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Editorial on the Research Topic
 Smart urban environmental health from multi-scale, multimedia, multi-exposure, multi-target perspectives




Over half of the global population live in urbanized areas. These areas have become the geographic focus of resource consumption and chemical emissions. Pollutants in the urban environmental multi-media (including water, soil, air, etc.) are intensifying, causing chronic public health risk and hazard increases via multi-exposure pathways and multi-scale distribution differences. This Research Topic aims to provide a platform for researchers committed to the related progress on urban environmental health and sustainable development. As a result, our Research Topic has generated a great deal of interests and generated 11 multi-disciplinary articles in total.

The environmental monitoring and risk management research covered within this Research Topic includes studies about atmospheric pollution, soil pollution and cosmetic toxin. Contributors included a team from Chinese Academy for Environmental Planning published their systematic risk assessment in a typical contaminated site of a hazardous waste disposal center based on soil boreholes and groundwater monitoring wells investigation (Zhu et al.). Based on the chemical element analysis of lead (Pb) in the selected 34 popular lip cosmetics from Chinese e-commerce market, Li et al. found that there was no significant (non-)carcinogenic risk and blood Pb risk caused by adults and children's exposure to those lip cosmetics. The study by Zhu et al. proposed a hierarchical urban PM2.5 management policy by exploring the PM2.5 spatiotemporal evolution and its socioeconomic driver analysis. Further, the provincial baseline of PM2.5 in China was calculated by Jin et al., and their findings may help decision-makers to establish the differentiated control rules based on the classified cities.

The urban environmental health and sustainable development covered in this Research Topic also comprises a series of interdisciplinary studies, which explore this topic using methods from econometrics, landscape ecology, and environmental hygiene. The study by Chen et al. found that the economic losses of high temperature on the health of Wuhan residents were 156.1 billion RMB (95% CI: 92.28–211.40 billion RMB) during 2013–2019, accounting for 1.81% (95% CI: 1.14–2.45%) of Wuhan's annual GDP. Further, the findings of Liu et al. may help planners and government to understand the current cooling condition of green spaces, improve their cooling capacity, mitigate the urban heat island effect, and create a comfortable and healthy thermal environment during summer. Shan et al. analyzed the coordinated relationship between urban population–land spatial patterns (UPLSPs) and ecological efficiency (EE) in 12 Hubei cities as case studies. Their results indicated that the related departments should coordinate human and land resources and the ecological environment, and narrow regional development differences. By using the difference-in-differences (DID) method, Ye et al. found that the Ecological Red Lines (ERL)'s pilot scheme in four provinces of China hardly drove any promotion effects on the ratio of the tertiary industry to secondary industry while the residents' health was significantly improved by 1.029%. The study by Liu et al. analyzed the spatio-temporal variation of health production efficiency (HPE) of each province across China and highlighted the significant socioeconomic driving factors on health production efficiency, then targeted policies to accelerate the overall HPE development were proposed.

In this Research Topic, the environmental health law and geography studies have also been covered. The research by Zhang et al. highlighted the importance of knowledge on analyzing the subject and the subjective, incidence, and sentencing factors of wildlife crimes from legal and ethical perspectives, and uses the ecological economic ethical model to measure wildlife crimes. Cao et al. proposed a combining long short-term memory (LSTM) and quantum particle swarm optimization (QPSO) method to forecast the demand for shared bicycles in different urban regions, through which to reduce chemical emissions and improve public health by increasing user experiences.

The high diversity of the urban environment and public health studies on sustainability theme is likely to be of interest to a broad audience for upcoming decades. This Research Topic provides not just a timely reference source for academics, but also practical use for decision-makers, environmental engineers, and land planners concerned with environment-public health-sustainable development.

It is a pleasure to thank the members of the Editorial Board, all authors and co-authors and all referees for their valuable contributions to this Research Topic. Furthermore, these interesting publications would not be possible without the efficient support from the Journal Office.
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A total of 214 sampling sites of a hazardous waste disposal center were surveyed in a two-stage pollution investigation, including soil boreholes and groundwater monitoring wells. Results showed that chemical oxygen demand (COD) (4.00–2930.00 mg/L), fluoride (0.07–9.08 mg/L), chromium (0.12–1.20 μg/L), nickel (0.15–459.00 μg/L), lead (0.10–10.20 μg/L), cadmium (Cd) (0.05–16.40 μg/L), and beryllium (0.06–3.48 μg/L) were detected in groundwater samples. For soils, Cd in soil (78.7 mg/kg) exceeded the risk screening value (65 mg/kg) for soil contamination of the second type of development land (GB36600-2018), and there remained the risk of leakage in the landfill detection investigation. Then, a health risk assessment was carried out. Based on the definitions of the groundwater exposure pathway (HJ 25.3-2019) and the pollution investigation of groundwater, the carcinogenic and non-carcinogenic risks of groundwater were generally considered to be negligible. The carcinogenic risk and non-carcinogenic risk of the concerned pollutant in soil for risk assessment (Cd) under the condition of reutilization exceeded the corresponding acceptable levels (1E-06 and 1). The (non-)carcinogenic risk of Cd mainly came from oral intake of soil and inhalation of soil particles under two conditions of reutilization and non-utilization, so on-site workers and surrounding residents should be properly protected from the mouth and nose to minimize the intake of pollutants from the soil and soil particles. The area of soil contaminated by Cd was about 630.58 m2, and the amount of pollution was about 1261.16 m3. The heavy metal pollution was only distributed in the depth range of 0–2 m, and the suggested risk control value of soil pollutants under the condition of reutilization for Cd was 56 mg/kg. Based on different pollution characteristics of soil, groundwater, and the landfill, targeted control measures were proposed.

Keywords: heavy metals, waste disposal site, simulative diffusion assessment, health risk assessment, contaminated site


INTRODUCTION

A contaminated site, also known as a “brown field,” refers to a site that is contaminated by the production, management, treatment, and storage of toxic and harmful substances, the stacking or treatment and disposal of hazardous wastes, as well as mining activities, and is harmful to human health or the ecological environment. With the deterioration of terrestrial ecosystem and the reduction of land productivity, pollution in soil and groundwater becomes increasingly serious, which poses threats and challenges to the ecological environment, food safety, drinking water safety, regional ecological environment, human settlement environment health, sustainable economic and social development, and even social stability (1, 2), which need to be paid close attention to. The hazardous waste treatment and disposal center is a typical contaminated site. The main treatment and disposal methods of hazardous waste produced in the industrial production process include incineration and sanitary landfill, during which pollutants such as organic matter, fluoride, and heavy metals are produced (3–5). Chromium, nickel, lead, cadmium (Cd), and beryllium are known to cause various health effects, such as certain cancers, respiratory diseases, gastrointestinal disorders, and skin allergies (6–8). In the process of disposal, some pollutants can migrate via the atmosphere, water, and other media, so pollutants will enter the soil, accumulate in the soil, and diffuse in underground water (9–12), causing some adverse effects on the ecological environment and the health of residents around the disposal center. It is urgent to assess the environmental risks of contaminated sites in order to provide early warning for the development of these risks.

