and P.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by [Zhejiang Province Public Welfare Technology Application
Research Project] grant number [No LGN21D010001] and [Scientific Research Fund of Zhejiang
Provincial Education Department] grant number [No Y202147326].

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, J.; Diamond, J. China’s environment in a globalizing world. Nature 2005, 435, 1179–1186. [CrossRef] [PubMed]
2. Li, X.; Chen, G.; Liu, X.; Liang, X.; Wang, S.; Chen, Y.; Pei, F.; Xu, X. A New Global Land-Use and Land-Cover Change Product at

a 1-km Resolution for 2010 to 2100 Based on Human–Environment Interactions. Ann. Assoc. Am. Geogr. 2017, 107, 1040–1059.
[CrossRef]

3. Ye, Y.Q.; Zhang, J.E.; Qin, Z.; Li, Y.M.; Li, Y. Ecological profit and loss of farmland ecosystem in Foshan. Acta Ecol. Sin. 2012, 32,
4593–4604.

4. Xie, G.D.; Xiao, Y. Research progress of farmland ecosystem service and its value. Chin. J. Eco-Agric. 2013, 21, 645–651. [CrossRef]
5. Luo, Q.; Luo, L.; Zhou, Q.; Song, Y. Does China’s Yangtze River Economic Belt policy impact on local ecosystem services? Sci.

Total Environ. 2019, 676, 231–241. [CrossRef]
6. Sun, X.Z.; Zhou, H.L.; Xie, G.D. Service function and economic value of farmland ecosystem in China. China Popul. Resour.

Environ. 2007, 19, 55–60.
7. Yin, F.; Mao, R.Z.; Fu, B.J.; Liu, G.H. Farmland ecosystem service function and its formation mechanism. Chin. J. Appl. Ecol. 2006,

17, 929–934.
8. Zhu, H.H.; Zhang, Y. Changes of farmland ecosystem service value in Xinjiang and its influential factor analysis. J. Shihezi Univ.

(Nat. Sci.) 2020, 38, 340–346.
9. Yuan, Y.; Liu, J.T.; Jin, Z.Z. Comprehensive evaluation on positive and negative effect of farmland ecosystem service function in

Luancheng county. Chin. J. Ecol. 2011, 30, 2809–2814.
10. Zhou, Z.M.; Zhang, L.P.; Cao, W.D.; Huang, Y.F. Assessment on ecosystem service function value of winter green manure-spring

maize farmland. Ecol. Environ. Sci. 2016, 25, 597–604.
11. Sheng, J.; Chen, L.G.; Zhu, P.P. Assessment on ecosystem service function value of paddy-wheat rotation farmland. Chin. J.

Eco-Agric. 2008, 16, 1541–1545. [CrossRef]
12. Zhang, L.; Li, X.J.; Zhou, D.M.; Zhang, Y.R. Study of China’s lacustrine wetland ecosystem service value transfer based on

Meta-analysis. Acta Ecol. Sin. 2015, 35, 5507–5517.
13. Xue, B.L.; Zhang, L.F.; Zhang, T.L.; Sun, W.C.; Li, Z.J. Paddy field ecosystem service value assessment—Take Hunan province as

an example. China Rural Water Hydropower 2020, 45, 52–57.
14. Tang, H.; Zheng, Y.; Chen, F.; Yang, L.G.; Zhang, H.L.; Kong, Q.X. Assessment on ecosystem service value of different farmland

types and cropping patterns in Beijing region. Ecol. Econ. 2008, 24, 56–59.
15. Xie, G.D.; Zhang, C.X.; Zhang, L.M.; Chen, W.H.; Li, S.M. Improvement to ecosystem service value method based on equivalent

value factor per unit area. J. Nat. Resour. 2015, 30, 1243–1254.
16. Rao, L.Y.; Zhu, J.Z. Preliminary evaluation on ecosystem service function value of Simianshan forest in Chongqing. J. Soil Water

Conserv. 2003, 17, 5–6.

102



Int. J. Environ. Res. Public Health 2023, 20, 440

17. Xiao, H.; Ouyang, Z.Y.; Zhao, J.Z.; Wang, X.K. Initial exploration of forest ecosystem service function and its ecological economic
value assessment—Take Jianfengling tropical forests in Hainan Island as an example. Chin. J. Appl. Ecol. 2000, 11, 481–484.

18. Xue, D.Y.; Bao, H.; Li, W.H. Assessment on indirect economic value of forest ecosystem in Changbaishan Nature Reserve. China
Environ. Sci. 1999, 6, 247–252.

19. Wu, L.L.; Lu, J.J.; Tong, C.F.; Liu, C.Q. Assessment on ecosystem service function value of wetland in Yangtze Estuary. Resour.
Environ. Yangtze Basin 2003, 12, 411–416.

20. Wang, S.B.; Wang, P.J.; Hu, Z.Y.; Wang, X.R. Assessment on ecosystem landscape service value by contingent valuation method—
Take Suzhou Creek in Shanghai as an example. J. Fudan Univ. (Nat. Sci.) 2003, 42, 463–467.

21. Zhang, Z.Q.; Xu, Z.M.; Cheng, G.D.; Su, Z.Y. Contingent valuation on ecosystem service recovery of Zhangye region in Heihe
River Basin. Acta Ecol. Sin. 2002, 22, 885–893.

22. Lu, C.X.; Xie, G.D.; Cheng, S.K. Recreational entertainment function of river ecosystem and its value assessment. Resour. Sci. 2001,
23, 77–81.

23. Zhao, R.Q.; Huang, A.M.; Qin, M.Z.; Yang, H. Study on farmland ecosystem service function and evaluation method. Syst. Sci.
Compr. Stud. Agric. 2003, 19, 267–270.

24. Zhang, D.; Li, X.S.; Chen, Y.H. Evaluation on farmland ecosystem service value classification in Huailai county. Res. Soil Water
Conserv. 2016, 23, 234–239.

25. Zhang, H.F.; Ouyang, Z.Y.; Zheng, H.; Xiao, Y. Assessment on farmland ecosystem service function value in Manas River Basin.
Chin. J. Eco-Agric. 2009, 17, 1259–1264. [CrossRef]

26. Moeltner, K.; Boyle, K.J.; Paterson, R.W. Meta-analysis and benefit transfer for resource valuation-addressing classical challenges
with Bayesian modeling. J. Environ. Econ. Manag. 2007, 53, 250–269. [CrossRef]

27. Bergstrom, J.C.; Taylor, L.O. Using meta-analysis for benefits transfer: Theory and practice. Ecol. Econ. 2006, 60, 351–360.
[CrossRef]

28. Wu, Z.J.; Zeng, H. Assessment of forest ecosystem service value in China based on Meta-analysis. Acta Ecol. Sin. 2021, 41,
5533–5545.

29. Miguel, M.F.; Butterfield, H.S.; Lortie, C.J. A meta-analysis contrasting active versus passive restoration practices in dryland
agricultural ecosystems. PEERJ 2020, 8, e10428. [CrossRef]

30. Liu, H.; Li, C.B.; Han, X.L.; Li, M.Y. Land use changes and ecosystem service value transfer of Changbai Mountain region based
on Meta-analysis. Res. Soil Water Conserv. 2020, 27, 293–300.

31. Ivezic, V.; Yu, Y.; van der Werf, W. Crop Yields in European Agroforestry Systems: A Meta-Analysis. Front. Sustain. Food Syst.
2021, 5, 193. [CrossRef]

32. Li, Q.B. Assessment on Ecological Protection Value of Wetland in Sanjiang Plain Based on Benefit Transfer Method. Ph.D. Thesis,
Northeast Agricultural University, Harbin, China, 2018.

33. Costanza, R.; D’Arge, R.; de Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; O’Neill, R.V.; Paruelo, J.; et al.
The value of the world’s ecosystem services and natural capital. Nature 1997, 387, 253–260. [CrossRef]

34. Raskin, P.D. Global Scenarios: Background Review for the Millennium Ecosystem Assessment. Ecosystems 2005, 8, 133–142.
[CrossRef]

35. Xie, G.D.; Lu, C.X.; Leng, Y.F.; Zheng, D.; Li, S.C. Value assessment for ecological assets in Qinghai-Tibet Plateau. J. Nat. Resour.
2003, 18, 189–196.

36. Salem, M.E.; Mercer, D.E. The Economic Value of Mangroves: A Meta-Analysis. Sustainability 2012, 4, 359–383. [CrossRef]
37. De Groot, R.; Brander, L.; Van Der Ploeg, S.; Costanza, R.; Bernard, F.; Braat, L.; Christie, M.; Crossman, N.; Ghermandi, A.; Hein,

L.; et al. Global estimates of the value of ecosystems and their services in monetary units. Ecosyst. Serv. 2012, 1, 50–61. [CrossRef]
38. Zhao, G.S.; Wen, Y.F.; Yu, F.W. Research progress, problem and trend of ecosystem service function value calculation. Ecol. Econ.

2008, 18, 100–103.
39. Chen, R.; Hu, X.Q. Applied research of farmland ecological value in new urban governance—Based on experience of Chongqing

region. Rural Econ. Sci. 2020, 31, 10–14.
40. Zhou, R.J.; Wu, S.B.; Pi, X.P. Environmental value assessment of positive externality of agricultural production and its promotion

study—Take Hunan province as example. Res. Agric. Mod. 2017, 38, 383–388.
41. Li, S.N. Study of Farmland Ecosystem Service Value Calculation in Qianxi County. Ph.D. Thesis, China University of Geosciences,

Beijing, China, 2015.
42. Chen, Z.Z.; Zhang, Y.Q.; Wu, B.; Li, Z.P.; Geng, X.G.; Feng, J.Y.; Tian, S.Y.; Lei, N. Ecosystem service function value calculation of

agricultural shelter forest in Shandong province. Chin. J. Ecol. 2012, 31, 59–65.
43. Li, S.; Ren, X.X. Farmland ecosystem service value assessment in Shanxi province. Sci. Technol. Qinghai Agric. For. 2019, 49, 54–59.
44. Zhu, Y.W.; Sang, B.Y.; Wang, Y.H.; Liu, K.; Chen, Q.M.; Chu, F.F. Calculation of farmland shelter forest’s wind prevention and

sand fixation service function in Xinjiang. Chin. Agric. Sci. Bull. 2015, 31, 7–12.
45. Kong, F.J.; Chen, Y.C.; Chen, Q.H.; Mou, Q.J.; Yan, J.Z. Spatial-temporal change characteristics of farmland ecological service

value in Chongqing and its driving factor analysis. Chin. J. Eco-Agric. 2019, 27, 1637–1648.
46. Wang, J.; Li, Q.Y.; Guan, X. Value assessment of farmland ecosystem service function in Jinshi city in Changde. Hunan Agric. Sci.

2013, 42, 76–78.

103



Int. J. Environ. Res. Public Health 2023, 20, 440

47. Miao, J.Q.; Yang, W.T.; Yang, B.J.; Ma, Y.Q.; Huang, G.Q. Ecosystem service function and value assessment of the Hakkas terrace
region in Chongyi county. J. Nat. Resour. 2016, 31, 1817–1831.

48. Zhang, W.W.; Li, J.; Liu, Y.X. Assessment on farmland ecosystem service value in Guanzhong-Tianshui Economic Zone. Agric.
Res. Arid Areas 2012, 30, 201–205.

49. Sun, Y.Q.; Qiu, Z.Q.; Huo, H.C.; Yin, R.X.; Wen, Z.Z. Assessment on farmland ecosystem economic value of Guanshanhu District
in Guiyang city. Guizhou Agric. Sci. 2019, 47, 155–158.

50. Liu, X.D.; Zhao, Z.B.; Li, K.G. Study on farmland ecosystem service function value calculation of Beidaihe District in Hebei
Province. J. Agric. Resour. Environ. 2017, 34, 390–396.

51. Li, L.W.; Zhang, Y.; Min, G.F. Assessment on ecological benefits value of farmland shelter-belt in Henan Province. For. Resour.
Manag. 2005, 34, 38–40.

52. Lei, N.; Zhang, Y.Q.; Wu, B.; Li, Z.P.; Feng, J.Y.; Chen, Z.Z. Agricultural shelter forest ecosystem service function value accounting
in Henan Province. Bull. Soil Water Conserv. 2012, 32, 97–102.

53. Feng, W.; Zhang, H.N.; Sun, X.S.; Yue, Z.L. Assessment on comprehensive service function value of different crops in Heilonggang
region. Ecol. Econ. 2017, 33, 146–150.

54. Wang, X.X. Study of Oilseed Rape-Paddy Rotation Farmland Ecosystem Service Value in Hunan. Ph.D. Thesis, Hunan Agricultural
University, Changsha, China, 2016.

55. Wang, K.L.; Huang, G.Q.; Luo, Q.X.; Li, Z.Z. Assessment on ecosystem service value of paddy field multiple cropping system in
hilly area of south Yangtze basin. Acta Agric. Jiangxi 2010, 22, 157–160.

56. Jiang, Z. Study on Economic Value Assessment of Paddy Field Ecosystem Service Function in Jingzhou City. Ph.D. Thesis, Yangtze
University, Jingzhou, China, 2016.

57. Wang, M.; Zhang, J.; Gao, D.P.; Zhai, Y.L. Agricultural shelter forest ecosystem service function value accounting in Liaoning
province. J. Northeast For. Univ. 2014, 42, 86–89.

58. Zhuang, S.H.; Chu, Y.; Bian, F.H.; Wang, Z.Q. Assessment of farmland ecosystem service function value in costal zone of Miaodao
Archipelago. J. Yantai Univ. (Nat. Sci. Eng. Ed.) 2008, 21, 273–280.

59. Li, F.Y.; Wu, F.W. Assessment of farmland ecosystem service function value in Shanghai suburbs. Shanghai Rural Econ. 2006, 13,
22–25.

60. Wang, X.Y.; Tashpolat, T.; Zhang, F. Changes in farmland ecosystem service value in Ebinur Lake basin and the regression analysis
of its impact factors—Take Jinghe county as an example. China Rural Water Hydropower 2016, 41, 103–107.

61. Nelson, J.P.; Kennedy, P.E. The Use (and Abuse) of Meta-Analysis in Environmental and Natural Resource Economics: An
Assessment. Environ. Resour. Econ. 2009, 42, 345–377. [CrossRef]

62. Sundt, S.; Rehdanz, K. Consumers’ willingness to pay for green electricity: A meta-analysis of the literature. Energy Econ. 2015,
51, 1–8. [CrossRef]

63. Chaikumbung, M.; Doucouliagos, H.; Scarborough, H. The economic value of wetlands in developing countries: A meta-
regression analysis. Ecol. Econ. 2016, 124, 164–174. [CrossRef]

64. Kochi, I.; Hubbell, B.; Kramer, R. An Empirical Bayes Approach to Combining and Comparing Estimates of the Value of a
Statistical Life for Environmental Policy Analysis. Environ. Resour. Econ. 2006, 34, 385–406. [CrossRef]

65. Johnston, R.J.; Besedin, E.Y.; Iovanna, R.; Miller, C.J.; Wardwell, R.F.; Ranson, M.H. Systematic Variation in Willingness to Pay for
Aquatic Resource Improvements and Implications for Benefit Transfer: A Meta-Analysis. Can. J. Agric. Econ. 2005, 53, 221–248.
[CrossRef]

66. Ghermandi, A.; Bergh, J.V.D.; Brander, L.; de Groot, H.L.; Nunes, P.A.L.D. Values of natural and human-made wetlands: A
meta-analysis. Water Resour. Res. 2010, 46, W12516. [CrossRef]

67. Chen, Q. Advanced Econometrics and Stata Application; Higher Education Press: Beijing, China, 2014.
68. Brander, L.M.; Wagtendonk, A.J.; Hussain, S.; McVittie, A.; Verburg, P.H.; de Groot, R.S.; van der Ploeg, S. Ecosystem service

values for mangroves in Southeast Asia: A meta-analysis and value transfer application. Ecosyst. Serv. 2012, 1, 62–69. [CrossRef]
69. Wu, N.; Song, X.Y.; Kang, W.H.; Deng, X.H.; Hu, X.Q.; Shi, P.J.; Liu, Y.Q. InVEST model based watershed ecological compensation

standards under different perspectives—Take Gansu section of Weihe River as an example. Acta Ecol. Sin. 2018, 38, 2512–2522.
70. Dobbs, T.L.; Pretty, J. Case study of agri-environmental payments: The United Kingdom. Ecol. Econ. 2008, 65, 765–775. [CrossRef]
71. Brander, L.; Florax, R.J.G.M.; Vermaat, J. The Empirics of Wetland Valuation: A Comprehensive Summary and a Meta-Analysis of

the Literature. Environ. Resour. Econ. 2006, 33, 223–250. [CrossRef]
72. Woodward, R.T.; Wui, Y.-S. The economic value of wetland services: A meta-analysis. Ecol. Econ. 2001, 37, 257–270. [CrossRef]
73. Brander, L.M.; van Beukering, P.; Cesar, H.S. The recreational value of coral reefs: A meta-analysis. Ecol. Econ. 2007, 63, 209–218.

[CrossRef]

104



Int. J. Environ. Res. Public Health 2023, 20, 440

74. Letourneau, A.; Verburg, P.H.; Stehfest, E. A land-use systems approach to represent land-use dynamics at continental and global
scales. Environ. Model. Softw. 2012, 33, 61–79. [CrossRef]

75. Li, X.; Yeh, A.G.-O. Modelling sustainable urban development by the integration of constrained cellular automata and GIS. Int. J.
Geogr. Inf. Sci. 2000, 14, 131–152. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

105





Citation: Zeng, X.; Jin, M.; Pan, S. Do

Environmental Regulations Promote

or Inhibit Cities’ Innovation

Capacity? Evidence from China. Int.

J. Environ. Res. Public Health 2022, 19,

16993. https://doi.org/10.3390/

ijerph192416993

Academic Editors: Hongxiao Liu,

Tong Wu and Yuan Li

Received: 27 October 2022

Accepted: 13 December 2022

Published: 17 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Do Environmental Regulations Promote or Inhibit Cities’
Innovation Capacity? Evidence from China
Xiaowen Zeng 1 , Ming Jin 2 and Shuang Pan 3,*

1 The Faculty of Economics, Guangdong University of Finance & Economics, Guangzhou 510320, China
2 School of Economics, Zhejiang University of Finance and Economics, Hangzhou 310018, China
3 School of Accountancy, Jiangxi University of Finance and Economics, Nanchang 330013, China
* Correspondence: pasan2016@163.com

Abstract: The “Porter Hypothesis” proposes that appropriate environmental regulations would
promote firm innovation. This study aims to build a theoretical model for illustrating the impact
and mechanism of environmental regulation on urban innovation through a panel of 281 Chinese
prefecture-level cities during 2003–2016. The results indicated that an increase in environmental
regulation markedly suppressed the innovative capacity of Chinese cities during the sample period.
This inhibitory effect is primarily transmitted through two mediating variables: lower regional fiscal
revenue and reduced manufacturing output. Moreover, improved regional economic development
level helps generate positive incentives for environmental regulation and mitigate its inhibitions
to innovation. Environmental regulation and urban innovation might have a non-linear U-shape
relation, with the former helping improve urban innovation capacity upon reaching a particular level.

Keywords: environmental regulation; urban innovation; mediating effect

1. Introduction

Recently, environmental problems have become more and more serious in the world.
Global climate changes, acid rain, water pollution, air pollution and other types of environ-
mental degradation are becoming increasingly common. China is not exempt from such
environmental problems either. Relying on massive inputs of production factors from the
reform and opening to foreign investment in 1978, the Chinese economy has achieved re-
markable success, growing at over 9% per year from 1978 to 2021. It is undeniable that while
the extensive growth approach has brought huge economic gains, it has also caused severe
environmental pollution. Recently, China has been deepening sustainable development
strategies and promoting a comprehensive green transformation of its development. This
has led to the introduction of numerous environmental policies and regulations throughout
China to prevent and control environmental risks tightly. Environmental quality keeps
improving with the implementation of “closure, suspension, merger, or shifting to different
line of production” of high-energy-consuming and high-polluting enterprises. However,
this inevitably has a significant impact on regional economic development. When govern-
ments implement stringent environmental regulations and low-carbon policies, enterprises
face various risks when transitioning to more environmental practices due to uncertainty
about the future and increased operating costs. Moreover, local development may also be
affected. Thus, the study of environmental regulation is essential to regional development.

Whether environmental protection and economic growth can be achieved concurrently
has been extensively debated in both domestic and international academic circles. It is
suggested that environmental regulation would aggravate the financial burden on firms
and thus reduce their international competitiveness [1] and affect firms’ total factor growth
rate [2]. However, several researchers proposed that environmental regulation can have
positive effects. For example, Porter argued that appropriate environmental regulation
stimulated innovation and increased the competitiveness of firms, despite raising their
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costs, which is subsequently summarised as the “Porter hypothesis” [3]. However, there
is still no clear consensus on whether this view is applicable to China. When firms face
environmental regulation, a more effective solution is to reduce corporate pollution and
increase revenue through innovative means. Some thus argued that incentive-based envi-
ronmental regulation in China could enhance corporate innovation [4]. However, firms face
transition risks such as lower revenues and higher costs under environmental regulations.
Additionally, research and development (R&D) activities are inherently risky corporate be-
haviours, and enterprises may also lower R&D expenditures due to difficulty in providing
sufficient funding or reducing corporate risk [5]. Moreover, poorer economic development
can cause environmental regulations to inhibit innovation [6].

According to the existing studies, the change in environmental regulation intensity
will have a significant impact on the innovation behaviour of enterprises, and the overall
regional innovation level is closely related to the innovation ability of local enterprises.
Therefore, it is not difficult to guess that environmental regulation is likely to have a
corresponding impact on regional innovation. Although some scholars have analysed the
micro-impact of environmental regulation from the perspective of enterprise behaviour,
they mainly focus on listed companies or enterprises above a designated size, which will
bring sample selection bias and make it difficult to identify the impact of environmental
regulation. In addition, the relationship between urban innovation and environmental
regulation will be more complex. On the one hand, local enterprises will be forced to
transform due to stricter environmental regulations, which will significantly increase
regional innovation. On the other hand, when the intensity of environmental regulations
has been enhanced, polluting enterprises may shut down or reduce production in order
to reduce the cost of pollution control, which will lead to the reduction of enterprise
innovation activities and the decline of regional innovation ability. These changes are
difficult to observe only through enterprise-level data. Therefore, this paper believes that
the empirical study on the panel data of 281 prefecture-level cities is helpful to further
explore the micro-impact mechanism of environmental regulation policies on regional
innovation ability. Based on the city as an innovation carrier, this paper made several
contributions: (1) Being different from the Porter hypothesis, this study finds that an
increase in environmental regulation significantly suppressed cities’ innovation capacity.
At the same time, this paper adopts urban innovation data at the prefecture level, which can
avoid sample selection bias. It can reflect the overall impact of environmental regulation
policies on urban innovation ability and provide research support for investigating the
spillover effect of environmental regulation policies. (2) This paper innovatively explores
how Chinese environmental regulation inhibits urban innovation capacity. On the one
hand, with the increase of environmental regulations, the decline in business efficiency of
enterprises in the short term will bring a significant decline in local fiscal revenue, and the
local government may be forced to reduce the subsidy support for enterprises’ innovation,
which will bring a restraining effect on urban innovation ability. On the other hand, since
most Chinese manufacturing enterprises are still in the transition stage from extensive
production to efficient production, blindly strengthening environmental regulation intensity
is easy to lead to the decline of local manufacturing output and obstacles to technology
research, thus restricting the improvement of urban innovation ability. (3) This paper
conducts a variety of robustness tests on urban heterogeneity, environmental regulation
policy categories, green technology innovation and other aspects and draws a series of
new conclusions: in areas with poor economic development and less fixed investment,
environmental regulation has a more significant inhibiting effect on urban innovation
capability. In non-knowledge-intensive cities, the impact of environmental regulation is
significantly negative, while in knowledge-intensive cities, the impact is not significant.
Both market-oriented and command-and-control environmental regulation policies have
a significant inhibitory effect on urban innovation ability in the sample period. (4) This
study demonstrated the specific non-linear association between environmental regulation
and urban innovation, which lends empirical proof for the Porter hypothesis at the meso-
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level. At the same time, it is clearly pointed out that China is still in a painful period
of transition from extensive development to high-quality development, and the negative
effects of environmental regulation policies will temporarily outweigh the positive effects.
It is necessary to pay attention to the negative spillover effects of environmental regulation
on technological innovation. This manuscript is organised below: Chapter 2 reviewes the
relevant works. Chapter 3 introduces the theory model derivation. Chapter 4 provides
the empirical test analysis and further research. The final section offers conclusions and
policy advice.

2. Literature Review
2.1. Environmental Regulation and Urban Innovation

Environmental protection and economic growth are enduring topics of academic
debate, and the loss of economic benefits due to environmental protection has long been
thought-provoking for numerous scholars. Environmental regulation by governments can
be a valuable motivator for firms to implement environmental initiatives [7]. Magat found
that environmental regulation can influence firm innovation, but the effects vary depending
on the environmental regulation type [8]. Scholars also argued that environmental regula-
tion could lower the productivity level and growth rate of industries [1]. Porter countered
that environmental regulation does not necessarily result in economic losses, suggesting
that appropriate environmental regulation may spur ‘innovation compensation’ to enhance
firm innovation [3]. Subsequently, Porter and Linde specified that innovation may occur
when organisations attempt to increase the environmental efficacy in resource use, thus
helping the production processes and product quality improvement [9].

2.2. Environmental Regulation and Economic Development

At present, China continues to implement low-carbon environmental policies, accompa-
nied by increased environmental regulation in various regions. Many scholars have begun
to discuss the link between environmental regulation and economic development. Several
academics argued that environmental regulations caused the operating costs to increase and
productivity to decline to some extent. For example, Guo discovered that environmental
regulations fail to enhance green growth straightforwardly [10]. Yuan verified that environ-
mental regulation reduces R&D investment over a long period utilizing panel data on Chinese
manufacturing [5]. He utilised a Chinese water quality monitoring system and found that local
governments implement more rigorous environmental criteria for enterprises upstream of
monitoring sites [2]. Wu identified a significant U-shape relationship between environmental
regulation and the green factor productivity of China’s energy sector [11]. In contrast, Du
argued that poor economic development can cause environmental regulation to stifle green
technological innovation [6]. However, several academics hold the view that environmental
regulation could prompt technological innovation and productivity improvement, especially
in clean production industries [12]. Fu and Li found that environmental regulations promote
innovation while increasing firms’ costs, thereby improving their competitiveness [13]. Pan
found that as market-based environmental regulations progressively enhance the energy effi-
ciency, technological innovation will also be impacted by these regulations [4]. Additionally,
market-based and voluntary environmental regulations possess a greater incentive effect on
business innovation than that from command/control-based environmental regulations. The
above thereby validated “Porter’s hypothesis”.

2.3. Environmental Regulation and Industries’ Innovation Capacity

Concurrently, numerous researchers addressed the connection between environmental
regulation and industries’ innovation capacity in the Chinese manufacturing sector. Yuan
conducted a study on Chinese manufacturing firms and determined that environmental
regulation decreases their R&D investment [5]. Studies based on industry classification
have apparent advantages: as performance measures tend to be consistent across industries,
industry classification studies specify environmental regulation’s impact on industries with
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varying development and pollution levels. Thus, their findings are more credible. However,
there are limitations in that multiple industries exist in the same region. Thus, local
governments need to consider multiple industries when making decisions, as different
types of industries are affected by environmental regulations to different degrees. Hence,
the regional role of environmental regulation also requires investigation. For companies
of the same region environmentally regulated with similar degrees, an examination of
regional environmental regulation has greater potential to highlight its regional role and be
more informative for the implementation of local governmental policy.

Additionally, other scholars have conducted region-based studies about environmen-
tal regulation and firm innovation. Nie found that environmental regulation fostered
innovation among less developed regions of western China and demonstrated the ap-
plicability of Porter’s hypothesis in less developed regions of developing countries [14].
Li revealed that environmental regulations did not significantly affect the efficiency of
urban science and technology innovation in Xi’an, suggesting the inapplicability of the
Porter hypothesis in Xi’an [15].

In summary, focusing on Porter’s hypothesis, the established research mainly exam-
ined the influence of environmental regulations on innovation at a micro level. However,
research at the prefecture level has been insufficient and thus needs to be expanded. Concur-
rently, studies at the regional level centred on the correlation of environmental regulation
to regional economic development but have been unable to identify and validate the mech-
anisms of its impact. Thus, this study examined the effects and transmission mechanisms
of environmental regulation towards urban innovation using meso-level data to serve as a
reference for setting regional environmental regulation policies.

3. Mathematical Model Analysis

The ability of cities to innovate depends on economic support and talent development.
Many firms are at the forefront of urban innovation. “Porter’s hypothesis” suggests that
there exists a possible non-linear relationship between environmental regulation and firm
innovation, i.e., environmental regulation may inhibit firm innovation in the short term
but increase firm innovation and competitiveness in the long run. Similarly, this study
argues that environmental regulation may ultimately have a corresponding impact on the
innovation capacity of urban areas by influencing firms’ production and business behaviour.
Thus, the following mathematical model was derived by drawing on the research method
of Zhang et al. (2011) [16]. We mainly extended Zhang’s theoretical model to the city level
and shifted the research perspective to the field of urban innovation ability.

Assumptions: Manufacturers conduct production activities in a perfectly competi-
tive product and factor market; as production expands, the pollution generated by the
manufacturers increases accordingly.

Let the vendor’s revenue function be:

R = P ∗ A(KA) f (KP)

where P denotes the price of products, KA denotes the capital input used in production for
technological innovation, and KP represents the capital input to the daily production of the
firm. A(KA) represents the level of technological innovation in production, and f (KP)
represents the level of output at the given level of innovation.

Then, the output function of the manufacturer can be expressed as F = A(KA) f (KP)
= A f . Here, it is assumed that the level of innovation in production with technological
innovation is Hicks neutral.

As manufacturers produce emissions in the production process and pollution has
negative externalities, the government will regulate manufacturers’ pollution behaviour
by specifying a level of pollution, i.e., environmental regulation (ERS). Existing research
suggests that, under government environmental regulation, manufacturers may first re-
duce the level of pollution emissions from their production process through technological
innovation in their production processes to achieve a lower level of pollution; then, manu-
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facturers may increase their R&D investment to increase their output level. Although this
will lead to more pollution emissions, firms can increase their pollution control expenditure
in response to environmental regulation, benefiting from the increased scale of output
and profits. It can be deduced that manufacturers’ technological innovation is related to
their own production technology A and pollution control technology E. Based on this, the
present study argues that urban innovation in the context of environmental regulation
can also be composed of two parts: regional productive technological innovation (CIA)
and the pollution control technology innovation induced by environmental regulation
(CIE). This study further assumes that the urban innovation function is separable; thus,
CI = CIA + CIE, which satisfies CI′ = (A, ·) > 0, CI′ = (·, E) > 0.

Additionally, the manufacturer’s emission function is assumed to be W = (F, E),
which is a function of the level of output and the pollution control technology. This
function has the following properties:

First, pollution emissions increase with the increase in the scale of output, i.e., W ′ =
(F, ·) > 0. Second, pollution emissions decrease as pollution control technology improves,
i.e., W ′ = (·, E) > 0. Apparently, E is positively correlated with the intensity of environ-
mental regulation; it is believed that an increase in the intensity of environmental regulation
will be followed by an increase in technological innovation in pollution treatment.

Assuming that the portion of firms’ total output devoted to pollution control α denotes
the intensity coefficient of environmental regulation, where α represents a real number
between 0 and 1, then αA(KA) f (KP) = E. Thus, the final profit function of the manufacturer
is as follows: π = P[A(KA) f (KP)− αA(KA) f (KP)]. The constraint under which the
manufacturer produces is then as follows:

ERS = W[A(KA) f (KP), αA(KA) f (KP)], i.e., the pollution emissions are equal to the
environmental regulation.

Constructing Lagrangian functions:

L = P[A(KA) f (KP)− αA(KA) f (KP)] + λ{W[A(KA) f (KP), αA(KA) f (KP)]− ERS}

The first-order optimality condition for the manufacturer is solved by the Lagrangian
function as:

P(1− α)A′ f + λ
∂W[A(KA) f (KP), αA(KA) f (KP)

∂KA
= 0 (1)

P(1− α)A f ′ + λ
∂W[A(KA) f (KP), αA(KA) f (KP)

∂KP
= 0 (2)

− PA f + λ
∂W[A(KA) f (KP), αA(KA) f (KP)

∂α
= 0 (3)

From Equation (3), we obtained

P = λ · ∂W/∂E (4)

Bringing Equation (4) into Equation (1) yielded the following:

∂W/∂E = −∂W/∂F (5)

This equation demonstrates that the optimal option for a manufacturer facing environ-
mental regulations is to make the increase in marginal pollution in production equal to the
decrease in marginal pollution from pollution control inputs, i.e., the level of emissions of
the manufacturer decreases as the intensity of environmental regulation increases.

From Equations (2), (3) and (5), we derived the following: ∂W/ ∂KA > 0, and since
P(1− α)A′ f > 0, it is introduced that λ < 0.
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Substituting this into Equation (3), we obtained W/∂α < 0. This implies that the manu-
facturer’s pollution emissions will keep decreasing as its investment in pollution control keeps
increasing during the production process due to the effects of environmental regulations.

Next, the impact of environmental regulation on urban innovation was examined from
a technological innovation perspective.

According to CI′ = (A, ·) > 0, then ∂CI/∂A > 0, and it can be deduced that:

∂CI
∂A

=
∂CI
∂W
· ∂W

∂A
+

∂CI
∂W
· ∂W

∂E
· ∂E

∂A
> 0 (6)

and because ∂W
∂A = ∂W

∂E · f + ∂W
∂E · α f , and CI = CIA + CIE, we eventually derived that:

∂CI
∂A

= (
∂CIE
∂W

+
∂CIA
∂W

) · [∂W
∂F

f (1− 2α)] > 0 (7)

where α denotes the intensity of the environmental regulation. From 1− 2α > 0, ∂W/∂F
> 0, ∂W/∂E < 0, we obtained ∂W/∂α < 0.

From Equation (7), it can be deduced that when 0.5 > α > 0, then ∂CIA/∂W > 0. This
means that when the level of environmental regulation faced by enterprises is low, with
the increase in the intensity of environmental regulation, the emissions of enterprises will
decline. However, this will also lead to a decline in technological innovation in enterprise
production, which is ultimately detrimental to the improvement of the level of urban
innovation. When α > 0.5 and tends to 1, ∂W

∂F f (1− 2α) < 0 and ∂CIE/∂W tends to 0,
we obtain ∂CIA/∂W < 0. At this time, the improvement of technological innovation in
enterprises is negatively correlated with pollution emissions. This suggests that the higher
the intensity of environmental regulation, the lower the emissions of enterprises, which
will increase the technological innovation in enterprise production, leading to a further rise
in the level of urban innovation. Therefore, it can be deduced that the effect/impact of the
level of environmental regulation on urban innovation is not unique, and further empirical
test analysis is required.

4. Empirical Design and Analysis
4.1. Data Sources and Variable Descriptions

The main sources of panel data for the 281 prefecture-level cities for the period from
2003–2016 are the China Urban Statistical Yearbook, the China City and Industry Innovation
Report 2017, the CSMAR database, the WIND database, and www.zhuanli.com (accessed
on 24 March 2020).

The explained variable, the urban innovation index (innovation), was measured
using the urban innovation index, which is currently a more standardised indicator for
measuring innovation capacity at the city level, in addition to patent data. This study also
used the patent grant numbers data from www.zhuanli.com (accessed on 24 March 2020)
for robustness testing.

The core explanatory variable, i.e., environmental regulation intensity (ERS), was ob-
tained by measuring five indicators using the entropy method with reference to Wang [17].
These five indicators include the sulphur dioxide removal rate, soot removal rate, compre-
hensive utilisation rate of industrial solid waste, domestic wastewater treatment rate, and
domestic waste harmless treatment rate. The specific treatment methods are listed below:

(1) Raw data standardisation.
Positive indicator: x′ij =

(
xij − x

)
/sj Reverse indicator: x′ij =

(
x− xij

)
/sj

where xij indicates the raw data of the jth indicator of the ith city, x′ij represents the
standardised indicator values and x and sj denote the mean and standard deviation of
the jth indicators, respectively. As there were negative values in the standardised data
and the entropy method requires logarithmic processing, the standardised data were thus
converted to positive values by adding the following constants: Zij = x′ij + A
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(2) Isomorphism of the indicators and calculating the proportion (pij ) of the ith city in
the jth indicator (pij )

pij =
Zij

∑n
i=1 Zij

(i = 1, 2, . . . , 281; j = 1, 2, . . . , 5)

(3) Calculation of the entropy value (ej) of the jth indicator:

ej = −k ∑n
i=1 pij ln

(
pij
)
, where k =

1
ln(n)

, ej ≥ 0

(4) Calculation of the differentiation factor (gj) of the jth indicator: gj = 1− ej
(5) Normalising the coefficient of variation and calculating the weights (wj ) of the jth

indicator: wj = gj / ∑m
j=1 gj (j = 1, 2, . . . , m)

(6) Calculation of the environmental regulation intensity (ERSj ) of the ith city:
ERSj = ∑m

j=1 wj pij
Referring to related studies for other control variables, the ratio of secondary and

tertiary industries in cities was selected for measuring industrial structure (Industry). The
proportion of loan balance in the gross domestic product (GDP) was used to measure
financial development (Finde). The natural rate of population growth was used to measure
the population growth rate (Growth). The natural logarithm of population size was used
to measure the population structure (Lnpeosize). The proportion of financial spending on
science and education was used for measuring regional government behaviour (Sciedu),
and the Log GDP for measuring regional economic development (LnGDP), among others.
These were all control variables in this study. To reduce the estimation bias caused by
heteroskedasticity, the standard errors of clustering to the city level were used in this study.

The explained, explanatory, and control variables mentioned above were set up as
listed in Table 1. Descriptive statistics of variables are shown in Table 2.

Table 1. Setting of the main variables.

Name Definition Properties

Explained variables Innovation Innovation index, number of patents Innovation indicators

Explanatory variables ERS Environmental regulation intensity score Environmental regulation variables

Control variables

Industry Ratio of the secondary and tertiary industries

Urban Characteristics

LnGDP Logarithm of the gross national product

Finde Financial development

Growth Natural population growth rate

Lnpeosize Population size in logarithms

Sciedu Proportion of financial spending on science and education

Table 2. Variables description.

Variable N Mean Sd Min Max

Innovation 3929 7.053 39.03 0 1100
ERS 3929 0.652 0.157 0.169 0.978

Industry 3926 1.467 0.783 0.106 10.60
Finde 3646 0.824 1.557 0.0753 90.16

Growth 3911 5.952 4.843 −8.900 40.78
Lnpeosize 3929 5.856 0.693 2.796 8.129

Sciedu 3926 0.198 0.047 0.0158 0.497
LnGDP 3927 6.719 1.063 3.459 10.25
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4.2. Empirical Regression Results

(1) Baseline regression model
To examine how environmental regulation intensity affects urban innovation capacity,

a benchmark regression model was set in this study as follows:

Innovationit = α + β1ERSit +∑
j

β j controlit + µi + γt + εit (8)

where Innovation denotes the explanatory variables, ERS as the environmental regulation
intensity, µi denotes the city fixed effect, γt is the year fixed effect and controlit denotes the
control variable and was set as Table 1.