Risk assessment of contaminated sites is an important part of the framework system of site environmental management. On the one hand, it can guide the environmental investigation and monitoring of pollutants in contaminated sites and obtain key parameters of soil and groundwater. In addition, risk assessment can determine whether the risks are worthy of attention and calculate the remediation targets and pollution scope of specific sites. Pollutants migrate in soil, groundwater, and others in the contaminated site. Therefore, many scholars are studying the quality of soil and water environment around hazardous waste disposal sites and other contaminated sites. Surface pollutants can enter groundwater through leaching, leakage, runoff, and other ways, posing a threat to the nearby ecological environment and human health. The toxicity, bioaccumulation, and persistence of trace metal pollution in groundwater have been widely studied by researchers all over the world (13–16). In addition to affecting aquatic systems, trace metals also affect human health through consumption and skin contact with polluted water (7, 17). In recent years, more pieces of research on the characterization of space pollution level and potential health risk assessment come out, including pollution characteristics, key pollutants and regions, and current health risk level analysis (18–20). However, there are few studies on the adverse effects of groundwater migration in contaminated sites. In recent years, numerous research has been done in the field of soil heavy metal pollution and health risk assessment in contaminated sites at home and abroad (21–26). However, due to different technical and budgetary constraints, climate and environment, regional soil heterogeneity, receptor exposure characteristics, and other factors, there is no international agreement on the quantitative risk management framework of contaminated land (27–29). In particular, the contaminated sites of hazardous waste treatment and disposal may have a variety of contaminated sources, rich types of pollutants, and unknown degrees of toxicity and harmful effects, and there is a transmission of pollutants between the soil and water. Therefore, it is of great significance to explore the evaluation and management of these hazardous waste disposal centers in China, find out the deficiencies in the process of local technical guidance, and put forward corresponding suggestions.

The objectives of this study were: (1) to investigate the current characteristics (concentration) and affected areas of pollution in soil and groundwater in a typical contaminated site of hazardous waste treatment and disposal, identify characteristic pollutants, determine the causes and potential sources of pollution, and quantify the risk of landfill leakage; (2) evaluate the spatial carcinogenic and non-carcinogenic risks caused by each exposure pathways of characteristic pollutants under the condition of reutilization or non-utilization, and simulate the groundwater migration of pollutants of concern; (3) comprehensively analyze the spatial distribution, health risks, local background values and soil remediation cases at home and abroad of heavy metals in soil and groundwater, determine the areas and soil depth, earthwork volume and area that need remediation, and put forward comprehensive and feasible control values of polluted heavy metals in soil and targeted control measures based on different pollution characteristics of soil, groundwater and the landfill, so as to provide reference for pollution risk control of hazardous waste treatment and disposal sites.



MATERIALS AND METHODS


Study Area and Pollution Identification

The typical Hazardous Waste Disposal Center (HWDC) is located in a province in southern China. The HWDC is about 600 acres, of which the production and management area is about 175 acres, the unused land is about 380 acres, and the landfill area is about 45 acres, as shown in Supplementary Figure S1 in the support information S7. Geological and hydrogeological surveys (as shown in Figure 1) showed that the elevation of the HWDC was high in the north and low in the south. The stratigraphic structure was classified according to the sedimentary age and genetic type of the strata, and the top-down strata were divided into the artificial fill ([image: image]), silty clay ([image: image]), and argillaceous siltstone (N). The groundwater type in the HWDC was pore phreatic water in loose rock, which mainly occurred in the [image: image] pore. The groundwater flowed from the northeast to the southwest. The main lithology of this layer was silty clay, with weak permeability and continuous but irregular spatial distribution. Pore groundwater in this layer was poor, with poor mobility. According to the measured groundwater level elevation, the average hydraulic gradient of groundwater is about 0.018. According to the geotechnical laboratory test results, the range of permeability coefficient (recommended value) is 9.70E-06–5.22E-05 cm/s, and the range of groundwater seepage velocity (recommended value) is 1.51E-04–8.12E-04 m/day.


[image: Figure 1]
FIGURE 1. Flow direction of groundwater (A), production and management area (B), and strata classifications (C).




Samples Collection and Detection

In the preliminary investigation, based on the principle of “systematized layout and professional judgment,” sampling points were set in unused land and production and management area. Soil sampling holes were arranged according to 40 × 40 m grid density in the production and management area. A total of 73 soil sampling points (including one background point) were arranged, and 384 soil samples were collected. Twenty-four groundwater monitoring wells (including three original monitoring wells and two civil wells in the disposal center) were arranged according to the grid density of 80 × 80 m, and 27 groundwater samples (including three groundwater quality control samples) were collected in production and management area. For unused land, the preliminary investigation had a total of 81 soil sampling points. For groundwater sampling points, 12 groundwater monitoring wells (including one groundwater quality control sample) were arranged in the unused land according to the grid density of 150 × 150 m (the grid density of 40 × 40 m in the suspected pollution area in the unused land). A total of 266 samples were collected in unused land in the preliminary investigation, including 252 soil samples (including 28 quality control samples) and 14 groundwater samples (including two quality control samples). The distribution of sampling points in unused land and the production and management area is shown in Figure 2A.


[image: Figure 2]
FIGURE 2. Sampling points distribution in the preliminary survey (A) and detailed investigation (B).


According to the preliminary investigation results, the scope of the pollution survey had been significantly narrowed, and a further detailed investigation was carried out. A total of 141 sampling points were surveyed, including 90 soil boreholes and 51 groundwater monitoring wells. A total of 518 samples were collected in a detailed investigation, including 461 soil samples (including 45 quality control samples) and 57 groundwater samples (including 37 newly built groundwater monitoring wells, 14 original groundwater monitoring wells, and six quality control samples). Detailed investigation points are shown in Figure 2B.

In addition, the landfill was the key pollution source of the HWDC, and there remained a risk of pollution leakage after several years of discard. So, the corresponding site investigation was carried out in a detailed investigation. The landfill had a complete anti-seepage structure, so the traditional drilling survey was not suitable for the landfill. Therefore, the leakage detection equipment of the double electrode method was used to investigate the leakage risk of landfills. The double electrode method used two electrodes with an applied voltage to qualitatively determine whether there was leakage in the impervious layer of the landfill according to the circuit impedance. The field signal source of leakage detection with the double electrode method was 100–300 V, and the detection current was 100–500 mA. According to the 2–4 m point spacing, a total of 151 electrodes were arranged with five lines and a total length of 390 m.