Table 3 presents the baseline regression results. Column (1) denotes results without
control variables and fixed effects, Column (2) denotes results without fixed effects and
Column (3) represents results having control variables and city fixed effects, while Column
(4) denotes results with control variables and city, as well as time fixed effects. The regres-
sion results indicate the negative coefficients of environmental regulation intensity and
the negative correlation between environmental regulation intensity and China’s urban
innovation capacity over the sample period. This result suggests that while intensive
environmental regulation may be beneficial to energy conservation and emission reduction
at present, but is detrimental to the enhancement of urban innovation capacity. This, in
turn, may undermine the ability of cities to achieve long-term energy conservation and
emission reduction through innovation over time. Moreover, when two-way city and time
fixed effects are added, the coefficient signs of control variables like industrial structure and
economic development change significantly. This suggests that heterogeneity may still exist
in the way environmental regulation affects the innovation capacity of regional cities and
that further mechanism analysis is needed. Additionally, the Porter hypothesis suggests
that environmental regulation may enable firms to avoid the cost effects of environmental
regulation by promoting innovation for high-quality development.

Table 3. Baseline regression results.

(1) (2) (3) (4)
Innovation Innovation Innovation Innovation

ERS −15.0208 ** −25.7736 *** −24.8920 *** −18.5348 ***
(−2.54) (−4.36) (−3.97) (−3.08)

Industry −7.1888 *** −7.2840 *** 2.3303 **
(−6.43) (−6.74) (2.41)

Finde 1.8014 ** 1.8023 ** −0.6837 ***
(1.99) (2.26) (−2.94)

Growth 0.3309 0.4262 * 0.3173 ***
(1.59) (1.90) (2.89)

Lnpeosize −8.3218 *** −11.1270 *** 97.8779 ***
(−4.70) (−5.19) (2.65)

Sciedu −2.6257 9.7068 121.5947 ***
(−0.27) (0.99) (5.35)

LnGDP 20.1563 *** 23.2931 *** −15.9533 ***
(7.95) (7.87) (−3.59)

_cons 343.8323 *** −56.0059 *** −52.5999 *** −2.1 × 102

(3.99) (−7.83) (−7.59) (−0.84)
City YES NO YES YES
Year YES NO NO YES

N 3929 3624 3624 3624
R-sq 0.540 0.186 0.199 0.595

Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.
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(2) Robustness test
1© The impact of price fluctuations

In this paper, we used the GDP deflator index to convert cities’ GDP data into the constant
price based on 2003, which can eliminate the influence of price factors on the regression results
and then test the robustness of the baseline regression result. The result report is shown in
Table 4. It can be seen that the result after price treatment is still consistent with the baseline
regression result, indicating that our baseline regression result is still robust.

Table 4. Robustness test results of GDP constant price.

(1) (2) (3) (4)
Innovation Innovation Innovation Innovation

ERS −15.0208 ** −18.2479 *** −22.3618 *** −17.3725 ***
(−2.54) (−3.61) (−3.88) (−3.53)

Industry −7.9571 *** −6.9628 *** 1.9263 **
(−6.71) (−6.72) (2.43)

Finde 1.8835 ** 1.8521 ** −0.5264 ***
(2.20) (2.43) (−3.12)

Growth 0.4635 ** 0.7811 * 0.4281 ***
(2.13) (1.92) (2.99)

Lnpeosize −11.0072 *** −10.2381 *** 96.2313 ***
(−5.29) (−4.92) (3.78)

Sciedu 3.3873 9.1273 123.234 ***
(0.34) (0.12) (4.72)

LnGDP 22.7693 *** 24.2341 *** −16.1926 ***
(7.98) (6.92) (−4.21)

_cons 343.8323 *** −54.4965 *** −52.2381 *** −2.1 × 102

(3.99) (−7.77) (−6.46) (−0.75)
City YES NO YES YES
Year YES NO NO YES

N 3929 3624 3624 3624
R-sq 0.540 0.192 0.199 0.595

Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.

2© Regional heterogeneity regression test
China’s urban innovation capacity is characterised by a clear regional development

imbalance. In particular, provincial capitals and municipalities boast salient advantages
in terms of innovation, as they are able to quickly circumvent the adverse effects of envi-
ronmental regulation through their innovation activities involving innovation funds and
talents. However, other small and medium-sized cities may not have such conditions. Thus,
the inclusion of provincial capitals and municipalities in the full-sample regression may
raise a sample selectivity bias. Hence, the baseline model was reassessed after excluding
provincial capitals and municipalities, with results presented in Table 5, and revealed that
the environmental regulation intensity still negatively correlated to the innovation capacity
of cities, indicating a still robust baseline regression result.

Table 5. Robustness test results excluding provincial capitals and municipalities.

(1) (2) (3) (4)
Innovation Innovation Innovation Innovation

ERS −12.0634 ** −12.3951 ** −10.3517 * −13.4969 **
(−2.25) (−2.31) (−1.95) (−2.40)

Industry −3.7860 *** −4.3018 *** 0.3077
(−4.41) (−4.21) (0.52)

Finde 0.9207 *** 1.0316 *** −0.2241 *
(2.65) (2.86) (−1.72)
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Table 5. Cont.

(1) (2) (3) (4)
Innovation Innovation Innovation Innovation

Growth 0.4800 ** 0.5767 ** 0.1030
(2.21) (2.34) (1.31)

Lnpeosize −7.5658 *** −9.5432 *** 96.5647 **
(−4.08) (−4.07) (2.23)

Sciedu 2.7756 3.5675 55.9606 ***
(0.34) (0.41) (3.10)

LnGDP 11.0440 *** 13.6805 *** −7.9811 ***
(4.75) (4.58) (−3.07)

_cons 7.5912 ** −16.3936 *** −15.6138 *** −5.8 × 102 **
(2.31) (−8.71) (−8.12) (−2.15)

City YES NO YES YES
Year YES NO NO YES

N 3509 3235 3235 3235
R-sq 0.494 0.140 0.160 0.576

Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.

In addition, considering the regional differences in environmental regulations, this
paper added more regional heterogeneity regression tests. We made a supplementary
investigation on the heterogeneity of economic development and fixed investment in
281 prefecture-level cities by taking the annual mean as the dividing standard. The regres-
sion results are shown in Table 6. According to the results in Columns (2) and (4) of Table 6,
there is a significant negative correlation between environmental regulation and urban
innovation capability in areas with poor economic development and less fixed investment,
which indicates that the enhancement of environmental regulation has a more inhibitory
effect on the innovation capability of backward areas, while the inhibitory effect on the
innovation capability of developed areas is not significant. The possible reasons for this
result are as follows: due to the lack of sufficient innovation methods in less developed
areas, with the increase of environmental regulation, it is more likely to increase the busi-
ness pressure of enterprises and reduce the innovation input of enterprises, thus inhibiting
the improvement of urban innovation ability. On the contrary, areas with better economic
development have a variety of means to avoid environmental regulations, which is more
apt to delay the negative impact of environmental regulations on cities’ innovation ability.
Moreover, in order to investigate the heterogeneity of urban innovation, we conducted
a grouping regression to investigate the difference between knowledge-intensive cities
and non-knowledge-intensive cities. Since China began to issue the national innovative
City construction list in 2008, the cities on the construction list have had significant ad-
vantages in human capital, technological innovation and other aspects. Therefore, this
paper took the cities in the list as knowledge-intensive cities, while those not in the list
as non-knowledge-intensive cities, andmade regression estimations respectively. The re-
gression results are reported in Columns (5) and (6) of Table 6. It can be found that in
non-knowledge-intensive cities, the impact of environmental regulation is significantly
negative, while in knowledge-intensive cities, the impact is not significant. This indicated
that the increase in environmental regulation intensity has a more significant inhibitory
effect on non-knowledge-intensive cities. In addition, since non-knowledge-intensive cities
still occupy most of the samples, environmental regulation policies overall still have an
inhibiting effect on urban innovation ability.
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Table 6. Robustness test results of regional economic development, fixed investment and knowledge-
intensive city.

(1) (2) (3) (4) (5) (6)
High_GDP Low_GDP High_FIX Low_FIX Knowledge-Intensive City Non-Knowledge-Intensive City

ERS −23.1933 −1.0307 *** −25.7282 −0.6652 ** −50.8068 −2.1908 ***
(−0.72) (−3.85) (−0.86) (−2.52) (−0.58) (−3.37)

Industry 17.0594 *** 0.1807 ** 17.6586 *** 0.2892 *** 122.8785 ** 0.0423
(3.17) (2.32) (2.80) (3.87) (2.15) (0.27)

Finde −8.9773 0.3993 * −3.0338 *** 0.3195 * −35.3804 0.0725
(−0.99) (1.90) (−3.51) (1.84) (−1.40) (1.63)

Growth 1.0362 * 0.0217 *** 0.9156 * 0.0212 *** 1.9645 0.0614 ***
(1.68) (3.11) (1.71) (3.09) (1.54) (3.72)

Lnpeosize 190.0496 * 9.2486 *** 165.6567 ** 5.2244 *** 365.4422 ** 6.2423
(1.92) (4.15) (2.03) (4.34) (2.59) (1.52)

Sciedu 248.5177 *** 10.0942 *** 256.0448 *** 8.5292 *** −8.1 × 102 ** 30.9878 ***
(2.88) (6.48) (2.91) (6.67) (−1.97) (7.25)

LnGDP −43.3764 ** −0.0782 −58.8607 *** −1.1771 *** −17.9567 −1.9222 ***
(−2.16) (−0.24) (−3.39) (−3.67) (−0.38) (−2.86)

_cons −6.5 × 102 −51.3693 *** −3.6 × 102 −22.1732 *** −1.9 × 103 * 71.7138 **
(−0.97) (−3.93) (−0.69) (−3.34) (−1.73) (2.11)

city YES YES YES YES YES YES
year YES YES YES YES YES YES

N 941 2683 1055 2569 298 3326
R-sq 0.640 0.643 0.634 0.812 0.864 0.736

Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.

3© Replacement of urban innovation index
To avoid regression estimation bias due to the indicator measure, the core explained

variable in the benchmark regression in the previous section, the urban innovation index
(Innovation), was replaced. Patents are an effective indicator of innovation levels and
can reflect the level of innovation output of a city. Thus, this study conducted robustness
testing by replacing the urban innovation index with the number of patents granted
(Patent) as obtained from www.zhuanli.com (accessed on 24 March 2020) for each city as
the explained variable (Table 7), and proved the consistency with the baseline regression
result, demonstrating the robust regression results in this study.

Table 7. Results of robustness tests after replacing the urban innovation index.

(1) (2) (3) (4)
Patent Patent Patent Patent

ERS −4.2646 *** −3.8763 *** −3.0519 *** −3.8006 ***
(−5.80) (−4.80) (−4.19) (−5.40)

Industry −1.7383 *** −1.8409 *** −0.2981
(−8.73) (−8.76) (−1.30)

Finde 0.5098 *** 0.5309 *** 0.0923 **
(7.05) (8.42) (2.01)

Growth 0.1099 ** 0.1401 *** 0.0949 ***
(2.56) (2.97) (4.47)

Lnpeosize −3.3814 *** −4.0289 *** 11.6817
(−7.23) (−7.43) (1.55)

Sciedu 9.8662 *** 11.8644 *** 32.5693 ***
(3.80) (4.36) (5.53)

LnGDP 5.8164 *** 6.5426 *** −2.2969 ***
(11.78) (11.33) (−2.65)

_cons 5.7103 *** −14.9866 *** −14.3915 *** −65.7841
(7.56) (−13.31) (−13.22) (−1.37)

City YES NO YES YES
Year YES NO NO YES

N 3047 3024 3024 3024
R-sq 0.734 0.340 0.358 0.757

Note: *** and ** represent the significance at the 1% and 5% levels, respectively. The t-values are in parentheses.
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According to the green patent list and the international classification code provided by
the World Intellectual Property Organization (WIPO), we summed up green patent data at
the city level and divided them into two parts: green patent application and green patent
authorisation. According to the regression results in Table 8, the impact of environmental
regulation on green patents is significantly negative at the level of 1% for both green patent
applications and green patent grants. This means that environmental regulation policies
will lead to the decline of green innovation patents. This is consistent with the original
regression results, indicating that the original conclusion has good robustness.

Table 8. Results of robustness tests after dividing green patent into two parts: green patent application
and green patent authorisation.

(1) (2) (3) (4) (5) (6) (7) (8)

Green Patent Application Green Patent Authorisation

GreenIno1 GreenIno1 GreenIno1 GreenIno1 GreenIno2 GreenIno2 GreenIno2 GreenIno2

ERS −6.4662 *** −0.9222 *** −0.7430 *** −0.5525 *** −5.5415 *** −0.3178 *** −0.4506 *** −0.3098 ***
(−43.33) (−8.27) (−6.44) (−4.80) (−39.34) (−2.86) (−3.92) (−2.75)

Industry −0.2646 *** −0.2368 *** −0.2940 *** −0.2368 *** −0.2480 *** −0.3111 ***
(−12.52) (−11.24) (−14.23) (−11.01) (−11.57) (−15.19)

Finde 0.1210 *** 0.1175 *** 0.1104 *** 0.1254 *** 0.1245 *** 0.1136 ***
(3.23) (3.22) (4.73) (2.92) (3.06) (4.55)

Growth −0.0010 −0.0043 0.0013 −0.0037 −0.0026 0.0029
(−0.37) (−1.45) (0.40) (−1.40) (−0.93) (0.91)

Lnpeosize −0.3069 *** −0.2883 *** −0.4833 *** −0.2969 *** −0.3588 *** −0.5278 ***
(−10.62) (−9.41) (−14.13) (−9.93) (−11.38) (−15.32)

Sciedu −1.1194 *** −0.8162 *** −0.5861 −1.1134 *** −0.7788 ** −0.9079 **
(−3.71) (−2.62) (−1.60) (−3.59) (−2.46) (−2.47)

LnGDP 1.5265 *** 1.5159 *** 1.7063 *** 1.4555 *** 1.5170 *** 1.7105 ***
(69.17) (61.23) (66.06) (62.78) (59.30) (64.71)

_cons −1.4687 *** −5.8220 *** −5.7905 *** −4.8744 *** −1.6625 *** −5.8496 *** −5.7679 *** −4.7252 ***
(−15.82) (−40.03) (−38.57) (−23.66) (−19.42) (−39.16) (−37.49) (−22.65)

City YES NO YES YES YES NO YES YES
Year YES NO NO YES YES NO NO YES

N 3901 3599 3599 3599 3901 3599 3599 3599
R-sq 0.799 0.319 0.803 0.843 0.765 0.170 0.771 0.814

Note: *** and ** represent the significance at the 1% and 5% levels, respectively. The t-values are in parentheses.

4© Endogenous problem
Additionally, there may exist endogeneity between environmental regulation and

urban innovation, as the more innovative a city is, the more likely it is to reduce pollution
emissions through innovation, thus rendering it unnecessary for the city to reduce pollution
emissions through environmental regulation policies. Thus, a certain reciprocal causality
exists. With this in mind, a two-stage least squares analysis of the baseline model was con-
ducted, with air circulation coefficients as instrumental variables. The main considerations
for selecting instrumental variables were as follows. First, there exists no theoretical rela-
tionship between the air circulation coefficient and the innovation capacity of cities, which
satisfies the exogeneity requirement of the instrumental variable. Second, air circulation
coefficients correlated to environmental regulation by directly determining the level of air
pollution dissipation. Specifically, when at a uniform level of pollution, cities with better air
circulation assume that as pollution dissipates quickly, they do not need to adopt stricter
environmental regulation policies. However, cities with lower air mobility need to increase
their level of environmental regulation to control pollution emissions. Hence, when the air
circulation coefficient is higher, the regional environmental regulation policy is theoretically
weaker, thus satisfying the exogeneity requirement of instrumental variables. Table 9 pre-
sented the endogeneity test with the inclusion of the instrumental variable of air circulation
coefficient. The findings of this study remained robust. Moreover, this study conducted
a weak instrumental variables test, considering the issue of possible weak instrumental
variables between the instrumental variables and environmental regulation. As deduced
from the weak instrumental variables test, the F-values (F-weak) in the first stage were all
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beyond the empirical value of 10, suggesting the absence of weak instrumental variables.
Additionally, the regression results for the instrumental variables indicated the conclusions
of the current study remained valid following the endogeneity issue addressed.

Table 9. Endogeneity test with the inclusion of the instrumental variable (air circulation coefficient).

(1) (2) (3) (4)
Innovation Innovation Innovation Innovation

ERS −17.6497 * −29.3929 *** −26.3977 *** −19.9488 *
(−1.65) (−4.38) (−3.83) (−1.89)

Industry −7.2118 *** −7.2766 *** 2.3639 *
(−8.80) (−8.72) (1.77)

Finde 1.8223 *** 1.8091 *** −0.6815 *
(4.62) (4.61) (−1.86)

Growth 0.3404 *** 0.4280 *** 0.3239 **
(2.65) (3.26) (2.27)

Lnpeosize −8.5855 *** −11.1972 *** 98.1400 ***
(−6.70) (−8.41) (10.28)

Sciedu −1.8387 9.8361 121.6783 ***
(−0.13) (0.67) (6.90)

LnGDP 20.5667 *** 23.4263 *** −15.8856 ***
(20.04) (21.71) (−3.69)

_cons 396.2816 *** −55.0671 *** −62.2522 *** −1.7 × 102 **
(32.27) (−8.67) (−8.74) (−2.27)

City YES NO YES YES
Year YES NO NO YES

N 3643 3619 3619 3619
R-sq 0.573 0.186 0.199 0.595

F-weak 27.84 25.21 36.23 26.35
Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.

5© Different kinds of environmental regulation policies
In order to reflect the heterogeneity of different environmental regulation policies,

we considered two pilot environmental policies as representatives of market-oriented and
command-and-control environmental regulations and adopted the difference-in-differences
(DID) model to study this problem.

We use carbon emission trading pilot cities as a proxy for market-oriented environmen-
tal regulation. This is a Chinese policy launched in 2011, which is similar to the European
Union Emissions Trading System (EU-ETS) and aims to achieve optimal economic output
with minimal environmental costs. We took the pilot city as the experimental group and
the non-pilot city as the control group and designed a DID model as model (9), in which
the POL variable was a dummy variable. When the city was included in the list of pilot
cities, it was set as 1; otherwise, it was set as 0, and the remaining variables remained un-
changed. We focused on the regression coefficient and significance of POL. The regression
results are reported in Table 10. Column (1) is listed as the two-way fixed effect regression
results without control variables, and Columns (2)–(4) are listed as the regression results
of the year fixed effect and city fixed effect gradually added after the addition of control
variables. It can be seen that the coefficient of POL has been significantly negative at the
level of 1%, which is consistent with the baseline regression results of this paper. It shows
that market-oriented environmental regulation can also harm the improvement of urban
innovation levels.

Innovationit = α + β1POLit +∑
j

β j controlit + µi + γt + εit (9)
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Table 10. DID regression results of market-oriented environmental regulation.

(1) (2) (3) (4)
Market-Oriented Innovation Innovation Innovation Innovation

POL −48.9229 *** −33.6805 *** −35.9997 *** −35.4096 ***
(−4.91) (−4.20) (−4.36) (−5.64)

Industry −5.9974 *** −6.4375 *** 0.9284
(−6.79) (−7.19) (1.18)

Finde 1.7430 * 1.8286 ** −0.4375 **
(1.74) (2.01) (−2.20)

Growth 0.0565 0.1869 0.0858
(0.31) (0.95) (0.88)

Lnpeosize −4.6313 *** −8.5713 *** 94.1931 ***
(−3.50) (−4.87) (2.79)

Sciedu −25.2315 ** −11.0340 112.8472 ***
(−2.16) (−1.00) (5.24)

LnGDP 15.0302 *** 19.3583 *** −12.3454 ***
(10.23) (9.28) (−3.32)

_cons 4.3632 *** −57.4117 *** −54.1978 *** −2.4 × 102

(17.39) (−8.64) (−8.18) (−1.02)
City YES NO YES YES
Year YES NO NO YES

N 3929 3624 3624 3624
R-sq 0.582 0.215 0.233 0.614

Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.

Secondly, we adopt the Air pollution Prevention and Control Action Plan policy as
the representative of command-controlled environmental regulation. The Air Pollution
Prevention and Control Action Plan is a policy initiated by China in 2013. It is issued by
the State Council on the air pollution prevention and control Action Plan, which makes
mandatory requirements for the reduction of the concentration of inhalable particulate
matter in different regions of the country. Therefore, it can be used as a representative
of command-controlled environmental regulation policy. We took the pilot city as the
experimental group and the non-pilot city as the control group and designed a DID model
as model (10), in which the variable of AIR was a dummy variable. When the city was
included in the list of pilot cities, it was set as 1; otherwise, it was set as 0, and the remaining
variables remained unchanged. We focused on the regression coefficient and significance
of AIR. The regression results are reported in Table 11. Column (1) is listed as the two-
way fixed effect regression result without control variables, Columns (2)–(4) are listed as
the regression results of the year fixed effect and city fixed effect gradually added after
the addition of control variables. It can be found that the coefficient of AIR is always
significantly negative at the level of 1%, which is consistent with the benchmark regression
result of this paper. It shows that command-and-control environmental regulation will also
damage the improvement of urban innovation levels.

Innovationit = α + β1 AIRit +∑
j

β j controlit + µi + γt + εit (10)

Table 11. DID regression results of command-controlled environmental regulation.

(1) (2) (3) (4)
Command–Controlled Innovation Innovation Innovation Innovation

AIR −16.2614 *** −14.9303 *** −7.0667 *** −7.7409 ***
(−6.19) (−4.57) (−4.89) (−4.19)
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Table 11. Cont.

(1) (2) (3) (4)
Command–Controlled Innovation Innovation Innovation Innovation

Industry −7.0636 *** −7.3537 *** 2.2818 **
(−6.44) (−6.71) (2.39)

Finde 1.6783 * 1.6931 ** −0.6838 ***
(1.90) (2.18) (−2.94)

Growth 0.2704 0.3965 * 0.3241 ***
(1.30) (1.80) (2.93)

Lnpeosize −6.7099 *** −9.9680 *** 97.6943 ***
(−4.14) (−5.08) (2.65)

Sciedu −9.8392 4.1007 121.1801 ***
(−1.02) (0.43) (5.33)

LnGDP 17.5897 *** 21.1076 *** −16.1490 ***
(8.67) (8.37) (−3.63)

_cons 3.5886 *** −63.1212 *** −58.9005 *** −2.2 × 102

(10.78) (−7.88) (−7.66) (−0.87)
City YES NO YES YES
Year YES NO NO YES

N 3929 3624 3624 3624
R-sq 0.529 0.180 0.195 0.595

Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.

4.3. Analysis of the Impact Mechanisms

Regarding the previous baseline regression findings, we concluded that the environ-
mental regulation intensity was strongly negatively related to the innovation capacity
of cities during the sample period. We believe that there are two potential mechanisms:
government subsidy and enterprise operation. Firstly, with the increase of environmental
regulations, the decline in business efficiency of enterprises in the short term will bring a
significant decline in local fiscal revenue, and the local government may be forced to reduce
the subsidy support for enterprises’ innovation, which will bring a restraining effect on
urban innovation ability. Secondly, since most Chinese manufacturing enterprises are still
in the transition stage from extensive production to efficient production, blindly strengthen-
ing environmental regulation intensity is easy to lead to the decline of local manufacturing
output and obstacles to technology research, thus restricting the improvement of urban
innovation ability.

Thus, we then clarified the specific mechanism of environmental regulations in affect-
ing urban innovation capacity by constructing the corresponding mediating effect model
with two mediating variables: regional fiscal revenue and regional manufacturing output.
Drawing on the practice of Xu and Liu [18], the mediating effect was verified by investi-
gating the regression coefficients of a recursive simultaneous equation using a stepwise
approach. Taking regional revenue (REV) as a mediating variable, the following test model
was constructed.

Innovationit = α + β1ERSit +∑
j

β j controlit + µi + γt + εit (11)

REVit = α2 + δ1ERSit +∑
j

δj controlit + µi + γt + εit (12)

Innovationit = α3 + ω1ERSit + ω2REVit +∑
j

ωj controlit + µi + γt + εit (13)
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We tested, in turn, the coefficients β1 of the stepwise model (11), δ1 of model (12)
and ω2 of model (13). If all three coefficients were significant, the mediating effect of
REV was significant. This indicated that environmental regulation would influence the
explained variable urban innovation capacity through the mediating variable REV, with
a mediating effect size of δ1 × ω2. The regression results of regional fiscal revenue are
presented in Columns (1)–(4) of Table 12. The mediating effect of regional fiscal revenue was
δ1 × ω2, which was significantly negative. This indicated that environmental regulation
negatively influenced urban innovation capacity through the mediating effect of regional
fiscal revenue. Specifically, Column (2) in Table 12 proved the negative relationship between
environmental regulation and regional fiscal revenue. Concurrently, Column (3) of Table 12
showed that an increase in fiscal revenue could enhance the city’s innovation capacity.
Ultimately, enhanced environmental regulation will bring reduced regional fiscal revenue,
which in turn will lead to a decrease in local government support for enterprise innovation
policies and, ultimately, a decrease in the urban innovation capacity. These findings are
consistent with previous theoretical explanations.

Table 12. Mechanisms by which environmental regulation affects the innovation capacity of
Chinese cities.

(1) (2) (3) (4) (5) (6) (7)
Innovation REV Innovation Innovation IND Innovation Innovation

ERS −18.5348 *** −1.0947 *** −3.6768 ** −2.0583 *** −14.6193 **
(−3.08) (−3.60) (−2.29) (−3.61) (−2.47)

REV 0.1358 *** 0.1357 ***
(10.03) (10.03)

IND 1.9322 *** −1.9023 ***
(6.55) (−6.46)

Industry 2.3303 ** −0.0910 3.5331 *** 3.5658 *** 7.4853 *** 16.6603 *** 16.5699 ***
(2.41) (−1.43) (5.18) (5.21) (12.47) (5.36) (5.33)

Finde −0.6837 *** 0.0133 −0.8683 *** −0.8641 *** 0.3236 *** −0.0745 −0.0680
(−2.94) (0.83) (−6.58) (−6.56) (4.13) (−0.38) (−0.35)

Growth 0.3173 *** 0.0246 *** −0.0176 −0.0166 −0.0108 0.2937 *** 0.2969 ***
(2.89) (4.14) (−0.34) (−0.32) (−0.77) (2.82) (2.85)

Lnpeosize 97.8779 *** 3.9291 *** 44.5504 *** 44.5507 *** −5.1356 ** 88.1182 ** 88.1082 **
(2.65) (2.66) (2.68) (2.68) (−2.28) (2.57) (2.57)

Sciedu 121.5947 *** 10.3820 *** −19.4134 −19.3114 −15.3751 *** 91.9168 *** 92.3459 ***
(5.35) (7.23) (−1.14) (−1.13) (−6.01) (4.71) (4.74)

LnGDP −15.9533 *** 0.1233 −17.7765 *** −17.6274 *** 8.0326 *** −1.0194 −0.6725
(−3.59) (0.41) (−6.95) (−6.91) (5.46) (−0.27) (−0.18)

_cons −2.1 × 102 −5.0168 −1.5 × 102 −1.4 × 102 −11.0899 −2.4 × 102 −2.3 × 102

(−0.84) (−0.48) (−1.22) (−1.21) (−0.67) (−1.00) (−0.98)
city YES YES YES YES YES YES YES
year YES YES YES YES YES YES YES

N 3624 3624 3624 3624 3624 3624 3624
R-sq 0.595 0.793 0.875 0.875 0.945 0.609 0.610

Note: *** and ** represent the significance at the 1% and 5% levels, respectively. The t-values are in parentheses.

Similarly, regional manufacturing output was also adopted as the mediating variable
investigating how environmental regulation contributes to the innovation capacity of cities.
We found that the mediating effect of regional manufacturing output was also significant
and had a negative coefficient. This indicated that environmental regulations markedly
dampened urban innovation capacity through the mediating effect of manufacturing output.
Specifically, as can be deduced from Column (5) of Table 12, environmental regulation
is significantly negatively related to regional manufacturing output, while Column (6)
of Table 12 shows that manufacturing output is positively related to urban innovation
capacity. In summary, increased environmental regulation leads to a certain degree of
decline in regional manufacturing output, which may constrain firms’ R&D and innovation
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behaviour, and ultimately lead to a decline in regional urban innovation capacity, validating
the relevant explanations presented in the previous section.

To further examine the effect of mediating variables, we have added the interac-
tion term between fiscal revenue and environmental regulations, as well as the interac-
tion term between manufacturing output value and environmental regulations, to model
Equation (8), which will be used as a supplement for the robustness test. After adding
interaction items into model Equation (8) separately, the new regression results are shown
in Table 13. It can be found that no matter the interaction term between fiscal revenue
and environmental regulation, or the interaction term between industrial output and
environmental regulation, are all significantly negative. This means that environmental
regulation policies really have an impact on urban innovation ability through the two
factors of regional fiscal revenue and industrial output value. Meanwhile, the higher the
regional fiscal revenue and industrial output value, the more significant the inhibition
effect of environmental regulation on regional innovation ability. For local governments in
China, the negative effects brought by environmental regulation policies will temporarily
outweigh the positive effects, which is also an issue that government departments need to
consider further.

Table 13. Regression results of interaction terms between intermediate variable and environ-
mental regulations.

(1) (2)
Innovation Innovation

REV × ERS −6.7466 ***
(−3.88)

REV 19.7336 ***
(2.73)

IND×ERS −2.4905 ***
(−4.61)

IND −0.3617 *
(−1.75)

ERS 1.7487 109.0976 ***
(0.34) (3.89)

Industry 3.6497 *** 15.0186 ***
(5.20) (5.26)

Finde −0.9281 *** 0.0758
(−6.05) (0.41)

Growth −0.0265 0.2791 ***
(−0.49) (2.69)

Lnpeosize 43.7520 *** 87.6656 **
(2.80) (2.56)

Sciedu −21.4370 100.4303 ***
(−1.27) (5.12)

LnGDP −18.9218 *** 2.7377
(−6.27) (0.75)

_cons −1.5 × 102 −3.5 × 102

(−1.33) (−1.44)
city YES YES
year YES YES

N 3624 3624
R-sq 0.877 0.615

Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.

However, although environmental regulation may inhibit innovation in the short
term, there may exist a compensatory effect of innovation; with appropriate environmental
regulation incentives, firms may also increase their R&D and innovation, boost energy
efficiency and emission reduction and improve their innovation and competitiveness. This
finding may also apply to the association between environmental regulation and urban
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innovation; if regions are able to provide attractive incentives during the environmental
regulation process, they may drive business involvement in technological innovation, thus
promoting the city’s ability to innovate. Thus, this study further examined the moderating
effect of regional economic development and environmental investment on the relationship
between environmental regulation and urban innovation capacity by cross-multiplying re-
gional gross national product per capita (GDPPER) and regional environmental investment
in pollution control (ENIVES) with the environmental regulation intensity, respectively
(Table 14). The coefficients of both the cross multiplier of environmental investment and
that of GDP per capita were distinctly positive. Concurrently, the environmental reg-
ulation’s coefficient remained apparently negative, but its magnitude was significantly
reduced. This indicated that as the regional economy expanded, the inhibitory influence
of environmental regulation regulating urban innovation capacity could be effectively
mitigated by increasing the positive regulation incentive. Moreover, when the government
increases the environmental investment in pollution control, it can somewhat reduce the
detrimental influence of environmental regulation on innovation.

Table 14. Moderating effects of regional economic development and investment.

(1) (2)
Innovation Innovation

ENIVES × ERS 3.2339 ***
(3.59)

ENIVES 0.0019
(0.52)

GDPPER×ERS 6.9643 ***
(3.06)

GDPPER 3.7167 ***
(3.58)

ERS −2.0510 ** −2.0686 **
(2.44) (−2.40)

Industry −0.7466 ** 10.7979 ***
(−2.58) (5.93)

Finde −2.9813 −1.1922 ***
(−1.51) (−3.51)

Growth 0.0167 0.1701 **
(0.69) (2.10)

Lnpeosize 21.6479 ** 101.6441 ***
(1.98) (3.32)

Sciedu 9.7721 ** −40.1351
(2.15) (−1.59)

LnGDP −2.1484 * −44.3047 ***
(−1.77) (−4.47)

_cons −54.7029 −44.8829
(−0.70) (−0.24)

City YES YES
Year YES YES

N 1055 3624
R-sq 0.619 0.690

Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.

4.4. Further Discussion

As mentioned earlier, environmental regulation and innovation have a non-linear con-
nection. At lower environmental regulation intensity, it is unnecessary to innovate for envi-
ronmental protection due to the low expenditure on circumventing environmental regulation.
However, the adoption of other methods to circumvent environmental regulation will crowd
out investment in innovation to a certain extent. In such cases, environmental regulation
can further reduce innovation, whereas as its intensity surpasses a certain level, it becomes
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challenging to circumvent environmental regulation by other means. Thus, firms may be
forced to get around the negative consequences of environmental regulation via innovation.
Hence, there may exist a non-linear U-shape relationship between environmental regulation
and urban innovation. The current study analysed this issue deeply.

To examine this issue, the squared environmental regulation was introduced in the
model, which was designed as follows:

innovationit = α + β1ERSit + β2ERS2
it +∑

j
β j controlit + µi + γt + εit (14)

If non-linear characteristics existed, then the inflection point at which environmental
regulation affects urban innovation was calculated as follows:

In f lection Point = − β1

2β2
(15)

Table 15 reports the regression results for model (14). In the full sample, the squared
environmental regulation was remarkably positive, while the first-order term coefficient
was obviously negative, indicating the validation of the non-linear characteristic of the
U-shape. The calculated inflection points at approximately 0.7 could turn the impact of
environmental regulation from negative to positive. Heterogeneity existed in the results for
the above three regions. The second-order term coefficient for environmental regulation was
insignificant in the eastern region. Conversely, the central and western regions exhibited
a non-linear U-shaped characteristic, with an inflection point at approximately 0.6. We
think there may be several reasons for this phenomenon. Firstly, the eastern region, as
an economically developed region, has been attaching more and more importance to
the development of a green economy in recent years, and the intensity of environmental
regulations has been increasing year by year. However, local enterprises are generally
still in the transition of technological innovation and cannot meet the requirements of
environmental regulations in the short term. As a result, environmental regulation has led to
the increase of pollution treatment costs and the deterioration of the business environment;
innovation behaviour will be significantly inhibited accordingly. Secondly, due to the
underdeveloped economy, the central and western regions often enjoy various industrial
support policies and capital subsidies from different level governments. This can effectively
reduce the problem of rising costs caused by increasing R&D investment. Due to a higher
degree of marketisation and fewer government subsidies for production in the eastern
region, based on cost-benefit analysis, local enterprises’ operation strategies will be more
cautious. Especially in the face of increased environmental regulation, enterprises are more
inclined to maintain the stability of daily operation funds, thus reducing R&D investment.

Table 15. Non-linear relationship between environmental regulation and the innovation capacity
of cities.

Full Sample Eastern Region Central Region Western Region

ERS −96.4268 *** −92.3252 * −62.3718 *** −60.8416 ***
(−4.05) (−1.65) (−5.90) (−4.72)

ERS2 64.8753 *** 44.3182 52.3886 *** 53.2727 ***
(3.36) (1.01) (5.99) (4.98)

Industry 2.6925 * 6.3187 * 0.3550 0.2932
(1.93) (1.85) (0.35) (0.51)

Finde −0.6514 * −1.1470 * 0.8292 8.6236 ***
(−1.71) (−1.82) (1.26) (6.34)

Growth 0.3052 ** 0.3501 0.1127 0.0837
(2.05) (1.11) (1.45) (1.08)

Lnpeosize 95.2399 *** 113.7912 *** −6.4220 25.2700 ***
(9.55) (7.15) (−0.80) (3.09)
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Table 15. Cont.

Full Sample Eastern Region Central Region Western Region

Sciedu 115.6751 *** 183.1929 *** 54.7605 *** 45.7342 ***
(6.27) (5.16) (5.18) (4.43)

LnGDP −15.2994 *** −22.4736 ** 10.0248 *** 8.8039 ***
(−3.42) (−2.39) (4.03) (3.55)

_cons −1.8 × 102 ** −2.6 × 102 ** −10.6416 −2.3 × 102 ***
(−2.36) (−2.03) (−0.23) (−4.27)

City Yes yes yes yes
Year Yes yes yes yes

N 3624 1765 934 925
R-sq 0.596 0.607 0.628 0.611

Inflection point 0.7 0.6 0.6
Note: ***, ** and * represent the significance at the 1%, 5% and 10% levels, respectively. The t-values are
in parentheses.

5. Conclusions

Porter’s hypothesis has prompted scholars to address the micro effects of environmental
regulations from a firm’s perspective. The current research examined the micro effects and
mechanisms affecting the innovation capacity of cities by constructing theoretical models
and empirical tests. We discovered that environmental regulation substantially negatively
correlated to China’s urban innovation capacity during the sample period, and its increasing
intensity could dampen China’s urban innovation capacity. Concurrently, this inhibitory effect
was mainly transmitted through two mediating variables: lower regional fiscal revenue and
reduced manufacturing output. Increased regional economic development helps to bring
positive incentives for environmental regulation, thus somewhat mitigating the inhibiting
effect of increased environmental regulation on urban innovation capacity. Additionally, there
may exist a non-linear U-shape relationship between environmental regulation and urban
innovation; the sufficiently high intensity of environmental regulation will force firms to
innovate and circumvent the drawbacks of environmental regulation.

Thus, the following issues should be considered during the policy development of
environmental regulation in China. Firstly, as China is in the transition from extensive de-
velopment to high-quality development, the negative effects of environmental regulation
policies will temporarily outweigh the positive effects. Therefore, it is necessary to be alert
to the negative spillover effects of environmental regulation on technological innovation.
Secondly, local governments should be cautious about the adverse effects brought about by
environmental regulation at the initial stage and implement reasonable emission policies to
enable enterprises to survive the period of loss resulting from environmental regulation to
help enhance innovation in companies and cities. Thirdly, local governments must rationally
judge the characteristics of environmental regulation inflection points on their own circum-
stances and formulate corresponding environmental regulation policies. Fourthly, in more
economically developed regions, local governments may consider supporting innovative
firms with financial subsidies or tax concessions to enter the innovation dividend period of
environmental regulation. Fifthly, for economically less-developed regions, due to the lack of
sufficient innovative means, the intensity of environmental regulation by the local govern-
ment should not be too high, which can avoid directly increasing the pressure on business
operations. It will be helpful to mitigate the negative impact of environmental regulation on
local economic development. Future studies may focus on a comparison between developing
and developed regions in China to find the differences in innovation levels and remedies to
boost innovation through environmental regulations in the deprived areas.
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Abstract: With the continuous improvement in urban managers’ cognition of green ecology, it is a hot
issue in current research to explore the role of managers’ cognition on urban public service innovation
from the perspective of green ecology. The main purpose of this study was to explore ways to build
green ecological cities and provide high-quality urban public services based on managers’ environmental
cognition. Through sorting out and discriminating the concepts related to green ecology, this research
improves the current theoretical system related to green ecological city services. A theoretical model of
a green ecological city public service system was constructed, and its influence path and effect on green
ecological city public service innovation were analyzed in detail. This research provides a good tool and
method for follow-up research to better understand the composition and innovation of green ecological
city public service systems.