Health Risk Assessment

Two land-use plans, namely, the reutilization scenario and the non-utilization scenario, were considered. Then, hazard identification, exposure assessment, toxicity assessment, and risk characterization were carried out to determine whether the human health risk caused by soil and groundwater pollution exceeded the acceptable level. The risk control value of soil and groundwater pollution was calculated, and the quantity of contaminated soil to be remediated was estimated, which lays a solid foundation for the risk control and remediation scheme in the next step. Technical guidelines for risk assessment of soil contamination of land for construction (HJ 25.3-2019) stipulate 9 exposure pathways. The contaminants of concern identified by the preliminary and detailed investigation, heavy metals and fluoride, are not volatile. Therefore, the exposure pathways under the condition of reutilization were as follows: oral intake of soil, skin contact with soil, inhalation of indoor soil particles, and inhalation of outdoor soil particles. Correspondingly, the exposure pathways under the condition of non-utilization were oral intake of soil, skin contact with soil, and inhalation of outdoor soil particles.

First, the exposure dose of the identified contaminant is quantified. For carcinogenic pollutants, the exposure dose via the oral intake of soil for adults is calculated as Formula (1).

[image: image]

where OISERca is the exposure dose via the oral intake of soil (carcinogenic effect), kg (soil)·kg−1 (body weight)·day−1; OSIRa is the daily intake of soil for adults, mg·day−1; BWa is the adult average weight, kg; EFa is the adult exposure frequency, day·a−1; EDa is the adult exposure cycle, a; ABSo is the absorption efficiency factor of oral intake, dimensionless; ATca is the average time of carcinogenic effect, days. The recommended values of OSIRa, BWa, EFa, EDa, ABSo, and ATca are shown in Supplementary Table S1.

For non-carcinogenic pollutants, Formula (2) is used to calculate the exposure dose via the oral intake of soil for adults.

[image: image]

where OISERnc is the exposure dose via the oral intake of soil (non-carcinogenic effect), kg (soil)·kg−1 (body weight)·day−1; ATnc is the average time of non-carcinogenic effect, days. The recommended value of ATnc is shown in Supplementary Table S1. Formula (1) shows the meaning of OSIRa, BWa, EFa, EDa, ABSo. The exposure dose of (non-)carcinogenic pollutants via other pathways to be exposed to soil or groundwater can be found in the support information S1. Then, based on the toxicity parameters (as shown in the support information S2), the carcinogenic and non-carcinogenic risks were characterized. The carcinogenic risk of a single pollutant in soil via oral intake was calculated as Formula (3).

[image: image]

where CRois is carcinogenic risk via oral exposure to contaminated soil, dimensionless; Csur is the concentration of pollutants in surface soil, mg·kg−1. Csur values must be obtained according to site investigation. The meaning of OISERca and SFo i is shown in Formula (1) and Formula (S7). The carcinogenic risks of a single pollutant via other exposure pathways for soil or groundwater are shown in support information S3. The hazard quotient of a single pollutant in contaminated soil via oral intake was calculated as Formula (4).

[image: image]

where HQois is the hazard quotient via oral exposure to contaminated soil, dimensionless; SAF is the distribution coefficient of reference dose when exposed to soil, dimensionless. The meaning of OISERnc, Csur, and RfDo is shown in Formula (3) and Formula (S8). The hazard quotients of a single pollutant via other exposure pathways for soil or groundwater are shown in support information S4. Based on the carcinogenic risk (total carcinogenic risk) or hazard quotient (hazard index) of various pollutants via different exposure pathways to soil or groundwater above, the carcinogenic risk and hazard index of all pollutants are calculated. The carcinogenic risk of all pollutants of concern via all exposure pathways is calculated as Formula (5).

[image: image]

where CRsum is the total carcinogenic risk of all pollutants (the number of kind is n) of concern, dimensionless. The definition of CRi is shown in Formula (S11). The hazard index of all pollutants of concern via all exposure pathways is calculated as Formula (6).

[image: image]

where HQsum is the hazard index of all pollutants (the number of kind is n) of concern, dimensionless. The definition of HIi is shown in Formula (S14).



Simulation and Prediction Model of Pollutants in Groundwater

Groundwater modeling system (GMS 10.4) is a visual three-dimensional groundwater simulation software package. Modflow is a three-dimensional finite-difference groundwater flow model. MT3DMS is the most widely used three-dimensional groundwater solute transport simulation model. In the GMS software package, MT3DMS can be seamlessly connected with Modflow, supporting all hydrological and discrete characteristics of Modflow, which is the most widely used numerical model of solute transport at home and abroad. According to the pollution distribution of each pollutant and groundwater flow model, aquifer parameters, initial conditions, and boundary conditions are substituted into the water quality model; permeability coefficient is 0.05 m/d, the rainfall recharge rate is 3.22E-04 m/day, effective porosity is 3.00E-01, boundary discharge is 1.299 m3/day, dispersion is 4.4 m, and heavy metal soil-water allocation coefficients (Kd) are 1.50E+02 L/kg for fluoride, 1.50E+01 L/kg for Cd, and 1.60E+01 L/kg for a nickel. Modflow and MT3DMS models are used to jointly run the water flow and water quality model, and the prediction results of pollutant migration and transmission are obtained.



Multivariate and Geostatistical Methods

SPSS 16.0 software (IBM, Armonk, NY, USA) was used for logging data and calculation. In order to analyze the characteristics of heavy metals, the basic statistical parameters such as average value, extreme value, detection rate, exceeding the rate, and exceeding time were calculated. Using a geographic information system (GIS) (ArcGIS 9.3 software), the concentration of toxic metals at each sampling point of groundwater in the disposal center on the plane map and the spatial distribution characteristics of toxic metals pollution in the soil of the whole region were demonstrated. IDW (inverse distance weighted) uses a specific number of nearest points and is then weighted according to their distance to the interpolated point (30–32). IDW method was used to draw the spatial distribution map of the toxic metals in the soil of the disposal center, so as to clearly show the spatial variation and spatial pattern of heavy metal concentrations in the study area.




RESULTS AND DISCUSSION


Pollutant Concentrations in the Groundwater and Soil
 
Groundwater

Detailed investigation showed that chemical oxygen demand (COD) (4.00–2930.00 mg/L), fluoride (0.07–9.08 mg/L), chromium (0.12–1.20 μg/L), nickel (0.15–459.00 μg/L), lead (0.10–10.20 μg/L), Cd (0.05–16.40 μg/L), and beryllium (0.06–3.48 μg/L) were detected in groundwater samples, and the detection rate ranged from 6 to 100%. Among them, COD, fluoride, nickel, and Cd exceeded the corresponding Class IV water quality standards in Standard for groundwater quality (GB/T 14848-2017) (10 mg/L for COD, 2 mg/L for fluoride, 100 μg/L for nickel, and 10 μg/L for Cd). The pH value of the GW14 sample was 5.47, slightly lower than the standard value of 5.5. The groundwater samples exceeded the COD standard (GB/T 14848-2017) (10 mg/L) by 81%, and the maximum detectable concentration was 2,930 mg/L, which exceeded 10 mg/L by 292 times. The exceeding rates of fluoride and nickel samples were 8%, and the maximum exceeding times were 3.54 times and 3.59 times, respectively. Cd only has a single exceeding point, GW29 (16.40 μg/L), and the exceeding time was 0.64 times.