Keywords: green ecology; environmental cognition; urban public service system; system building

1. Introduction

A city is the carrier of social development nowadays. With the acceleration of global
urbanization, there are increasing requirements for urban public services. Green ecological
urban construction and public services have become a current development trend. In this
context, whether city managers have formed effective environmental cognition and whether
they can provide green ecological public services for the city have not yet been concluded.
Starting from the construction of a green ecological city public service system, this paper
explores the effect path of city managers’ cognition on it through improving the system.

For city managers, the formation of their environmental cognition is accompanied by the
deepening of the concept of green ecology. Regarding how to manage a city and provide pub-
lic services, one of the earliest studies conducted in the 19th century gathered a large amount
of information on urban population and industry convergence for the living environment of
urban residents. This produced more serious challenges in order to explore effective, appro-
priate, and sustainable urban development. In many cities, the management development
concept arose at a historic moment [1]. For example, the concept of a “garden city” in the
early period and the concepts of an “ecological city”, a “healthy city”, and a “green city” have
been put forward by subsequent scholars around the world. In recent years, with the rise
of the green concept, the global urbanization wave has once again pushed the concepts of a
“low-carbon city”, a “low-carbon eco-city”, and a “green eco-city” to a new research frontier [2].
Regarding urban management and public service provision under the concept of a “green
ecological city”, most scholars believe that it is a sociological construct that includes both
natural ecology and human ecology, requiring managers to pay attention to the protection
of natural resources and the environment in the process of urban management [3]. At the
same time, attention should be paid to adding more practical content such as “green life” and
“green culture” in the process of providing public services for urban residents [4].
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The main contribution of this paper lies in the in-depth analysis of managers’ envi-
ronmental cognition on the management planning of an urban spatial layout, including
the infrastructure facilities, housing, transportation, ecology, green space, and other public
services. At the same time, by building a green ecological city public service system model,
the current green ecological context connotation can be enriched and the extension of urban
public service supplies—namely, in the city of the carrier—through a public service supply
can achieve a political, economic, cultural, social, and ecological civilization construction of
“Five-one project”, promote harmony between humans and nature as well as society, the
economy, and building a community of life to realize the green development practice of
“whole elements” of nature, society, and economy; the “whole space” of towns, agriculture,
and ecology; and the “whole process” of past, present, and future developments.

The purpose of this study was to build a theoretical model of a green eco-city public
service system from the three aspects of the construction criteria, influencing factors, and action
mechanisms by applying the methodology of urbanology, ecology, and systems engineering to
analyze its influence path and effect on green eco-city public service innovation by combining
the environmental cognition of urban managers. The specific application of the research
has two aspects. On the one hand, it can better construct an urban public service system
under the background of current green and low-carbon developments and provide more
green and healthy public services for urban residents. On the other hand, it can also help
urban managers with green ecological environment cognition to discover the key and difficult
problems in the provision of urban public services and to make targeted improvements.

2. Materials and Methods
2.1. Characteristics of Managers’ Environmental Cognition from the Perspective of Green Ecology

From the perspective of green ecology, city managers form different environmental cog-
nitive characteristics based on different goal directions and management objectives, which
will have different impacts on urban public service innovation. This study summarizes the
composition characteristics, target characteristics, evolution characteristics, measures, and
value characteristics of urban managers’ environmental cognition and explains the possible
impact on urban public services (Table 1).

Table 1. Environmental cognitive characteristics of urban managers.

Characteristics of Categories Specific Characteristics Explanation

Constituent Characteristics

System

The composition of managers’ environmental cognition is systematic.
As city management involves many elements, their environmental

cognition must seek the balance of the whole system in
multi-dimensions.

Open

The process of urban management is a process of exchange and
replacement with the outside world, so its environmental cognition
must ensure that the city always maintains an open circulation and

circulation with the outside world.

Complexity

Environmental cognition is complicated because the core purpose of
both urban management and public services is to serve urban

residents. The complexity of human beings results in the complexity
of environmental cognition.

Target Characteristics

Diversity
The management of a green ecological city should show diversity in
levels, elements, and associations to better guarantee the diversity

and vitality of the city.

High Efficiency From the perspective of green ecology, urban management should be
efficient to achieve sustainable urban development.

Compound
In urban management, the green concept and ecological concept are
fully combined to realize the coordination and unity of ecological,

social, production, cultural, and other urban functions.
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Table 1. Cont.

Characteristics of Categories Specific Characteristics Explanation

Security

Safety is an important prerequisite for management. From the
perspective of green ecology, managers’ environmental cognition
goals should also pay attention to the security guarantee of urban

social stability, economic development, natural resources, the
environment, public safety, and health.

Health Urban management should contribute to the health of urban
residents, their living environment, and their future development.

Evolution Characteristics

Dynamic
As things develop, the environmental cognition formed by managers
should also have a certain dynamic and it should dynamically adjust

with the process of urban development.

Adaptive

The urban system responds to the external environment and
eventually feeds back into the human and social systems. Therefore,

managers’ environmental cognition also needs to adapt to this
feedback and achieve the dynamic adaptation of the internal and

external circulation of management through continuous adjustment,
feedback, re-adjustment, and re-feedback.

Features of the Measures

Cyclical

From the perspective of green ecology, the measures taken by
managers based on environmental cognition should reflect the

concept of circular development, which is a virtuous cycle of all
systems and levels of the city, to improve the overall urban public

service efficiency and resource utilization rate.

Compactness

Compactness refers to the specific measures formulated by managers
to pay attention to the appropriate and compact use of injected land,
public infrastructure, and public services rather than ignoring costs in

order to achieve green ecological goals.

Value Characteristics

Human Nature

The value of urban managers’ environmental cognition is primarily
people-oriented. Whether it is the construction of green ecological

cities or the provision and innovation of public services, the
fundamental goal and the method of value realization are to realize
the comprehensive and free development of human beings on the

basis of a harmonious coexistence between man and nature.

Symbiotic

Symbiosis emphasizes that managers should pay attention to the city
rather than a single individual in their environmental cognition. In
the process of providing green and ecological public services, they

should pay attention to mutual assistance and mutualism outside the
city, between cities and regions, and between cities.

Harmony

It is emphasized that managers’ environmental cognition should be
based on harmony. It is not necessary to sacrifice the interests of a

small number of groups to achieve a certain goal, but all urban
residents should do their best and give full play to their strengths

whilst enjoying the wellbeing brought about by green ecological cities
so that harmony and consistency can help urban development.

After analyzing and summarizing the environmental cognitive characteristics of city
managers from the perspective of green ecology, this paper further analyzes and explains
the structure of the house chart of environmental cognitive characteristics (Figure 1). As
can be seen from the figure, complexity, systematicness, and openness constitute the
basis for the formation of managers’ environmental cognition [5]. Dynamic and adaptive
characteristics are necessary for managers’ environmental cognition [6]. Diversity, efficiency,
complexity, safety, and health are the main goals for managers’ environmental cognition
to be applied to green ecological city public services [7]. Circularity and compactness are
the main measures for managers to provide green ecological city public services based on
environmental cognition. Finally, symbiosis, human nature, and harmony are the ultimate
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value pursuits of urban management and urban public services provided by managers
based on environmental cognition [8].
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2.2. Connotations of Green Ecological City Public Services

Under the promotion of the concept of sustainable development, urban public services
have also begun to advocate sustainable development. Meanwhile, sustainable urban
public services pay more attention to improvement in the inclusiveness and equality of
urban public services. However, in the sustainable development of urban public services,
the climate, biology, energy, and economy are rarely involved. Therefore, on this basis,
current city managers move out of the single urban public service category and consider
a more global and multi-factor perspective, propose low-carbon city and low-carbon
ecological city public services, plan the targets of urban public services more specifically,
and add more factors for harmony between people and nature [9]. This has formed the
basic prototype of a green city and ecological city public service in the process of urban
management. Urban public service from a perspective of green ecology is the integration of
a green city and an ecological city public service. No matter what the type of public service
delivery method is, the ultimate goal is to achieve a perfect combination of an artificial
environment, a natural environment, and a human environment in urban public services,
ensuring the sustainable development of the city [10]. Based on the above discrimination,
Figure 2 depicts the subordinate relationship of various urban public services from the
perspective of sustainable development and green ecology.

As can be seen from the figure, both “green” and “ecological” in the public service
of a green ecological city have been endowed with broader connotations. “Green” no
longer reflects environmental factors, but is deeply combined with the connotation of
sustainable development. Specific to the provision of urban public services, it means
that urban public services are clean, safe, stable, and comfortable, with natural harmony
and human health. “Ecological” is beyond the scope of the original ecology of a natural
ecological system with traditional boundaries. From the phylogeny to the urban public
services that provide an urban public service, there is an open working of the body that
has complex and diverse characteristics. Urban public services provided by the target
should have efficient coordination to achieve the city’s economic development and social
wellbeing as well as an excellent ecological environment system.

2.3. The Theoretical Connection between Managers’ Environmental Cognition and Urban Public Services

After explaining the connotation of a green ecological city public service and the
cognitive characteristics of managers’ environments from the perspective of green ecology,
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the theoretical basis of their influence and connection mainly comes from three theoretical
pillars. One is the urban theory related to urban planning, including urban development
theory, urban space theory, regional coordination theory, and urban economics theory.
Second is the ecological sustainable development theory related to environmental ecology,
including circular economy theory, compound ecology theory, ecological sustainable theory,
and carrying capacity theory. The third is system theory, which mainly includes cybernetics,
operations research, complex adaptive system theory, and system dynamics [11]. The
specific theoretical basis is shown in Figure 3.
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3. Analysis of the Results and Discussion

The public service innovation activity of a green ecological city is systems engineering.
This chapter intends to simplify the expression of this complex system by constructing a
theoretical model of a green ecological city public service system. Guided by the value
objectives and development criteria of a green ecological city, and taking urban structure
composition and organizational elements as objects supported by the logic of the urban
development model and operation mechanism, it applies the principles, viewpoints, and
methods of systems engineering to the research and solution of urban public service problems.
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It provides a conceptual model tool to analyze the impact of managers’ environmental
cognition on urban public service provision; urban planning; management, construction
and operation; and long-term sustainable development. The model constructed in this study
also more clearly analyzed the specific aspects of the environmental cognition of city managers
on green ecological city public service facilities under the background of green ecology, and
through what methods.

3.1. Model Construction Criteria

A rule of model building is the goal of this research institute to build a model needed
to achieve the results based on an analysis for managers handling the cognitive environ-
ment. The building green ecological perspective of the criterion is based on environmental
cognition through city planning, construction, and operation management; the influence of
these makes the city provide the public service that helps to promote a green ecological
city construction [12]. Specifically, the criteria of this model include the general criteria
and implementation criteria of a target set constructed at a general and sublevel. The
construction criteria of this analysis model are shown in Figure 4.
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It can be seen from the above figure that, from the perspective of green ecology,
the general criteria of green ecological city public service model construction—namely,
the macro-strategic goal—are sustainable development, coexistence, harmony, and being
people-oriented. Managers must make their own management decisions by providing
public services in the city, which achieve the economic constructions, political constructions,
cultural constructions, social constructions and ecological civilization constructions of a
“five one” all-round development through the mobilizing of all elements of nature, society,
and economy in rural towns as well as the ecological whole space, taking into account the
whole process of the past, present, and future and realizing the sustainable development of
a harmonious coexistence between man and nature, society, and economy [13].

Furthermore, the model was mainly based on six specific implementation criteria to
achieve specific classification objectives. Efficient circulation: In the implementation process
of a green ecological city public service, there should be efficient circulation among the
various subsystems. Various resources and energies can be fully utilized, and coordination
between the various systems can be formed to achieve the most effective and reasonable
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utilization. Green health: Green ecological city public services should provide a safe and
healthy urban environment, which can give full play to the creativity and productivity of
people and maximize the protection of residents’ physical and mental health and living
environment quality. The measures should be adjusted to local conditions; in a green
ecological city construction of public services, obvious regional differences and character-
istics of city managers will inevitably exist in the provision of public services and should
fully consider the management of the city itself in terms of the geographical environment,
cultural environment, economic environment, technology environment, and business and
social environment as well as the differences and features [14]. The green ecological public
service system constructed in different cities should be different rather than prevailing in
different places and lacking differentiated public service systems. On the one hand, it is
difficult to give full play to the fundamental goal of public service systems to serve a local
green ecological city construction and the residents; on the other hand, it does not conform
to the specific ecological conditions of local cities and other characteristics [15]. Compound
diversity: The innovative development of green ecological city public services also needs
to follow the principle of compound diversity. On the one hand, the diversification of
urban public service forms to achieve the spatial integrity, continuity, and richness of urban
public services. On the other hand, the concept of green ecology should be fully upheld
to ensure the diversity of humans and nature in urban life and accommodate diverse
people and natural creatures [16]. Coordination and mutual promotion: Green ecological city
public services should also contribute to coordinated and mutual development among urban
residents, the surrounding natural environment, and the local economy as well as society and
the livelihood of people. Especially under the environmental cognition of green compound
ecology, urban management needs to pay more attention to the benign interaction and de-
velopment of economic systems, social systems, and natural systems. Inclusive and open: In
the complex system of a green ecological city, which is filled with various elements such as
the capital, resources, and information, public services from the perspective of green ecology
cannot be analyzed from a closed and narrow perspective. The analysis should be carried out
with an open attitude, and a diversified and composite open system should be created, which
coexists with the natural environment where organisms exist equally and mutually, activities
are convenient, and the values of greenness and inclusivity should be advocated.

3.2. Main Influencing Factors

After analyzing the construction criteria of the green ecological city public service sys-
tem theoretical model combined with the classification of urban managers’ environmental
cognitive characteristics, we further analyzed the influencing factors on green ecological
city public services. The relevant influencing factors were selected and analyzed from the
perspective of urban management, centering on the development requirements of urban
social, economic, and environmental systems and under the construction principle of a
green ecological city public service system model.

For the study of the influencing factors, there were three main factors for different
research purposes. One was to divide cities into natural, economic, and social aspects
according to the management objectives and discuss the role of managers’ environmental
cognition on their public services from three aspects [17]. The first category was classified
from the characteristics of the public services themselves; the differential influence of
managers’ environmental cognition was studied according to different types of public
services [18]. The other one took the city as an ecosystem and analyzed the role of managers’
cognition from the aspects of the system structure, function, and coordination [19].

This study draws on the analysis experience of previous research viewpoints and
discusses the impact of managers’ environmental cognition on urban public services from
five aspects, including social status, economic status, natural environment, resources, and
population whilst taking the city as a whole ecosystem. In other words, from the perspective
of green ecology, managers’ environmental cognition mainly affects urban public services
through the above five aspects.
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According to the above analysis and the theoretical basis of the connotation of the
public service system of a green ecological city, we considered which specific variables
would make further responses or changes to the above factors. In a public service system,
basic public service industry, ecological protection public service, or public space or site,
the public cultural facilities, transportation, social security public service, green science,
technology public service, and urbanization construction public service will be affected.
According to the function hierarchy and order of the above five factors, the main influ-
encing factors of managers’ environmental cognition on urban public services from the
perspective of green ecology were constituted [20]. The composition relationship of the
specific influencing factors is shown in Figure 5.
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3.3. Mechanism of the Model

After obtaining the main influencing factors, to build a green ecological urban public
service system theory model managers need, through the analysis of the cognitive envi-
ronment, the specific role of the green ecological city public service innovation mechanism
through to the internal organization structure and interaction between the influence factors
and the method of analysis. This enables the connected factors to form a final analysis
model. Figure 6 depicts the main path of action.
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As can be seen from the figure, the mechanism of the impact of managers’ environ-
mental cognition on green eco-city public services is a model where the logic of the whole
process of the action mechanism is formed by taking the macro-background and theoretical
support as the external framework and the operation, construction, planning, renewal,
capital, and governance as the internal components. The driving forces, management
mechanisms, and financial support are the auxiliary components.

External framework: In terms of the macro-background, the process of urban man-
agement includes the economic conditions, cultural structure, national characteristics,
geographical environment, historical tradition, social form, and other time characteristics
of the urban residents in a specific macro-background. The research on the impact of green
ecological city public services also needs to be carried out under a specific background
and macro-environment. Theoretical support: The theory technology level also affects and
restricts the city development; for the urban planning design and construction of public
services management, with enough theory as the guidance, the city builders and managers’
cognitive connotation of city development can decide their ability to solve the problem of
urban development for different countries and regions with different natures and scales as
well as the different stages and cultural cities. The theoretical basis supporting and guiding
urban development is also completely different, which requires reasonable screening and
selection [21].

Internal composition and driving force: the sustainable development of a city is
based on the results of the joint action of various driving forces, which are mutually
conditioned and coordinated. Various dynamic factors not only reflect the quality of urban
development, but also enrich and transform the development of urban politics, economy,
society, and humanity. The rapid development and innovation of urban public services is
also inseparable from the creation and renewal of internal compositions and driving forces,
so governments need to manage the city from an operational, construction, planning,
renewal, capital, and governance point of view along with other aspects. At the same
time, from the perspective of green ecology and based on the concept of development,
the urban management of city managers should be carried out based on the value goals
of environmental cognition. The main body of these urban management activities is not
completely the government, nor is it completely dependent on administrative means
and other coercive forces. Urban management is the cooperation between governments
and urban people, government and non-governmental organizations, public and private
institutions, and compulsory and voluntary cooperation. The provision of urban public
services is also a process of top-down interactions. The government, non-governmental
organizations, and various private institutions deal with public affairs through common
goals based on diversified means such as cooperation and consultation, so their power
dimensions are diversified rather than pure top-down. Therefore, the development and
innovation of public services in a green ecological city is a process in which the government,
together with society and other forces, participate in and act together as the driving force
for development [22].

Auxiliary means: Managers’ environmental cognition also needs the existence of aux-
iliary mechanisms to realize the mechanism of urban public services, which involves two
aspects. On the one hand is the management system. The provision of urban public services
and policy operation cannot be separated from the institutional guarantee, especially the
urban administrative system, which is based on the economic system and adapts to the
current economic system, determining the functional development and positioning of the
city. With an economic system, it is important to note the other side of auxiliary means;
namely, urban financial support. Urban financial support is the guarantee for a successful
implementation of the various measures and means. The system and scale of urban finan-
cial revenue and expenditure directly restrict and influence the speed and quality of urban
public service development. The construction of a green ecological city, the guarantee of
a balanced, equal, reliable, and adaptive provision of public services, the adjustment of
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urban income distribution and urban economic development, and the improvement of the
urban governance capacity are inseparable from the support of urban finance.

The logic mode of the mechanism of action: First of all, managers’ environmental cog-
nition affects urban public services in a whole process and managers’ influence on green
ecological city public services is a whole process practice. Meanwhile, in the practice pro-
cess, managers should fully combine their own local characteristics and various adjustment
differences to obtain a reasonable layout. Therefore, its function is the fusion of a variety of
factors through a long period of effect evolution and formation. It is also a balanced path and
self-sustaining system to observe the whole process of urban management and public service.

Time effectiveness: Managers also differ in their cognition of green ecology at a time
level because the provision of public services is a whole process practice that includes
planning, construction, and governance. According to the different stage requirements,
managers should give play in an orderly, successive, and phased manner. They should
recognize the effects of policy guidance, resource support, and cultural dominance in the
early stage; capital drive, market construction, and industrial development in the middle
stage; and green ecological location drive and value concept dissemination in the late stage
to give full play to the improvement of intergenerational distribution efficiency based on
policy recognition.

In general, through the analysis of each part of the model’s mechanism, the paper
analyzed the operation logic and rules of manager cognition in urban public service
innovation, which has a certain stage and reference significance. At present, the values of
urban management in the world are changing from the direct pursuit of economic efficiency
maximization to the pursuit of social fairness and justice; from materialism to the protection
and production of cultural and ecological values. It can be said that the research on the
innovation and development of green ecological city public services in this paper came into
being with the progress of urban management and environmental changes, which could
provide a reference for the development and management of public services in other cities.

3.4. Model

Based on the analysis and construction of the construction criteria, main influencing
factors, and mechanism mentioned above, this study comprehensively established a system
model describing the impact of managers’ environmental cognition on urban public service
innovation and development, as shown in Figure 7. Based on this model, feasible concrete
measures and influencing factors can be analyzed through the orientation of city managers
for green ecological cities in terms of objectives, functions, and operation mechanisms. This
paper provides a three-dimensional and comprehensive overview of the green eco-city
public service, a complex whole system, and provides a good method and tool for green
eco-city management.
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4. Conclusions

Through the research, it was found that the theoretical basis of green ecological city
public services mainly came from the three pillars of urbanology, ecology, and systematics.
By using the above theories and a practical analysis, the following understandings were
obtained. Managers’ environmental cognition from the perspective of green ecology is
characterized by systematization, openness, and complexity. The main goal of manage-
ment is diversification, efficiency, compounds, safety, and health. In the management
process, there are the development laws of being dynamic and adaptive. The management
measures taken are mainly circular and compact, and the value goals of symbiosis, being
people-oriented, and harmony are realized by acting on urban public services. A green
ecological city public service is a comprehensive and complex system. The extension of
“green” and “ecological” concepts requires more scientific, more systematic, and more
natural management methods to provide public services. The environmental cognition
that urban managers should have include being systematic, open, and complex. Urban
management should pursue diversification, efficiency, safety, and health. The theoretical
model of a green ecological city public service system constructed in this study analyzed
and explained the relationship between managers’ behavior and urban public service
innovation and development in a relatively three-dimensional and comprehensive way,
providing a reference for a better understanding of the system composition as well as the
innovation and development laws of green ecological city public services.
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Abstract: Urban community parks have significant benefits for city residents, both physical and
spiritual. This is especially true in developing countries, such as China. The purpose of our study is
to describe the current situation of the community parks in five main districts of Jinan City while
recognizing features of the community parks that influence usage patterns. Our study also means
to determine the desired improvements of visitors that promote access to and use of community
parks on the basis of the Chinese context. We conducted a survey among 542 community park
visitors and obtained valid responses. The findings of respondents show that community parks
are mostly used by people over 55 years (34.7%) and children under 10 years (23.6%). The main
motives for using community parks are for exercise (24.2%) and to socialize with others (21.6%). The
majority of respondents (65.7%) rated the community park as satisfactory and considered only a few
improvements needed. Regarding the desired improvements, numerous respondents mentioned
adding more physical training facilities (13.3%) and activity areas (7.6%), as well as emergency
call buttons in areas frequented by children and older people (7.6%). Furthermore, most of the
respondents (79.9%) indicated that they would like to use the community parks more frequently if
there is additional progress to make the parks more attractive, cleaner, and friendlier. These results
can help park designers, government agencies, and community groups to provide the planning and
design strategies for community parks to promote their upgrading in China.

Keywords: community parks; urban green space; mixed methods; park usage; driving factors

1. Introduction

Urbanization is advancing worldwide, and by 2050, 68% of the world’s population
is projected to live in urban areas [1]. This rapid urbanization has led to an accelerating
decline in urban green space [2,3]. Therefore, the planning and design of urban green
infrastructure (GI) is attracting increasing global attention, which is a network in the city of
interconnected green spaces consisting of patches, corridors, and matrixes to protect the
diverse interests of human beings, biodiversity, and habitats of various species [4,5]. In
the current situation of accelerated urbanization and surging urban population, plenty of
researchers emphasize the introduction of community parks or numerous minor urban
green spaces as a critical “patch” of the urban green infrastructure, which can serve the
interests of numerous communities [6–8].

On 1 June 2018, the Chinese Ministry of Housing and Urban-Rural Development
issued a standard for urban green space classification [9], defining “community park” as
an independent area with basic recreation and service facilities and its urban green spaces
developed mainly for residents of a particular community to conduct daily recreational
activities on 1–10 hectares of land. Community parks have myriad benefits for residents
and the city’s environment. In terms of residents, they provide more opportunities for
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people to connect with nature, provide a space for social engagement and exercise, reduce
obesity, depression, and anxiety, and positively impact people’s bodies and minds [10–12].
In terms of the environment, they have been called the “lungs of the city” because they help
provide fresh air, increase biodiversity in the area, improve the microclimate, and mitigate
the heat island effect [13–15].

Over the past decade, urban green infrastructure (GI), such as rainwater gardens,
linear green spaces, and wetlands, have attracted the attention of numerous researchers,
with large public parks being the most studied [16–18]. However, studies on community
parks remain limited [19]. Most of them have targeted specific people and content, such
as older adults and children [20,21], and several studies have provided valuable insights
into residents’ preferences for community parks in different thematic styles and how
landscape features influence people’s access to, interaction with, and satisfaction with the
parks [22–24]. Dunton et al. [25] concluded that although a community park area is small,
a large number of them are in a city, and they are the most underrated but potentially
valuable ecological resources of urban GI. Furthermore, in recent years, urban densification,
particularly in developed countries (such as Germany and The United States) and in
developing countries in transition (such as China and Malaysia), has strained limited land
resources and reduced the opportunity to create larger green spaces in cities [26]. The loss of
green spaces has reduced residents’ access to nature. This affects the frequency of use, where
longer distances reduce the frequency of use, harming public health [27–29]. As a result,
numerous cities need to pay more attention and establish more small urban green spaces,
such as community parks located around living and working environments, to improve
urban ecology, enhance urban quality and improve the quality of life for residents [30,31].
This is vital as community parks are the most exposed green infrastructures in urban
areas, with a well-designed and managed community park increasing access to nature and
opportunities for health and fitness for diverse communities [32,33].

Even though community parks have been created to benefit urban populations, espe-
cially within developing countries such as China, research on their usage and perception
is lacking. Currently, in urban construction in China, community park construction is
mainly contracted to the design company, which simply passes the designer’s landscape
awareness to the visitors, and the visitors can only be given local or forced changes after
obtaining the right to use the park [16,18,34–37]. Shinew et al. [38] concluded in his study of
American urban parks that the subjective initiative of the visitors serves as the constructing
and operating logic of community parks. However, the current Chinese community parks
violate this logic. Research on visitor usage patterns of and desired improvements to
urban community parks is vital, as those small urban green spaces such as community
parks that do not meet most visitors’ expectations could be easily replaced with other land
uses [39,40]. More research on community parks is needed to determine their importance
to city residents and to encourage their construction. China is in the midst of an urban
renewal movement. The urgency of community park research stems from the fact that it
can effectively help residents meet their demands for a better life. It is necessary to study
the usage patterns of park visitors and their driving factors to improve urban community
parks to guide the revitalization and construction of community parks [41,42].

In addition, research on community parks is mainly focused on North American or
European contexts currently [43–45]. Sparse research has been performed on the usage
patterns of community parks, especially in the Chinese context. It is essential to diversify
this research because people’s outdoor activities are often determined by their cultural
backgrounds, and there are wide differences among countries in beliefs, politics, and
lifestyles [46–48]. The findings and conclusions of studies conducted in North American
or European contexts do not apply to China, which is relatively integrated in terms of
ethnicity, culture, and religion. Therefore, an understanding of the usage and perception
of community parks in China context is necessary [49,50]. In this study, we focus on
community parks following the definition given by the Chinese Ministry of Housing and
Urban-Rural Development [9]. To the best of the author’s knowledge, there is no study
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of visitor usage patterns and desired improvements in community parks in Jinan City or
in any other region of China. Our study is formulated to fill the gap of knowledge in this
area through the following questions: (a) Who uses community parks? (b) How do park
visitors use the community parks? (c) What are the visitors’ desired improvements to the
community parks in Jinan City?

2. Methodology
2.1. Study Area

Located in central Shandong Province, Jinan City is the provincial capital and spans a
total area of 10,244.45 km2 (Figure 1). It is geographically located between 36◦02′~37◦54′

north latitude and 116◦21′~117◦93′ east longitude. It belongs to the warm temperate con-
tinental monsoon climate zone, with abundant sunlight and four distinct seasons. The
average temperature is 14.2 ◦C, and the annual precipitation is 548.7 mm. According to the
Seventh National Census (Department of Statistics Jinan City, 2020), there are 9,202,400 per-
manent residents in Jinan, with 50.13% males and 49.87% females. The urban population
was 6,760,000, or 73.46%, and the rural population was 2,442,425, or 26.54%.
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As shown in Figure 2, Jinan is divided into nine strategic zones, including seven
urban districts (Jiyang, Zhangqiu, Shizhong, Lixia, Huaiyin, Tianqiao, and Licheng) and
two counties (Shanghe and Pingyin). As the urban population is mainly concentrated in
Shizhong, Lixia, Huaiyin, Tianqiao, and Licheng districts, the field research for our study
focuses on these five urban districts.
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2.2. Study Site

There are about 16 community parks identified in the five urban districts in Jinan City.
Fourteen representative community parks of similar size were selected, excluding two
parks under repair and closed. The remaining 14 community parks and their details are
shown in Table 1. The sample community parks are free public parks and open to the public
24 h a day. All the community parks have plants, benches, viewpoints, trails, and activity
facilities, and both of them could perform the basic functions of beautiful landscapes and
entertainment for residents’ health.
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Table 1. The community parks in Jinan City.

Number Community Park Real Photos Community Park Details

1

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW  5  of  20 
 

 

Table 1. The community parks in Jinan City. 

Number  Community Park Real Photos  Community Park Details 

1 

 

Name: Kuangshan park 

Size: 6.9 hm2 

District: Huaiyin district 

Street name: Jiqing Street 

GPS location: 

E 116.954878° 

N 36.691597° 

2 

 

Name: Huapu park 

Size: 5.8 hm2 

District: Huaiyin district 

Street name: Jingshi Street 

GPS location: 

E 116.949529° 

N 36.659509° 

3 

 

Name: Huangtai park 

Size: 4.7 hm2 

District: Tianqiao district 

Street name: Hangyun Street 

GPS location: 

E 117.055937° 

N 36.711579° 

4 

 

Name: Yingxiong park 

Size: 7.2 hm2 

District: Shizhong district 

Street name: Yingxiongshan Street 

GPS location: 

E 117.010969° 

N 36.645278° 

Name: Kuangshan park
Size: 6.9 hm2

District: Huaiyin district
Street name: Jiqing Street

GPS location:
E 116.954878◦

N 36.691597◦

2

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW  5  of  20 
 

 

Table 1. The community parks in Jinan City. 

Number  Community Park Real Photos  Community Park Details 

1 

 

Name: Kuangshan park 

Size: 6.9 hm2 

District: Huaiyin district 

Street name: Jiqing Street 

GPS location: 

E 116.954878° 

N 36.691597° 

2 

 

Name: Huapu park 

Size: 5.8 hm2 

District: Huaiyin district 

Street name: Jingshi Street 

GPS location: 

E 116.949529° 

N 36.659509° 

3 

 

Name: Huangtai park 

Size: 4.7 hm2 

District: Tianqiao district 

Street name: Hangyun Street 

GPS location: 

E 117.055937° 

N 36.711579° 

4 

 

Name: Yingxiong park 

Size: 7.2 hm2 

District: Shizhong district 

Street name: Yingxiongshan Street 

GPS location: 

E 117.010969° 

N 36.645278° 

Name: Huapu park
Size: 5.8 hm2

District: Huaiyin district
Street name: Jingshi Street

GPS location:
E 116.949529◦

N 36.659509◦

3

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW  5  of  20 
 

 

Table 1. The community parks in Jinan City. 

Number  Community Park Real Photos  Community Park Details 

1 

 

Name: Kuangshan park 

Size: 6.9 hm2 

District: Huaiyin district 

Street name: Jiqing Street 

GPS location: 

E 116.954878° 

N 36.691597° 

2 

 

Name: Huapu park 

Size: 5.8 hm2 

District: Huaiyin district 

Street name: Jingshi Street 

GPS location: 

E 116.949529° 

N 36.659509° 

3 

 

Name: Huangtai park 

Size: 4.7 hm2 

District: Tianqiao district 

Street name: Hangyun Street 

GPS location: 

E 117.055937° 

N 36.711579° 

4 

 

Name: Yingxiong park 

Size: 7.2 hm2 

District: Shizhong district 

Street name: Yingxiongshan Street 

GPS location: 

E 117.010969° 

N 36.645278° 

Name: Huangtai park
Size: 4.7 hm2

District: Tianqiao district
Street name: Hangyun Street

GPS location:
E 117.055937◦

N 36.711579◦

4

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW  5  of  20 
 

 

Table 1. The community parks in Jinan City. 

Number  Community Park Real Photos  Community Park Details 

1 

 

Name: Kuangshan park 

Size: 6.9 hm2 

District: Huaiyin district 

Street name: Jiqing Street 

GPS location: 

E 116.954878° 

N 36.691597° 

2 

 

Name: Huapu park 

Size: 5.8 hm2 

District: Huaiyin district 

Street name: Jingshi Street 

GPS location: 

E 116.949529° 

N 36.659509° 

3 

 

Name: Huangtai park 

Size: 4.7 hm2 

District: Tianqiao district 

Street name: Hangyun Street 

GPS location: 

E 117.055937° 

N 36.711579° 

4 

 

Name: Yingxiong park 

Size: 7.2 hm2 

District: Shizhong district 

Street name: Yingxiongshan Street 

GPS location: 

E 117.010969° 

N 36.645278° 

Name: Yingxiong park
Size: 7.2 hm2

District: Shizhong district
Street name: Yingxiongshan Street

GPS location:
E 117.010969◦

N 36.645278◦

145



Int. J. Environ. Res. Public Health 2022, 19, 15504

Table 1. Cont.

Number Community Park Real Photos Community Park Details
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Table 1. Cont.

Number Community Park Real Photos Community Park Details
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Size: 6.9 hm2 

District: Licheng district 

Street name: Minziqian stret 

GPS location: 

E 117.07713° 

N 36.681782° 

12 

 

Name: Huanxiang park 

Size:4.5 hm2 

District: Licheng district 

Street name: Huanxiangdian Street 

GPS location: 
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Name: Quancheng park
Size: 7.1 hm2

District: Lixia district
Street name: Jingshi Street

GPS location:
E 117.026361◦

N 36.651235◦
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2.3. Sample Selection and Design

To gauge the visitor usage patterns and desired improvements to community parks in
Jinan City, the respondents were randomly selected in 14 community parks and comprised
of workers, retirees, homemakers, children, and so on. Chinese community park visitors of
all ages (mainly of Han nationality), obtained through an opportunistic sampling strategy,
were included as respondents in this study (M = 42 years old, SD > 0.9). Respondents
volunteered for the survey and were not offered compensation. Because of the low-risk
nature of the study, including this not being focused on patients or people with specific
health conditions, no ethical approval process was required. However, we informed
the respondents of the purpose of the study before they agreed to be interviewed, and
their verbal consent was obtained. They all agreed that their interview results would be
published anonymously.

2.4. Survey Instruments and Procedures

This study adopted a mixed research method combining complementary quantitative
and qualitative data for collection and analysis. The quantitative data collection component
was conducted using interviewer-completed questionnaires, which consisted of four parts:
(i) demographic data; (ii) visitors’ usage patterns; (iii) motivations for visiting; and (iv) de-
sired improvements in community parks in Jinan. Meanwhile, qualitative semi-structured
interviews provided more detailed data on perceptions and desired improvements among
visitors to community parks.

The survey was conducted in December 2019 (winter), March 2020 (spring), July
2020 (summer), and October 2020 (autumn) in the 14 community parks. According to
Chinese people’s physiological habits, excluding lunch and dinner time, the surveys
were conducted on both weekdays and weekends, in the early morning (6:00–9:00 a.m.),
morning (9:00–12:00 a.m.), afternoon (2:00–5:00 p.m.), and evening (7:00–9:00 p.m.) to
obtain a sufficiently representative study sample of community park visitors in Jinan City.
A total of 550 questionnaires were handed out and eight completed questionnaires were
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excluded because of missing information. The remaining 542 questionnaires were available.
Meanwhile, we divided eight respondents into a group, and the fourth respondent in each
group will be interviewed in depth. If the interviewee is not willing to undergo an in-depth
interview, the in-depth interview will be postponed to the fifth or sixth place. Based on
this, we also conducted 66 in-depth interviews with specific visitors who were willing
to engage in detailed discussions. During the interview, the field researcher provided
positive feedback to the participants through nods and acknowledgments, and shared the
researcher’s personal history, identity, and biases to reassure the respondents.

2.5. Analysis

This study used Excel 2210 and SPSS 2.0 software for descriptive analyses of the
collected data. The findings are presented and explained quantitatively and qualitatively to
determine visitor usage patterns of and desired improvements to urban community parks
in Jinan City, China.

3. Results and Discussion

Compared to other cultures, our study found several similarities and differences in
Chinese perceptions and attitudes about community parks and the improvements desired
for their use. To the best of the author’s knowledge, our study is the first to examine the
attitudes of Chinese people, especially residents of Jinan City, toward community parks.

3.1. Who Uses Community Parks in Jinan City?
Demographic Data

As can be seen from Table 2, a total of 542 respondents participated in the survey,
including children, students, office workers and retirees, and the majority of them were
of Han nationality, which is consistent with the demographic characteristics of Jinan [51].
There were slightly more female visitors than male visitors, which is consistent with the
findings of Jasmani et al. [52], Cohen et al. [44] and others. Because female visitors value
safety more, community parks meet the conditions of safety, close to home and within
their familiar social range, thus they visit them more frequently [12,45]. At the same
time, we found in-depth interviews that in addition to safety concerns, additional aspects
limited women’s ability to visit parks further away, especially the need for domestic labor,
resulting in insufficient time. Nordh and Ostby [39] and Cohen et al. [44] also confirmed
that women have highly limited “leisure-time” or “self-time”, whether they are working
women, housewives or even retirees.

People over 55 years old accounted for 34.7% and children below 10 years old ac-
counted for 23.6%; these age groups were the main visitors of the community parks. People
aged 20–40 made up only 10.3% and they were the least to visit the parks. Because Chinese
urban residents over 55 years mainly are retired people who generally fall into two cate-
gories. One group is taking care of their grandchildren, and the other is taking care of their
fitness, both of which are reasons for older adults to go to the park [12,53,54]. Conversely,
young people aged 20–40 are generally under pressure from work, and lacking time is the
main factor limiting their access to parks [22,36]. What is noteworthy in our study is that
middle-aged people between 40 and 55 years of age also visited the community parks and
accounted for 18.8% of the sample. This is novel but understandable, and Veitch et al. [55]
in his research of the relationship between physical activity and cognitive function in
middle-aged adults, concluded that most middle-aged people have good family and social
relationships and relatively stable employment, allowing them to explore their interests,
develop and maintain interpersonal relationships, and shift their focus from career to
family. The community park can provide them with an open space for family activities and
social communication.
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Table 2. Demographic information of the respondents.