The sampling points exceeding the Class IV water quality standards of COD (GB/T 14848-2017) and spatial distribution of groundwater COD are shown in Figure 3A. Figure 3A shows that the COD of the upper, middle, and lower reaches of the groundwater in the disposal center generally exceeded the standard. COD increased significantly in the middle reaches of the production management area, especially high in the original physical and chemical workshop (GW23), the north side of the physical and chemical workshop (GW20 and GW24) and the east side of the original temporary storage area (GW3 and GW14), and the exceeding ratio was more than 100 times. The COD concentration of BW5 and BW6 monitoring wells downstream slightly exceeded the standard, <10 times. The historical hazardous waste management activities of the disposal center may contribute to the excessive COD in groundwater. There was also a certain excessive COD upstream of groundwater. The disposal center is located in the gathering area of three leading industries which are textile and clothing, electronic information, and new energy and new materials. The exceeding standard of COD may also be a regional problem in the gathering area. However, the significant high concentration of COD in the production and management area also indicated the possibility of organic pollution in the groundwater of the HWDC, including volatile organic compounds (VOCs), semi-volatile organic compounds (SVOCs), and total petroleum hydrocarbons (TPH), which is worthy of attention in the future risk control strategies.


[image: Figure 3]
FIGURE 3. Spatial characterization of the sampling points exceeding COD (A), fluoride (B), Cd (C), and nickel (D) standard in groundwater (GB/T 14848-2017) and spatial distribution of Cd pollution in 0.5 m soil (GB36600-2018) (E).


The sampling points exceeding Class IV water quality standards of fluoride in Standard for groundwater quality (GB/T 14848-2017) and spatial distribution of groundwater fluoride are shown in Figure 3B. Figure 3B shows that fluoride mainly slightly exceeded the standard, which was mainly distributed in the incineration workshop (GW31), the original temporary storage in the north of the physical and chemical workshop (GW20), the temporary storage in the east of the physical and chemical workshop (GW14), and the local area around the initial rainwater collection pool (GW4). The sampling points exceeding Cd standard (GB/T 14848-2017) and spatial distribution of groundwater Cd are shown in Figure 3C. Figure 3C shows that Cd pollution was mainly distributed in the surrounding area of the original solidification/stabilization workshop (GW29), exceeding Cd standard slightly. The sampling points exceeding nickel standard (GB/T 14848-2017) and spatial distribution of groundwater Cd are shown in Figure 3D. Figure 3D shows that the nickel-contaminated area was mainly concentrated in the northern side of the original temporary storage (GW20), the physical and chemical workshop (GW23), and the eastern side of the physical and chemical workshop temporary storage (GW3 and GW14). In the sewage treatment system of the disposal center, the unqualified discharge of production wastewater and domestic wastewater may lead to heavy metal pollution in water ponds. In addition, hazardous landfills may have a history of leakage, which may cause heavy metal pollution to groundwater downstream.



Soil

The preliminary investigation found that in the production and management area, for the soil, the total chromium of the site S10 located in the stabilization/solidification workshop area exceeded the standard. The total chromium evaluation standard refers to the Dutch soil and groundwater intervention value standard which was 380 mg/kg. But the maximum concentration of total chromium in this study was 1,170 mg/kg, far below the soil screening value (2,500 mg/kg) published in China. Thus, it was appropriate to consider the total chromium below the standard. In the unutilized area, Cd only in the surface S3 (0.5 m) (78.7 mg/kg) exceeded the risk screening value (65 mg/kg) for soil contamination of the second type of development land in Soil environmental quality-Risk control standard for soil contamination of development land (GB36600-2018) 0.21 times, and it was below the intervention value (172 mg/kg). According to the statistical analysis of the test results of soil samples, the excessive Cd samples only exist at 0.5 m sampling depth in the surface soil layer. According to the sampling depth of soil samples, the IDW method was used in ArcGIS to hierarchically characterize the spatial distribution of exceeding Cd pollution in soil, shown in Figure 3E. It can be seen from Figure 3E that Cd pollution in the 0.5 m soil layer was only distributed at the junction of the production management area and unused land on the north side. The pollution may come from road transport litter or dust. Incineration workshops were used to incinerate waste, and atmospheric emissions may lead to heavy metal pollution in the surrounding soil. For the production and management area, production workshops (incineration, material/chemical, and stabilization/solidification workshops) and temporary storage are directly exposed to hazardous waste, whereas facilities and equipment, site walls, and ground can be clung to a small amount of residual hazardous waste. In addition, varying degrees of damage can happen to buildings, and rainwater helps the leaching and infiltration of hazardous waste, causing heavy metal pollution of soil.

Detailed investigation showed that fluoride (331–2,060 mg/kg), chromium (24–394 mg/kg), nickel (7–546 mg/kg), lead (3.3–204 mg/kg), Cd (0.01–51.3 mg/kg), and beryllium (0.82–6.83 mg/kg) were detected in soil samples, and the detection rate ranged from 97.84 to 100%. The detection rate of Cd was 97.84%, and the detection rates of nickel, lead, Cd, and beryllium were all 100%. Chromium, nickel, lead, Cd, and beryllium contents were all below their corresponding standards.




Leakage Risk of Landfill

According to the landfill leakage detection method and parameters in section Samples Collection and Detection, the impedance test distribution of landfill leakage detection was calculated, as shown in Supplementary Figure S2 in support information S8. Test results in Supplementary Figure S2 showed that the field signal source was 100–300 V, the detection current was 100–500 mA, and the impedance between the two electrodes of the landfill impervious layer was 1.1 k−1.2 k. There was a good electrical conductivity between the impervious layers, and the high-density polyethylene (HDPE) film of the impervious layer might have been damaged. In addition, Supplementary Figure S2 also showed that the overall conductivity of the landfill area on the east side was stronger than that on the west side, and the leakage risk of the impervious layer on the east side was higher than that on the west side. Groundwater monitoring data in section Groundwater showed that no significant pollution leakage was observed in the landfill, which may be due to the implementation of the surface coverage with HDPE membrane in this landfill, blocking the downward migration of pollutants resulting from the infiltration of large amounts of rainwater.



Multi-Scenario Health Risk Assessment of Heavy Metals
 
Groundwater

Fluoride was the concern pollutant in groundwater that needs risk assessment, and the exceeding points were GW4, GW14, GW20, and GW31. The other two contaminants of concern were nickel, with excessive points GW3, GW14, GW20, and GW23 and Cd with GW29. The above pollutants are not volatile, therefore, according to the Technical guidelines for risk assessment of soil contamination of land for construction (HJ 25.3-2019), there was no corresponding exposure pathway, and the probability of human health risk caused by pollutants in groundwater via drinking groundwater was rather small. Therefore, it was considered that the carcinogenic risk and non-carcinogenic risk under the condition of reutilization or non-utilization were 0, so it was not necessary to consider the risk control value. But the risk of groundwater migration and diffusion must be paid attention to.



Soils

The concern pollutant for risk assessment was Cd, and the corresponding sampling point was S3.

(1) Risk characterization results under the condition of reutilization

The health risks of the pollutants in the soil under the condition of reutilization are shown in Tables 1, 2. It can be seen from Tables 1, 2 that under the condition of reutilization, the total carcinogenic risk of soil in the disposal center was 1.02E-06, and the non-carcinogenic hazard index reaches 1.41E+00. Soil carcinogenic risk exceeded the acceptable level of 1E-06 required by the Technical guidelines for risk assessment of soil contamination of land for construction (HJ 25.3-2019). The non-carcinogenic hazard index exceeded the acceptable level hazard quotient 1 required by the Technical guidelines for risk assessment of soil contamination of land for construction (HJ 25.3-2019). Thus, under the condition of reutilization, the risk control value of Cd in the soil needed to be further discussed.

(2) Risk characterization results under the condition of non-utilization

The health risks of the pollutants in the soil under the condition of non-utilization are shown in Tables 3, 4. It can be seen from Tables 3, 4 that under the condition of non-utilization, the total carcinogenic risk of soil in the disposal center was 1.77E-07, and the non-carcinogenic hazard index reached 6.91E-01. Soil carcinogenic risk does not exceed the acceptable level of 1E-06 required by the Technical guidelines for risk assessment of soil contamination of land for construction (HJ 25.3-2019). The non-carcinogenic hazard index did not exceed the acceptable level hazard quotient 1 required by the Technical guidelines for risk assessment of soil contamination of land for construction (HJ 25.3-2019). The carcinogenic risk and non-carcinogenic risk of Cd were acceptable under the condition of non-utilization.


Table 1. Soil risk results under the condition of reutilization (carcinogenic risk).
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Table 2. Soil risk results under the condition of reutilization (non-carcinogenic hazard index).
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Table 3. Soil risk results under the condition of non-utilization (carcinogenic risk).

[image: Table 3]


Table 4. Soil risk results under the condition of non-utilization (non-carcinogenic hazard index).
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Contributive Rates of Exposure Pathways

The risk contribution rates of soil pollutants via different exposure pathways under the two conditions of reutilization and non-utilization were calculated, and the results are shown in Supplementary Tables S3–S6. It can be seen from Supplementary Tables S3, S4 that, the carcinogenic and non-carcinogenic risks of Cd mainly came from the oral intake of soil and inhalation of indoor soil particles under the condition of reutilization. It can be seen from Supplementary Tables S5, S6 that the carcinogenic and non-carcinogenic risks of Cd mainly came from oral intake of soil and inhalation of outdoor soil particles under the condition of non-utilization.




Migration Effects of Heavy Metals and Fluoride in Groundwater

According to the models and parameters in section Simulation and Prediction Model of Pollutants in Groundwater, the migration of heavy metals and fluoride exceeding groundwater standards (GB/T 14848-2017) was simulated. The migration results of heavy metals (Ni and Cd) and fluoride in the 50-year simulation period are shown in Figure 4. From Figure 4, it can be seen that heavy metals (nickel and Cd) and fluoride plumes were unlikely to migrate and diffuse out of the western and southern site boundaries within 50 years. Fluoride, nickel, and Cd may be greatly affected by the adsorption of soil.


[image: Figure 4]
FIGURE 4. Nickel (A), Cd (B), and fluoride (C) plume simulation in the next 50 years.




Risk Management Suggestions

Pollutants that exceeded the corresponding environmental standard values in a single medium in the preliminary and detailed investigation were considered pollutants of concern, which were further subject to health risk assessments under the two land-use plans. For the pollutant whose health risk exceeds the corresponding risk limit, further regulatory measures are necessary, so the recommended control values need to be calculated. The risk control value was not necessary for groundwater, but the risk of groundwater migration and diffusion must be paid attention to. For soil under the condition of non-utilization, there was no need to calculate the recommended risk control values for pollutants. Therefore, the recommended risk control values for pollutants in soil are discussed under the condition of reutilization.

For greater rationality of the calculated risk control value to be directly considered as the risk control value in the disposal center, the calculated risk control value (56 mg/kg for Cd) and the values of the soil control point (0.04 mg/kg for Cd), domestic relevant standards (screening value of 65 mg/kg and intervention value of 172 mg/kg for Cd in the second type of land for construction), and domestic existing cases (65 mg/kg) were compared to put forward the suggested risk control value of soil pollutants under the condition of reutilization-−56 mg/kg for Cd. Under the condition of non-utilization, based on key information of sampling points exceeding standard (GB36600-2018), the engineering quantity of soil risk control in the disposal center was estimated and characterized. The area of soil contaminated by Cd was about 630.58 m2, and the amount of pollution was about 1261.16 m3. The heavy metal pollution was only distributed in the depth range of 0–2 m, which was between the screening value and the intervention value.

Under the condition of reutilization, the risk of soil Cd was unacceptable and the single area and volume were relatively small, so the control strategy of ectopic excavation and barrier landfill is recommended. For polluted groundwater, the simulation results of pollution migration showed that the speed of pollution migration was very slow, so the control strategy of “monitoring the natural attenuation and long-term monitoring” is suggested. For the landfill, there was no significant leakage in the landfill, but there remained the risk of leakage in the landfill detection investigation. It is suggested that the landfill should be closed and greened as soon as possible, and drainage measures should be taken to avoid the downward migration of pollution caused by rainwater leaching and infiltration.