Respondent Information
Total

Number (n) Percentage (%)

Sex?
Male 264 48.7

Female 278 51.3

Race?
Han nationality 510 94.1
Hui nationality 32 5.9

Age group?
Under 10 years 128 23.6

10–20 years 68 12.5
20–40 years 56 10.3
40–55 years 102 18.8

Over 55 years 188 34.7

Occupation?
Children (≤6 years) 101 18.6

Student 66 12.2
Public sector 64 11.8

Private sector employees 44 8.1
Self-employed 29 5.4

Pensioner 212 39.1
Unemployed 26 4.8

3.2. How Are the Community Parks Used?
3.2.1. Visitor Usage Patterns

Table 3 shows that 35.4% of respondents go to community parks more than once a day,
and 23.6% visit them 3–4 times a week. The most common travel time is 10–20 min (44.6%)
and 5–10 min (33.2%), respectively. According to Dunton et al. [25], a community park is
more likely to be visited when it is close to one’s residence, and for every 100 m reduction
in the distance between home/office and the nearest community park, the probability of
visiting the park increases four-fold. The greater the commute from the home/office to
a community park, the less frequently it is visited [56,57]. In Shunyu Park, a 58-year-old
retired woman also expressed the same opinion:

“My grandson went to primary school last year, and now I don’t have to look after him
all day. So, I go to Shunyu Park, which is close to home and convenient every day, play
chess, Tai Chi, and chat with my friends to enjoy time.”

Furthermore, a total of 52.2% of respondents walk to the park, while 31.0% ride
bicycle/e-bike. Few people come to community parks by public transport (14.0%), car
(2.2%), or taxi (0.6%). This is understandable as community parks are generally located
downtown, where there is much traffic during rush hour, and taking cars or buses and other
means of transportation can be time-consuming. Furthermore, a majority of community
parks in Jinan are close to residential or office areas and can be easily reached by simple
walks. This was also observed in the use of community parks among Danes, where 61%
of visits are on foot [45], and in Los Angeles, where about 81% of visits are on foot [44].
According to Neuvonen et al. [27], people prefer to drive or take public transportation
to large parks, such as botanical gardens, zoological parks, and amusement parks, on
weekends or holidays. This is also confirmed in our study. Most respondents (50.4%)
show that they would go to community parks on weekdays, while only a small number
mentioned they would go to community parks on public holidays (13.7%) and special
events (4.7%). In our in-depth interview, a 28-year-old housewife said,

150



Int. J. Environ. Res. Public Health 2022, 19, 15504

“My husband usually drives the family to the zoo or botanical garden outside the city
on weekends, but during the week I simply walk with my son to Lingxiu Park for him to
socialize and experience nature. This is really convenient.”

Table 3. Analysis of visitor usage pattern.

The Usage Pattern of Visitor
Total

Number (n) Percentage (%)

Would you like to visit this community park alone or in a group?
Alone 198 36.5

In a group 344 63.5

If in a group, with whom?
Friends 358 66.1

Family members 176 32.5
Others 8 1.4

How often do you visit this community park?
≥1 a day 192 35.4

3–4 times a week 128 23.6
1–2 times a week 92 17.0

1–2 times a month 66 12.2
1–2 times a year 64 11.8

How did you get to the park?
Walk 283 52.2

Bicycle/E-bike 168 31.0
Public transport (bus,

subway) 76 14.0

Car 12 2.2
Taxi 3 0.6

How long is the road travel time?
≤5 min 48 8.9

5–10 min 180 33.2
10–20 min 242 44.6
20–30 min 56 10.3
≥30 min 16 3.0

When would you like to come to this community park?
Weekdays 273 50.4
Weekends 169 31.2

Public holiday 74 13.7
Special event 26 4.7

What time would you like to visit this community park?
6:00–9:00 am 89 16.4

9:00–12:00 am 125 23.1
2:00–6:00 pm 223 41.1
7:00–9:00 pm 105 19.4

How long do you normally stay at the park?
≤30 min 51 9.4

30 min–1 h 217 40.0
1–2 h 254 46.9
≥2 h 20 3.7

What is remarkable in this study is that 12.2% of respondents visited the park once or
twice a month and 11.8% once a year, while most of them were young people aged 20–40.
This phenomenon is similar to that of Denver, USA, where young people tend to visit
community parks less frequently [58]. According to Chen et al. [36], there are generally two
reasons. First, lacking time (being overly busy) is the main reason that constraints young
people to visit community parks. The other is that the Internet is more attractive than parks.
They rarely go to parks unless they feel they are in suboptimal health [59]. This is true, and
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the findings of our in-depth interviews confirm this view. According to a 33-year-old male
programmer in Tangye park:

“I prefer to lie down and play the mobile phone or computer games with my friends during
my rest time. But since I was diagnosed with moderate fatty liver disease in my physical
examination last week, I have decided to run in Tangye Park for an hour after work from
now on.”

Staying at home for prolonged periods has negative effects on both physical (e.g.,
obesity, high blood pressure, and spinal damage) and mental (e.g., depression and social
skills reduction) health [60–62]. Attracting people, especially young people, into parks
has become vital for both Eastern and Western countries. Many researchers have carried
out research and concluded that holding cultural activities in community parks, such as
performances and exhibitions, has an extremely positive effect on attracting people to
parks [59,63,64]. In addition, Rathore [65] concluded that interesting landscape viewpoints,
such as a sea of flowers, exotic art sculptures, and interactive entertainment facilities, are
all elements that will attract young people to the park and encourage them to recommend
it to their peers.

46.9% of respondents would stay in the community park for 1–2 h, and 40.0% would
stay for 30 min–1 h. On the contrary, 3.7% of respondents spent more than 2 h in the
community park. This is reasonable, according to the global recommendations on physical
activity for the health of the World Health Organization [66], an hour of exercise a day
is not only in line with people’s physiological habits but also extremely beneficial to
physical health. Our survey confirmed that Chinese residents have a good health concept of
“exercising one hour a day, reaping happiness a life”, and the average time the respondents
stayed in community parks was 1 h. In addition, our study found that a small number
of respondents would stay in community parks for 2 h or more, mostly because of park
activities being held, such as charity sales and performances. In line with the ideas of
Veitch [55,67] park activities affect the frequency and length of park visits. It can be
concluded that positive correlations between “socializing” and “park activities” indicate
that these events also provide more opportunities for people to meet and socialize. In
addition, there is one thing worth noting in the study: about 9.4% of respondents spend
less than 30 min in community parks, as they usually use community parks as a shortcut to
their destination. In the in-depth interview, a 32-year-old male office worker said:

“I prefer to pass through Luneng No. 7 Park on the way home from the bus station.
Compared with the street sidewalk, the park road is quieter and safer during rush hours,
without noise and cars.”

Moreover, a great number of respondents (63.5%) are inclined to visit the community
parks in a group, where 66.1% are with friends, and 32.5% tend to visit with family
members. This is true regardless of sex, with only a minority tending to visit community
parks alone (36.5%). This is similar to previous studies of other Asian cultures, especially
Malaysians [40], Turks [68,69] and Italians [70], where the majority of people tend to visit
parks accompanied by spouses, friends, children or dogs in a large group. White U.S.
visitors, however, were a different story, with about 88% preferring to visit the park alone
or with one person [71,72]. This has also been observed in the Netherlands, where they
prefer to go to parks in small groups, as couples, or alone [68,73]. In addition, according to
Peschardt [45], visitors who want to “socialize” generally go to community parks in a large
group, while those who need “rest and recuperation” generally visit alone. At the same time
as studying the importance of being alone or with company for the psychological recovery
of appreciating different environments, Staats and Hartig [74] found that people enjoy the
company of friends in urban environments for a variety of reasons, including safety, but
when safety is not an issue; in the absence of a companion, recovery is accelerated. This is
also supported by several studies, showing that women tend to visit public parks in the
company of family or friends rather than alone because their fear levels are significantly
higher than men [48,75,76]. For all that, Gu et al. [37] explored the factors that prevent
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Chinese people from visiting urban parks, founding that the lack of a companion is one
of the factors hindering Chinese from visiting the park. In addition, Chinese females also
prefer to visit parks in a group, as they feel safer when accompanied by family members or
acquaintances [77].

According to the survey, residents in Jinan prefer to visit community parks at
2:00–5:00 p.m. (41.1%), followed by 9:00–12:00 a.m. (23.1%) and 7:00–9:00 p.m. (19.4%).
There is no doubt about it because Jinan City has a moderate monsoon climate, and the
temperatures in the early morning and night are lower; fewer people prefer to go out,
especially in winter. This is consistent with our field observations. Community parks were
least visited in the early morning (6:00–9:00 a.m.), especially in winter, and the main visitors
were young people doing morning jogging activities. In the morning (9:00–12:00 a.m.),
community parks ushered in a small peak of people to visit. This is because the old
people entered the park doing tai chi, singing, and other recreational activities. In the
afternoon (2:00–6:00 p.m.), community parks had the most visitors, including children,
young people, middle-aged people, and old people, and all kinds of activities, such as
chatting, sunbathing, and exercise, were taking place. However, the most common activity
is interaction, including adult-adult interaction, adult-child interaction, and child–child
interaction. In the evening (7:00–9:00 p.m.), the flow of people in the community park
dropped, mostly middle-aged women gathering in brightly lit areas in the park for square
dancing. This is somewhat different from Western or other cultures, such as India [12],
Japan [78], and the United States [79]. The vast majority of women do not prefer going to a
park at night; the lack of safety is the main limiting factor. On the contrary, 68% of women
prefer to go to urban parks in the evening with a companion in China [80]. In our in-depth
interview study, a 56-year-old retired female confirmed this view. She said:

“I go to Huangtai Park with five or six neighbors every night to dance regularly. The
park is near my home, convenient, safe and enjoyable. Now our dancing team has grown
to about 20 people, the dynamic music attracting many youthful people to join us in
square dancing.”

In China, community parks generally can bring Chinese security even in the evening.
The main reason is that in 1994, the Ministry of Public Security of the People’s Republic of
China issued the Urban People’s Police Patrol Regulations [81], stipulating that community
police must patrol the area under their control every four hours, which ensures urban
and community security to a large extent. Therefore, Chinese residents are willing to go
to community parks for recreation in the evening. The findings are directly in line with
previous findings that both males and females are more likely to visit parks when they feel
comfortable and safe [82]. Crenshaw [83] also concluded in her study that many women
praised the lack of harassment and adequate safety as positive attributes that promoted
their visits to parks.

3.2.2. Motives for Visiting

As shown in Figure 3, Chinese urban residents visit community parks for a variety
of motives, among which the biggest motivation is “to exercise” (24.2%). This is similar
to the situation in other countries [84,85]. This demonstrates the significance of these
minor green spaces in the city, where they provide residents with free places to exercise
conveniently [31,43,45]. It is not surprising that people use community parks mostly for
“exercise” in China. That is largely because community parks, as a form of public welfare for
urban residents, do not charge entrance fees and are equipped with free fitness equipment
(e.g., spacewalk machines, hip twisters, and tai chi hand presses) sponsored by the Chinese
Sports Lottery. These conditions encourage residents to use community parks for exercise.
Respondents also visited community parks to “socialize with others” (21.6%), and some
visited to “play with children” (12.4%). Others use the park to “take a shortcut” (9.6%), to
relax and relieve pressure (8.9%), to get close to nature (7.7%), to enjoy beautiful scenery
(7.2%), as well as for aimless (6.3%). This shows the benefits of community parks for people.
Ward-Thompson et al. [86] also concluded in their study that urban green spaces such
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as community parks have far-reaching health benefits for residents, including increased
sociability and reduced stress. Moreover, it was further stressed that being in a green
environment has a positive effect on people of all ages. Lin et al. [87] and Jasmani et al. [52]
also reported that natural features in green spaces have some highly beneficial effects,
including reducing stress and improving moods. They found that residents prefer to live
surrounded by community parks that can play an active role for them. This was echoed in
our in-depth interview according to a 26-year-old office worker:

“I used to play in the mall with friends, but now we also choose to go to a nearby
community park to enjoy nature and take a fresh breath, which makes us cheerful; after
all, we always stay inside day and night.”
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3.3. What Are the Visitors’ Desired Improvements to the Community Parks in Jinan?
Desired Improvements

As shown in Table 4, most respondents (65.7%) were satisfied with community parks
in Jinan City and thought only a small amount of improvements were needed. Some
respondents (23.8%) were not satisfied and thought many improvements were needed. For
the rest, 8.3% of respondents were very satisfied, and 2.2% were very dissatisfied.

In terms of the desired improvements of community parks, most respondents (13.3%)
mentioned the addition of physical training facilities, activity areas (7.6%), activity facilities
for children (6.8%), dog/pet activity area (4.8%), and bathroom (4.2%). The findings indicate
that there is a short supply relationship between urban residents and available resources in
community parks, which is in line with the findings in other countries such as America [88],
Denmark [89], Indonesia [90] and Thailand [91]. This is real, and we also observed this in
the field, e.g., people lining up to use exercise equipment, square dancers interacting with
chess players in the same space, and only one sandpit in the park for children to play. A big
reason for this result is community parks’ poor planning and design. Vierikko et al. [92]
expressed that the suitable space scale of community parks used to guide and control
plays a crucial role; residents’ activities are also affected by environmental constraints,
and how to provide high-quality activity guide users to use the park, healthy, comfortable
environment is a designer should be considered. Kruize et al. [85] and Lin et al. [87] also
concluded that the function of the community park layout needs to meet the age people
use at the same time, should not only provide an open space but also provide a certain
space for a particular activity, ensure security and relatively independent activities, make
the community park can meet the demand of many groups, multi-type leisure activities.
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Williams et al. [93] added that the road system is the core of community parks. Smooth and
reasonable park roads can not only serve as the basis for activities such as walking and
running but also connect each activity node and organically connect each space. Basu and
Nagendra [12] believe that the solution to the problem is to analyze and summarize the core
functional needs of a high frequency of daily leisure activities of visitors by studying their
usage patterns and desired improvements to urban community parks so as to guide the
setting of leisure functions of community parks in the practice process. This is consistent
with our research in Jinan City, which emphasizes that the designer of the park should
fully understand the surrounding community environment and demographic composition,
consider the setting of the park project from the perspective of users, arrange targeted
leisure activities and functional sites, and then carry out the overall layout of community
park space.

Table 4. Analysis of visitors’ desired improvements.

Park Desired Improvements
Total

Number (n) Percentage (%)

Are you satisfied with the community park?
Very satisfied 45 8.3

Satisfactory, fewer
improvements are needed 356 65.7

Unsatisfactory, more
improvements are needed 129 23.8

Very unsatisfactory 12 2.2

What is the main desired improvement of you to the community park?
No changes 32 5.9

Landscape viewpoints 18 3.3
Art sculptures 21 3.9

Vegetation 45 8.3
Unfavorable visitor behaviors 13 2.4

Park cleanliness 24 4.4
Add recycling bins 8 1.5

Add bathroom 23 4.2
Add concession stands 15 2.8

Lighting 35 6.5
Emergency buttons 41 7.6

Information/interpretive
signs 17 3.1

Level off the road 13 2.4
Wheelchair accessibility 27 5.0

Add rest seats 34 6.3
Add activity area 41 7.6

Add activity facilities for
children 37 6.8

Add physical training
facilities 72 13.3

Add dog/pet activity area 26 4.8

Would you like to use community parks more often if changes were implemented?
Yes 433 79.9

Maybe 64 11.8
No 23 4.2

No response 22 4.1

Furthermore, some respondents mentioned increasing landscape viewpoints (3.3%),
art sculptures (3.9%), and vegetation (8.3%), which are related to the beauty of the park.
Others mentioned keeping park cleanliness (4.4%), concession stands (2.8%), preventing
unfavorable visitor behaviors (2.4%), and adding recycling bins (1.5%), which relates
to the management and maintenance of community parks. According to the research
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of Nordh et al. [39,43] and van den Berg [94], the beauty degree of community parks
is positively correlated with the participation of visitors. The research found that park
“softscape” was positively correlated with access, while park visitors like parks with
abundant “softscapes”, such as trees, shrubs, flowers, and water features, but do not want
parks with too numerous “hardscapes”, such as stairs, roads, and buildings.

Based on the survey findings, the desired improvement, including emergency but-
tons (7.6%), lighting (6.5%), rest seats (6.3%), wheelchair accessibility (5.0%), informa-
tion/interpretive signs (3.1%), and level off the road (2.3%). These are related to community
park friendliness. In the in-depth interview, a 74-year-old retired professor from Shunyu
Park said:

“Community parks are usually crowded with elderly people and children, who are more
likely to have accidents, thus, the friendliness of the park is very important. It would be
better if emergency equipment were installed in the park’s activity areas.”

Previous studies have shown that people with poor physical and/or mental status
are less inclined to visit community parks due to various limitations, but when parks
become more friendly and accessible, they are more willing to visit them, which signifi-
cantly improves their physical and/or mental status [95,96]. Indeed, taking the findings
together, our study concludes that individuals with wheelchairs and/or other special
needs need greater friendliness and accessibility to community parks. Finally, respon-
dents were also asked if they would use the parks more if changes were made to make
community parks more attractive, cleaner, and friendlier. A majority of respondents
(79.9%) responded positively.

4. Conclusions

An investigation into urban community parks is a relevant topic today, especially for
developing countries such as China that are growing rapidly. Studies on visitor usage
patterns and desired improvements to urban community parks in the context of Chinese
society are imperative in diversifying and growing the field of local knowledge. Whether
from the view of the effect of planning a community park itself or the development needs of
the current urban renewal, it is necessary to experience and study the community park from
the perspective of visitors’ life cognition and habit preference. Our study uses a combination
of quantitative and qualitative analysis to clarify who uses the urban community parks
and how, and what their desired improvements toward 14 community parks in Jinan City,
China, are. This is helpful for the development of community parks. On the one hand, this
highlights the importance of community parks in the daily lives of urban residents. On
the other hand, it could be helpful to develop strategies to meet the needs of visitors when
planning and designing or redesigning and upgrading community parks. This will ensure
that community parks are not displaced by urbanization.

However, this study also has some limitations. Our study was conducted during
the COVID-19 pandemic. According to China’s epidemic prevention policy on access to
public spaces, people should provide a 48 h negative nucleic acid certificate and take their
temperature when entering the park. These controls somewhat reduced the frequency
with which residents visited community parks, resulting in an incomplete sample size. In
addition, it is not a complete study; it represents only selected respondents in community
parks and cannot represent all city residents in Jinan City. Furthermore, the field researcher
may have had personal biases in selecting respondents, such as unconsciously selecting
the same number of men and women and favoring interviews with retirees, which is
a potential source of error. We, therefore, suggest that further research should involve
more researchers and a larger number of interviews with urban residents (including both
visitors and non-visitors to community parks) and expand the sample size to obtain more
comprehensive data on community parks. Such research could better prepare for the
construction, enhancement, and redevelopment of future urban community parks.
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Abstract: In highly fragmented urban areas, plant diversity of remnant vegetation may depend
not only on community structure and topographical factors, but also on landscape heterogeneity.
Different buffer radius settings can affect the relative importance of these factors to plant diversity.
The aim of this study was to examine the relative importance of landscape heterogeneity, community
structure, and topographical factors on plant diversity under different buffer radii in biodiversity
hotspots. We established 48 plots of remnant vegetation in Guangzhou city, one of the biodiversity
hotspots. A buffer radius of 500 m, 1000 m, and 2000 m was established around the center of each
sample plot, and 17 landscape heterogeneity indices in each buffer were calculated by FRAGSTATS
4.2 software. Combined with the community structure and topographical factors, the impact factors of
plant diversity under different buffer radii were analyzed by multiple regression analysis. We found
the following: (1) The combined explanatory power of the three factors accounted for 43% of the
species diversity indices and 62% of the richness index at its peak. The three impact factors rarely act
independently and usually create comprehensive cumulative effects. (2) Scale does matter in urban
landscape studies. At a 500 m buffer radius, community structure combined with road disturbance
indices was strongly related to diversity indices in herb and shrub layers. The stand age was
negatively correlated with the tree-layer richness index. As the scale increased, the diversity indices
and richness index in the three layers decreased or increased under the influence of comprehensive
factors. (3) The richness index in the herb layer was more responsive to impact factors than other
biodiversity indices. Except for the herb layer, the interpretation of landscape heterogeneity for
each plant diversity index was more stable than that for the other two factors. Road disturbance
indices, combined with the other six landscape pattern metrics, can well indicate species diversity and
richness. We suggest that the vegetation area of remnant patches within a radius of 500–2000 m should
be appropriately increased to protect plant diversity, and the negative effects of road disturbance
should also be considered.

Keywords: landscape pattern metrics; community structure; topographic; diversity; richness; buffer radius

1. Introduction

Urbanization is one of the main factors affecting plant diversity at the regional
scale [1–4]. However, ecologists have avoided studying urban areas for most of the 20th
Century [5]. Recently, there has been a growing research interest in studying plant diversity
change caused by the acceleration of global urbanization [6,7]. Urbanization has rapidly
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spread across biodiversity hotspots [5,8], which often refer to urban vegetation that be-
comes a refuge for certain species [9]. Urban vegetation has been generally divided into
three types: natural, seminatural, and cultivated vegetation [10]. Natural vegetation and
seminatural vegetation, especially remnant secondary forests and urban weeds (dominated
by spontaneously growing vascular species), are more likely to be a refuge for some species
than cultivated vegetation, and the loss of plant diversity in these vegetation types is more
likely to cause extinction debt [11]. Therefore, with the rapid development of global urban-
ization (68% of the global population will live in cities by 2050) [12], it is necessary to study
the mechanism of the impact of urbanization on plant diversity in remnant vegetation, and
to provide suggestions for protecting and restoring the high quality of urban vegetation.

There are two inconsistent views on the impact of urban landscape heterogeneity
on plant diversity. On the one hand, landscape heterogeneity leads to the gradual loss
of large areas of biological habitats, which directly reduces species diversity [13–16]. On
the other hand, diverse habitats created by landscape heterogeneity are conducive to the
settlement and survival of organisms from various sources, which support higher species
diversity [17–20]. Landscape heterogeneity, with respect to area, shape, configuration, and
quality of the effect, such as edge effect, cluster effect, and fragmentation effect, has been
proven to influence the alpha (α), beta (β), and gamma (γ) of plant species diversity [21–25].
Hence, landscape heterogeneity around the habitat is one of the direct driving forces for
the change in plant diversity caused by urbanization. However, how local biodiversity
responds remains unclear [26,27]. Moreover, community structure, such as the height,
coverage, and age of stands, has been demonstrated to affect plant diversity [28,29]. For
vegetation with a community structure of three layers or more, the diversity distribution
patterns of different levels are different. Topographical factors such as elevation, slope, and
aspect have also been shown to affect plant diversity in specific habitats [30–32]. Therefore,
more specifically, it is necessary to reveal the relative importance of landscape heterogeneity,
community structure, and topographic factors in influencing plant diversity to protect
plant diversity.

Evidently, the differences in landscape metrics and study scale can affect the changes
and responses of biodiversity, but there is no clear conclusion. Most scholars consider that
plant diversity change is caused by various urbanization factors at different scales [6,23,25].
On a large scale (urban, regional, and global), the urbanization process and socioeco-
nomic factors are the dominant factors affecting urban plant diversity. On a small scale,
landscape patterns and habitat conditions are the dominant factors affecting urban plant
diversity [33–35]. Landscape heterogeneity has long been considered a key determinant
of biodiversity. Previous studies have not considered the scale-dependent landscape het-
erogeneity of local habitats [23,27,36], but the research focus has been on the time lag
in biodiversity response to landscape changes and the mechanisms causing extinction
debt [37,38]. In the past, studies have addressed the biodiversity in natural forest land-
scapes [39], agricultural landscapes, and other types of landscapes [40]; however, studies
on the biodiversity in urban landscapes are lacking in the literature. Therefore, the mecha-
nism of the scale effect and the relative importance of landscape heterogeneity and habitat
conditions on plant diversity needs to be investigated. Different landscape structure pa-
rameters, such as landscape heterogeneity, landscape connectivity, landscape complexity,
and landscape matrix, may have different degrees of influence on regional biodiversity and
have certain scale effects [25,41,42].

How are species richness and species diversity differentially driven by the spatial
scale in landscape ecology? There is still a lack of unified conclusions about the response of
different layers in stands to landscape heterogeneity. For the rich and sensitive hotspots
of biodiversity on Earth, it is necessary to reveal the impact of specific landscape types on
biodiversity and its mechanisms to provide a reference for the protection and utilization
of sustainable biodiversity. Therefore, it is necessary to combine the method of multiscale
analysis to explore the distribution patterns of biodiversity on local and even regional scales
from a multidimensional perspective, and to explore the commonness and regularity of
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biodiversity distribution on the global scale. At the same time, research should elucidate key
factors, explore the mechanisms, and provide a scientific basis for biodiversity protection
and management against the background of rapid and high urbanization.

China’s urbanization has attracted worldwide attention. Approximately 13% of
China’s urban land is located in these biodiversity hotspots, especially in Guangdong
Province, which accounts for two-thirds of the urban land in this hotspot [43]. As the
capital of Guangdong Province, Guangzhou is one of the most densely populated and
highly urbanized cities, with a resident population of 14.5 million and an urbanization
rate of 86.14% [44]. In addition, the city has abundant plant resources in its built-up area;
there are 572 species belonging to 123 families and 386 genera of vascular plants, including
228 species belonging to 61 families and 171 genera of herbaceous plants [45]. Most of
these plants are distributed in the remnant vegetation in the urban area. However, there
is only 290 km2 of natural vegetation in Guangzhou city, which is located in reserves,
fengshui forests, and scenic forests, accounting for 9.4% of the total forest area (mainly
plantation area) and 3.9% of Guangzhou city [46]; grassland and artificial forests occupy
most of the urban vegetation. In this study, we considered remnant vegetation with less
human disturbance scattered in different urban landscape patterns as research objects,
and explored how landscape heterogeneity, community structure, and topographic factors
affect plant diversity under different buffer radii in urbanization landscapes.

2. Data and Methods
2.1. Study Area

Guangzhou is at the heart of the most-populous built-up metropolitan area in main-
land China, and is ranked as an alpha global city. It has 11 districts with an administrative
area of 7434.4 km2. Its permanent population is 14.5 million, and its permanent population
density is 1950 person/km2 [44], which is highly concentrated in central built-up areas.
The study area is focused on the central built-up part of Guangzhou city. This core area is
composed of two old districts (Yuexiu and Liwan), three medium-age developing districts
(Baiyun, Tianhe, and Huangpu), and one young district (Luogang). The city’s green rate
of built-up area is 37.5%, and the forest stock volume is 17 million m3 [47]. Guangzhou is
located in the north subtropical-humid climatic zone, which is influenced by the regional
dominant monsoon weather. The mean annual precipitation attained is 2035.2 mm, and the
mean air temperature is 22.6 ◦C [44]. The mild climate enables vegetation to continuously
grow all year round. The natural vegetation in this area before urbanization was subtropical
evergreen broad-leaved forests, which have been destroyed by several millennia of agricul-
tural activities and recent urbanization. The different original natural setup, development
history, urban fabric, habitat conditions, and management systems have resulted in an un-
even spatial pattern of urban vegetation among land uses and administrative districts [48].
In southern China, the climax vegetation is subtropical evergreen broadleaved forests.

2.2. Sampling and Vegetation Survey

To highlight the impact of urbanization (nonhuman subjective selection) on vege-
tation, remnant vegetation dominated by spontaneously growing vascular species was
selected, including 3 types: remnant secondary coniferous and broad-leaved mixed forests,
broad-leaved forests, and urban weeds. The sample sites were selected based on satellite
images, land use status maps, and field surveys. A total of 16 sample sites under different
landscape patterns in Guangzhou (Figure 1 and Table 1), including 4 urban weeds, 3 sec-
ondary coniferous and broad-leaved mixed forests, and 9 secondary broad-leaved forests,
were selected.
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Figure 1. Map of 16 sample sites in different landscape patterns in Guangzhou, southern China.

Table 1. Description of 16 sample sites in Guangzhou, southern China.

Vegetation
Type

Sample
Sites

Longitude
and Latitude

Altitude
(m)

Slope
(◦)

Aspect
(◦) Dominant Species

Age of
Stand
(Year)

Distance
from the
Road (m)

Grassland

JH 113◦17′09′′,
23◦14′31′′ 13 - - Neyraudia reynaudiana ≈10 50

XG 113◦16′29′′,
23◦12′03′′ 11 - - Neyraudia reynaudiana ≈10 50

BY 113◦16′08′′,
23◦11′34′′ 20 - - Neyraudia reynaudiana ≈10 50

HSQ 113◦12′38′′,
23◦07′52′′ 9 - - Neyraudia reynaudiana ≈10 50

Secondary
coniferous
and broad

leaved
mixed forest

DS 113◦15′53′′,
23◦09′11′′ 59 20 280

Pinus massoniana
-Celtis sinensis

-Ottochloa nodosa
40–60 250

YX 113◦15′28′′,
23◦08′32′′ 28 10 220

Pinus massoniana-
Cinnamomum burmanni

-Piper sarmentosum
≈60 50

TH 113◦21′42′′,
23◦07′50′′ 60 8 250

Pinus massoniana
+Psychotria rubra
+Ottochloa nodosa

≈60 40
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Table 1. Cont.

Vegetation
Type

Sample
Sites

Longitude
and Latitude

Altitude
(m)

Slope
(◦)

Aspect
(◦) Dominant Species

Age of
Stand
(Year)

Distance
from the
Road (m)

Secondary
broad leaved

forest

BYST 113◦16′10′′,
23◦11′33′′ 180 45 13

Schima superba
-Psychotria rubra

-Lophatherum gracile
40–60 50

BYSZ 113◦18′05′′,
23◦10′52′′ 255 3 60

Schima superba
-Psychotria rubra

-Lophatherum gracile
40–60 50

LYD 113◦21′12′′,
23◦12′29′′ 60 25 230

Schima superba
-Psychotria rubra

-Lophatherum gracile
≈60 300

PG 113◦21′45′′,
23◦11′26′′ 34 5 200

Schima superba
-Psychotria rubra

-Lophatherum gracile
60–80 50

HN 113◦21′15′′,
23◦09′30′′ 60 5 210

Schima superba
-Cinnamomum burmanni

+Lophatherum gracile
60–80 250

CL 113◦28′17′′,
23◦12′24′′ 58 20 290

Castanea henryi
-Castanea henryi

-Cibotium barometz
60–100 200

DL 113◦28′58′′,
23◦10′21′′ 50 2 100

Schima superba
-Psychotria rubra

-Lophatherum gracile
>150 300

ZS 113◦29′06′′,
23◦08′27′′ 45 30 330

Schima superba
-Psychotria rubra

-Adiantum
capillus-veneris

60–100 300

WC 113◦28′00′′,
23◦06′12′′ 60 30 210

Schima superba
-Rhaphiolepis indica
-Dianella ensifolia

60–100 150

Plant species in three sample plots (each 20 × 20 m2) at each study site were surveyed
from March 2014 to March 2015. According to the technical guidelines for biodiversity
monitoring [49], the forest observation plot should be larger than 1 ha, so we set three
plots of 400 m2 (each 20 m × 20 m) in the sample sites for a total of 48 sample plots. The
total survey plot was 1.92 ha, including 12 in urban weeds, 9 in secondary coniferous
and broad-leaved mixed forests, and 27 in secondary broad-leaved mixed forests. Woody
species and trees with a diameter breast height (DBH at 1.3 m) larger than 2 cm in each
plot were counted and identified. Shrubs and herbs in the same plot were counted and
identified in four randomly distributed 5 × 5 m2 subplots and four 1 × 1 m2 subplots,
respectively. The species, numbers, height, density, canopy, and coverage of tree, shrub,
and herb layers were individually counted and recorded. We used GPS for geographic
coordinate positioning. The stand age, elevation, longitude and latitude, slope, and aspect
were also recorded.

2.3. Landscape Pattern Metrics Combined with Community Structure and Topographic Factors

First, the landscape classification map of the research area was drawn based on the
current land use status map (2011, 1:10,000), which was divided into six types: vegetation,
residential area, road, construction land, river, and other lands (Figure 1). Taking each
sampling point as the center of the circle, the landscape pattern metric within different
buffer radii was calculated. The buffer radius was set to 500, 1000, and 2000 m. We used the
vegetation coverage in the buffer zone, the road disturbance indices, the distance between
the center of the plot and the edge of the forest, and some landscape pattern metrics to
represent the landscape heterogeneity. The above indices of different radii in the buffer area
were calculated by Fragstats 4.2. Through the collinearity analysis of the indices, a total of
17 indices were selected to characterize the landscape heterogeneity of different sampling
plots, including matrix indices (1), road disturbance indices (2), distance from the edge of
the forest (2), clustering indices (4), area-edge indices (1), edge indices (2), shape indices (2),
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and landscape diversity indices (3) (Table 2). Second, tree layer coverage, herb layer height,
herb layer coverage, and stand age were selected to characterize the community structure.
Third, elevation, slope, and aspect were selected to characterize the topographic factors.

Table 2. The selection indices of landscape heterogeneity, community structure, and topographical factors.

Types Subtypes Number of Indices Indices Name

Landscape
heterogeneity
characteristics

Matrix indices 1 Vegetation coverage (Cv)

Road disturbance
indices 2

Road density (RD)
Average distance from

sample point to road (AD)

Distance from the
edge of the forest 2

Shortest distance from
sample point to forest

edge (SD)
Farthest distance

from sample point to forest
edge (FD)

Clustering indices 4

Number of patches (NP)
Patch density (PD)

Largest patch index (LPI)
Contagion index (CONTA)

Area-edge indices 1 Landscape shape index (LSI)

Edge indices 2 Edge density (ED)
Total edge length (TE)

Shape indices 2
Shape Index (SHAPE)

Fractal dimension
index (FRAC)

Landscape diversity
indices 3

Shannon’s diversity
index (SHDI)

Simpson’s diversity index
(SIDI)

Shannon’s Evenness
index (SHE)

Community
structure 4

Coverage of the herb
layer (Ch)

Height of the herb layer (Hh)
Coverage of the tree

layer (Ct)
Age of stand (Age)

Topographic 3 Elevation, Slope, Aspect

2.4. Data Analysis
2.4.1. Data Analysis of Sampling and Vegetation Survey

Importance value: Importance values are important indicators for measuring the
position and function of a population in a community and are also the basis for calculating
species diversity. In this study, the calculation method of Qian et al. was used to measure
the importance values of each plant population in the community. The formula is as follows:

IVi = (rfi + rdi +rdoi)/3

where IVi is the importance value of species i; rfi is the relative frequency of species i; rdi is
the relative density of species i; and rdoi is the relative dominance of species i.

Species diversity: Four indicators, the species richness index (S), Shannon diversity
index (H’), Simpson’s index (D), and Pielou uniformity index (J), were used to measure the
species diversity of arbor, shrub, and herbaceous in urban green space plant communities.
In terms of plant diversity indices, four common alpha biodiversity indices were selected
in this study (Table 3). The biodiversity indices were analyzed using R Language 2.11.0.
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Table 3. The plant diversity indices selected in the study areas.

Types of Index Subtypes of Index Abbreviations Formula Description

Species diversity index

Shannon-Wiener index H’ H’ = −∑PilnPi

Pi is the relative
abundance of the ith

species at each plot, ln
is the natural log, and

H describes the species
richness and the

equitability of
individual distribution

within species.

Simpson’s index D D = 1−∑Pi
2

Pi is the proportion of
the individuals in

species i, and D reflects
the dominance in the

community.

Evenness J J = H’/H’max

H’ is Shannon-Wiener’s
biodiversity index, and

H’max is the
maximum of H’.

Species richness index Patrick Richness R R = S
S is the number of

species in the
sample plot.

2.4.2. Data Analysis of Landscape Pattern Metrics Combined with Community Structure
and Topographic Factors

Multiple regression model analysis (stepwise regression, p < 0.05) was used to explore
the relationships between landscape heterogeneity, community structure features, topo-
graphic factors, and plant diversity indices under 500, 1000, and 2000 m buffer radii. The
explanatory power (adjusted R2) indicates the contribution of the impact of each factor to
the plant diversity indices. Data were processed and analyzed in Microsoft 365 Excel and
IBM SPSS Statistics 25.

3. Results
3.1. Species Composition in Different Remnant Vegetation in Guangzhou City

A total of 234 species (179 genera and 82 families) were recorded in the remnant vegetation
at the 16 study sites. A total of 1277 trees (DBH≥ 2 cm) representing 67 species (50 genera and
31 families), 141 shrub-layer species (103 genera and 53 families), and 128 herb-layer species
(111 genera and 54 families) were recorded. A total of 38 species (37 genera and 19 families) were
recorded in urban weeds, 110 species (98 genera and 53 families) were recorded in secondary
coniferous and broad-leaved mixed forest, and 167 species (119 genera and 67 families) were
recorded in secondary broad-leaved forest.

The dominant species (importance value >5%) in the three vegetation types are shown
in Table 4. The dominant species in urban weeds belonged to Gramineae and Asteraceae,
which were mainly composed of exotic species and generalists. Bidens pilosa, a common
annual agricultural weed, was widely distributed in tropical and subtropical regions and
accounted for more than 30% of the importance value among most urban weeds. It has
a strong allelopathic effect and often forms a large area of monodominant population,
resulting in a decrease in local biodiversity and a serious threat to the survival of local
plants [50–52]. Neyraudia reynaudian, another dominant species, is a native grass species
and is widely distributed in southern China, with developed roots, strong growth, and
good resistance to stress [53]. The dominant herb-layer species in forests were native herb
species, including shade or half-shade plants, and ferns that survive in forest or humid
environments, such as Eriachne pallescens, Pteris semipinnata, and Lophatherum gracile. The
dominant shrub-layer species were similar in the two different forest types, which were
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dominated by Psychotria rubra. The dominant tree-layer species in secondary coniferous
and broad-leaved mixed forest was Pinus massoniana, while in secondary broad-leaved
forest, it was Schima superba.

Table 4. The dominant species in three vegetation types in Guangzhou, southern China.

Vegetation
Type Code

Dominant
Herb-Layer Species
(Importance Value

>5%)

Dominant
Shrub-Layer Species
(Importance Value

>5%)

Dominant
Tree-Layer Species
(Importance Value

>5%)

Urban weeds I

Bidens Pilosa (24%)
Neyraudia

reynaudiana (22%)
Themeda villosa (6%)

- -

Secondary
coniferous

and
broad-leaved
mixed forest

II

Eriachne
pallescens (51%)

Pteris
semipinnata (5%)

Psychotria rubra (25%)
Cinnamomum

burmanni (10%)
Celtis sinensis (6%)

Ilex asprella var.
asprella (6%)

Desmos chinensis (6%)
Trema cannabina (5%)

Pinus massoniana
(34%)

Cinnamomum
burmanni (11%)

Celtis sinensis (10%)
Cinnamomum
camphora (6%)

Secondary
broad-leaved

forest
III

Lophatherum
gracile (22%)
Dicranopteris

dichotoma (19%)
Eriachne

pallescens (8%)
Adiantum

capillus-veneris (7%)

Psychotria rubra (31%)
Desmos chinensis (5%) Schima superba (45%)

3.2. Plant Diversity in Different Layers of Remnant Vegetation in Guangzhou City

The differences in diversity indices and richness index were compared in remnant
vegetation (Figure 2). In the herb layer, there were no significant differences in the Shannon
index values among the three vegetation types (p > 0.05). The Simpson index was highest
in II, while the Evenness index showed the opposite trend, which was highest in I and III.
The order of the richness index values was II > III > I. In the shrub layer, there were no
differences in the values of all indices (p > 0.05). In the tree layer, the order of the Shannon
index, evenness index, and richness index values was II > III, while the Simpson index
showed the opposite trend.

3.3. Relationships between Landscape Heterogeneity, Community Structure, Topographic Factors,
and Plant Diversity Indices

Although diversity indices and richness indices in tree, shrub, and herb layers were
affected by various factors and showed different trends under three buffer radii, they still
had the following common characteristics: (1) At the 500 m scale, the diversity indices in
the herb layer and shrub layer were primarily affected by community structure (herb layer
coverage and tree layer coverage, respectively), followed by road disturbance indices, while
the diversity indices in the tree layer had no relationship with any factors. (2) As the scale
expanded, diversity indices in the herb layer declined under the influence of comprehensive
factors. In contrast, the richness index in the herb layer increased with increasing buffer
radius, which was affected by comprehensive factors. Shrub layer diversity was affected
by different factors under different buffer radii. The richness of the shrub layer decreased
with increasing scale and the influence of comprehensive factors. The diversity of the tree
layer was most significantly affected by comprehensive factors on the 1000 m radius scale.
The tree layer richness index was negatively correlated with stand age and was affected by
comprehensive factors as the buffer radius increased.
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Figure 2. Biodiversity indices in different layers of remnant vegetation. I indicates urban weeds; II
indicates secondary coniferous and broad-leaved mixed forest; III indicates secondary broad-leaved
forest. Different letters indicate significant differences at the confidence level of p < 0.05 among the
vegetation types (one-way ANOVA, p < 0.05).
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Based on the multiple regressions (Table 5), we found that the relationships between
plant diversity indices and richness index and impact factors in the tree, shrub, and herb
layers were significantly different with the change in scale. The plant diversity indices
in the herb layer were most closely related to impact factors at the 500 m scale, and their
association with factors decreased as the scale increased. The herb-layer diversity indices
were mainly impacted by Ch and were also affected by road disturbance (AD, PD, and RD)
at the 500 m and 1000 m buffer radii. In contrast, the richness index in the herb layer was
most closely related to impact factors at the 2000 m scale, and its association with factors
decreased as the scale declined. The herb-layer richness index was significantly impacted
by SHAPE and Ct at the 500 m scale, and as the scale increased, the association with SLOPE,
ELEVATION, LPI, and SHDI also increased.

Table 5. The multiple regression of landscape heterogeneity, community structure, and topographic
factors on diversity indices and richness index in tree, shrub, and herb layers.

Layer Biodiversity
Indices

Buffer Radius/m
500 1000 2000

Herb

Shannon index -Ch *, -AD -Ch * -Ch *
Simpson index AD *, -PD, Ch Ch, RD Ch

Evenness -AD *, -SLOPE *,
PD *, LPI -RD -Ct *, Ch

Richness -SHAPE *, Ct *
SLOPE *,

ELEVATION *,
-LPI *, -ED

SLOPE, -SHAPE
*, Ct *, SHDI *,

AD

Shrub

Shannon index -RD *, Ct -NP -LPI *, -LSI *, PD
Simpson index RD *, -Ct *, FD -SLOPE *, -Ct -SLOPE *, -Ct

Evenness Ct *, -FD, SLOPE Cv *, -SHDI *,
-FD Ct *, SLOPE

Richness -RD *, CONTAG AD *, -FD -FD *

Tree

Shannon index Ct Ct *, -PD *, -AD * AD,Ct
Simpson index -Ct PD *, AD, -Ct -AD, -CONTAG

Evenness - -FD, -NP -SIDI, AD
Richness -AGE *, NP -AGE* -AGE *, AD *, Cv

* indicates significant at p < 0.01.

The shrub-layer diversity indices were mainly impacted by Ct. In addition, they
were also affected by road disturbance (RD and FD) at the 500 m scale; by topographic
factors (SLOPE), matrix (Cv), and landscape diversity indices (SHDI) at the 1000 m scale;
and by topographic factors (SLOPE), clustering indices (LPI), and area-edge indices (LSI)
at the 2000 m scale. The shrub-layer richness index was significantly impacted by road
disturbance (RD, AD, and FD).

The diversity index in the tree layer was most closely related to Ct, PD, and AD at
the 1000 m scale, while the tree-layer richness index was significantly negatively related to
AGE under the three buffer radii, and was most closely related to -AGE*, AD*, and Cv at
the 2000 m scale.

3.4. The Explanatory Power of the Regression Model

Based on the explanatory power (adjusted R2) of various regression models (Figure 3),
landscape heterogeneity, community structure, and topographic factors had the strongest
explanatory power for the richness index, but not at the same scale. The explanatory power
of the three layers was ranked as follows: herb layer (0.62) at the 2000 m scale > shrub layer
(0.55) at the 500 m scale > tree layer (0.40) at the 2000 m scale. The explanatory power of
factors on other diversity indices was relatively weak (<0.43). The combined explanatory
power of the three factors accounted for 43% of the species diversity indices and 63% of the
richness index at its peak.
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In the herb layer, the explanatory power of factors on the richness and diversity
indices showed an opposite trend with increasing scale. The impact factor had the strongest
explanatory power on the richness index for the three buffer radii (0.47–0.62), and its
explanatory power increased with increasing scale. The explanatory power of factors on
diversity indices (the Evenness index, the Shannon diversity index, and the Simpson index)
was relatively low (0.08–0.4), and the highest explanatory power appeared on the 500 m
scale. Except for the Evenness index, the explanatory power of factors on the Shannon
index and Simpson index decreased with increasing scale. In the shrub layer, the regression
equations of each index showed that diversity indices and richness index can both be well
fitted at the 500 m scale. Except for the Shannon index, the explanatory power of factors
on other indices decreased with increasing scale. In the tree layer, the explanatory power
of factors on all diversity indices was shown to be the weakest at the 500 m scale. The
comprehensive factor had the strongest interpretation for the Shannon index (0.39) and
Simpson index (0.36) at the 1000 m scale.

3.5. The Relative Importance of the Effects of Landscape Heterogeneity, Community Structure, and
Topographic Factors on Diversity Indices and Richness Index

Based on the contribution of each index to the overall explanatory power of the
regression model (Figure 4), and except for the herb layer, the interpretation of landscape
heterogeneity for each plant diversity index was more stable than that for the other two
factors. In general, the relationships between the three impact factors and the diversity
indices and richness index under different buffer radii showed strong scale volatility, but
lacked consistency.

In the herb layer, the explanatory power of community structure for each plant di-
versity index was more stable than that of the other two factors. Community structure
combined with landscape heterogeneity had a relatively strong explanatory power for
plant diversity indices at a 500 m buffer radius compared to the others. For the richness
index, the superposition of the three factors led to a very high overall explanatory power of
the model.

In the shrub layer, landscape heterogeneity had a relatively higher explanatory power
for all diversity indices and richness indices across the three buffer radii than topographic
factors. For the Shannon and Simpson indices, landscape heterogeneity had the highest
explanatory power at the 2000 m scale. For the Evenness index, the landscape heterogeneity
showed the same explanatory power at the 500 m and 1000 m buffer radii. For the richness
index, landscape heterogeneity was the only explanatory power that weakened as the
scale increased.

In the tree layer, except for the Evenness index, landscape heterogeneity and commu-
nity structure had explanatory power for the other diversity indices and richness index
across the three buffer radii. For the Shannon and Simpson indices, landscape heterogeneity
combined with community structure had a high explanatory power at 1000 m. For the
Evenness index, landscape heterogeneity combined with topographic factors had the high-
est explanatory power at the 2000 m scale. For the richness index, landscape heterogeneity
combined with community structure had the highest explanatory power at the 500 m scale.
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Figure 3. The explanatory power of landscape heterogeneity, community structure, and topographic
factors on biodiversity and richness indices.
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4. Discussion
4.1. The Response of the Diversity Index to the Impact Factors

From the different indices that characterize plant diversity, the diversity indices com-
monly used in the past, such as the Shannon diversity index (H’), Evenness index (E’), and
dominance index (D’), were not well interpreted; however, the richness index in the herb
layer was more responsive to impact factors than other biodiversity indices. This strong
scale dependence is probably because the traditional diversity indices were also based on
statistics, so the correlation is probably only statistical rather than ecological. Therefore, the
richness index is more appropriate for analyzing the impact of landscape pattern changes
on plant diversity. On the other hand, the richness index is additive and has the same
measurement unit, so its ecological significance will be easier to understand and explain.

Therefore, the richness index can be used to effectively compare the differences in
plant diversity in human activity intensity and landscape background in different spaces
and temporal buffer radii [54].

4.2. The Relative Importance of Impact Factors on Species Biodiversity Varying with Buffer Radius

The analysis of biodiversity, without considering scale effects, may lead to erroneous
conclusions [55]. Studies have shown that on a small spatial scale, changes in the envi-
ronmental conditions of a community or ecosystem lead to changes in plant diversity and
species composition [56,57]. However, on a large spatial scale, the effects of landscape
pattern characteristics on species have not yet reached a consistent conclusion [58–62].
In general, our results found that the relationships between the three impact factors and
the diversity indices and richness index under different buffer radii showed strong scale
volatility, but lacked consistency.

According to the results of this study, the combined explanatory power of landscape
heterogeneity, community structure, and topographic factors accounted for 43% of the
species diversity indices and 62% of the richness index at its peak. Unexplained parts may
be caused by factors that are not covered, such as spatial variation or the effects of random
processes [63]. Although the factors that may affect the species diversity of urban remnant
vegetation are complex and scale-dependent, and the tree, shrub, and herb layers may have
different response mechanisms to them, relatively uniform research results may be obtained.
Factors related to landscape heterogeneity, community structure, and topographic factors
may not act alone, but they may create synergistic effects.

Our results found that as the scale increased, the richness index in the herb layer
was affected by comprehensive factors that increased with increasing buffer radius. This
is similar to many research results, indicating that the correlation between plant species
richness and landscape pattern is enhanced with the expansion of spatial scale [42]. Species
richness in the shrub layer and herb layer was under the influence of road disturbance and
stand age, respectively. This may be because the species richness distribution of different
functional groups is not affected by landscape structure factors, such as isolation degree,
and only a few are affected by patch area, patch distance from road, and patch type. It
may be that species at small buffer radii can spread to the target habitat in close proximity,
and diffusion is limited to a small scale range, so isolation and other factors are not the
maintenance mechanism of species richness [48,64].

4.3. The Impact of Landscape Heterogeneity on Plant Diversity

Some of the studies found that the relationships between landscape heterogeneity and
plant species diversity are weak, and show strong scale volatility and lack consistency [65,66].
However, our results showed that the interpretation of landscape heterogeneity for each plant
diversity index in shrub and tree layers was more stable than for the other two factors, which is
consistent with the conclusion that buffer radii of 1000 m and 2000 m are the appropriate buffer
radii to study the influence of various landscape patterns on forest, nonforest, and universal
species diversity [67]. The reasons for this might be that (1) the 500 m scale is not suitable
for analyzing the influence of landscape heterogeneity on the diversity in the tree layer of
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20 m × 20 m patches; and (2) plants in the tree layer are mainly woody plants, whose response
to landscape heterogeneity in the small-scale range is relatively lagging.

At a 500 m buffer radius, habitat conditions such as community structure and topo-
graphic factors may be the key factors determining species distribution [68,69]. However,
our results showed that community structure combined with landscape heterogeneity had
a relatively strong explanatory power for plant diversity indices in the herb layer at a 500 m
buffer radius compared to the others. The reasons may be as follows: (1) α biodiversity is
mostly affected by the matrix landscape characteristics around the habitat patches at the
500 m scale, which is mainly caused by adjacent human activities [67]. (2) The effect of the
landscape complexity index on the diversity in the herb layer on a small scale (250–750 m)
is higher than that on medium and large scales [70].

In general, the richness index and diversity index were influenced by different degrees
of landscape heterogeneity (-SHAPE, -LPI, -ED, SHDI, -PD, Cv, and -LSI). Studies on
tropical forests have shown that diversity indices of trees, shrubs, and lianas are mainly
affected by patch shape (SHAPE) and patch diversity (SHDI) [71]. Our study found that
SHAPE, ED, and LPI, which characterize the shape and edge of the landscape, had a
negative impact on the richness index in the herb layer. Studies have reported that irregular
landscape patches tend to maintain high plant diversity [72]. It is generally believed that
narrow or irregular patches have large marginal lengths and marginal densities (ED), which
lead to high landscape heterogeneity and relatively high plant diversity [42,73]. The reason
may be that at different buffer radii, a higher marginal density (ED) of habitat patches helps
maintain high species richness [21,74]. However, experimental studies have shown that
the shape complexity index of landscape patches is inconsistent with plant diversity, or
indicates either higher plant diversity, or lower plant diversity [71,73]. At the same time,
studies in Western Europe have shown that plant diversity, especially woody plant species
diversity, is inconsistent with different landscape shape indices [21], which may be related
to landscape types and sampling scales.

With regard to landscape diversity, our study found that the SHDI was positively
correlated with the herb-layer richness index. The consistent conclusion was that the
species richness index is high in heterogeneous landscapes. Species richness has been
reported to positively correlate with the diversity of landscape type patches [21], whose
positive correlation is derived from abundant landscape landform types [75] or from
landscape quality effects and adjacency effects that provide potential habitats for more
species [39]. Studies in Western Europe have indicated that plant diversity, particularly
the species diversity of woody plants, is significantly positively correlated with landscape
diversity [21]. Moreover, studies in Austria [76], Belgium [77], and Spain [73] showed
that the species richness of vascular plants, mosses, and birds positively correlated with
landscape diversity. A study of vascular plant diversity in grasslands found that as the
diversity of habitats around the plot increased, species diversity increased; conversely, as
the habitat diversity decreased, the α diversity index decreased [78].

In addition to being related to landscape diversity, plant diversity indices are also
associated with the aggregation degree between landscape patches. Regarding clustering
indices (patches aggregation degree index), our study showed that patch density (PD) and
largest patch index (LSI) had a negative effect on herb layer richness.

The results indicated that Cv was positively correlated with the diversity index in
the tree layer. On the basis of the theory of island biogeography, in a certain range, the
area of landscape patches is positively correlated with species richness and the diversity
index, but this relationship weakens after exceeding a certain area [21,72]. The selective
extinction hypothesis suggests that patch area is an important factor restricting species
distribution; for example, the species with the smallest requirement area are more likely to
become extinct in smaller patches [79]. Plant diversity has been shown to increase with the
increase in habitat patch area and habitat similar to the surrounding landscape type, which
would improve the habitat [80]. This is because the larger patch area contains more micro
habitat types, and the amount and type can provide more species habitat. However, for
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different species, the relationship between landscape patch area and species richness is also
different [81]. Studies on semiarid steppes have shown that plant richness and diversity
indices were significantly positively correlated with patch area and habitat center area [67].
Many studies have found that the urban ecological system has a high diversity of vascular
plants, especially in the green belt, of both native and exotic species, which means that
the larger the patch area of greening is, the higher the diversity of vascular plants [82].
As global landscape fragmentation has become increasingly serious, small patches have
become a common feature of the ecosystems, and at the same time, they are the main
habitat in urban ecosystems. It is necessary to define the minimum patch area that allows
native plants to survive. In many ecosystems, the minimum patch area controls the entire
ecosystem. Therefore, the assessment of the size of patches in the maintenance ecosystem
plays an important role in guiding researchers to determine the minimum patch area and
number [83]. This is similar to many research results, indicating that species richness is
significantly affected by patch area [70].

Our study showed that the road disturbance factors (- AD and - RD) and the farthest
distance from the sample point to the forest edge (- FD) had different degrees of negative
impact on the richness index in all three layers at different buffer radii. Roads, railways,
and other artificial barrier edges often reduce biodiversity [84]. As patch area increases, the
richness index of edge species and internal species increases, with the latter significantly
increasing [72].

Finally, our results showed that road disturbance indices (AD and RD), farthest
distance from the sample point to the forest edge (FD), area-edge indices (LPI), edge
indices (ED), shape indices (SHAPE), and landscape diversity indices (SHDI and SIDI), i.e.,
eight indices in total, can well indicate species diversity and richness.

5. Conclusions

(1) The response mechanisms of the plant richness index and diversity indices in different
layers under different buffer radii to impact factors were different. Compared to the
biodiversity indices commonly used in the past, such as the Shannon diversity index
(H’), evenness index (E), and dominance index (D’), the richness index in the herb
layer was more direct and sensitive than the richness index in the tree and shrub
layers and the diversity indices in the three layers to the impact factors.

(2) The combined explanatory power of landscape heterogeneity, community structure,
and topographic factors accounted for 43% of the species diversity indices, and 62%
of the richness index at its peak.

(3) The three impact factors that affect the species diversity indices and richness index of
urban remnant vegetation rarely act alone, and often cause comprehensive cumulative
effects and scale dependence.

(4) Scale does matter in urbanization landscape studies. At a 500 m buffer radius, com-
munity structure combined with road disturbance indices was strongly related to
diversity indices in herb and shrub layers. The stand age was negatively correlated
with the tree layer richness index. As the scale increased, the diversity indices and
richness index in the three layers decreased or increased under the influence of com-
prehensive factors.

(5) Except for the herb layer, the interpretation of landscape heterogeneity for each plant
diversity index was more stable than that for the other two factors. Road disturbance
indices (AD and RD), farthest distance from the sample point to the forest edge (FD),
area-edge indices (LPI), edge indices (ED), shape indices (SHAPE), and landscape
diversity indices (SHDI and SIDI), a total of 8 indices, can well indicate species
diversity and richness.

Under the background of rapid urbanization and increasingly fragmented urban
vegetation, the buffer area of remnant patches, such as grassland and woodland, should be
reasonably allocated. Furthermore, we suggest that the vegetation area of remnant patches
within a radius of 500–2000 m should be appropriately increased to protect plant diversity
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in all layers, and the negative effect of landscape heterogeneity around remnant patches,
such as road disturbance, should also be considered.
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Abstract: As far as we know, for large manufacturing enterprises, there is often a community of labor
gathered around such enterprises, which is especially used as a place for the enterprise to place the
labor force. This paper aimed to update the industry model of Chinese Manufacturing Enterprises
(CMEs) to improve workers’ health management. This work first discusses the value, mode, and
process of Enterprise Digital Transformation (EDT) and Worker Health and Safety Management
(WHSM). Then, it proposes the CMEs-oriented EDT model and WHSM system based on Big Data
Technology (BDT) and the Internet of Things (IoT). The proposed model and system are verified
through a case study on the Shanghai BYD manufacturing enterprise (short for BYD) using the Fuzzy
Comprehensive Evaluation Method (CFEM). The EDT model verification considers the adaptation
and performance of enterprises after EDT. The WHSM system considers workers’ oxygen inhalation
status to evaluate their heart and cardiovascular health. The results show that EDT improves the
enterprise’s revenue and reshuffles the revenue structure. The EDT model has absolute adaptability
to BYD. It has greatly improved BYD’s indexes, especially financial performance, market capability,
and technical capability.

Keywords: FCEM manufacturing enterprises; enterprise digital transformation; health and safety
management; internet of things; big data technology; FCEM

1. Introduction

Chinese Manufacturing Enterprises’ (CMEs) profit margin is still meager compared
with developed nations. Enterprise Digital Transformation (EDT) faces many difficulties,
such as a lack of capital investment [1]. First, the CME executives are not aware of the
necessity, urgency, and complexity of EDT, and the management concept stays on the
deployment of common Information Technology (IT) systems. The IT department cannot
achieve Enterprise Digital Transformation (EDT) alone. It must be led by the enterprise
decision-makers and promoted from top to bottom [2,3]. Secondly, CMEs have applied
many information systems. However, the basic data are inaccurate, and the coding system
is not unified, failing to promote the EDT [4]. Many CMEs believe that promoting an
automation system can accelerate the effect of EDT, and there is a general situation of
emphasizing automation and neglecting digitalization. Additionally, many CMEs only
emphasize production line automation and labor reduction without a solid foundation for
equipment networking and data acquisition. The workshop has not genuinely realized
visualization, failing to monitor equipment and manage workers’ health conditions. More-
over, the CMEs-oriented EDT investment has not achieved remarkable results, restricting
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their motivation to further transformation. For example, some CMEs invest in self-built
e-commerce platforms. Nevertheless, most customers still favor mainstream e-commerce
platforms, so self-built platforms have not achieved the expected results. Meanwhile,
sub-industries under manufacturing vary greatly. Enterprises from different industrial
chains feature high personalization. Thus, no universal implementation path is applicable,
and no ready-made EDT models are available [5,6].

In March 2022, Zhengzhou Haier Water Heater Interconnection Factory (Zhengzhou
Haier) was selected by virtue of the wide application of advanced industrial 4.0 technology
in the whole industrial chain, becoming the world’s first end-to-end “lighthouse factory” of
water heaters and the fourth landing application of the Haier Group. The World Economic
Forum (WEF) commented: “facing the vigorous development of the water heater market
and the increasing demand for high-end products and services, Zhengzhou Haier, a new
factory, uses Big Data Technology (BDT), and 5th Generation (5G), Edge Computing (EC),
and ultra-wideband solutions to establish close ties with suppliers, factories, and users.”
From 2020 to early 2021, Haier’s water heater’s order response speed increased by 25%,
production efficiency increased by 31%, and product quality increased by 26%. According
to the report of the WEF, each lighthouse factory has unique and diversified success cases.
More broadly, it mainly includes the digital realization within a single factory (focusing on
digital assembly, processing, maintenance, performance management, quality management,
and sustainable development) and opening up the end-to-end value chain (focusing on
the supply network, product development, planning, delivery, and customer connectivity).
Obviously, EDT has brought a new business model to Zhengzhou Haier, improved its
core competitiveness, reduced operating costs by digital means, increased revenue and
efficiency, and upgraded management mode and operation efficiency [7].

In fact, EDT uses digital technology to promote a series of changes in production mode,
organizational structure, and corporate culture [8]. After EDT, enterprise management
should explore new sources of revenue and develop new products, services, and business
models. Therefore, EDT is the deep integration of technology and business models, and
it promotes digital technological development and technical support capabilities. EDT
revolutionizes the traditional business model by creating a new and dynamic digital
business model [9,10]. In terms of the research on EDT, Zimmerman et al. (2019) studied
the transformation and upgrading of enterprises based on GVC. They proved that cross-
industrial upgrades could improve enterprises in all aspects [11]. Kaletnik et al. (2020)
explored the method and process of EDT and put forward a new path and implementation
EDT scheme [12]. Correani et al. (2020) examined EDT and upgrading from internal and
external aspects [13]. Shen et al. (2021) believed that innovative technologies could be
used to realize the CMEs-oriented EDT [14]. Meanwhile, Kane et al. (2019) argued that
the EDT could realize the data connection between all manufacturing enterprises and the
digital structure up-gradation and improve operation efficiency [15]. Son et al. (2019)
contended that changing enterprise operation thinking could promote EDT. For example,
the new operation modes could be realized by expanding consumer groups [16]. The
above literature carries out EDT aiming at a certain point of the enterprise business model.
They do not comprehensively study the enterprise organizational structure, enterprise
resource allocation method, production, and operation mode. Thus, the above research is
not comprehensive and mono-directional.

At the same time, in recent years, workers’ sub-health and even sudden death have
attracted much attention. All social sectors generally call for strengthening Worker Health
and Safety Management (WHSM). Workers have promoted the rapid development of
enterprises. However, the problem of overwork also affects workers’ physical and mental
health. The claim settlement data of corporate group insurance also presents the younger
trend of workers’ illnesses. The 2021 Group Health Insurance Claim Settlement Report
released by Taikang Endowment Insurance Co., Ltd. (Beijing, China) shows that 54% of
workers with hypertension are young adults aged 30–49; 45% of workers with intervertebral
disease are concentrated in middle-aged adults, 30–39 years old; and 43% of sudden
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death cases are concentrated among young people in the 40–49 age group. In fact, most
sub-healthy people often do not realize what risks they are facing. They often need
to go to the hospital to realize the seriousness of their health problems. This traditional
concept of emphasizing “medicine” over “prevention” easily leads to workers’ health status
deterioration, increases the medical expenses of enterprises and society, and exacerbates the
shortage of medical resources. Therefore, enterprise managers gradually have formulated
strategies for WHSM.

The keywords of health management involve many aspects of research. At present,
the actual development of health management, especially in community health services,
WHSM, and the health insurance industry, still lacks systematic research and gover-
nance [17]. Therefore, this work applies the Internet of Things (IoT) technology to establish
the CMEs-oriented EDT model and WHSM system. The aim is to provide solutions for the
CMEs’ development and promote workers’ health conditions.

Firstly, this work discusses the value, mode, and process of EDT and WHSM in CMEs.
Secondly, based on the BDT and IoT, it establishes the CMEs-oriented EDT model and
the WHSM system. Finally, Shanghai BYD Manufacturing Enterprise (short for BYD), it
evaluates the adaptation and performance of the proposed EDT model through Fuzzy
Comprehensive Evaluation Method (FCEM). Under the proposed WHSM system, workers’
health is analyzed by considering their heart and cardiovascular situation when inhaling
hyperbaric oxygen.

2. Materials and Methods
2.1. Significance of EDT

Both “digitization” and “digitalization” are used in EDT. The first term means explic-
itly converting analog information into digital information (for example, manually filled
documents are automatically recognized as digital information). The other term refers
to integrating digital information into enterprises, deepening the application of various
business software and emerging technologies, such as the IoT. In the research process, it is
believed that the digital transformation of manufacturing enterprises is not a single-link
improvement process, but more like the penetration of digital kinetic energy into all com-
ponents of manufacturing enterprises to stimulate the aggregation effect of enterprises. In
this process, it is not to apply the emerging digital technology surface to the production
and circulation of products. It not only improves production efficiency, but also recon-
structs business processes through new digital thinking concepts, generates new economic
benefits, better opens up new markets, and improves the competitiveness of enterprises.
The essence is to apply digitalization to the strategic layer of the enterprise, to promote the
reform of the organizational structure and management methods of the enterprise, and
to enhance the core competitiveness of the enterprise through endogenous and external
growth. Feng et al. (2022) defined digitization as the transformation of organizations that
integrate mathematical techniques and business processes into the digital economy [18].
Shpak et al. (2020) defined digital transformation as the use of technology to radically
improve business performance or reach [19]. It helps realize data-driven decision analysis
and completely changes the business process of enterprises. Essentially, EDT is the process
of enterprises’ real digitalization. Lin et al. (2020) studied the digital transformation of
manufacturing enterprises, and believed that the digital transformation of manufacturing
enterprises is not the further improvement of the evolution of various business processes,
but a comprehensive reform of the value proposition, operation mode, enterprise orga-
nization mode, resource allocation mode, R&D mode, production mode, and marketing
mode [20]. Figure 1 is the value system of EDT.
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Figure 1. Value system of EDT.

In Figure 1, EDT can realize data acquisition, state perception, remote control, increased
product added value, and service revenue. At the same time, EDT can help manufacturing
enterprises cope with increasingly complex compliance requirements, especially in indus-
tries involving people’s livelihood, such as medicine, food, and import–export. EDT helps
them realize the traceability of the whole production process. The complexity of manufac-
turing enterprises’ organization, business, products, and value chain has brought many
obstacles to the EDT [21]. Maciag (2022) studied the basic model of digital transformation
and believed that digital transformation of enterprises should use the Internet’s way of
thinking to reconstruct enterprises from four aspects: business model, capital model, man-
agement model, and mental model, so that enterprises can obtain stronger vitality through
transformation [22]. Zhang et al. (2022) studied the basic model of digital transformation
of Chinese manufacturing enterprises and believed that China’s manufacturing industry
had many problems such as excess capacity, low resource utilization, and unreasonable
structure. The technology and thinking of the Internet should be used in the whole life
cycle of the manufacturing industry. Traditional industries should be transformed into
science and technology, intelligence and efficiency, redefine R&D design, manufacturing,
operation management, sales and services, and promote the in-depth development of
the industry and industrial transformation and upgrading [23]. Figure 2 gives common
modes of EDT for manufacturing enterprises. If EDT (Enterprise Digital Transformation)
is regarded as a theoretical framework model, we need to define its components. Then,
considering the basic theory of digital transformation, it should include changes in the
business operation mode, service mode, research and development mode, organizational
structure management mode, and production mode. After completing the above changes,
the decision-making model of the enterprise will be comprehensively changed.
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Figure 2. Common modes in EDT for manufacturing enterprises.

In Figure 2, the common modes of manufacturing enterprises’ EDT are dissected in
detail. First, the new business model is a Pay-For-Service mode based on digital technology.
Enterprises no longer sell products but sell the services they use. To realize the Pay-For-
Service mode, enterprises must realize product digitalization. The products themselves
should be integrated into a Cost Per Sales (CPS) system with communication, calcula-
tion, and control capabilities. At the same time, a cloud platform must be established to
monitor product operation to achieve predictive maintenance of the operating products.
Additionally, manufacturing enterprises should also promote the customization of online
products and the combination of online and offline experience marketing, which is also
part of the transformation of the business model. Second, the service mode transforma-
tion enables customers to realize self-service by developing products and service-specific
Applications (APPs) to improve service efficiency. Some of the world’s leading equip-
ment manufacturing enterprises can also develop service APPs to realize remote condition
monitoring and predictive maintenance. Using Augmented Reality (AR) technology to
maintain the equipment and display the equipment sensor data and the assembly process
can greatly improve the efficiency of equipment maintenance. Third, the Research and
Development (R&D) model transformation can reduce the testing of actual manufactured
products through simulation-driven design. By managing the R&D data and process of
the whole product life cycle, enterprises can improve the reuse rate of parts and the R&D
efficiency while reducing costs. In addition, it can realize remote and collaborative R&D.
Fourth, operation mode transformation can help manufacturing enterprises realize fine
management. Fifth, the manufacturing mode transformation can be associated with the
technology of other excellent enterprises to realize fully automatic processing of different
mechanical parts. Lastly, enterprises can conduct multi-dimensional big data analysis by
transforming the decision-making model. It improves the real-time visualization of data
analysis. As such, enterprises realize data governance, decision-making based on the data
drive, and analyzing the key information behind the data using AI and BDT [24].
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In order to promote EDT, manufacturing enterprises must define the digital trans-
formation strategy, formulate the digital transformation plan, and then implement it. In
this process, they need to rely on professional consulting service institutions to complete
processes such as EDT state diagnosis, demand analysis, process review, and overall frame-
work [25]. Bican et al. (2020) studied the process of digital transformation and believed that
digital transformation is a process of upgrading strategic thinking. Although this process
may involve the upgrading of enterprise Information Technology (IT) infrastructure, it
is not a technology in nature, but a strategy [26]. Figure 3 illustrates the flow of EDT
of manufacturing enterprises. After setting the basic elements to be considered for the
transformation of the Enterprise Digital Model. In fact, the figure defines the object of
digital transformation from the perspective of goal setting, and analyzes the motivation
and necessity of digital transformation from the perspective of Motivation Analysis Theory.

Figure 3. EDT flow of manufacturing enterprises.

2.2. CME and WHSM

According to the 2020 China Workplace Worker Health Risk Report survey results,
29% of workers are overweight and obese, 43% have substandard diets, and 48% lack sleep.
Among these respondents, more than 60% believe that their sub-health status affects their
normal life and activities, and more than half of the workplace workers lack vitality [27]. It
shows that the enterprise’s good employee health management is a necessary guarantee for
the development of the enterprise. Whether it is to ensure the growth and development of
enterprises and build harmonious labor relations from the macro level of national policies,
social economy, and meso level, or from the perspective of the health needs of employees
and their families at the micro level, it is the general trend for enterprises to do a good
job in employee health management. The research believes that the concept of personal
mobile health management is a way to monitor and record the whole process of human
health by using mobile network technology. Mobile health includes smart terminals, health
data management, related matching resources, and collaborative systems. Whether it is
a pure digital medical concept or a health management IoT architecture based on the IoT
and cloud computing, its core business is still in the field of mobile health management.
There are four main points in mobile health: First, is the collection of human data. Some
supplementary programs are related to human health and fitness, and others do medical
consultations that do not require a lot of diagnosis and treatment methods and data. Follow-
up can be performed after discharge, including disease investigation and remote testing.
Priyono et al. (2020) integrated the resources and transformation strategies of enterprise
digital transformation, and proposed a theoretical framework of resource adaptation for
enterprise digital transformation. They believed that the prerequisite variables for the
success of the digital transformation of enterprises are internal and external resources and
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internal and external capabilities, and external capabilities are an important factor for the
success of digital transformation [28]. The attention to enterprise workers’ physical and
mental health has also been improved. Managing workers’ health and welfare has become
an important consideration for many people’s career choices. Figure 4 describes the process
of WHSM in manufacturing enterprises. Figure 4 is in Figure 3. On the basis of the Business
Process mentioned above, specific examples were analyzed. Further, we analyzed how
Business Process is designed and works in WHSM based on our research objectives.

Figure 4. Process of WHSM in manufacturing enterprises.

2.3. IoT Technology

With the development of Cloud Computing (CC), BDT, and other IT, the IoT+cloud
platform has come into being. It is the value cohesion of the IoT industry. Moreover,
the IoT+cloud platform sees a vast market potential with more technological innovation.
The IoT+cloud platform is currently in the exploration of post-precipitation mode. It
is about to enter the inflection point before rapid development, from focusing on the
underlying hardware to the multi-scenario business capability of the software platform [29].
Mehmood et al. (2019) studied the characteristics of the IoT platform and believed that the
core and foundation of the IoT was still the Internet, which was an extended and expanded
network based on the Internet. The IoT client extends to any item for information exchange
and communication [30]. Figure 5 demonstrates the architecture of the IoT+cloud platform.
Figure 5 is the link to the product design. For example, based on how IoT plays a specific
role in digital transformation, especially in the digital transformation of manufacturing
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enterprises. This step is equivalent to the design of the transformation path based on the
theoretical design in Figures 2–4 and the actual situation.

Figure 5. IoT+cloud platform architecture.

According to Figure 5, the IoT+cloud platform connects and manages IoT terminals
through the network and perception layers. It collects and stores sensing data and provide
standard interfaces and general tool modules for development and applications through the
network and application layers. Finally, it indirectly reaches the end-user through Software
as a Service (SaaS). The IoT+cloud platform is the technical integration of the IoT platform
and CC. From the perspective of the concept of the IoT, the concept of the IoT must be the
process control of the whole process, which must be supported by standards. Evolution is
the use of complex IT technology to create a simple digital health management system. The
standardization of the digital health management system is to improve the standardization
level of the digital health management system and gradually promote the standardization
of the digital health management process. Standardization of digital health management
systems also solves IT challenges. The most difficult thing for manufacturing companies is
the health management of employees. There is no perfect standard for employee health
management. The emergence of the IoT essentially promotes the improvement of the entire
medical informatization, and the digital health management system has broad application
prospects in the development of enterprises.

Cloud computing is also a way to achieve infrastructure sharing, where a large number
of resources are linked together in a public or private network to provide IT services. From
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an IT perspective, cloud computing is the provision of Internet-based software services.
The software used by the user does not need to be on their own computer, but uses the
Internet to access the software on an external machine through a browser. All work, user
files, and data are also stored on these external machines [31]. Big data, on the other
hand, enable the collection of raw, structured, or unstructured data from various sources.
With the execution of machine learning techniques and big data predictive models, it
is feasible to predict machine failures and customer behavior. Big data analytics helps
businesses identify customers by understanding their thought processes and feedback in
advance. Enterprises can adjust their strategies accordingly, providing deeper insights
from disparate data sources in unique ways to help define the overall strategy. Big data
analysis can promote customer acquisition and retention, effectively manage enterprises,
and reduce enterprise management risks [32].

The large-scale application of edge computing can improve computing efficiency,
reduce latency, and improve data security. In this way, various problems caused by the
excessively centralized data processing mode of cloud computing in the current digital
transformation can be solved. Massive amounts of data for digital transformation are
aggregated from tiered networks to the cloud, where they are then analyzed and processed.
In the era of massive data generation, the efficiency of this data processing method will
become lower and lower. Sinking data to the “micro cloud” on the edge side for processing
can not only improve efficiency, but also promote the transformation of traditional man-
ufacturing from “hardware thinking” to “service thinking”. However, edge computing
drives digital transformation from product-oriented to service-oriented. Every terminal
with edge computing capabilities can become a service provider, and all service providers
are on the same plane. The application of edge computing in digital transformation drives
the transformation of the life cycle from product to service operations, which in turn leads
to product service and business model innovation. This has a profound impact on the de-
velopment of value chains, supply chains, and ecosystems, and promotes their high-quality
development [33].

2.3.1. Modeling CMEs-Oriented EDT Based on IoT

Applying IoT in manufacturing enterprises is called Manufacturing Internet of things
(MIoT). It focuses on Machine to Machine (M2M) communication. It uses BDT, AI, CC, and
other technologies to achieve more efficient and reliable manufacturing operations.

As an information technology term, big data can refer to the data set. These data
sets are difficult to process and analyze by traditional computing methods. However,
they can be systematically obtained by advanced technical means, including collection,
storage, analysis, transmission, retrieval, and display. They can generate value. Therefore,
big data is a collective term involving both the data sets and corresponding processing
methods. The distributed file system is the first link in the big data storage system. Its basic
idea is to establish a file system on multiple machines using the master–slave structure.
The file system exposes the management functions and interface capabilities through the
master node. The real data are stored on the data node. However, all read and write
operations are scheduled through the master node. The file system has multiple backups
to avoid data loss or single-node failure errors. Multiple backups can also be used for
load balancing between nodes. Another type of big data storage is relational database
clusters. The traditional relational database system includes two most important parts,
the storage engine, and the Structured Query Language (SQL) service. The storage engine
is responsible for data storage and reading. SQL services include SQL parsing, caching,
and index calculation. The stand-alone version of the relational database is limited by
the size of the stand-alone storage space. In contrast, the cluster version of the relational
database can handle large-scale data sets. The storage engine is the key to breaking through
the single-machine storage capacity. It can support multiple data backups and share data
among multiple SQL service instances [34].
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Big Data Analysis (BDA) plays a key role in the preventive maintenance of production
equipment. Its core is the cyberspace entity system. The network entity system is designed
through the 5C (Computer, Communication, Content, Customer, and Control) framework
to realize the connection, transformation, networking, cognition, and configuration. It
converts the collected data into useful information and optimizes the production process.
Traditionally, service providers mainly obtain solutions through experiences in EDT, only
referring partly to data and process analysis. However, the traditional EDT services are
no longer applicable in the digital era, and many experiences and data connotations have
changed quietly. Establishing a digital ecosystem is completely different from traditional
informatization [35]. Willner et al. (2020) studied the core technologies of enterprise
digital transformation, and believed that digital technology could improve the output or
production technology of manufacturing enterprises, thereby realizing the improvement
of the enterprise economy. The application of digital technology can link the data islands
among all levels of the industry, improve the operational efficiency of enterprises, and
build a new pattern of digital economy [36]. Figure 6 depicts the proposed CMEs-oriented
EDT model based on the IoT.