CONCLUSIONS

In the pollution investigation of groundwater and soils, COD, fluoride, nickel, Cd, lead, and beryllium exceeded the corresponding environmental standard in a single medium. However, whether the contents of pollutants in a single medium exceed the standard or not is not enough for management decisions. It is necessary to further carry out the risk assessment of these pollutants of concern to evaluate the harmful effects. Among them, the carcinogenic and non-carcinogenic risks of Cd in soil exceeded the corresponding risk assessment limits, so Cd needed to be managed specifically, and the recommended control value of Cd is further proposed. Based on concern contaminants identification in preliminary and detailed investigation and further health risk assessment under two land use plans, the area of soil contaminated by Cd was evaluated to be about 630.58 m2, and the amount of pollution was about 1261.16 m3. The heavy metal pollution was only distributed in the depth range of 0–2 m, which was between the screening value and the intervention value. The suggested risk control value of soil pollutants under the condition of reutilization was 56 mg/kg for Cd. Under the condition of reutilization, the risk of soil Cd was unacceptable and the single area and volume were relatively small, so the control strategy of ectopic excavation and barrier landfill is recommended. Contributive rates analyze of exposure pathways showed that oral intake of soil and inhalation of indoor soil particles were the main pathways contributing to the carcinogenic and non-carcinogenic risks under the two conditions of reutilization and non-utilization. The contaminants of concern identified by the preliminary and detailed investigation, heavy metals and fluoride, are not volatile. Therefore, it was considered that there were no vapor exposure pathways for soil and groundwater to the human body. The risk control value was not necessary for groundwater, but the risk of groundwater migration and diffusion must be paid attention to. The migration of heavy metals and fluoride exceeding groundwater standard (GB36600-2018) were simulated. The migration speed of fluoride, nickel, and Cd in groundwater was slow, and the pollution range of each pollutant changes little in 50 years. For polluted groundwater, the simulation results of pollution migration showed that the speed of pollution migration was very slow, so the control strategy of “monitoring the natural attenuation and long-term monitoring” is suggested. For the landfill leakage risk, the landfill should be closed and greened with drainage measures to avoid the downward migration of pollution caused by rainwater leaching and infiltration.
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The COVID-19 pandemic, which has ravaged the world, has led to a rethinking of the relationship between humans and nature and the clichés of the economic-centered model. Thus, the ecological economy has been reviewed, especially from an ethical worldview. This paper uses statistical methods to retrieve and categorize 3,646 wildlife crime cases for analysis and quantitative research. It adopts legal and ethical perspectives to analyze the subject and the subjective, incidence, and sentencing factors of wildlife crimes and uses the ecological economic ethical model to measure wildlife crimes. We argue that the existing judicial system fails to answer the difficulties of the economic ethics of wildlife crimes. It is recommended that ecological and economic ethical awareness be internalized. We suggest calling for comprehensive legislation on wildlife crimes from the perspective of ecological economic ethics to effectively prevent and reduce wildlife crime and eventually promote public health.
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INTRODUCTION

As COVID-19 affects the world, wildlife conservation issues have returned to the limelight. COVID-19 is much more serious than SARS's shock in 2002–2003. Notably, the COVID-19 pandemic brought tragic consequences for public health in both 2020 and 2021. According to the World Health Organization, COVID-19 is the disease caused by a new coronavirus called SARS-CoV-2. Moreover, most coronaviruses originate from animals (1). The World Organization for Animal Health confirms that the virus that triggered the outbreak originated from animals. Research since the COVID-19 pandemic began has shown that a range of animals, including wild and farmed species, are susceptible to infection (2). This ecological alarm and public health crisis are a reminder for all of humanity, and the outbreak of the COVID-19 pandemic has led to a review of the relationship between humans and nature, especially the relationship between human beings and animals. Eventually, this phenomenon has encouraged society to become more introspective about solutions to the ecological crisis.

A crime, as a damaging and destructive act against human society, involves conduct that is incompatible with social expectations. Crime is viewed not only as harm to a community's recognized morals and sentiments but also as a violation of others' rights and the order of the legal system. Crime is contrary to the public interest and harmful to individuals or public safety (3). Engels classically noted that crime is the most extreme manifestation of contempt for the social system (4). The most typical wildlife crimes are among the top five environmental crimes, including the illegal hunting and killing of rare and endangered wildlife and the illegal purchase, transportation, and sale of rare and endangered wildlife and their manufactured products (5). This is a testimony to offenders' disdain for the wildlife conservation order because the violation and denial of wildlife rights are the most typical misconduct. Therefore, we raise the following questions: what type of regularity does the subject of wildlife crimes present? What is its subjective element? Is it based on certain values, and does it reflect a certain social consciousness? What are the objective patterns of wildlife crimes? What values can we use for judgment? Can justice, as the last safeguarding frontier of wildlife protection, provide a full remedy? This paper focuses on wildlife crimes, conducts an in-depth analysis of their causes and contributes to restoring the order of wildlife protection.



MATERIALS AND METHODS


Focusing on the Integration of Three Disciplines

We used “wildlife crime” as a keyword to search on the website “www.pkulaw.com” (6) and obtained detailed research data. This database collects many repeated cases; thus, we removed repeated cases, such as second trial cases and retrial cases, and chose criminal and first trial cases because they echoed our goals. In the end, we obtained 3,646 cases that met our criteria, namely, the first trial criminal cases with no repeated cases. Then, we used statistical methods to analyze the variables of wildlife crimes, including the subject and the subjective, incidence, and sentencing variables. Next, we classified these data and transformed some of the textual data into numeric data. The data are shown in the form of statistical graphs that characteristically display the variable distributions and reveal the structure, inner relations of the cases, and trends of the variables. From legal and ethical perspectives, our research can help to integrate the three disciplines of statistical analysis and processing, legal logic, and ethical thinking.



A New Study Pattern

A traditional paradigm of crime research is to address the phenomenon of crime, analyze the causes of crime, and then propose solutions; this approach analyzes the crime situation (incidence, type of dispute, means and forms, areas, consequences, and characteristics) and basic situation of the perpetrators (age, educational background, occupation, and criminal history) to summarize the causes of the crime (social and personal causes) and form crime prevention countermeasures (7). For instance, when we analyze a criminal case, we consider the objective factors first such as the answers to who committed the crime? What did he or she do? What were the results? Is there causality between the behaviors and the results? Sequentially, we identify the subjective factors, specifically, intentional crime or negligent crime and the age and capability of the perpetrator. This is how criminologists conduct their research on crimes of various types.

This paper adopts a new research paradigm that aims to derive the inherent rules of cases through empirical research on a large number of cases. This paper concentrates on ethical thinking integrated with legal analysis and develops an innovative pattern that compares and contrasts the subject and the object and the subjective and objective factors of different wildlife crimes to consider social awareness, value judgments, and their ranks. Thus, the width and depth of ethical misconduct can be identified in all aspects. The innovation of this paper is that it moves away from traditional perspectives and uses empirical research through case studies, ethical value judgments, and a jurisprudential normative analysis. An innovative model that crosses over the disciplines of statistics, law, and ethics is designed to study the ethical reasons for wildlife crimes and the absence of public health.