Figure 6. CMEs-oriented EDT model based on IoT.

Figure 6 provides a common CEMs-oriented EDT model built around vision, data,
and organization. A comprehensive and systematic organizational capability change and
transformation model will be completed by coordinating the strategy formulation, business
functions, data, and implementation. Figure 6 is mainly based on Figure 5. The proposed
IoT design is combined with the concept of CMES. This is mainly based on the analysis
of the theory of information asymmetry between customers and enterprises. The reason
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why information asymmetry between them is greatly reduced by introducing CMES and
IoT technology.

2.3.2. WHSM System Based on IoT

WHSM helps enterprises comprehensively monitor workers’ health risk factors. Man-
ufacturing enterprises can apply IoT-based visualization edge gateway, integration unit,
micro base station, IoT Access Point (AP), and modules. In particular, visual edge gateways
are used in low-frequency proximity sensing and positioning and long-distance signal
transmission coverage in public areas. All units and departments use base stations and IoT
modules (that support equipment access to IoT platforms with different frequency bands
and protocols). These modules can expand the IoT to meet business needs with various
application scenarios. Dayan et al. (2022) studied the development of health management
systems and found that most pharmaceutical companies have established a standard sys-
tem of equipment, frequency, operation, and coding for their own use. The standardization
and compatibility are poor, affecting applications outside the system and within the supply
chain. The IoT technology industry, which is closely related to health management, is lag-
ging behind in China. Chip design and manufacturing, antenna design and manufacturing,
label packaging and packaging equipment manufacturing, reader device development,
data management software design, and other production links are a complete production
process. In the IoT technology industry chain, there is a shortage of talent in RFID-related
technology development, system design, experimental testing, and project implementation,
and training is urgently needed [37]. By building a healthy MIoT environment, enterprises
can invite more partner enterprises and avoid repeated construction. Moreover, it can
simplify the network system architecture and reduce ownership and maintenance costs.
The proposed CMEs-oriented WHSM system based on IoT is displayed in Figure 7.
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As in Figure 7, the WHSM is an information management system that tracks, records,
analyzes, and processes the personal health parameters of enterprise workers over the long
term. It feeds back workers’ health suggestions on time. The system is based on the IoT
technology and the Internet server and runs for a long time. Meanwhile, the health data
of the employees of the enterprise is continuously updated on the Internet terminal, and
the ability to analyze and process the data is improved to more comprehensively monitor
the personal health of the enterprise labor force, provide more complete health guidance
suggestions, and achieve the purpose of preventing working diseases and protecting the
health of the labor force. Finally, as seen in Figure 7, the WHSM system based on IoT is
actually the final result of the whole model design. Through analysis, we summarized s
the types of IoT devices commonly used in Chinese manufacturing enterprises and how
to incorporate these devices into a design framework of the WHSM system. This design
module analysis diagram is actually a summary of the above logic derivation.

2.4. Data Source and Processing Method

Taking Shanghai BYD Manufacturing Company as an example, this paper analyzed
the adaptability and effect of the enterprise’s digital transformation, as well as the health
management of employees after the enterprise’s digital transformation. Due to the need to
measure the effect of digital transformation on manufacturing enterprises from many as-
pects, it is difficult to determine the measurement standard among various indicators of the
enterprise. Therefore, the Fuzzy Comprehensive Evaluation Method (FCEM) is adopted to
evaluate the adaptability and effect of digital transformation of enterprises [38,39]. FCEM is
a comprehensive evaluation method based on fuzzy mathematics, which comprehensively
evaluates things or objects restricted by many factors. It has the characteristics of clear
results and strong systematicness. It can better solve problems that are fuzzy and difficult
to quantify, and it is suitable for solving various uncertain problems. It is assumed that
there are n factors related to the evaluated indexes, and the index set is given below:

U = {u1, u2, · · · , ui, · · · , un} (1)

In (1), U is the total index factor. ui indicates the single-index factor. The weight
A = {a1, a2, · · · , an} is used to measure the importance of each factor. Set m shows the
possible comments. (2) describes the comment set:

V = {v1, v2, · · · , vi, · · · , vm} (2)

In (2), V is the total comment set. vi represents a single comment on an index. The
membership vector ri = (ri1, ri2, · · · , rim) is obtained by single factor evaluation, finally
forming a membership matrix, as shown in (3):

R =




r11 r12 · · · r1m
r21 r22 · · · r2m
...

...
...

...
rn1 rn2 · · · rnm


 (3)

Then, we determined the factor centralization vector, normalized the evaluation set,
and finally calculated the comprehensive evaluation vector. The purpose is to make the
comprehensive evaluation value according to the principle of maximum membership.
The calculation of the comprehensive evaluation vector is shown in (4) (where ◦ is a
fuzzy operator):

B = A ◦ R (4)

Based on this, a Comprehensive Fuzzy Evaluation (FCE) was conducted by factoring
in the five indexes of the enterprise after the EDT. Specifically, the five indexes are enter-
prise operation (financial performance), market capacity, technical capacity, management
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capacity, and enterprise environment. Then, the comment sets v1, v2, v3, and v4 represent
very adaptable, relatively adaptable, not much adaptable, and totally unadaptable. The
membership vector is obtained by evaluating a single index. According to the capital
distribution of BYD, the weight of the index vector is set as {0.3, 0.2, 0.3, 0.2, 0.1}.

In recent years, there have been more and more sudden death and stroke among
manufacturing workers. After health management, the health status of workers is measured
by the oxygen uptake of workers [40]. The calculation of blood oxygen saturation is shown
in (5):

SpO2 = HbO2/(HbO2 + Hb)× 100% (5)

In (5), HbO2 is oxygenated hemoglobin. Hb represents the hemoglobin in red blood
cells. The capability of blood to carry and transport oxygen is measured by oxygen
saturation. Clinically, the f oxygen absorption concentration is calculated by (6):

Inhaled oxygen concentration(%) = 21 + 4×Oxygen flow(L/min) (6)

3. Results
3.1. Adaptability and Performance Analysis of CMEs-Oriented EDT Model

According to the financial changes of BYD during EDT from 2012 to 2015, with the
growth over time, BYD’s Internet business revenue is far greater than the manufacturing
revenue and net profit. Before EDT, BYD’s financial revenue mainly came from manufac-
turing and net profit. After EDT, BYD’s Internet business revenue accounts for 67.29%
of the total revenue. Thus, EDT improves the revenue of manufacturing enterprises and
reshuffles the revenue structure. Figure 8 manifests the enterprise financial data during
EDT. Figure 9 portrays the changes in enterprise indexes during EDT.

Figure 8. Changes in enterprise financial data during BYD’s EDT.
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Figure 9. Changes in enterprise indexes during BYD’s EDT.

According to Figure 9, all indexes have generally shown an upward trend during EDT,
and the overall index increased by 42.11% from 2012 to 2015. From the change of the single
index, the enterprise’s financial performance, market capability, and technical capability
have been greatly improved after EDT. Therefore, EDT has absolute adaptability to BYD
and greatly improves BYD’s index scores.

3.2. Analysis of Worker Health Status under the Proposed WHSM System

During EDT, BYD has carried out intelligent and comprehensive management of
workers’ health. Figure 10 plots the analysis results of the cardiopulmonary capability and
cardiovascular health status of workers at different ages in BYD’s EDT.

Apparently, after WHSM, workers’ cardiopulmonary capability and cardiovascular
capability have been improved. Therefore, the WHSM system can help improve workers’
heart and cardiovascular health and effectively avoid sudden diseases during work.
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Figure 10. Analysis of cardiopulmonary capacity and cardiovascular health status of workers at
different ages in BYD (a) before WHSM; (b) after WHSM.

4. Conclusions

This work conducted a case study on BYD using the proposed EDT model and WHSM
system by considering the adaptation and performance of the enterprise and the health
status of workers. The results show that from 2012 to 2015, the Internet business revenue
of BYD in the EDT process is much greater than the manufacturing revenue and net
profit. After EDT, the Internet business revenue reaches 29.67% of the total revenues. Each
enterprise index generally shows an upward trend, and the overall index has increased by
42.11%. Therefore, digital transformation has absolute adaptability to BYD manufacturing
enterprises. The scores of various indicators of the whole enterprise have been greatly
improved, especially the financial performance, marketability, and technical ability of the
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enterprises after transformation. In addition, after the enterprise’s digital transformation,
employees’ cardiorespiratory and cardiovascular capabilities have been improved through
employee health management. The findings provide important theoretical support for
applying BDT and IoT in EDT and model references for the manufacturing industry’s EDT
and WHSM. The proposed EDT model and WHSM system are based on the assumption
that the attributes of manufacturing enterprises and other digital construction status quo
share the same background. Thus, the proposed model and system cannot be applied to
other industries. It is hoped that future research will improve the digital transformation
mode of each enterprise.
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Abstract: Cultural landscape heritage refers to the rare and irreplaceable cultural landscapes rec-
ognized by UNESCO and the World Heritage Committee. It is recognized as a “common works of
nature and human beings” of outstanding significance and universal value, and is a type of world
heritage. Dueto construction, land isincreasingly limited in urban and rural areasin the process of
urbanization, and cultural landscape heritage faces a huge threat, especially larger culturallandscape-
heritagelocated at the edgesof cities. However, most of the existing studies have mainly focused on
the material protection of heritage but have not paid enough attention to the non-material aspects of
heritage sites, failing to reveal the inseparable nature of heritage and land. Therefore, this study takes
sustainable development efficiency as its analysis tool, examines two pieces of cultural landscape
heritage (the Panlongcheng site and the Tomb of the King of the Ming Dynasty) in the urban edge
area of Wuhan, China as examples, innovates and establishes a multidimensional evaluation method
based on the GIS-DEA-Ml model, and compares the dynamic changes of the spatial development
efficiency and non-spatial development efficiency of the above two cultural landscape heritage cases.
The results show that: both the spatial development efficiency and non-spatial development effi-
ciency of Panlongcheng from 2010 to 2019 are significantly higher than that of the Tomb. This method
makes up for the deficiency of traditional subjective qualitative analysis. It can be used to study the
development efficiency of cultural landscape heritage more objectively and comprehensively, and
promote the overall sustainable development of material and intangible cultural heritage. It can
provide the basis for early decision-making and post-implementation evaluation for the preservation
and utilization of cultural landscape heritage under the background of urban renewal.

Keywords: GIS-DEA-MI model; urban fringe; cultural landscape heritage; sustainable development
efficiency; heritage preservation and utilization

1. Introduction

J. Jackson believed that landscapes are never a simple natural space or a natural
environment, and that each landscape is the space-time place of human beings [1]. In the
first half of the 20th century, German geographer Otto Schluetter put forward the theory of
cultural landscapes. He believed that landscapes can be divided into two categories; one is
the original landscape, and the other is the cultural landscape (the landscape changed by
human activities). He thought that cultural landscape is the form of human phenomena on
the ground, and should be studied as a landscape created by human beings and their labor
that can reflect the culture and economy of human groups. In 1906, Otto Schluetter formally
put forward the concept of “cultural landscape form”, emphasizing that landscape has not
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only its appearance, but also social, economic and spiritual power. It also points out the
difference between cultural landscapes and natural landscapes, and requires the study of
cultural landscapes as a phenomenon evolved from natural landscapes, and the form of
landscapes as cultural products [2].

American geographer C. O. Sauer inherited and developed Otto Schluetter’s theory of
cultural landscape. He believed that cultural landscape is “a region composed of significant
forms of connection including nature and culture”. C. O. Sauer believed that a special
human group, under the influence of culture, can create suitable surface features in areas
that are long-lived and active. This feature is caused by the different ways in which human
beings intervene with, apply and transform the environment, and is also a result of the
transformation from natural landscape to cultural landscape [3]. In Sauer’s paper on
landscape morphology in 1925, the natural landscape is the result of the effect of human
culture on the natural landscape [4]. In the Recent Development of Cultural Geography,
published by Sauer in 1927, cultural landscape was first clearly defined for the first time as
“the form of human activities appended to the natural landscape” [5].

In 1992, the World Heritage Committee included cultural landscape heritage in the
World Heritage List. The study of cultural landscape heritage has attracted extensive
attention from scholars all over the world. David Jacques called the 1990s “the rise of
cultural landscape” [6]. The distribution of word culture landscape heritage in various
regions is extremely uneven. The world cultural landscape heritage in Europe accounts
for more than half of the world total, which is three times that of Asia [7]. Walliams Logan
presented a report at the 10th UNESCO University and Heritage Symposium with the
theme of “The Cultural Landscapes in the 21st Century”, noting that “the conservation
and utilization of cultural landscapes is much more smooth in Europe than in Asia” [8].
The 2004 ICOMOS report also pointed out the shortage of the word cultural landscape
heritage sites in Asia [9]. Many of Asia’s heritage sites have been designated as natural
heritage sites, but in fact many of the cultural associations have been obliterated, although
the number of world cultural landscape heritage sites in Asia is insufficient [2]. However,
Professor P. Fllower analyzed the number and value of cultural landscapes in Asia and
confirmed the value of cultural landscapes in Asia [10]. In Asian world heritage sites
or candidate lists, the most important are human sites, architectural monuments and
religious heritage. However, the World Heritage Committee did not consider cultural
landscapes, vernacular architecture, technological or agricultural sites as a whole. These
belong to the category of cultural landscape sequences, leading to a missed opportunity
of demonstrating Asian local spirit [2]. For the sustainable and healthy development of
Asian cultural landscape heritage, Ken Taylor recommends making efforts in the following
areas [11]: give a clear Asian definition of cultural landscapes, define the content of Asian
cultural landscape types according to Asian values and a regional cultural landscape
list, grasp the construction and practice of cultural quantitative concepts, connect nature
and culture, take man as an integral part of nature, and establish a unique protection
mode, so as to avoid the simple imitation of the Western national park protection system
of pure nature protection. Professor Ken Taylor believes that Asia’s cultural landscapes
can make a significant contribution to world heritage, and China should play a leading
role [12]. Mitchell believes that China has a long history of civilization and unique man-
land relationships, and covers a large part of its natural heritage. Therefore, it has special
value to observe and study heritage protection from the perspective of cultural landscapes.
The Asian cultural landscape perfectly reflects the interactive relationship between man
and nature. It is not only a tangible cultural work, but also the result of the cultural effect
of associative intangible values. In this respect, different from Western cultural landscapes,
the Asian cultural landscape is a part of a “dynamic process of identity formation” [2]. Han
Feng pointed out that in Eastern culture, nature and culture are an inseparable integral
whole, and cultural landscape is the link between nature and culture heritage, revealing
the inseparable nature of heritage, land and landscape. He once pointed out that China
has difficulty understanding the concept of “cultural landscape” [13]. He believes that the
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landscape in the Eastern tradition itself has strong cultural attributes. Different from the
West, landscape in Eastern culture is a landscape with special significance.

Some natural heritage scholars in the West regard nature and culture as two completely
opposite things. In their view, human beings are not a part of nature and the landscape is
not a product of culture. However, China pays attention to the overall characteristics of the
landscape and believes that the protection of cultural landscape heritage not only involves
simple material protection, but also involves the cultural and social dimensions. Therefore,
non-material factors such as society, economy and land development and utilization need
to be further considered in the protection and utilization of cultural landscape heritage
and the study of sustainable development in China. Cultural landscape is the result of the
interaction between human beings and nature. Its integrity and importance require us to
achieve sustainable development in the management of cultural landscape heritage. The
current management of China’s cultural landscape heritage takes sustainability as the basic
principle and overall requirement, and coordinates multiple fields such as society, economy
and environment. The effectiveness of management is directly related to the status quo
of cultural landscape heritage and the possibility of sustainable development, and the
effectiveness evaluation of management refers to the objective evaluation of the process,
results, efficiency and rationality of project implementation under the background of
management. By setting reasonable evaluation indexes, the planning, management system
and implementation in the process of regional management are evaluated scientifically.

Scholars from different countries have different perspectives on cultural landscape
heritage. For example, in research on the protection and utilization of cultural landscape
heritage, Shizhenjia et al. explored the protection and management methods of Chinese clas-
sical royal garden cultural heritage based on three-dimensional digital technology, which
improved the management efficiency of cultural landscape heritage and promoted the
sustainable development of cultural landscape heritage [14]. Xuhui Wang et al. constructed
the ecological security model of ancient capital landscape based on cellular automata
theory [15]. Alessandra Capuano explored more advanced Roman archaeological sites
and urban sustainability based on sustainable concepts [16]. Janjira Sukwai used GIS and
computer-generated 3D modeling to support a visual integrity assessment of change man-
agement in the Chiang Mai Historical City buffer zone [17]. In the study of the sustainable
coordinated development of cultural landscape heritage and tourism, UNESCO launched
the World Heritage Sustainable Tourism Program in 2001 in response to the opportunities
and threats posed by tourism activities in World Heritage sites [18]. Joanne Connell et al.
studied the monitoring of local government planning in sustainable tourism planning in
New Zealand [19]. Muhamment Yasarata et al. studied the coexistence of sustainable
tourism development and politics [20]. The contradiction between tourism development
and sustainable heritage has always been a topic of academic debate. Di Zuo et al. explored
the relationship between tourism, residents’ practice and traditional cultural landscapes in
cultural heritage sites by taking Hongcun Village in China as an example, and proposed
the possibility of capital-driven and sustainable development and local cultural balance,
which is of great significance to the sustainable development of cultural heritage [21].

The above research emphasizes the sustainable development of cultural landscape
heritage, but mostly only focuses on the protection of cultural landscape heritage, cultural
landscape heritage and the sustainable development of tourism. The sustainable develop-
ment of cultural landscape heritage and the surrounding environment research perspective
is insufficient, given the lack of quantitative research on the efficiency of the sustainable
development of cultural landscape heritage. In addition, cultural landscape heritage is
mostly located in urban edge areas, and the protection, utilization and sustainable develop-
ment of the cultural landscape heritage are threatened by urban expansion. Therefore, it is
particularly important to study the coordination and sustainable development of cultural
landscape heritage sites and the surrounding environment, and cultural landscapes should
be included in current territorial space planning and used as a resource element for scien-
tific control. Under the background of China’s territorial space planning, the protection
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and control of cultural landscape heritage in urban fringe areas and its overall environment
are the focus of current research.

Urban fringe was first proposed in 1936 by German geographer, Herbert Louis, who
found that originally rural areas had been gradually occupied by urban construction regions
and had blended into urban areas during his study of Berlin urban structures. He then
defined the zone as different from the type of urban land used as Stadtrandzonen.

In 1968, R. J. Pryor explained urban fringe as the fringe built-up areas and suburban
areas with significant differences in urban-rural land use, society, and demography. Urban
and rural areas are not well-delineated, bounded, or self-sufficient spaces [22]. During
the period of rapid urbanization, the urban fringe area is the area where urban expansion
occurs first, and land use change is the most active [23]. The urban fringe is quite unstable,
influenced by urbanization activities, which leads to the strong dynamic fluctuations of
multiple aspects such as economics, social structures, nature, and human landscape. With
the expanding of urban areas and rapid development of the economy, urban fringes will be
the first to be eaten away and deteriorated by urban areas, which therefore must be given
importance in urban sustainable development. Major urban challenges facing China and
Europe are related to changes in climate, environment, and to decision-making that makes
urban and rural landscapes more susceptible to environmental pressures. Urbanisation
is one of the most challenging processes we face in the 21st century. This calls for new
thinking to create robust collaboration across urban–rural areasthat fosters sustainable
development in both [24]. In Italy, a decisive steering role is entrusted to regional landscape
planning, as introduced through the current Code of Cultural Heritage and Landscape.
Regional landscape plans define the rules to which all municipal plans must conform [25].

K. E. Boulding et al. believe that more and more people have realized the importance of
protecting cultural landscapes and thenatural environment under the increasingly serious
situations of population explosion, rapid industry expansion, intensified natural resource
consumption, ecological destruction, and the environmental pollution caused by the great
industry and modern agriculture [26].

As cultural landscape heritage becomes part of the world’s heritage, its effective
management has been causing concerns worldwide.In 1969, L. McHarg published Design
with Nature, in which he discusses environmental issues from the perspectives of nature,
history and humanity, and explains how natural procedure guides land development [6].
After decades of work, various countries have combined the regional protection of cultural
heritage with the national and local development of culture and ecology, society, and other
aspects, and they have also rationally set up relevant cultural heritage reserves. These
measures, in advance, offer the basis for scientific decision-making and new ideas in the
protection and management of closely relevant departments, such as urban planning,
government management, and land use. Additionally, such measures have provided strong
support for the strategy of regional overall coordinated development, and have gained
much successful experience.

Sustainable urban planning is essential in mediating the natural and built environ-
ments globally, yet there is little progress as regards its attainment in developing coun-
tries [4]. With different national conditions, each country has its own strategy of the
protection and use of cultural landscape heritage. For example, the U.S. was the first to
establish the National Park System so as to maintain the non-profit, complete, scientific, and
sustainable protection of its cultural landscape heritage. Unlike most Western developed
countries, China has an urban-rural dualism where there are enormous differences between
urban and rural areas. Besides, the fact that many cities remain in the process of urbaniza-
tion has made urban fringe even more unstable. China’s large cultural landscape heritages
are mostly located in urban fringe areas, which makes it easier for them to be influenced by
the process of urbanization, and such special locations have given them special qualities
different from other types of cultural landscape heritage. As a result, cultural landscape
heritagesites in urban fringe areas are often developed into archaeological site parks with
conservative features and historical memories, which can offer public cultural service
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and help the protection of relics as well as the strategy of rural vitalization, becoming a
destination of cultural tourism and key supporter of beautiful rural construction.

However, since China has a behindhand archaeological site park construction, a
mature model has not been formed in practice, and there are situations of “mass input with
tiny output” in some cities’ archaeological site park construction. Meanwhile, the planning
and construction of an archaeological site park requires the comprehensive consideration
of land use, population distribution, industrial distribution, and matching public facilities
with base facilities so as to promoting the rural-urban development by protecting historical
sites. Hence, it is necessary to conduct research on the sustainable development efficiency
of cultural landscape heritages.

In 2000, the UNESCO (United Nations Educational, Scientific, and Cultural Organiza-
tion) proposed the Hoi An Protocols for Best Conservation Practice in Asia at the Bangkok
conference, which stressed the inner links between tangible heritage, intangible heritage, and
cultural landscape protection, and can serve as professional guidance to guarantee and main-
tain Asian cultural heritage sites in the context of Asian cultures. The European Landscape
Convention has set out a much more holistic understanding of landscape than was previously
the case within Europe. The Convention embodies thinking that is beginning to be reflected
in the work of governments, environmental agencies and a wide range of interested parties
within the landscape field in Europe. The European Landscape Convention helpfully does
not value any one landscape above another, indeed it recognises that local and degraded
landscapes are as likely to be of importance to the communities or cultures who visit them as
those which are commonly found to be labelled as globally important.

In 2005, the ICOMOS (International Council on Monuments and Sites) held an interna-
tional conference and passed the Xi’an Declaration, where they emphasized the importance
of the environment to cultural heritage preservation in ever-changing cities and land-
scapes, and that the implementation of specific protection needs to consider the overall
environment’s dual attributes of tangibility and intangibility [2].

The Chinese government attaches great importance to heritage preservation and has
therefore published several national policy documents, including the Notice on Strengthen-
ing and Improving the Work of Cultural Relics, the Cultural Relics Protection Law of the
People’s Republic of China, and The 14th Five-Year Plan for the Protection and Utilization
of Great Sites. Besides, the Chinese government has also laid much focus on its intangible
cultural heritage preservation, and published Interim Measures for the Protection and
Management of National Intangible Cultural Heritage in 2006. This proves again that
heritage is both tangible and intangible in Chinese traditional culture.

From the above, we suggest that sustainable development efficiency is suitable for
assessing the current situation of cultural landscapes in urban fringes and predicting their
potential for sustainable development. Sustainable development efficiency, referring to
the ratio of resource elements’ effective gross output to the input, is also seen as the com-
prehensive reflection of effective allocation of factor input, running status, and operating
management. The proper coordination of social economic development and ecological
environment development is an inevitable requirement of sustainable development [27].

Since the concept of efficiency was proposed in 1957 by a British economist, who also
put forward its measurement standard and model, efficiency study have stepped into a
brand new stage. DEA (Data Envelopment Analysis), created by A. Charnes, W. W. Cooper
and E. Rhodes in 1978, is the most widely used method in efficiency study [28–35]. DEA is a
new field of crossover study involving operations research, management, and mathematical
economics, which is a quantitative analysis method for evaluating the relative effectiveness
of comparable units of the same kind using linear programming according to multiple
input and output indicators.

At present, there have been many studies about applying DEA to efficiency studies,
which therefore formed relatively normative research methods and ideas. For instance,
Yang Li et al. studied the total factor energy efficiency of sustainable development in China
based on DEA [36]. Zhu, S., Zhou, Z., Li, R. and Li, W. used the city-level panel data of
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the three urban agglomerations from 2006 to 2019 to construct the slacks-based measure
integrating data envelopment (SBM-DEA) model for calculating each city’s carbon dioxide
emission efficiency [37].

This study uses sustainable development efficiency as a tool of analysis, takes two
cultural landscape sites in the Wuhan urban fringe as the objects of study, creates and sets a
multi-dimensional evaluation based on the GIS-DEA-MI model, and conducts a compara-
tive analysis on the differences and dynamic changes of the developmental efficiency of the
above two cultural heritage sites. This method makes up for the deficiency of traditional
subjective qualitative analysisand fits in the integrality of cultural heritage sites, so as to
study the development efficiency of cultural landscape sites from a more objective and
comprehensive perspective, to improve the overall sustainable development of tangible
and intangible cultural heritage, and to provide a basis for early decision-making and
post-implementation evaluation for the preservation and utilization of cultural landscape
heritage under the background of urban renewal.

2. Materials and Methods

Many previous studies about development efficiency tended to use the DEA model
only to study its non-spatial development efficiency, or to analyze spatial development
efficiency solely by spatial aspects, such as land use efficiency, planning operational effi-
ciency and urban updating efficiency, while urban issuesare compound, which requires
comprehensive perspectives to summarize the overall development efficiency objectively
and roundly. Additionally, such a study would better be designed as a comparative one,
which can lead to precise knowledge of the differences of the overall resource utilization
among different archaeological parks through comparing the development efficiency of
the research objects so as to redefine their future directions and positions, adapt to new
situations, and make reasonable decisions according to our new duties.

The evaluation of spatial efficiency is proceeded by assessing urban operational ef-
ficiency according to the planning and variation of urban space in other words, various
types of urban construction land, while non-spatial efficiency is evaluated by attributive
standards including urban natural environment, economy and society [38]. Therefore, the
developmental efficiency of archaeological site parks consists of both spatial and non-spatial
development efficiency, as shown in Figure 1.
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Figure 1. Knowledge mapping of the study on the developmental efficiency of cultural landscape heritage.

A GIS (geographic information system), has strong capacities of analyzing and model-
ing geographic space as well as supporting making spatial decisions. POI (point of interest)
data was imported to ArcGIS to generate core density diagrams, which can be used to
calculate the density of the key factors in their surroundings so as to reflect the degree of
concentration in certain ranges of POI distribution.
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The DEA-MI model was chosen to study the non-spatial development efficiency of
the above archaeological parks. The DEA (data envelopment analysis) model, created by A.
Charnes, W. W. Cooper and E. Rhodes in 1978, has been widely used for evaluating projects
and policies.

DEA, a non-parametric examination based on the concept of relative efficiency evaluation,
in which the evaluated units and organizations are called the DMU (decision-making units),
constructs a data envelope curve through selecting various input and output data of DMU,
using linear programming, and taking optimal input and output as production frontiers.

In this method, the efficient point is on the leading surface and the efficiency value is
set as 1, while the invalid point is on the outside, and is given a relative efficiency value
standard within the range from 0 to 1.

The traditional DEA model can only offer longitudinal comparison of the production
efficiency of decision making units at the same timing, while the DEA-Malmquist expo-
nential model can investigate the dynamic variation of the efficiency of DMU in different
stages, thus being able to analyze panel data with a relatively wide application.

To sum up, the evaluation based on the GIS-DEA-MI model can both be applied to
the development efficiency of archaeological parks and other fields, such as evaluating
urban and rural planning operational efficiency and evaluating urban updating efficiency.
This method combines multiple research methods of management, geographic information
systems, urban and rural planning, and other subjects to provide strategies and advice
to improve the development efficiency of archaeological parks, optimize the planning of
urban and rural space, and achieve the integrated development of urban and rural areas,
and it also offers reference to the development efficiency of other archaeological parks.

3. Empirical Research
3.1. Research on Spatial Efficiency
3.1.1. Analysis of POI Data and Kernel Density Calculation

POI (point of interest) data, based on the key data of location services, plays an essential role
in urban planning studies and the preliminary planning of commercial development projects.

The distribution density of POI data is the expression of spatial phenomena, since
human economic activities often manifest as the gathering of several joints and form
gathering centers of different grades in different spatial statistics units. As a result, its
kernel density can reflect the efficiency and potential of space development to some extent.

At present, research on the spatial efficiency of archaeological site parks still lacks a
widely accepted standard. Professor Jonh Radke from the University of California, Berkeley,
first put forward the theory of a two-step floating catchment, which was then improved by
two scholars, Luo and Wang, who combined the gravity model method and the floating
catchment area method. The former calculates the service potential of housing estates,
while the latter calculates the availability of public service facilities, and the combination
is named 2SFCA (two-step floating catchment area method). This method can be used to
study the distribution features of the population and public service facilities in different
searching areas through constructing different motion states of people in cities and the
reachable range finitely formed by the service capacity of urban public service facilities as
the searching areas, and to further measure the opportunities people seize to enjoy public
service [39]. It can be expressed by mathematical expressions such as Equation (1).

AF
i = ∑

j={dij≤d0}
Rj = ∑

J∈{dij≤d0}

(
Sj

∑k∈{dij≤d0} Dk

)
(1)

One of the weaknesses of this method is that it uses the same searching radius for
all the facilities and citizens. Therefore, McGrail put forward the idea of a dynamic
radius according to differences in population density in different areas in 2014, and it was
discovered through many experiments that increasing the searching radius gradually is
feasible with the decrease of population density. The Huangpi District, where Panlongcheng
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is situated, and the Jiangxia District, where the Tomb of the King of the Ming Dynasty is
situated, have significantly less population density than central areas, so there should be
a larger searching radius. By praxiology, the walking speed of an adult is about 5 km/h,
whose normal maximum psychological endurance is 30 min, calculated as 2.5 km.

Meanwhile, with an archaeological site park as our research object, which has a larger cov-
erage and more service objects, including local and non-local visitors apart from its community
residents, we also need to consider the searching radius under non-walking conditions.

According to big data, Liusong conducted research on the service radius of community
parks in Shanghai based on the signaling data of cell phones, which indicated that the
average was 5879 m long [40]. Additionally, an archaeological site park has a significantly
larger scale than normal parks, so a small range of a study may fail to objectively reflect
the surrounding infrastructure and space characteristics. In conclusion, the range of this
research was considered appropriate within a 5 km radius centered in the park.

By adding the POI data of Wuhan in 2020 to ArcGIS, and conducting research within
the range of 5 km centered, respectively, on Panlongcheng and the Tomb of the King of
the Ming Dynasty, the POI data of the above two objects, including the surrounding traffic
facilities, public facilities and service facilities, were calculated to investigate kernel density
and were analyzed according to their current situation.

As shown in Figure 2, the traffic facilities surrounding Panlongcheng are uniformly
distributed and are densely distributed in various spots, while that of the Tomb of the King
of the Ming Dynasty are mainly concentrated on the north side of the highway, connecting
Shanghai and Chongqing, which gathers cross-border e-commerce industries, and along
Fenglian Avenue, and no dense distribution has formed.
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Figure 2. Kernel density analysis of traffic facilities.

As shown in Figure 3, the traffic facilities surrounding Panlongcheng are relatively uni-
formly distributed, but no large-scale distribution has formed in most districts except in Outlets
Plaza near Houhu Bridge. With few public facilities nearby, the public services of the Tomb
of the King of the Ming Dynasty are mainly its archaeological station and village committee,
which serve a quite limited range of areas where the objects are mostly local citizens.
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Figure 4 indicates that service facilities near Panlongcheng are mainly north-south
distributed with relatively few service facilities in the west part, but they are uniformly
distributed on the whole, and have formed dense distributions in multiple areas, which
reveals relatively well-equipped service facilities. As for the Tomb of the King of the Ming
Dynasty, its surrounding service facilities are near Wuhan Qingchuan University in the
southeast part, which serve mostly teachers and students in the school with a limited range
of service.
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3.1.2. Analysis of the Road Network

Traffic is the precondition of the development of an archaeological site park, and its
convenience reflects the potential of space development. The study modified the road
network analysis according to A Map of Wuhan Planning, respectively, centered in the two
research objects within the range of the 5 km radius.

Figure 5 proves that road facilities near Panlongcheng have been relatively well-equipped
and are distributed uniformly. There are three rail traffic lines in the range of research, and
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37 intersections in main roads. When it comes to the Tomb of the King of the Ming Dynasty,
whose road facilities have notbeen fully constructed and uniformly distributed, there is no
rail traffic, and its main roads have 19 intersections. According to such an analysis of the road
network, obviously, Panlongcheng has a better-built road network than the Tomb of the King
of the Ming Dynasty with higher space accessibility. In 2019, the construction of Line 19 of the
rail traffic in Wuhan was officially started, which connects Wuhan Railway Station and the
Optical Valley Bonded Zone, significantly increasing the accessibility of the Tomb of the King
of the Ming Dynasty Archaeological Park.
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3.1.3. Analysis of Land Use Property

A Map of Wuhan Planning, published by Wuhan Natural Resources and Planning
Bureau, specified the nature of the land use in Wuhan, and it is a reflection of how the
space in a district develops and its potential. It is based on this map that the the figure of
the analysis of land use property is modified.

As seen from Figure 6, Panglongcheng has abundant land use properties, which are
mainly used for residents and businesses, while the Tomb of the King of the Ming Dynasty
has planning for land use property in the north part only, which is mainly for industrial use.

The efficiency of space development and utilization near Panlongcheng is significantly
higher than that of the Tomb of the King of the Ming Dynasty. With Longquan Mountain,
Liangzi Lake and other natural resources nearby, the development and utilization of the
Tomb of the King of the Ming Dynasty should fulfil the principle of ecology first, lay a
focus on ecological protection, and develop some businesses, industries and logistics only
in the northern comprehensive bonded areas. Its unique strength in ecology helps to carve
out a different and distinctive path of development than that of Panlongcheng.

The land use property near the Tomb of the King of the Ming Dynasty can be adjusted
according to the space planning of national land, and it will benefit ecological protection
and the longterm development of archaeological parks.
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The efficiency of space development largely depends on the spatial pattern of urban
and rural areas, such as the density of the road network, the properties of construction land
in urban and rural areas, and the distribution of public service facilities. The application
of GIS can directly reflect these features, which benefit the reasonable arrangement and
adjustment of construction land in urban and rural areas, further improvement of equip-
ment, and the cultivation of physical space for urban industries, policy measures and other
immaterial planning objects.

3.2. Research on Non-Spatial Efficiency
3.2.1. The Selection of the Index

The evaluation index of the development efficiency of archaeological site parks still
lacks a common standard, but it can be roughly classified into the input index and the
output index. The selection of the index should be scientific, which means the input index
should be logically related to the output index ona quantitative basis [41–44].

As is shown in Table 1, five indexes were selected in this study, including the general
income and general reception of tourism as the output indexes, and industrial structures
(ratio of tertiary industries), public utility input and the investment in human capital as the
input indexes. Besides, the DEA method demands that DMU should be twice as large as
the sum of output indexes and input indexes, thus the study is compliant since the DMU
counted as 12. Table 1 presents how the indexes were selected and quantified.

Table 1. Evaluation index and quantitative standard.

Evaluation Index Quantitative Criteria Units

Total income from tourism Annual tourism revenue of the administrative region CNY 100 million
Total tourist arrivals Annual tourism reception of the administrative region Person-time
Industrial structure Proportion of tertiary industry percentage
Public service input Annual total input of public utilities in the administrative region CNY 100 million
Human capital input Total number of tertiary industry employees Person
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The data comes from the Statistical Yearbook of Hubei Province, the Statistical Year-
book of Wuhan, and online open-source data over the ten years from 2010 to 2019. Affected
by the COVID-19 pandemic, the data of tourism since 2020 has dramatic fluctuations and
was therefore not involved in this research.

3.2.2. Data Analysis

Statistical data from 2010 to 2019 was added to Deap2.1 and the results are presented
in Table 2, which can be drawn into a line chart as in Figure 7.

Table 2. Results of non-spatial development efficiency.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Mean Value

Pan 0.95 1.21 1.15 0.95 1.05 1.07 1.17 1.09 1.15 1.26 1.21
Ming 0.88 0.79 0.85 0.96 0.87 0.90 0.92 0.93 0.95 0.91 0.89
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Generally, Panlongcheng and the Tomb of the King of the Ming Dynasty share a
relatively high development efficiency, with an average value above 0.8, and they have
small standard deviations of tourism efficiency over the years. The standard deviation of
Panlongcheng Archaeological Park is about 0.09, while that of the Tomb of the King of
the Ming Dynasty is about 0.04, but both of their development efficiencies narrows the
distinction, and the standard deviation decreases year by year.

The results accord with the socio-economic development of Wuhan, where the ar-
chaeological park of the Tomb of the King of the Ming Dynasty in the Jiangxia District
has relatively deficient and late-constructed foundations, and its development efficiency
over the years has been left behind by Panlongcheng Archaeological Park; on the other
hand, however, because Panlongcheng Archaeological Park has been primarily constructed
and its relevant equipment has been implemented, its development efficiency has small
fluctuations in general. In recent years, with the smooth implementation of the archaeologi-
cal work of the Tomb of the King of the Ming Dynasty and the increasing investment in
various aspects, its development efficiency is increasing, narrowing the gap between it and
Panlongcheng Archaeological Park.

Based on the results of the above tourism efficiency from 2010 to 2019, MI method is
applied to calculate the variation of two parks’ non-spatial development efficiency to more
objectively and precisely picture the dynamic variation of the non-spatial development
efficiency. The results are shown in Table 3, and its data is drawn into another line chart, as
shown in Figure 8.
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Table 3. Degree of change in non-spatial development efficiency.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Mean Value

Pan 1.04 1.12 1.07 0.98 1.15 1.06 1.19 1.05 1.09 1.11 1.09
Ming 0.84 0.75 0.86 1.12 1.01 1.07 0.98 1.02 1.05 1.01 0.97
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The above data show that there has been a distinctive difference between the non-
spatial development efficiency of Panlongcheng and the Tomb of the King of the Ming
Dynasty. Over the past ten years, the MI of Panlongcheng Archaeological Park had an
average standard deviation of 0.05, while that of the archaeological park of the Tomb
of the King of the Ming Dynasty was 0.11, but both showeda main feature of increase.
The non-spatial development efficiency of the two parks varied in accordance with their
socio-economic development.

4. Conclusions

This study constructs a multidimensional evaluation based on GIS-DEA-MI, which
was used to conduct research on the spatial and non-spatial sustainable development
efficiency of the two cultural landscape heritagesites Panlongcheng Archaeological Park
and the Tomb of the King of the Ming Dynasty, in the urban fringe of Wuhan, China.
According to the study, we are able to conclude that:

1. Seen from spatial development efficiency, Panlongcheng has a much higher core
density of POI data than the Tomb of the King of the Ming Dynasty, and the quantity
and density of its road network are also superior than the latter’s. Hence, more effort
should be put into the construction of the Tomb’s surrounding basic facilities. As for
the type of land use, Panlongcheng has more varied types of its surrounding land
use, which has been involved in Wuhan’s urban-rural land use planning, while the
surrounding land types of the Tomb are mostly ecological agriculture and forestry,
with the obvious advantage of natural resources. Consequently, future work of urban
planning and cultural landscape heritage preservation and utilization should stress
the improvement of the Tomb’s surrounding land use planning and the protection of
its environmental integrality, so as to facilitate its sustainable and green development
with its advantage in natural resources.

2. The non-spatial development efficiency of the two parks from 2010 to 2019 had small
fluctuations, but that of the archaeological park of the Tomb of the King of the Ming
Dynasty was low in general. As a national archaeological park with much better policy
support, investment and human resources, Panlongcheng Archaeological Park enjoyed
higher non-spatial development efficiency than the Tomb. As a result, the improvement
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of the Tomb’s non-spatial development efficiency should be achieved by digging deep
into its cultural value, actively developing its protection and declaration of the world’s
cultural heritage, and seeking stronger support in policy, fund, and manpower.

3. The application of the GIS-DEA-MI model in research on the development efficiency
of archaeological site parks in urban fringes is appropriate both in the early planning
of construction and in the post-assessment stage. The study of the early planning
can decide reasonable input and optimize the investment efficiency, while the post-
assessment stage helps to improve resource allocation. Local government can make
macroscopic adjustments according to the dynamic variation data of tourism efficiency
to promote the development efficiency of archaeological parks in urban fringe and
the harmonious development of urban and rural areas.

What remains to be further studied and discussed may include:

4. Research on spatial development efficiency still has room for a systematic study
combining the theory of national land planning;

5. Research on non-spatial development still lacks common and widely accepted stan-
dards for the selection of output indexes and input indexes.
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Abstract: The urban rail transit network provides the possibility for people to shift from car to
public transit for travel. This paper clarified the relationships among public transit, accessibility,
and equity and studied the impact of rail transit on public transit accessibility that incorporates the
measure of travel time and transit fare and the impacts’ spatial equity. The results show that rail
transit contributes to the similar distribution between high rate of changes of time-based accessibility
communities and fare-based accessibility communities, which are located nearby the rail transit lines.
The degree of inequity in travel time is higher than the degree in transit fare in two scenarios. Due
to the well-connected bus transit in the city center, absolute changes in travel time are slight, while
relative changes are high. The rail transit has promoted the improvement of public transit equity in
some areas. The difference between the time-based accessibility of Conghua District, northern and
southern Baiyun District, Huadu District, Nansha District and southern Panyu District, and other
communities is getting smaller, which is conducive to the improvement of spatial equity. The results
provide theoretical support for the development of an integrated multimodal public transit system.

Keywords: rail transit; public transit; travel time; transit fare; accessibility; equity

1. Introduction

Conventional bus transit with limited traffic capacity cannot meet the public tran-
sit needs of big cities due to rapid expansion of the city, widening activity spaces, and
lengthening travel distance [1,2]. The building of rail transit infrastructure has already pro-
vided an effective supplement to the public transit system. Urban rail transit is gradually
dominating the public transit system due to characteristics of large capacity, speediness,
reduced air pollution, and land use and is regarded as an important way to solve urban
traffic congestion and achieve energy-saving and emission reduction targets [3]. However,
the expensive construction cost of rail transit leads to its limited coverage rate in the transit
network, which fails to meet the social needs of those dependent on public transit. From
the economic view of travel cost, there is a gap between rail transit fare and bus fare. Indi-
vidual consumption ability impacts the transport mode choice of riders, which affects the
accessibility level. A household travel survey in Canada in 2001 showed that approximately
78% of households that earn less than $40,000 commute by public transit, among which
only 13% of such income groups are rail commuters; the majority of people use a cheaper
method of bus transit [4].

Urban rail transit construction in China is in progress. By 2017, 31 cities opened
an underground railway, among which Shanghai has the greatest mileage. Studying the
impacts of rail transit networks on the improvement and disparities of transit accessibility
could help plan new rail transit lines and stations and help them coordinate better with the
existing transit network, which attempts to increase the transformation possibility of the
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travel mode choice of the population from car to public transit [5]. This kind of research
has an important implication for the improvement of the urban transport service level,
the satisfaction of the diverse and growing public transit demands, and the realization of
sustainable urban transport development. Rail transit significantly reduces the travel time
between communities, generating both efficiency and spatial equity effects. It also leads
to the obvious “time–space convergence” effect, enlarges the influence of the city center,
creates transport advantage for more areas, reconstructs the urban structure, and influences
the spatial distribution of economic activities [6,7]. However, it aggravates disparities of
accessibility among regions and brings about the concern of transport equity [8–11].

Accessibility indicators are increasingly being used as supporting tools for transport
infrastructure planning. Our study contributes to the existing literature by evaluating
the influence of rail transit on transit accessibility and by answering the two following
questions: (1) What are the spatial characteristics of the travel expense and travel time of
communities by bus transit or integrated bus-rail transit and are there significant spatial
differences between the two travel modes? (2) How are disparities for transit accessibility
based on the rail transit network distributed across geographical areas and combined under
an equity objective? The remainder of the paper is organized as follows: Section 2 presents
the literature review on transit accessibility equity. The study area, data, and methodology
are illustrated in Section 3. Section 4 evaluates the spatial influence of the rail transit
in Guangzhou. The final section demonstrates conclusions and discussion about future
research directions.

2. Literature Review

Equity, regarded as a policy target in public transit supply, initially appeared in the
1990s. One way to achieve goals about equity in the city is to provide transit services to
the people who need them most frequently. Equity is a concept that involves multiple
dimensions and multi-faceted aspects, and geographers mainly study equity in the dis-
tribution of public service facilities. Litman (2007) argued that public transport equity
analysis is supposed to concentrate on two dimensions: horizontal equity and vertical
equity [12]. Horizontal equity emphasizes the distribution of transport resources among
various individuals. The studies that are related to the horizontal equity of public tran-
sit explore the minimum equity standard of “uniform” people without considering the
socio–spatial differentiation. Meanwhile, vertical equity refers to the distribution of public
transit resources among individuals differing in capabilities and needs. Thus, it emphasizes
the needs of various social groups to alleviate social inequity. The allocation of public
transit resources is a process of meeting the daily travel needs of people. The study on the
equity of public transit has gone through three stages: geographical equality, spatial equity,
and social equity. The studies on the spatial equity of public transit focus on the issue of
equivalence, which is the minimum standard of “homogeneous persons”. The studies on
social equity began to pay attention to the in justice between different social groups.

The equity assessment of public transit supply is closely related to the measurement
of accessibility [13,14]. Accessibility conventionally is defined as potential opportunities
for interaction [15], which is an indicator commonly adopted to measure the geographical
effects of the transport network and the relevance between transport and economic growth
and to evaluate the impact of urban transport on travel and the land-use pattern [16–18].
Gleason (1975) analyzed a dataset covering bus stop locations by virtue of integer program-
ming models, marking the beginning of studies on transit accessibility [19]. Existing studies
on transit accessibility mainly focus on the measurement of accessibility and its application
in different cities, among which the differences in the function adopted in accessibility
application make the measurement differ significantly. There are three types of indicators
for transit accessibility. The first type of indicator refers to physical accessibility based on
a European geometrical distance, in which the common indicator is the walking distance
from the starting site to the transit stop [20]. Such indicators are simple and easily calculated.
However, they disregard the service provided by each transit station, desired destinations,
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and travel time to these destinations, so the accessibility reflected by such indicators is
incomplete. Compared with the aforementioned indicator, the second type of indicator
evaluates the service frequency of transit stations, which means that the importance of the
station in the entire transit network has been considered [13]. The third type of indicator
additionally accounts for the travel cost associated with destinations [21], as well as the
temporal variability of public transit [22,23]. General Transit Feed Specification files, which
construct a multimodal public transit network, are an important technical improvement.
A Google Transit Feed Specification (GTFS) dataset has been recently applied to build a
completely routable multimodal transit network, which enables the estimation of public
transit travel times at different times of the day [24,25]. The fourth type of accessibility
indicator refers to the log sum of various opportunities within the specific cost calculated
from a regional travel demand model under public transit travel situations [26]. Most of
these indicators are used for studies on the spatial equity impact of public transit. The social
equity of public transit studies mainly focus on the limited accessibility issues that are
affected by different individuals’ space–time constraints [27]. Existing studies often firstly
used specific criteria to distinguish transport-disadvantaged groups and then discussed
the social equity of their travel behavior [28]. On the one hand, some studies explore the
various impacts of public transit on the travel behaviour of residents in different regions,
and it is unfair that some have fewer travel opportunities and transport resources than
others [29]. On the other hand, some researches analyzed the relationship between the
travel behavior of transport and the disadvantaged groups’ socio–economic attributes
under the influence of public transit accessibility [30].

In the studies reviewed above, several authors incorporated public transit travel
expenses into the measurement of transit accessibility due to complex fare structures. Ford
(2015) and Currie (2004) measured transit accessibility based on formal costs, which include
travel time and travel expenses [31,32]. El-Geneidy et al. (2016) assessed the differences in
accessibility resulting from transit fares by considering monthly or single fares [33]. The
approaches they used to calculate the fares were not applicable to other rail transitpolitan
areas because of the data. Different from the diverse ticket pricing strategies in many
countries, the prices of public transit tickets in China are typically determined by the
government. Although some special riders enjoy privileges (such as elderly individuals
and students), the rest are charged the same when taking bus transit, and prices are based on
travel distances for rail transit. To our knowledge, most authors have analyzed the positive
effects of rail transit on increasing land values and accessibility in travel time [34,35], and
literature on the multimodal public transit system mostly focuses on the joint optimization
of rail transit lines and bus transit lines as well as the distribution of transfer stations [36–38],
but the assessment of the spatial equity impacts caused by rail transit is limited. Therefore,
Guangzhou is a typical empirical case for the study of the effects of the rail transit on public
transit accessibility.

In this paper, travel time and transit fares are incorporated into the measurement of
transit accessibility. We study disparities of the accessibility changes among communities
under the influence of the rail transit and evaluate its spatial equity effects in an attempt
to offer theoretical support to the development of an integrated multimodal urban public
transit system.

3. Methodology
3.1. Study Area

This paper covers the study of Guangzhou city’s 11 municipal districts, including an
area greater than 7434.4 km2 as well as more than 2000 communities (Figure 1). As one
of the largest cities in China, Guangzhou city is located in the Pearl River Delta economic
zone, known as a member of three significant and domestic economic circles. It is famous
across the world for its leading role in the reform and opening-up to the rest of the world.
Undoubtedly, Guangzhou city reflects the development of important cities in China to some
extent. Therefore, we employ community-level statistics about the population gained from
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the sixth national population census results of Guangzhou city in 2011. The destinations
of all trips are 11 major commercial complexes in Guangzhou. The type of destination is
not that important at this point, as the basic aim of this paper is to analyze the impacts of
rail transit on the accessibility by public transit—therefore, spatial distribution is the major
criterion for their selection rather than the category of facility. Major commercial complexes
are located evenly in the study region and thus provide a relatively typical sample for
this study.
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3.2. Data and Accessibility Calculation

The navigation function that the Baidu map provides automatically can implement
the travel schemes between any two geographic points in the city based on the travel
mode choice. We made iterate inquiries with the WebAPI based on the Baidu map LBS
open platform in Pythonscript. Real-time transport information for the Baidu map is
estimated every two minutes based on data from multiple sources, considering not only
the speed of different levels of roads but also real-time traffic congestion, which can render
an estimation with a high accuracy of travel distances and travel time [39–41]. The road
network of the Baidu map is complete and updated constantly, in which travel distances
and travel times are calculated with the total for all segments along the route [36]. To
reflect the reliability of travel data based on the Baidu map, we invited 10 residents who
live in different communities to record their daily travel time and travel distances on
public transit (including the use of rail transit or bus and transfers involving rail transit
and bus), while the same period of time and same distances were calculated with the
Baidu map. Fifty tests were performed. The results show that the difference between the
actual travel time/distances and those calculated based on the Baidu map ranged between
−10% and 10%, so the travel time and travel distances based on the Baidu map can be
considered reliable.
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We took the centers of communities as the origins and 11 major commercial complexes
as the destinations. We found the best paths between the starting points and the ending
points using two different travel modes—the mode of the bus transit that is based on the
bus transit system and the mode of the shortest travel time that is based on the integrated
public transit system, here named the bus-only scenario or bus and rail transit scenario,
respectively. The multiday and multiperiod methods were used for data collection to obtain
the daily travel time and travel distance by public transit. The acquisition time included
five working days and one weekend, and the average was calculated to represent the
daily travel time and travel distance. The data of travel distances, travel times, and travel
routes information between all communities and major complexes were obtained between
12 November and 19 November 2020. The dataset included 409,794 routes, 409,794 records
of travel time, and 409,794 records of travel distance for each scenario.

As for the bus and rail transit scenario, the travel scheme with the shortest time would
be selected if the rider could reach the destination by bus or rail transit directly. The scheme
with the shortest total time would be selected if the rider could reach the destinations by
rail transit involving transfers or they could reach the destination by bus transit directly.
The scheme with the shortest total time would be chosen if the rider cannot reach the
destination by either direct bus or rail transit. For the bus-only scenario, the travel scheme
with the shortest time would be selected. Most regular bus transit fare is 2 yuan, and a few
bus express lines connecting the main urban area with the marginal urban area (Zengcheng
District, Conghua District, Nansha District) have higher prices, ranging from 10 yuan to
20 yuan. The ticket for rail transit is priced based on travel distances by rail transit. We first
compared the travel time, transit fare, and travel speed among the CBD, major commercial
complexes, and all communities under different scenarios. The impacts of rail transit on
the equity of the spatial distribution of travel times improvement and increased transit fare
cost were then discussed. The calculation of travel costs in different scenarios is shown in
Figure 2. Residents who travel by public transit generally included three stages: walking
from the starting point O to the public transit station stage, taking public transit to the
station near the destination stage, and walking to the terminal D stage. The travel time
and travel fare of these three stages were summed in this paper, and the time spent during
transfer in the second travel stage was also considered.

This paper analyzed the accessibility changes based on the average travel time and
transit fare from communities to major commercial complexes between the bus-only sce-
nario and the bus and rail transit scenario. The expression is as follows:

Ti =
n

∑
j=1

tij/nPi =
n

∑
j=1

pij/n

where Ti and Pi are the accessibility of community i, tij is the travel time to the destination
of the commercial complex j, and pij is the transit fare to destination j. tij and pij adopt
the minimal travel time or transit fare. The reduced value of Ti in the bus and rail transit
scenario denotes the travel time saved in community i, and the increased value of Pi denotes
the transit fare raised in the community. The community with the lowest average travel
time or transit fare is considered to have the highest time-based accessibility or fare-based
accessibility level among all communities.
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Figure 2. The flowchart of obtaining the OD matrix of travel costs in two scenarios based on the
Baidu map.

3.3. Equity Analysis

The equity analysis in this paper is based on the differences in the spatial distribution of
accessibility improvement between these two scenarios. Equity effects are usually measured
by using a range of indicators of the spatial distribution of accessibility indicators. The
selection for these indicators is based on the changes in accessibility between scenarios.
An ideal equity indicator does not exist, and many scholars advise calculating a set of
indicators to analyze their results as a complement. We utilized three steps for evaluation
of the equity effects based on the findings. In the first analysis, the coefficient of variation is
the ratio of the standard deviation to the average, which represents the relative change of
the geographical data. The formula for CV is:

CV =
1
x
×

√√√√√
n
∑

i=1
(xi − x)2

n− 1

In similar research, this indicator has been used frequently for the purpose of evaluat-
ing the equity effects. The increased CV value states the reduction in equity and negative
equity effect, whereas a reduction in the CV value indicates the positive equity effect and
more balanced spatial distribution of accessibility.

Then, the normalized value of relative and absolute accessibility improvement were
calculated in each community. These two values are complementary because a community
is able to obtain an absolute improvement but a relative low improvement if its initial
accessibility value has a low level. The value of the absolute improvement and relative
change ratios of travel time of communities after the operation were normalized (z-score)
in this paper so that results could be comparable. A z-score of 0 is equivalent to the
average accessibility benefit of the entire city. Accessibility benefits could be completely
equivalent throughout the city if all communities have scores of 0. Positive values indicate
a community has a larger than the city average in accessibility benefit, and negative values
show it as lower than the average accessibility benefit. We illustrated how the values are
distributed across each district to better assess the equity of accessibility changes.
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Finally, we identified the role of different communities in the spatial equity of the
rail transit by comparing two indicators referring to time-based accessibility and the rate
of change between the two scenarios, which is beneficial for the subsequently targeted
improvement of the regional transportation infrastructure and the promotion of spatial
equity of transport accessibility. All communities were divided into two categories: 1©
The differences between the two scenarios tended to be smaller, which were conducive to
spatial equity; this included two situations: low time-based accessibility (travel time higher
than the average)—high rate of change (rate of change higher than the average), high
time-based accessibility (travel time lower than the average)—low rate of change (rate of
change lower than the average); 2© The differences between the two scenarios tended to be
larger, which was not good for spatial equity; this included two situations: low time-based
accessibility (travel time higher than the average)—low rate of change (rate of change lower
than the average), high time-based accessibility (travel time lower than the average) and
high rate of change (rate of change higher than the average).

4. Results and Analysis
4.1. The Impacts of Rail Transit on Accessibility
4.1.1. CBD Accessibility Differences

From the selected origin (the commercial complex in the CBD) to all communities, the
differences in the reachable area and population within periods, and the average travel
speed and transit fare between the bus-only scenario and the bus and rail transit scenario
are illustrated in Tables 1 and 2. In the bus-only scenario, 107 communities can be reached
within a 30-min drive, and 637 communities can be reached within a 1-h drive. Within the
same time, 476 and 1245 communities are reached in the rail transit scenario. The spatial
coverage area and inhabited population within a 10- to 30-min isochronous circle from
the CBD in the bus and rail transit scenario are more than double compared to that in the
bus-only scenario (Figure 3a,b).

In the bus-only scenario, the isochronous circle of the CBD is distributed in a concentric
mode. In the rail transit scenario, the isochronous circle of the CBD is extended and spread
along the rail transit lines in a fingerlike style. Figure 3c shows the spatial distribution of
speed ratios between the two scenarios in the communities. The maximum travel speed
ratio is 3.75 when evaluating trips from all communities to the CBD. Communities with
small differences in travel speed are found in the southern Nansha District, eastern Huadu
District, most of the Zengcheng District, and part of the central city. Communities with a
high variation of travel speed are near the rail transit line. There is a mixture of high ratio
communities and communities with the ratio close to 1 in the city center. The fastest travel
speed from communities to the CBD by rail transit is 3.75 times the speed of bus transit.
The speed of travel in different scenarios significantly varies for communities along rail
transit networks.

Table 1. A comparison of the average travel speed and average transit fare in the bus-only and rail
transit and bus scenarios.

Travel Mode Average Travel Speed (km/h) Average Transit Fare (RMB)

Bus only 18.25 5.51
Integrated bus transit and rail transit 27.95 12.12

Table 2. The difference in the isochronous areal analysis of the CBD between the bus-only and bus
and rail transit scenarios.

Time Periods in the Bus-Only Scenario (Min) Time Periods in the Bus and Rail Transit Scenario (Min)

0–30 30–60 60–120 0–30 30–60 60–120

Reachable population 78.94 307.27 510.94 258.93 691.49 2641.57
Spatial coverage area (km2) 41.32 224.32 1292.26 99.55 481.93 430.58
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4.1.2. Spatial Distribution of Time-Based Accessibility

We calculated the travel times from all communities to 11 major commercial complexes.
The operation of rail transit lines leads to a decrease in mean time from 31.58 h to 19.68 h,
and the total travel time decreases from 83,945.71 h to 52,314.46 h. The improvement of
the total travel time is 37.68%, showing that the rail transit greatly reduces the time be-
tween communities and commercial complexes and promotes the communication of social
economy and culture. As Figure 4a reveals, the spatial pattern of time-based accessibility
shows the inner city is the core center with a low-value spatial distribution, and the value
increases from the core to the fringe area. The spatial pattern of time-based accessibility
shows the north–south extension in a “concentric” shape. The community with the longest
average travel time is 8.65 times that with the shortest average travel time.

The spatial pattern of time-based accessibility is slightly reversed with the rail transit
network (Figure 4b). The overall level of time-based accessibility in the city center is always
the highest, indicating that the average time of reaching all major commercial complexes is
the lowest, while the fringe areas need more time. The community with the longest travel
time (519.42 min) is 11.3 times the community with the shrotest travel time (45.95 min) due
to the improved link brought about by the rail transit lines. Figure 4c shows the percentage
of changes in the time-based accessibility level between the two scenarios. This clearly
highlights the transformation that would occur in communities of the Conghua District,
as their time-based accessibility values in the bus-only scenario are low. The communities
near the rail transit lines see high improvements, which offer virtually direct access to the
commercial complexes. The lowest percentages of improvement occur in the communities
of the northern Zengcheng District, which obtained an improvement value of less than
12.67%, demonstrating that they are less affected by the rail transit lines.
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4.1.3. Spatial Distribution of Fare-Based Accessibility

Fare cost-based accessibility was calculated and compared between the two scenarios
(Figure 5a,b). In the bus-only scenario, the average transit fare for Tianhebei residential
block in Tianhe District is the lowest (3.27 RMB), while communities with high transit fares
are in the western Huadu District and the southern Nansha District. The average fare
between the Zhoudong village of the Conghua district and major commercial complexes is
the highest (12 RMB). The highest average fare is approximately three times the lowest fare.
In the bus and rail transit scenario, the average transit fare between the Lvhe residential
block in the Tianhe District and major commercial complexes is the lowest (6.09 RMB),
while the transit fares of communities near the rail transit lines are high. Figure 5c shows the
rate of change of the transit fare bbetween the two scenarios. The rail transit significantly
affects the spatial distribution of transit fare-based accessibility. The spatial pattern of the
changes in the time-based accessibility and transit fare is similar for the two scenarios.
Communities with a high rate of change are located near the rail transit lines.

Figure 6 shows the proportion of the population in the areas within certain travel times
and fare costs. Approximately 80% of the population can reach the nearest commercial
complex within 43 min by bus only with a travel cost lower than 2 RMB and can reach the
nearest commercial complex within 30 min with travel costs lower than 4 RMB through
combined bus and rail transit.
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4.2. The Impacts of Rail Transit on Spatial Equity

Equity is one of the social impacts brought about by the construction of transport infras-
tructures. The calculated CV values of time-based accessibility and fare-based accessibility
in two two scenarios are used as major indicators for the evaluation of the degree of spatial
disparity variability changes. The results are shown in Table 3. The increased (13.95%) CV
value of the time-based accessibility from scenario 1 to scenario 2 implies that the whole city
has departed from the relief of disparity from the travel-time reduction after the development
of rail transit. The inner city, middle city, and outer city areas witnessed a significant increase
in the spatial disparity of travel time after the construction of the rail transit. The rail transit
provides citywide intensification of the spatial inequality of transit fare, as reflected by the
CV values from scenario 1 (0.27) to scenario 2 (0.28). Clearly, in the bus and rail transit
scenario, the equity benefits of travel-fare expenses were received by the inner city and
middle city, with the disparity in the transit fare within the outer city intensified.

The CV of the time-based accessibility of communities in the bus and rail transit
scenario is higher than that in the bus-only scenario, but its average and standard deviation
are lower, indicating that the rail transit has greatly reduced the average travel time of
communities, and the gaps of services acquired from the main commercial complexes
among communities are widening. The standard deviation, the average, and the CV of
the fare-based accessibility of communities in the bus and rail transit scenario are higher
than those in the bus-only scenario, which means that the operation of rail transit increased
the disparity of public transit service prices among communities, improving fairness
in distribution. By comparing the CV values of time-based accessibility and fare-based
accessibility, we found that the CV value of time-based accessibility is higher than that of
the fare-based accessibility in the two scenarios, indicating that disparities in travel time
among communities are greater than those in transit fare and the inequity degrees of travel
times are higher than those of the transit fares.
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Table 3. Coefficient of variation (CV) of time-based accessibility and fare-based accessibility.

Number of
Communities

Bus-Only Scenario Bus and Rail Transit Scenario Rate of Change

Standard
Deviation

Mean
Value

Coefficient
of Variation

Standard
Deviation

Mean
Value

Coefficient
of Variation

Mean
Value

Coefficient
of Variation

Time-based
accessibility

All
communities 2658 74.26 172.26 0.43 53.61 107.35 0.49 38.28% 0.28

Inner
Guangzhou 902 13.48 116.73 0.12 10.57 67.35 0.16 42.16% 0.17

Middle
Guangzhou 802 28.88 156.01 0.19 23.24 95.57 0.24 38.61% 0.25

Outer
Guangzhou 954 83.51 238.44 0.35 59.49 155.08 0.38 34.33% 0.38

Fare-based
accessibility

All
communities 2658 1.61 5.87 0.27 3.19 11.27 0.28 93.05% 0.23

Inner
Guangzhou 902 0.49 4.33 0.11 0.83 8.24 0.10 90.92% 0.18

Middle
Guangzhou 802 1.21 5.71 0.21 1.77 10.85 0.16 93.08% 0.26

Outer
Guangzhou 954 1.01 7.46 0.14 2.44 14.48 0.16 95.03% 0.26

Figure 7a,b shows the spatial distribution of Z-scores of the relative improvement and
absolute improvement of the travel time in urban communities. The green areas indicate
that their accessibility gains are above average and raise the overall equity, whereas red
areas illustrate that their accessibility improvements are below average and reduce the
overall equity. The communities with percentages of improvement above average occur in
Panyu District and Conghua District. Comparing the two accessibility maps, we find that
communities in the center of Panyu District, Baiyun District, and Conghua District have
Z-scores greater than 0.5 for absolute and relative improvements. Most communities in
Liwan District, Yuexiu District, Haizhu District, and Tianhe District have above-average
relative improvements in time-based accessibility, and their absolute improvements are
below average. This circumstance occurs because these communities have high time-
based accessibility levels in the bus-only scenario due to good bus transit connections.
Communities in Zengcheng District and western Baiyun District are disadvantaged in
the bus-only scenario; both their absolute improvements and improvement rates are at
significantly low levels as well. Therefore, the accessibility gap between these communities
and the rest is even greater, and the inequity related to rail transit is increased.

Tables 4 and 5 illustrate how accessibility benefits are distributed across the population
of each district, and z-values of the accessibility benefits are used to show the percentage
f population within each district that falls into the range of half standard deviation incre-
ments. Table 5 shows the distribution of the normalized values of absolute improvements
across the population of each district and reveals that the majority of the population in
districts of the inner city is lower than the mean of the entire city, whereas the districts of the
outer suburbs suggest the opposite. To explore the distribution of relative improvements in
relation to the population of each district in Table 5, the analysis results can be compared
with those in Table 4, which shows the results of the absolute improvements. Overall, the
largest upward shifts toward the mean are experienced by districts in the inner city, in
which a large percentage of the total population shifts from below the mean of absolute
improvements of the city to above the mean of relative improvements.

Communities in Conghua District and Panyu District have a disadvantaged position
in the bus-only scenario. Due to an initially poor position, rail transit lines bring high
absolute improvements but low relative improvements to most residents in these two
districts. The majority of the population in Conghua District has higher z-value scores for
absolute improvements and relative improvements than the average value in the bus and
rail transit scenario. The position of the population in Baiyun District relative to the mean is
worse, with low absolute improvements and low relative improvements. Notably, 25.79%
of Conghua District’s population has relative improvement z-values greater than 1.5.
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Table 4. The absolute improvements in time-based accessibility by population according to districts
after rail transit lines were established.

z-Value Scores <−1.5 −1.5–−0.5 −0.5–0 0–0.5 0.5–1.5 1.5<

Inner
Guangzhou

Yuexiu district 0.00% 2.54% 3.67% 0.23% 0.00% 0.00%
Haizhu district 0.00% 1.68% 6.32% 0.75% 0.09% 0.36%
Liwan district 0.03% 1.42% 3.38% 0.57% 0.00% 0.00%
Tianhe district 0.03% 2.70% 5.35% 0.86% 0.48% 0.54%

Middle
Guangzhou

Baiyun district 0.19% 5.57% 6.15% 2.32% 0.25% 0.00%
Huangpu district 0.00% 0.55% 2.40% 2.65% 0.77% 0.00%

Panyu district 0.00% 0.58% 4.12% 5.30% 2.14% 0.08%

Outer
Guangzhou

Huadu district 0.02% 0.25% 2.02% 2.72% 1.21% 0.02%
Conghua district 0.00% 0.02% 0.01% 0.09% 1.20% 1.24%

Zengcheng district 0.35% 2.50% 3.51% 1.27% 0.71% 0.02%
Nansha district 0.00% 0.07% 1.15% 0.53% 0.29% 0.00%

According to Figure 8, the increasingly larger differences are mainly located in
Zengcheng District, southern Nansha District, and Huadu District, which are on the
edge of Guangzhou. The time-based accessibility of these communities is lower than the
average in the bus-only scenario, and the rate of change is also lower than the average in
the bus and rail transit scenario, which widens the gap between these communities and
other areas with superior time-based accessibility. On the contrary, central urban areas have
high time-based accessibility and a high rate of change, so rail transit also widens the gap
between communities in central urban areas and other communities. Increasingly smaller
differences are crucially located in Conghua District, northern and southern Baiyun District,
Huadu District, Nansha District, and southern Panyu District, among which Conghua
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District, Northern Baiyun District, Huadu District, and southern Panyu District have low
time-based accessibility and a high rate of change. Correspondingly, western and southern
Baiyun District and other places have high time-based accessibility and low rate of change.
The rail transit reduces the differences in the time-based accessibility between communities
of this type and other communities. The spatial equity of time-based accessibility is widely
observed in these communities.

Table 5. The relative improvements in time-based accessibility by population according to districts
after rail transit lines were established.

z-Value Scores <−1.5 −1.5–−0.5 −0.5–0 0–0.5 0.5–1.5 1.5<

Inner
Guangzhou

Yuexiu district 0.09% 0.97% 1.48% 2.36% 4.03% 0.01%
Haizhu district 0.03% 0.47% 1.77% 5.02% 4.51% 0.36%
Liwan district 0.18% 0.70% 1.56% 2.42% 2.13% 0.04%
Tianhe district 0.18% 1.47% 2.17% 3.19% 4.20% 0.54%

Middle
Guangzhou

Baiyun district 1.44% 5.40% 3.31% 3.83% 3.64% 0.20%
Huangpu district 0.05% 0.86% 0.78% 2.35% 2.36% 0.30%

Panyu district 0.32% 1.20% 2.99% 3.92% 4.03% 0.31%

Outer
Guangzhou

Huadu district 0.37% 1.22% 1.32% 2.01% 1.60% 0.00%
Conghua district 0.06% 0.14% 0.36% 0.81% 2.58% 0.87%

Zengcheng district 2.45% 3.14% 1.78% 1.21% 0.77% 0.02%
Nansha district 0.06% 0.70% 0.81% 0.27% 0.29% 0.00%
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Figure 8. The distribution of the classification results of spatial equity by communities.

5. Conclusions
As investments in citywide rail transit projects increase, often accompanied by lofty

goals for invigorating economic development, this paper serves to highlight the
importance of designing a relatively equitable public transit system throughout the
urban area. With the use of a travel data matrix obtained from the Baidu API, this paper
examined the influence of rail transit on the public transit accessibility by using travel
time and transit fare for all communities of Guangzhou. On this basis, we analyzed the
spatial equity impacts of the rail transit and the potential for improving accessibility for
the population.

The main conclusions are as follows. (1) In the bus-only scenario, the time circles of
the CBD are concentric. Eighty percent of the population can reach the nearest
commercial complexes within 68 min, with a fare cost lower than 2 RMB. The travel time
and transit fares of communities and their needs are closely correlated. In the bus and
rail transit scenario, the time circles of the CBD extend along rail transit lines similar to
“fingers”. Eighty percent of the population can reach the nearest commercial complexes
within 56 min, a with fare cost lower than 4 RMB. Travel time and transit fares in the
community have less of an association. The rail transit significantly lowers the
correlation between the transit fare and travel time. (2) The rail transitincreases the
internal disparities of time-based accessibility that generally increases from the inner city
via the middle city to the outer city and widens the gaps in locational advantage and the
level of accessibility and public transit service prices among communities and
exaggerates unfairness. The degree of inequity in travel time is higher than the degree
associated with the transit fare in the two scenarios. (3) The Zengcheng District and
western Baiyun District are in the disadvantaged position in the bus-only scenario,
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the use of a travel data matrix obtained from the Baidu API, this paper examined the
influence of rail transit on the public transit accessibility by using travel time and transit
fare for all communities of Guangzhou. On this basis, we analyzed the spatial equity
impacts of the rail transit and the potential for improving accessibility for the population.

The main conclusions are as follows. (1) In the bus-only scenario, the time circles of
the CBD are concentric. Eighty percent of the population can reach the nearest commercial
complexes within 68 min, with a fare cost lower than 2 RMB. The travel time and transit
fares of communities and their needs are closely correlated. In the bus and rail transit
scenario, the time circles of the CBD extend along rail transit lines similar to “fingers”.
Eighty percent of the population can reach the nearest commercial complexes within 56 min,
a with fare cost lower than 4 RMB. Travel time and transit fares in the community have less
of an association. The rail transit significantly lowers the correlation between the transit
fare and travel time. (2) The rail transit increases the internal disparities of time-based
accessibility that generally increases from the inner city via the middle city to the outer city
and widens the gaps in locational advantage and the level of accessibility and public transit
service prices among communities and exaggerates unfairness. The degree of inequity in
travel time is higher than the degree associated with the transit fare in the two scenarios. (3)
The Zengcheng District and western Baiyun District are in the disadvantaged position in
the bus-only scenario, where absolute improvements and relative improvements in travel
time in the bus and rail transit scenario are lower than the average. Therefore, rail transit
widens the gap between communities in these areas and the rest, leading to an increase in
inequity. (4) The rail transit affects most residents in Conghua District and Panyu District,
whose absolute improvements are high and relative improvements are low. Most of the
population in the inner city is below the mean of absolute improvements and above the
mean of relative improvement. The position of the population in the Baiyun District relative
to the mean is worse, with low absolute improvements and low relative improvements.
The rail transit reduces the time-based accessibility differences between communities in
Conghua District, the peripheral area of Baiyun District, the center of Huadu District and
southern Panyu District, and other communities, where the spatial equity of time-based
accessibility is widespread in these communities.

Researching the impact of rail transit on transit accessibility is an efficient approach to
assess the spatial imbalance of the given effect. However, accessibility for each individual
and the public transit needs of each community are different. Our limitation of this accessi-
bility approach results from its aggregate nature, which reflects general differences in the
community level and does not combine the residents’ travel demand. In the future, the
coordination of the rail transit network and bus transit network could be analyzed further
based on the spatial distribution of residents’ travel demand and urban economic activities.

This study helps us to understand the influence of the distribution of rail transit on the
travel behavior of public transit and more clearly outlines the structure of the public transit
system of Guangzhou. The difference in the travel structure hides transport unfairness.
The difference in accessibility in different travel modes, to a certain extent, determines the
difference in transport equity.

The rail transit supply in Guangzhou is concentrated in the central urban area, which
will help solve the problem of urban transport congestion and CBD accessibility, but the
distribution of public transit has a low density and there is only one regular bus line in
many communities in peripheral areas. In the future, the government could improve the
existing public transit services in communities with low-level accessibility by providing
regular bus lines and small buses connecting to rail transit stations. Future policies could
combine the merits of the reliability and speed of rail transit and the wide coverage of bus
transit for the gradual optimization of the public transit network by region. The planning
of new rail transit stations and lines should emphasize coordination with the bus transit
system and could draw attention to the connection with the public bicycle network, so
that the influence range of the rail transit network can be increased from 500 m on foot
to 2000 m by bicycle, which encourages more people to choose rail transit as their daily
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travel mode choice. This paper only analyzed the impact of rail transit on conventional bus
travel based on the travel cost. In the future, the coordination of the rail transit network
and bus transit network could be analyzed further based on urban expansion, the spatial
distribution of residents’ travel demand, and urban economic activities.
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Abstract: Extensive development leads to the decline of ecological well-being, and it is necessary to
improve the urban ecological well-being performance (EWP). This paper adopted the Super-slack-
based measure (Super-SBM) model to evaluate the EWP of 285 Chinese prefecture level cities from
2011 to 2017. The exploratory spatial data analysis method (ESDA) was used to explore the spatial and
temporal evolution characteristics of the EWP, and then the spatial Durbin model (SDM) was adopted
to analyze the driving factors of the EWP. The results show that the trend of the overall average EWP
has experienced a stage evolution process of “upward→ downward→ upward”. The urban EWPs
have significant spatial agglomeration and path dependence. The economic development level and
technological progress had the positive impacts on the EWP, and the urbanization level, economic
extroversion and industrial structure had the negative impacts on the EWP. The result reveals that
there was a “U-shaped” relationship existing between urbanization level and the EWP. The negative
spatial spillover effect of urbanization level on the EWP was significant. The corresponding policy
implications were put forward. This study will provide strategic guidance for policy makers to
optimize and enhance the urban EWP.

Keywords: ecological well-being performance; super-SBM model; spatial Durbin model; sustain-
able development

1. Introduction

The rapid urbanization development in China has made significant progress, but it has
also faced many challenges. Environmental deterioration, a lack of resources, a shortage
of resources and other ecological problems have seriously damaged the ecosystem, which
has hindered the promotion of people’s well-being and the ecological civilization. The
proportion of population who are urban residents will raise to 68% in 2050 [1]. With the
rapid increase of global population, the problem of resource consumption has become
increasingly serious [2]. As shown in Figure 1, the total energy consumption per capita in
China was 3488 kgce in 2019, nearly 5.68 times those of the total consumption in 1980 [3].
Meanwhile, the problems of “urban diseases” appear, for example, as a result of insuffi-
cient water supply, urban traffic congestion, low land use efficiency, insufficient public
infrastructure construction and so on, which bring severe challenges to urban develop-
ment. Climate change, ecological environmental damage and other issues are intertwined,
affecting people’s health, economic and other well-being levels in different ways [4,5].

China has actively been promoting a new type of urbanization for solving serious
ecological environment problems and improve people’s well-being in recent years. China’s
urban construction has changed from extensive development to a new type of urbaniza-
tion. The 14th Five-Year Plan (2021–2025) clearly proposed the goal of achieving new
progress in the building of a Beautiful China and a new level of people’s livelihood. The
economic system is subordinate to the ecological system, rather than an independent and

233



Int. J. Environ. Res. Public Health 2022, 19, 9996

unrestricted system [6]. Ecological well-being is the expansion of the connotation of so-
cial well-being, which has raised sustainable development and quality of life to a more
important position [7]. Ecological well-being performance (EWP) refers to the efficiency of
transforming natural consumption into human well-being [8]. Therefore, it is an inevitable
tendency for promoting the EWP and high-quality development under the constraints of
ecological resources.
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Figure 1. China’s per capita energy gap from 1980 to 2019.