RESULTS

The website “www.pkulaw.com” was used as a search platform to collect “wildlife crime” cases. The trial procedure was limited to “trial at first instance” and “criminal cases” were input as the type of dispute. The final retrieval of 3,646 articles was achieved after eliminating duplicate and unrelated cases. The cases were as follows: “illegal hunting and killing of rare and endangered wild animals;” “illegal purchase, transportation, and sale of rare and endangered wild animals and their manufactured products;” “illegal hunting;” and “smuggling of rare animals, illegal transportation, and sale of rare and endangered wild animals.” Among the cases (Table 1), there were 1,287 cases of “illegal hunting and killing of rare and endangered wild animals,” 1,894 cases of “illegal purchase, transportation, and sale of rare and endangered wild animals and their manufactured products,” 537 “illegal hunting” cases, and 10 cases of “smuggling of rare animals, illegal transportation, and sale of rare and endangered wild animals.” Notably, in the latest revision of China's Criminal Law in 2020, a new clause was added under Article 341 to criminalize the hunting, purchasing, transporting, and selling of rare and endangered wild animals criminalize hunting, purchasing, transporting, and selling—for the purpose of consumption as food. However, this crime was newly updated, and relative crimes were rare. We did not take this crime into consideration. We can conclude that “illegal hunting and killing of rare and endangered wild animals” and “illegal purchase, transportation and sale of rare and endangered wild animals and their manufactured products” account for the largest number of cases.


Table 1. Wildlife crimes distribution.
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Subjective Aspects

The subjects of the crime were mainly natural persons in 3,593 cases, which accounted for 98.57% of the total number of wildlife crimes. In contrast, unit crimes constituted a total of 53 cases, which accounted for only 1.45%. Among the wildlife crimes committed by natural persons, 501 cases were committed by minors (under 18 years old), which accounted for 13.94% of the total.

Of all wildlife crime cases (Table 2), 1,295 cases were first offenses, and 693 were second-time or greater offenses, and they constituted 35.51 and 19.00%, respectively. The numbers of cases in which the subject of the crime surrendered and demonstrated repentance were 2,574 and 2,307, respectively, which represented 70.60 and 63.27% of the total, respectively. These numbers suggest a higher degree of first-time offending and a certain degree of repentance on the part of the criminal subjects.


Table 2. The subjective aspects (negligence crime).
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In addition, 908 cases were intentional crimes, and 1,314 offenders had criminal records (Table 3), which constituted 24.90 and 36.04%, respectively. There were 502 cases where the perpetrator was armed with a gun, which was 13.77% of the total. The defendants were represented by a lawyer in 1,984 of the 3,646 cases, or 54.42% of the total number. There were 302 cases of attempted crimes or 8.28% of the total. This number is higher than that of first-time and occasional offenders and indicates a lower level of remorse for crimes and a higher likelihood of recidivism.


Table 3. The subjective aspects (intentional crime).
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Sentencing

As shown in Table 4, we collected 3,646 wildlife crime cases and identified 4,721 defendants, 1,321 of whom were given suspended sentences, which accounted for 51% of the number of cases with fixed-term imprisonment. The individuals who were sentenced were placed on between a minimum 3-year probation and a maximum of 6 years and 3 months of probation. A total of 58,463,275 RMB in fines and confiscated properties was imposed, which is an average of 12,383.66 RMB per defendant and a minimum value of 500 RMB and a maximum of 1 million RMB. Among the defendants, 2,590 were sentenced to fixed-term imprisonment, which constituted 54.86% of the total number, with a minimum term of 2 months and a maximum term of 18 years. The set-term imprisonment period was mainly within 3 years. The distribution of the sentencing periods is shown in Table 5.


Table 4. Punishments and circumstances.
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Table 5. The distribution of the sentencing period.
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The distributions of the sentencing periods within 1 year were concentrated at 6, 8, 10 months, and 1 year. The sentencing times were concentrated mainly within 3 years. It can be concluded that the sentence (penalty) is lighter than the serious consequences of the offenders' crimes. Judges prefer less punishment, commutation, and the abatement of criminal punishment to heavier punishment. People charged with illegal hunting misconduct were punished only with an additional fine. Therefore, light penalties and suspended sentences are prominent in wildlife crimes. Although the sentencing criteria range from <5 years to more than 10 years of imprisonment, the statutory penalty for wildlife crimes cannot cover different circumstances, and the term limit of a statutory sentence is relatively low compared with other environmental pollution offenses. Thus, the punitive function and deterrent effect of the penalty are limited (8). In practice, scholars and experts also tend to endorse lighter sentences for wildlife crimes and call for reduced punishment, mitigation and acquittal for wildlife crimes. It can be concluded that judges, experts, and scholars are not sufficiently aware of wildlife protection to reach an ecological economic ethical consensus within the domain of the legal community. Therefore, judicial remedies for wildlife are weakened.



The Years

Figure 1 shows that wildlife crime cases are concentrated from 2012 to 2020, with the highest number of wildlife crimes at 1,388 in 2020.


[image: Figure 1]
FIGURE 1. Time heard distribution.


In 2000, the Supreme People's Court issued “Opinions on Several Issues Concerning the Concrete Application of Law in the Trial of Criminal Cases Involving Destruction of Wildlife Resources,” which reflected the awareness of wildlife protection at the national level. In 2003, China experienced a concentrated outbreak of SARS; thus, the Wild Animal Conservation Law was amended in 2004. The law experienced three amendments in 2009, 2016, and 2018. The three amendments indicate that national awareness of wildlife conservation has improved, but national awareness has not established a foundation for citizens to protect wildlife because wildlife crimes have not decreased. Although the National People's Congress (NPC), the decision-making organ in China, adopted the Interpretation of Articles 341 and 312 of the “Criminal Law of the People's Republic of China,” the number of crimes is still rising year-on-year across the country, and it peaked in 2020. The Standing Committee of the 13th NPC swiftly voted to pass a “Decision of the Standing Committee of the National People's Congress to Comprehensively Prohibit the Illegal Trade of Wild Animals, Break the Bad Habit of Excessive Consumption of Wild Animals, and Effectively Secure the Life and Health of the People.” The good news is that with this speedy decision passed by the NPC, the Chinese government launched a drive to fight wildlife crimes across China. Thus, there was a dramatic surge in the number of wildlife crimes in 2020. The coronavirus outbreak in 2020 witnesses that closer attention is given to this issue, and the situation is being alleviated around the country. It also reveals that the issues about wildlife markets and trade were overlooked by the central and local governments. The expanding market demand for wild animals due to China's economic boom, ingrained traditional culture of wildlife consumption and the desire to preserve the health of the people encourage consumer affluence. The increasingly greater law enforcement attention given by forest police and customs to wildlife offenses also made the number in 2020 very different from other years. However, social awareness of wildlife conservation is still relatively low, and the increasing number of wildlife crimes is the evidence for this.



The Regions

The three provinces with the highest number of wildlife crimes (Figures 2, 3) are Yunnan, Inner Mongolia, and Sichuan Provinces. All are located in western China, which had 2,235 wildlife crimes, which constituted 61.30% of the country's total. The northeastern region had the lowest number of wildlife crimes at 210, or 5.76 %, while the middle and eastern regions had 15.82 and 17.11% wildlife crimes, respectively (Table 6).


[image: Figure 2]
FIGURE 2. The regional distribution of wildlife crimes.
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FIGURE 3. Provincial distribution of wildlife crimes.