The research on the EWP is developing in the continuous global search for a healthy
and benign economic development model, and has highly concerned scholars in recent
years [9]. Some of the existing literature has carried out comprehensive analysis of the
EWP evaluation, space distribution of the EWP and its driving factors. The evaluation
methods of the EWP mainly include two types [10]. First is the single-factor evaluation
method, and the proportion of well-being level to natural consumption is used to estimate
the EWP [11]. Well-being level is usually measured by the Human Development Index
(HDI) or average life expectancy, and ecological consumption is usually measured by
ecological footprint (EF) [12]. For example, Daly initially used the ratio of natural con-
sumption (service) to well-being level (ecological resource throughput) for calculating the
sustainable development level of a national region [13,14]. Abdallah et al. [15] put forward
the Happy Planet Index (HPI), which measured the longevity and happiness of life. The
other is comprehensive evaluation method, such as Data Envelopment Analysis (DEA)
and Stochastic Frontier Analysis (SFA) [16]. For example, Hu et al. used the network DEA
model to estimate the EWP, and analyzed the evolution and impact of the urban EWP in
the Yangtze River Delta [17]. Xiao et al. adopted the improved SFA model to estimate the
EWP of 79 Chinese cities in the Yellow River Basin [18]. Bianchi et al. used the DEA model
to assess the comparable development of eco-efficiency and the geographical heterogeneity
in the European region between 2006 and 2014 [19]. Moutinho et al. used a two-stage DEA
method to measure the eco-efficiency scores of European Union countries from 2008 to
2018 [20].

There are great differences in economic development, resource endowments and
energy consumption in different Chinese regions, and different regions have spatial dif-
ferences in terms of the EWP. For example, Wang et al. explored the spatial and temporal
differentiation characteristics of the EWP of 30 provinces in China [21]. Li et al. selected
the Yellow River Delta as the research area, and adopted the coupling coordination degree
model to research spatiotemporal evolution, and used the geographic weighted regression
model to analyze the influencing mechanism of the EWP [22]. Deng et al. used the kernel
density estimation method and Markov chain to reveal the spatial disequilibrium and
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dynamic evolution characteristics of the EWP [23]. Zheng et al. used the exploratory spatial
data analysis (ESDA) method to explore the spatial-temporal distribution pattern of the
EWP in China [24]. Kounetas et al. used a nonparametric model to estimate patterns
of convergence or divergence of environmental performance in U.S. states from 1990 to
2017 [25]. It has become an important direction to carry out the spatial and temporal
evolution research of the EWP and simulate the change trend of the EWP.

Many studies have been conducted to explore the driving factors of the EWP. The
traditional quantitative methods such as Tobit model, Logarithmic Mean Divisia Index
(LMDI) method and other econometric model have been extensively employed to explore
driving factors of the EWP. For example, Dietz et al. [26] studied the relationship between
human well-being environment intensity and economic growth in 58 countries, and they
argued that the result was opposite to Kuznets curve. Jorgenson, et al. [27] analyzed the
dynamic relationship between human well-being energy intensity and economic growth in
12 European countries. Behjat and Tarazkar [11] employed the autoregressive distributed
lag model to reveal influencing factors of the EWP in Iran from 1994 to 2014, finding that
the population growth has a negative effect on the EWP. Silva et al. selected Brazil as a case
study, and adopted spatial regression models to explore the impacts of the affluence and
income inequality on the environmental intensity of well-being [28]. Ahmed [29] analyzed
the driving factors of natural resources abundance, human capital, and urbanization on
the ecological footprint in China. Xiao and Zhang [30] used Tobit model to explore the
influence mechanism of the EWP, and the study showed that green technology innovation
efficiency had a positive impact on the EWP.

By summarizing the existing literatures, the research of the EWP evaluation, space
distribution and driving factors are in the stable increase period, and there are relatively
rich research results and considerable research foundation. However, there are still some
deficiencies in relevant literatures. The EWP study mainly focuses on the national and
provincial scales, but pays little attention to the urban EWP. The data of these scales have
some limitations in reflecting the internal heterogeneity of regional development, so it is
essential to carry out the research on urban EWP. Furthermore, the spatial and temporal
evolution characteristics of the EWP has not been sufficiently explored, and the spatial effect
of driving factors on the EWP needs to be further considered. The traditional econometric
analysis usually ignores the existence of spatial correlation and does not consider whether
the EWP has the effects of spatial spillovers, affecting the accuracy of analysis results.
Consequently, it is necessary to study the spatial and temporal evolution characteristics of
the EWP and analyze the spatial effects of driving factors on the EWP.

Therefore, the aims of this study were: (1) to use the Super-SBM model for estimating
the EWP of 285 prefecture-level cities in China, and to propose the ESDA method for
exploring the spatial and temporal evolution characteristics of the EWP; (2) to adopt spatial
econometric model for analyzing driving factors of the EWP; (3) to design strategies for
enhancing the EWP with urban characteristics. The major novelty of this study is summed
up as follows. (1) Existing literatures usually ignores the spatial effects of the urban EWP.
The ESDA method is employed in this study, which can reveal spatial agglomeration
characteristics of the EWP. (2) On the basis of considering temporal heterogeneity and
spatial heterogeneity, the spatial panel Durbin model is used to test the spatial spillover
effect of the EWP, which further enriches the theoretical research in this field. (3) The EWP
presents a new study perspective for urban sustainable construction, and the analyzed
results and policy implications are conducive to accelerate the implementation of urban
management decisions and promote regional sustainable development.

2. Method and Data
2.1. The Super-SBM Model with Undesirable Outputs

The Super-SBM model is used to evaluate the EWP, which can also break through the
shortcomings of traditional DEA. It consists of the following aspects [31,32]:
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(1) Assuming that there are n cities (decision-making unit, DMUs) with the X input
and Y output matrices. It can be expressed as below:

X = (xij) ∈ Rm×n > 0, Y = (yij) ∈ Rs×n > 0

Then, the EWP production possibility set (P) is expressed as:

P = {(x, y)|x ≥ Xλ, y ≤ Yλ, λ ≥ 0}

where λ is the non-negative vector in Rn.
The DUM (x0, y0) can be described as

x0 = Xλ + s−

y0 = Yλ− s+

With λ ≥ 0, s− ≥ 0 and s+ ≥ 0. The vectors s− ∈ Rm and s+ ∈ Rs are the input
redundancy and insufficient output. Applying s− and s+, the EWP ρ is as below:

minρ =
1− 1

m ∑m
i=1 s−i /xio

1 + 1
s ∑s

i=1 s+i /yio
(1)

Subject to





x0 = Xλ + s−

y0 = Yλ− s+

λ ≥ 0, s− ≥ 0, s+ ≥ 0
(2)

where ρ is the EWP value, 0 < ρ ≤ 1; and λ is the linear coefficient of a DMU; x and y
are input and output variables respectively; m and s are the number of input and output
indicators respectively.

(2) The Super-SBM model is shown as follows:

δ∗ = minδ =
1
m ∑m

i=1 xi/xio
1
s ∑s

r=1 yr/yro
(3)

Subject to





x ≥
n
∑

j=1, 6=0
λjxj,

y ≤
n
∑

j=1, 6=0
λjyj,

x ≥ xo, y ≤ y0
y ≥ 0, λ ≥ 0

(4)

δ∗ is the EWP value. The evaluative DMU is relatively effective when δ∗ ≥ 1. The
higher the δ∗ is, the higher the urban EWP is. The evaluative DMU is relatively ineffective
when δ∗ < 1.

2.2. Spatial Autocorrelation Analysis

There are two important steps to build a spatial econometric model. The first step is
to test the spatial correlation, and the second step is to select and establish an appropriate
spatial econometric model. It is necessary to check whether the selected variable data has
spatial dependence. The exploratory spatial data analysis (ESDA) method was used to
verify whether the selected samples have spatial autocorrelation. The global Moran’s I
index is given as follows [33,34]:

I =

n
∑

i=1

n
∑

j=1
ωij(Yi−Y)(Yj−Y)

S2 n
∑

i=1

n
∑

j=1
ωij

(5)
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A Moran scatter plot reflects the correlation of the internal structure of global space
and the correlation of local space [35]. The local Moran’ I index is expressed as:

Ii =
(Yi −Y)

S2

n

∑
j=1

ωij(Yj −Y) (6)

where S2 = 1
n

n
∑

i=1
(Yi −Y)2; Y = 1

n

n
∑

i=1
Yi, n is the number of cities; Yj is the EWP value of

city j; ωij is the spatial weight matrix.
The rules are as follows: the scope of Moran’s I statistic is [–1,1]. If Moran’s I > 0, it

indicates that there is a positive spatial correlation between the research variables, and
there is a certain agglomeration phenomenon. It is shown as agglomeration effect of
high EWP value among the local city and its adjacent cities (“High-High”), or it is shown
as agglomeration effect of low EWP value (“Low-Low”). If Moran’s I < 0, it indicates
that it is a spatial negative correlation. The spatial characteristics of the local city and its
adjacent cities have spatial disparity, and it shows “High-Low” or “Low-High” spatial
agglomeration effect [36,37]. If Moran’s I is zero, it indicates that the research variables are
independent and randomly distributed. When |Z| > 1.96, P < 0.05, the spatial correlation
is significant [38].

2.3. Spatial Econometric Model

Spatial econometric models mainly include spatial the autoregressive model (SAR),
spatial error model (SEM) and spatial Durbin model (SDM). When the spatial lag term
of explanatory variables affects the explanatory variables, it is necessary to consider the
establishment of SDM [39]. The basic modality of spatial econometric models can be
described as follows:

y = λWy + Xβ + WXθ + µi + δi + εit (7)

εit = ρWεit + ϕit, ϕ ∼ N(0, σ2
it In) (8)

where W is the spatial weight matrix, β is the coefficient of the explanatory variable, ρ is
the spatial effect coefficient, θ is the impact parameter of the explanatory variable in the
adjacent region, µi, δt are the spatial and temporal effects respectively. εit is the random
disturbance term.

The spatial panel model covers a variety of commonly used models.

(1) θ= 0, ρ= 0 and λ 6= 0, it is simplified as SAR model;
(2) θ= 0, λ= 0 and ρ 6= 0, it is simplified as SEM model;
(3) λ 6= 0 and θ= 0, it is simplified as SDM model.

Lesage and pace [40] decomposed the impact of explanatory variables in spatial
econometric model on explained variables into direct effect, indirect effect and total effect.
The direct effect means the effect of explanatory variables on the local cities, and the indirect
effect is the effect of explanatory variables on its adjacent cities, namely spatial spillover
effect [41,42]. The total effect is the joint effect of the direct effect and indirect effect [43].

2.4. The Integrity Research Method

The integrity research method for this paper is given in Figure 2. First, the index
system and driving factors were established through a literature review. Second, the
empirical analysis of 285 Chinese prefecture level cities from 2011–2017 was performed,
and the Super-SBM model was adopted to evaluate the EWP. Third, the ESDA method was
used to explore the spatial temporal evolution characteristics of the EWP. Finally, the SDM
was constructed to study the driving factors and spatial spillover effects of the EWP.
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2.5. Data Collection

According to the data of the National Bureau of statistics, there were data of
298 Chinese prefecture level cities in 2017. Considering availability and accuracy of data,
285 prefecture level cities in China were selected as the research area. Some statistical stan-
dards of EWP indicators data changed from 2018 onwards; therefore, the research period
of this paper is 2011–2017. The seven years, China has gone through a number of major
reform measures, which has a certain theoretical research value. The data are gathered from
“China city statistical yearbook 2012–2018” and “China statistical yearbook 2012–2018”.
Based on the classification of China’s economic zones by the National Bureau of statistics,
285 cities are divided into the cities of eastern region, middle region and western region.

3. Selection of Variables and Processing
3.1. The Selection of the EWP Indicators

This paper constructs the EWP index system structure from the perspective of the
two aspects of ecological input and well-being output. Ecological footprint is an appro-
priate indicator to measure natural consumption. However, it is difficult to obtain data of
ecological footprint at urban scale. This paper chooses comprehensive input indicators to
measure natural consumption, such as energy, water consumption and land consumption.
Objective well-being usually reflects people’s basic economic and environmental needs [44].
The HDI has become widely recognized, which includes education, medical care and
economics dimensions. Therefore, referring to that dimension of HDI, this paper proposed
the evaluation indicator structure of the EWP, as shown in Figure 3.
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3.1.1. The Selection of Input Indicators

Energy consumption. Due to the data of coal, oil and other energy sources at the city
level not being available, referring the experience of Zhang et al. [45], the urban electricity
consumption (x1) is selected to measure energy consumption in this paper.

Water consumption. Water resources are not only the basic element of maintaining
human life and health, but also the essential resource in production activities. The water
consumption of residential use (x2) is adopted to reflect water consumption [46].

Land consumption. Though the spatial expansion of urbanization needs to use a great
deal of land, and the total amount of land resources is limited. The built-up area (x3) [45] is
represented to reflect land consumption in this paper, as shown in Table 1.

Table 1. The indicator descriptions of the EWP evaluation.

Dimension Criteria Indicators Unit

Input indicators Ecological input

Per capita urban electricity consumption (x1) Kwh

Per capita water consumption of residential use (x2) Ton

Per capita built-up area (x3) m2

Output indicators

Well-being

Per capita GDP (yd
1 ) Yuan

The number of students enrolled per 104 persons (yd
2 ) Person

The number of doctors per 104 persons (yd
3 ) Year

Environment pollutants

Per capita wastewater discharge (yud
1 ) Ton

Per capita SO2 (yud
2 ) kg

Per capita soot /dust (yud
3 ) kg

Note: In order to negate the influence of inflation, the economic data of the GDP were normalized to that of 2011.

3.1.2. The Selection of Output Indicators

(1) Desirable outputs.

The level of economic development. This is often regarded as an important indicator
of the economic situation of a country (region); GDP (yd

1 ) [42] is selected to reflect urban
economic development level in this study.

The level of education development. The number of students enrolled is widely used
to measure educational development level. For instance, Shen and Zhou [47] adopted it
to characterize the education development level. Consequently, the number of students
enrolled per 104 persons (yd

2 ) is selected to reflect a city’s educational development level.

239



Int. J. Environ. Res. Public Health 2022, 19, 9996

The level of medical care. Due to the continuous data on per capita life expectancy in
Chinese prefecture level cities is difficult to obtain. The number of doctors per 104 persons
(yd

3 ) is used to reflect the medical care level [38].

(2) Undesirable outputs.

Considering the availability of data, wastewater, waste gas and solid waste are in-
cluded in the EWP index system as undesirable outputs. Wastewater discharge (yud

1 ), SO2
(yud

2 ) and soot/dust emission (yud
3 ) are selected as undesirable outputs to reflect environ-

mental pollutant indicators [48]. The indicators of this empirical study are the per capita
consumption of each sample unit, that is, the total amount of indicators divided by the
permanent population.

3.2. The Selection of the EWP Driving Factors
3.2.1. Economic Development Level

Economic factors are particularly important for the urban EWP, which reflect the scale
or degree of economy development in different periods. For example, Grossman and
Krueger analyzed on the relevance of environmental quality and economic development,
finding that the relationship between them is an inverted U-shaped curve [49]. Per capita
GDP is selected for eliminating the influence of population size [50]. In addition, the
square of per capita GDP is introduced for exploring the relationship between the EWP
and economic development level.

3.2.2. Urbanization Level

Urbanization level affects the EWP through multiple mechanisms. The main view is
that urbanization level promotes urban economic development and improves the energy
and resource utilization efficiency, which has a positive effect on the EWP. However, some
scholars argued that the low quality of urbanization causes large energy and resource
consumption, and increases the pressures of urban environment, which has a negative
effect on the EWP [51]. The proportion of urban population to total urban population at
city level is selected to measure urbanization level.

3.2.3. Urban Compactness

Moderate urban scale can optimize the comprehensive benefits of a city. It is believed
that urban compactness not only means providing more urban space with the least land,
but also reflects the pursuit of a better quality of life in the city. In contrast, any scholars
argued that strict planning of urban boundaries may be ineffective, and the establishment
of the compact city is not an effective policy [52]. Referring the research of Long et al. [53],
the population density is chosen to measure urban compactness in this paper.

3.2.4. Industrial Structure

Industrialization has facilitated economic growth. However, it has aggravated envi-
ronmental pollution due to high pollution and consumption, affecting people’s quality of
life and health, and hindering the improvement of regional well-being. For example, manu-
facturing, power, gas and construction cause serious environmental pollution. Inspired by
Zhong et al. [54], the proportion of added value of secondary industry to GDP at city level
is used for measuring the industrial structure.

3.2.5. Economic Extroversion

The “pollution paradise hypothesis” assumes that developed countries prefer to
choose countries with relatively loose environmental regulation requirements to set up
pollution-intensive enterprises [55]. In contrast, there is another hypothesis that economic
extroversion prompts multinational enterprises to bring original capital, strengthen co-
operation and connection of international enterprises through the spillover effect and
competition effect. The economic extroversion is estimated by the proportion of foreign
direct investment to GDP at city level in this paper.
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3.2.6. Urban Greening Level

There are many literatures have studied on urban greening. For example, Jin, et al. [56]
explored the relevance between well-being and greening levels in South Korea, finding
that greening level has a positive correlation on the well-being. Conversely, some scholars
have analyzed the impact of urban greening on air quality, finding that the impact of the
greening coverage rate on urban air is not significant [57]. Referring to the experience of
Luo, et al. [58], the urban green area is selected for measuring the urban greening level.

3.2.7. Technological Progress

The introduction of advanced technology, the innovation of management levels and
improvement of labor quality can generate technology and knowledge spillover, and reduce
the emission of environmental pollutants. However, some enterprises with low level of
environmental pollution control and relatively low production capacity are not sensitive
to technology input, and the cost of technology input forms a “crowding out effect” on
enterprise production [59]. The technological progress is defined by the proportion of
science and technology investment to GDP at city level in this paper. The driving factors of
the EWP are shown as in Table 2.

Table 2. The definition of variables.

Explanatory Variables Definitions of Variables Variable Abbreviation Key References

Economic development level
Per capita GDP (104 yuan/person) PGDP

[60]
(Per capita GDP)2 PGS

Urbanization level The proportion of urban population to total urban population (%) UR [61,62]

Urban compactness The population density(Person/square kilometer) PD [53]

Industrial structure The proportion of added value of secondary industry to GDP (%) IS [54]

Economic extroversion The proportion of foreign direct investment on GDP (%) FDI [63]

Urban greening level Per capita urban green area (m2/person) UG [64]

Technological progress The proportion of science and technology investment on GDP (%) TP [65]

4. Results and Discussion
4.1. Spatial and Temporal Evolution Characteristics on the EWP
4.1.1. Analysis of the EWP Evaluation

This paper used MaxDEA 8 Ultra software to measure the EWP. The average EWP
value was 0.6229, which was relatively low. Among 285 cities, Sanya, Shenzhen and Haikou
ranked in the top three in terms of the EWP, and the average values were 1.870, 1.257 and
1.228, respectively. However, the EWP values of Guigang, Yichun and Baishan were 0.126,
0.124 and 0.106, respectively. This may be related to these top EWP performers benefiting
from the rapid development of regional economy and the advance of technology.

From Figure 4, it can be seen that the EWP fluctuates every year in China. The
average EWPs of eastern, central and western cities were 0.6297, 0.6217 and 0.6158. From
the perspective of regional differences, the EWPs show the decreasing pattern of “east-
middle-west”. Relying on the physical and geographical advantages of coastal areas, the
eastern region cities assimilate foreign investment. Most of them are exposed to high-
end technology, forming a cumulative effect of economic, educational, medical and other
advantages [66]. In contrast, the EWP of western cities is lower than that of other areas.
A lot of cities in the western region are geographically faraway, and the transportation
and education systems are underdeveloped, so this type of urban construction needs to
promote high-quality economic development.

In this study, Arcgis software was applied to study the EWP space distribution of
285 prefecture-level cities in China. Figure 5a–d shows the spatial distribution of urban
EWP in 2011, 2014, 2017 and 2011-2017. Figure 5a presents the cities such as Shenzhen,
Guangzhou and other eastern cities, mainly distributed throughout the excellent group
(EWP ≥ 1) in 2011. Compared with 2011, the number of cities of eastern region at the excel-
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lent group decreased in 2014. The number of central and western cities in the worst group
(EWP < 0.2) decreased in 2017, indicating that China has made remarkable achievements in
new urbanization development since 2014. It can be seen from Figure 5d that from 2011 to
2017, the average EWP values of central and western cities retain at relatively low level. The
economic level of these cities is relatively dropped behind, and the limited environmental
governance investment, the low levels of education and medical treatment are also the
inducing factors. As a result of the unreasonable industrial structure and the relatively
backward technical level, the ecological input and well-being output are not proportional.
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Figure 4. The EWP in Chinese eastern, central, western region and whole China from 2011–2017.
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4.1.2. Spatial Autocorrelation Analysis

Spatial autocorrelation analysis was applied to explore the spatial distribution of
the EWP in 285 Chinese cities from 2011 to 2017. Geoda software was adopted to an-
alyze Moran’s I index of the EWP. The whole of Moran’s I values were greater than 0.
Table 3 shows that the autocorrelation tendency of the EWP from 2011 to 2017 was roughly
“up-down-up”.

Table 3. Moran’s I statistical values for the EWP of 285 Chinese cities from 2011 to 2017.

Year Moran’s I p Value Z Value

2011 0.0869 0.0070 2.3557
2012 0.1419 0.0010 3.5734
2013 0.1032 0.0030 2.7583
2014 0.0885 0.0100 2.3945
2015 0.0210 0.2530 0.6357
2016 0.0178 0.2840 0.6055
2017 0.1290 0.0010 3.4757

2011–2017 0.0900 0.0060 2.4520

(1) In 2011–2012, the Moran’s I value raised from 0.0869 to 0.1419, and was significant at
a 1% level. The Moran’s I value was 0.1419, which implied that the positive spatial
correlation of the EWP was very significant in 2012.

(2) The spatial correlation of the EWP has experienced a continuous decline from
2013–2016. The agglomeration degree of the EWP began to increase in 2017, in-
dicating that the implementation achievements of new urbanization and relative
policies have been gradually effective.

Since there existed spatial agglomeration of the EWP in Chinese prefecture cities,
this paper further conducted Moran scatter plots from 2011 and 2017 to analyze the local
spatial correlation of the EWP. Figure 6 shows that 151 cities (52.98%) have positive spatial
dependence. Among them, 80 cities (28.07%) were located in quadrant I (HH type), 71 cities
(24.91%) were located in quadrant III (LL type). The spatial correlation of the remaining
134 cities was not similar, and they accounted for 47.02%. The results show that most cities
and their adjacent cities in China have similar spatial cluster characteristics to the EWP.
Compared with 2011, the spatial agglomeration distribution characteristics of the EWP in
2014 were more significant. It shows that the green development achievements have been
gradually obvious. The results show that 168 cities (58.95% of total number) have positive
spatial correlation on the EWP. Among them, 68 cities (23.86%) and 100 cities (35.09%) were
HH type and LL type in 2017, and 119 cities (41.05%) were LH type and HL type. It can be
seen that Moran scatter plots have the following characteristics:

(1) In 2011, 2014 and 2017, the agglomeration types of the EWP in China was mainly
HH type and L-L type. This indicated that the spatial dependence characteristics of
the EWP was significant, and most cities and their neighboring cities show similar
agglomeration characteristics.

(2) During the study period, HH type mainly concentrates in the eastern region. These
cities have advantages in geographical location and resources. The HH types have
high spatial agglomeration, and become the growth pole of driving the EWP in
surrounding cities.

(3) LL type mainly appears in China’s heavy industry, energy base and western remote
regions. Some cities in LL types have backward economy and fragile ecological
environment, leading to the low value agglomeration of the urban EWP.

The Moran’s I index analysis implies that the clustering phenomenon of the urban
EWP is significant. The traditional regression model usually ignores the spatial correlation
and spatial heterogeneity, and the estimation results are not accurate enough. Therefore,
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the spatial econometric method was conducted to further test the spatial effects of driving
factors on the EWP.
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4.2. Analysis of Driving Factors on the EWP
4.2.1. Selection and Estimation of Spatial Panel Model

First, whether the model has spatial correlation was tested, and the OLS panel model
with non-spatial effects was estimated (Table 4). From the result analysis of ordinary panel
regression, LM Test and robust LM lag test rejected the original hypothesis of no spatial
lag and no spatial error, and both of them were significant at 1% level. Consequently, only
using the common OLS regression may cause the imprecise results. The spatial effect panel
model was used to make spatial regression analysis, which is expressed as follows:

EWPit = α + β(PGDPit, PGSit, URit, ln PDit, ISit, FDIit, UGit, TPit)
+Wijθ(PGDPit, PGSit, URit, ln PDit, ISit, FDIit, UGit, TPit)+ρWijEWPit + ci + µi + εit

(9)

where, EWPit represents the EWP of the i city of the t time, and β is the regression param-
eters of the driving factors; Wi,j is the adjacent space weight matrix, and the first-order
spatial weight matrix of rook is selected in this study; ρ is the interaction parameter of the
EWP in adjacent cities, θ is the influence parameter of driving factors of adjacent cities
on the EWP, and ci, µt are spatial and temporal effects respectively, which are random
disturbance terms.

Table 4. The non-spatial panel model test results of the EWP.

Statistic Mixed Effect Spatial Fixed Time Fixed Double-Fixed

Adjusted R2 0.1740 0.0508 0.1830 0.0576
σ2 0.0595 0.0172 0.0586 0.0168

loglikfe −11.4752 24.7052 2.5676 25.1069
LM Lag 71.1922 *** 53.3217 *** 72.0546 *** 40.2838 ***

Robust LM Lag 39.6311 *** 11.1342 *** 31.5794 *** 6.5575 ***
LM Error 131.0704 *** 65.6392 *** 126.7096 *** 49.2843 ***

Robust LM Error 99.5093 *** 23.4518 *** 86.2344 *** 15.5580 ***
Note: *** indicates significant level of 1%.

The results of SDM, SAR and SEM spatial panel models are as shown in Table 5. LR
test and Wald tests were adopted to determine if the SDM could be simplified as SAR or
SEM. The Wald test and LR test both rejected the original hypothesis. This implies that
the SDM could not be simplified as a SEM and SAR. Hausman test statistics rejected the
original hypothesis at 1% significance level test, indicating that the fixed effects should be
chosen. The results reveal that the SDM model is more appropriate than SAR and SEM.
Therefore, the SDM with double-fixed effects is considered in this paper.
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Table 5. The spatial effect panel regression results of the EWP.

Variables
SDM SAR SEM

Coefficients T Coefficients T Coefficients T

PGDP 0.0174 *** 3.6777 0.0084 ** 2.1429 0.0106 ** 2.5289
PGS 0.0222 *** 3.6157 0.0249 *** 4.6640 0.0254 *** 4.4866
UR −0.0041 *** −4.9031 −0.0043 *** −5.0739 −0.0042 *** −4.9428

ln PD 0.0460 0.7145 0.0231 0.3682 0.0343 0.5376
IS −0.0021 ** −2.0816 −0.0021 ** −2.3939 −0.0022 ** −2.3868

FDI −0.0028 * −1.9392 −0.0026 * −1.8408 −0.0027 * −1.9149
UG −0.0005 −2.0442 −0.0005 −2.0198 −0.0006 −2.2200
TP 0.0597 *** 4.9796 0.0564 *** 4.8698 0.0585 *** 4.94709

W× PGDP −0.0257 *** −3.110
W× PGS −0.0029 −0.2805
W× UR −0.0015 −0.8384

W× ln PD −0.2228 −1.4155
W× IS 0.0020 1.1574

W× FDI 0.0032 1.2116
W× UG 0.0011 ** 2.0626
W× TP 0.0290 1.3504

σ2 0.0188 0.0191 0.0190
R-squared 0.7764 0.7724 0.7660

Log-likehood 1282.9770 1265.5207 1269.5204

Statistical Tests Z-Value p-Value
Wald_spatial_lag 30.2098 ** 0.0355

LR_spatial_lag 34.9126 ** 0.0187
Wald_spatial_error 22.9044 *** 0.0035
LR_spatial_error 26.9133 ** 0.0134

Hausman test −68.0646 *** 0.0000

Note: * indicates significant level of 10%; ** indicates significant level of 5%; *** indicates significant level of 1%.

(1) The coefficient of economic development level had a positive impact on the EWP. It
implies that economic development still takes a significant part in improving the EWP, and
urban economic development is the premise and basis to improve the EWP. Economic de-
velopment can bring human social benefits and increase the well-being of urban residents.

The coefficient of the square of per capita GDP was positive significantly at a 1%
level. There was the U-shaped line between the economic development level and the
EWP, proving that the EWP decreases with the increase of economic activity at the initial
stage of development, and then the EWP gradually improves with the improvement of
economic development.

(2) The coefficient of the urbanization level was −0.0041, and had significantly neg-
ative impacts on the EWP. On one hand, it is mainly attributed to the urban crowding
caused by rapid transfer of population from rural areas to cities. Moreover, the extensive
urbanization not only promotes the economic development, but also causes great pressure
on the ecological resources and natural environment. The mismatches between the rapid
expansion of urbanization and urban infrastructure, education and medical resources
reduce the well-being of residents.

(3) The influence coefficient of population density was 0.046, and it was not significant.
It demonstrated that the population density had a positive effect on the EWP, and this
observation reflected that of Song, et al. [67]. The compact city can make efficient use of
land resources and can provide urban residents with higher quality public infrastructure
and municipal services.

(4) The industrial structure had a negative impact on the EWP, and it was significantly
at 5% level, which was consistent with the literature of Fan et al. [68]. China’s urbanization
development is mainly based on industrialization, and the industrial structure is detrimen-
tal to the EWP optimization. It is crucial to expedite the transformation and upgrade of
industrial structure to improve the EWP.

(5) The coefficient of economic extroversion was significant at 10% level. It shows that
China’s economic extroversion has an inhibitory effect on the urban EWP, indicating that
China’s policies for introducing and utilizing foreign capital are relatively loose. Under the
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loose policy conditions, enterprises discharge a large number of pollutants, resulting in the
reduction of the EWP.

(6) The coefficient of urban greening level was not significant. It indicated that the
degree of urban greening had not taken a positive role in ameliorating the EWP, which is
inconsistent with expectations. Generally speaking, the higher the urban greening level is,
the higher the air quality might be. However, the regression result of urban greening level
is not significant, which indicates that urban greening level is not balanced. For example,
the amount of greenery in many urban centers and old districts is insufficient, and the
overall urban greening level in the western region is lagging behind.

(7) A significant positive-correlation influence was found between the technological
progress level and the EWP at 1% level. It implies that promoting the technological
progress level is conducive to promote the EWP. China has increased the input of innovation
resources, and the ability of independent innovation has been significantly enhanced in the
late years. The high level of technological progress produces agglomeration and spillover
effects, and improves the urban EWP.

4.2.2. Analysis of Spatial Spillover Effect

The Matlab 2019a software was used to obtain the spillover effect of each variable
(Table 6). The direct and indirect effects of per capita GDP were significant at 1% level.
This implied that economic development had a positive spillover impact on the local EWP
and a negative spillover effect on its adjacent cities. The total effect of per capita GDP was
negative correlation and did not pass the significance level test. To some extent, it reflects
that the city with higher economic development level may not have a positive effect on the
EWP of adjacent cities.

Table 6. The spatial spillover effect of the EWP.

Variables
Direct Effect Indirect Effect Total Effect

Coefficient T Coefficient T Coefficient T

PGDP 0.0167 *** 3.6381 −0.0274 *** −2.8400 −0.0108 −1.2248
PGS 0.0220 *** 3.7379 0.0021 0.1711 0.0241 * 1.9455
UR −0.0042 *** −5.0343 −0.0030 −1.3533 −0.0072 *** −2.9001

ln PD 0.0381 0.6219 −0.2616 −1.3815 −0.2235 −1.1584
IS −0.0020 ** −2.0481 0.0020 0.9272 −0.00004 −0.0197

FDI −0.0030 * −1.8749 0.0032 0.9610 0.0006 0.1698
UG −0.0005 * −1.9544 0.0012 * 1.8744 0.0007 0.9750
TP 0.0203 −5.0581 −0.0595 * 0.7982 −0.0391 −1.4223

Note: * indicates significant level of 10%; ** indicates significant level of 5%; *** indicates significant level of 1%.

The direct effect and total effect of urbanization development were significant at 1%
level. It indicates that the low-quality urbanization development level has a negative impact
on the local EWP and its adjacent cities. The low-quality urbanization mainly contains
excessive of natural consumption and over-expanded urban construction. Urbanization
development is a vital factor of the urban EWP.

The direct effect of industrial structure was significant at 5% level, indicating that
the industrial structure had a negative effect on the local EWP. Although the increase
of the secondary industry promotes the development of a local economy, it also brings
environmental pollution, ecological deterioration and other environmental problems, which
reduces the resource utilization efficiency and social well-being level. The coefficients of
indirect effect and total effect were not significant.

The direct effect of economic extroversion was significant at 10% level, which implied
that economic extroversion had a negative spillover effect on the local EWP. The indirect
effect and total effect were not significant. It shows that foreign direct investment has
caused environmental pollution, but the new technology and management experience have
formed a diffusion effect in the adjacent cities.
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The direct effect of technological progress was not significant. Its indirect effect
coefficient had negative relation to the EWP. It shows that although technological progress
promotes the EWP of the local region, it does not promote the EWP of surrounding cities.
It has not played a positive role in driving the adjacent cities in the study period. This may
be related to the adaptability of independent research and development achievements of
some cities in China. The total effect of urban greening level was not significant. The direct
effect and indirect spatial spatial of urban compactness on the EWP were not significant,
and the multifaceted role of urban compactness was not fully reflected.

4.2.3. Analysis of Robustness

The robustness of SDM is tested by changing spatial weight, and the adjacent space–
weight matrix is replaced by the distance–space–weight matrix. The coefficient significances
of driving factors on the EWP are basically consistent with Table 7, which further confirms
that the results of this study are basically credible. The analysis results of robustness test
prove that after changing the spatial weight, the EWP regression result of SDM with the
adjacent space weight matrix is robust.

Table 7. The analysis results of robustness test.

Variables
SDM SLM SEM

Coefficients T Coefficients T Coefficients T

PGDP 0.0164 *** 3.3192 0.0074 * 1.8925 0.0095 ** 2.2372
PGS 0.0239 *** 3.9582 0.0257 *** 4.7986 0.0263 *** 4.6925
UR −0.0041 *** −4.8689 −0.0043 *** −5.1489 −0.004 *** −5.0713

ln PD 0.0380 0.5962 0.0298 0.4722 0.0372 0.5850
IS −0.0015 ** −1.5868 −0.0020 * −2.2145 −0.0019 ** −2.1001

FDI −0.0026 * −1.7957 −0.0026 * −1.8719 −0.0027 * −1.8616
UG −0.0004 −1.6258 −0.0005 −2.0074 −0.0005 −2.0798
TP 0.0577 *** 4.9013 0.0565 *** 4.8537 0.0585 *** 4.9841

W× PGDP −0.0164 *** −2.7416
W× PGS −0.0030 −0.3334
W× UR −0.0009 −0.5931

W× ln PD −0.1382 −1.1232
W× IS 0.0004 −0.2447

W× FDI 0.0024 0.7403
W× UG 0.0008 ** 1.9851
W× TP 0.0276 1.5969

σ2 0.0190 0.0193 0.0192
R-squared 0.7738 0.7706 0.7660

Log-likehood 1274.9153 1260.6148 1263.5959

Statistical Tests Z-Value p-Value
Wald_spatial_lag 24.6256 *** 0.0018

LR_spatial_lag 28.6011 *** 0.0004
Wald_spatial_error 19.7626 ** 0.0113

LR_spatial_lag 22.6389 *** 0.0039
Hausman_ test −35.2411 *** 0.0058

Note: * indicates significant level of 10%; ** indicates significant level of 5%; *** indicates significant level of 1%.

5. Conclusions and Policy Implications
5.1. Conclusions

The spatial and temporal evolution characteristics of 285 Chinese prefecture level cities
were analyzed from 2011–2017. The SDM was built to reveal the driving factors of the EWP
with the spatial panel data. The main conclusions showed that:

First, from the evaluation of the EWP, the average EWP value of 285 Chinese cities
was 0.6229, and the efficiency value was relatively low. The trend of overall EWP has
experienced a stage evolution process of “upward→ downward→ upward”. The cities
of average EWP in eastern and central region rated first and second, and cities in western
region ranked third according to the EWPs. Due to the coastal geographical advantages
and priority support of policies, the levels of economy, education and medical care in the
eastern region are evidently superior.
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Second, from the spatial autocorrelation analysis, it is reasonable to conclude that
Moran’s I index of the EWP during the study period was greater than 0. There was spatial
agglomeration of the EWP in 285 Chinese cities, and the spatial effect was significantly
positive. The spatial agglomeration types of the EWP were mainly HH type and LL type.
The urban EWPs have significant spatial agglomeration and path dependence.

Third, the economic development level and technological progress had significant
roles in promoting the EWP. The urbanization level, industrial structure and economic
extroversion had negative effects on the EWP. The impacts of urban compactness and urban
greening level on the EWP were not significant. The negative spatial spillover effect of
urbanization level on the EWP was significant.

Nonetheless this study has some deficiencies, and the topic needs further research.
With regard to aspects of the EWP evaluation, there are some limitations in data collection
of city scale. When these data can be developed in the future, the evaluation indicators
need to be enriched, such as the education development level, medical development level
and subjective well-being indicators. The time span of the EWP established in this paper
only includes 7 years. If the follow-up research can establish the EWP time series with a
time span of 10–20 years, it can further study the spatial and temporal evolution pattern of
the EWP scientifically. The driving factors of the EWP only analyze social and economic
factors such as economic development level, urbanization level and so on, but not include
natural environmental factors such as climate and altitude.

5.2. Policy Implications

First, it is found that there are positive spatial autocorrelation and path dependence of
the EWP. The cities in the eastern region have higher economic, educational and medical
level, and superior environmental supervision. The EWPs of 285 Chinese prefecture-level
cities have obvious spatial correlations. Urban agglomerations in the eastern region should
continue to maintain the spatial agglomeration mode of high EWP value, and promote the
coupling development of ecology and economy. The regions with low EWP should avoid
the diffusion of LL type clusters and improve the ability of independent innovation.

Second, the range of ecological environment and resource-carrying capacity should
be promoted. It is therefore recommended that the government solve the problem of
agricultural transfer population, improve medical and educational conditions, and enhance
the construction of urban infrastructure.

Finally, the technological innovation of ecological environment should be improved.
The incentive policies for technological innovation need to be improved, such as tax
incentives, innovation subsidies and so on. In addition, the transformation achievements
of science and technology in the ecological environment should be strengthened. The
scientific and technological support systems for ecological environments need to be built.
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