Table 6. The regions of wildlife crimes.
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The western region ranks at the top in terms of nature reserves (Table 7), which accounts for 44.09% of them nationwide (9). The regions with the most nature reserves and the highest number of wildlife crimes are closely correlated. Rich wildlife resources are bestowed on people living in the western area, which objectively provides a breeding ground for wildlife crimes. Additionally, the western region is not economically developed compared with other regions nationally. Furthermore, the western region has a lower economic capacity. As a result, stimulated by economic incentives, crimes involving rare and endangered wild animals with high economic value are more rampant in this area. At the same time, the educational level is lower than that of the developed areas in eastern and middle China, and this area has underdeveloped educational resources; therefore, the education level is lower on average. Consequently, the awareness of wildlife protection is generally weaker.


Table 7. The distribution of nature reserves in China (8).
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DISCUSSION


The Purpose of the Legislation and Legal Principle: Relationships Between Ecological Economic Ethics and Relative Laws

Human practice is generally self-conscious and purposeful. Marx argued that an end cannot be an end if it is not particular, just as an action is meaningless if it has no purpose (4). Legislation practice also follows this inherent rule. Legislation is a conscious activity that entails a certain purpose. Serving as the law's soul and guidance, the purpose of legislation is reflected in the design of the legal system. The purpose of legislation not only embodies the value of all legal provisions and objectives (10) but also restrains the legislature from acting beyond its authority, balances the social reality and different interests, and lays the foundation for the judiciary to interpret the spirit of the law and to judge cases accordingly. Therefore, the purpose of legislation is an important criterion for evaluating the quality of the legislation, and the realization of the purpose of the legislation must be considered when evaluating the implementation of laws.

The term “legal principle” refers to comprehensive principles and standards that can serve as the foundation or source for legal rules (11). According to Hart, legal principles are considered to involve some purpose, goal, entitlement, or value and are regarded as desirable to maintain or to adhere to. Therefore, legal principles not only provide an explanation or rationale for the rules that exemplify them but also contribute to their justification (12). In countries with written law, including China, principles of law are usually expressed by the legislature in the law, its interpretation or its enactment. Principles of law embody the guiding philosophy and values of the law.


Relations Between the Environmental Protection Law and Wild Animal Conservation Law

The “Environmental Protection Law of the People's Republic of China” (hereinafter referred to as the Environmental Protection Law) is the governing ecological environmental protection law in China. The “Wild Animal Conservation Law of the People's Republic of China” (hereinafter referred to as the Wild Animal Conservation Law) serves as the basic law for wildlife protection. The purpose of the two comprehensive laws can be divided into two levels of legislation. The first level has a general purpose; it potentially shapes people's attitude, choice and estimation of the law and enables members of society in general to participate in legislative activity to showcase their consensus on the law and legal values. Thus, it is possible to select, evaluate, and agree with legislation (13). Regarding this level, the legislative purpose of the Environmental Protection Law is of a higher order and encompasses diversified legislative purposes, such as environmental protection, pollution prevention and control, public health protection, the promotion of ecological civilization, and the development of economic society. The second level is the legislative purpose of specific legal sectors, which is determined by the specific function and role of different sectoral laws in adjusting different social relations. The purpose of legislation evolves as the social background changes and members of society upgrade their legal values. The Wild Animal Conservation Law was enacted in 1988 and was amended in 2004, 2009, 2016, and 2018. Its legislative purpose in 1988, 2004, and 2009 was to protect, rescue, and conserve rare and endangered species, to protect, develop, and rationally use wildlife resources, and to maintain the ecological environment balance. In the 2016 and 2018 versions, the purpose changed to protecting wild animals, rescuing rare and endangered wildlife, maintaining biodiversity and ecological balance, and promoting ecological civilization. The expression “protect, develop, and rationally use wildlife resources” was deleted from the legislative purpose in 2016 and 2018, and “maintain biodiversity” and “promote ecological civilization” were added. The ecological meanings of the purpose of the law were deepened. Accordingly, the legislative principles were revised from “strengthening resource protection, domesticating and breeding wild animals, and rationally developing and utilizing wild resources” to “prioritizing protection, utilization and strictly supervising” wildlife resources, with the additional connotation of protection and supervision.

At the same time, the scope of wild animals referred to in the Wild Animal Conservation Law was changed from “rare and endangered animals with economic and scientific value” to “rare and endangered animals with ecological, scientific and social value.” Although the focus changed from “economic value” to “ecological and social value,” the scope of protection is still classified by the values of animals' scarcity and availability (14).

The Environmental Protection Law, as the basic law in the field of environmental resource protection, still insists on two goals: environmental protection and economic social development. On the one hand, people relentlessly pursue rapid economic growth and continuously accumulate material wealth. On the other hand, people fear that the economy-centered model will become a burden on ecology and society. This anxiety showcases a contradiction between the excessive speed of development and the pressure of environmental burdens (15) and reflects a reluctant concession to the priority of economic development. It is not essentially ecological. Although the purpose, legislative principles and scope of protection of the Wild Animal Conservation Law have given way to some extent to protect wildlife, the substance and core are still rooted in the utilization and management of wildlife resources. This means that the law betrays its legislative purpose and principles (16). The Wild Animal Conservation Law, which focuses on the economic end, does not fully match its ecological ethical needs. A large part of the Wild Animal Conservation Law is devoted to wildlife utilization. It is still based on economic thinking (14), which indicates that the wildlife resource value remains unchanged (17). Additionally, the amended versions of the “Wild Animal Conservation Law” do not cover the prevention and control of major public health risks and lack consideration of public health and hygiene.

Therefore, the two basic laws in environmental and wildlife protection both fail to include the value of wildlife protection and the consideration of the value of public health and ecological ethics. Instead, people fall prey to utilitarian economic value.



Relations Between the Criminal Law and Wild Animal Conservation Law

The “Criminal Law of the People's Republic of China” (hereinafter referred to as the Criminal Law) was originally established to combat crimes, protect citizens' lives and property, and maintain social and economic order. Subsequently, current wildlife-related offenses under the Criminal Law have focused on punishing the disruption of the economic order and protecting state property while preventing crimes. Thus, wildlife crime provisions do not embrace the discipline of ecological ethical misconduct and concentrate only on the economic value of wildlife resources. Regarding the provisions for wildlife crimes and adjudication practices, the configurations of the penalties are inconsistent: the types of wildlife crime punishment are relatively homogeneous, and some misconduct is not addressed by the Criminal Law; thus, the cost of committing the offense is low. These findings indicate that the penalties have an insufficient deterrent effect on perpetrators and fail to effectively reflect the punitive effect of this law on wildlife crimes and the role of the law in improving the ethical quality of the ecological economy (18). Regarding the subjective aspects of the crime, wildlife crime offenders have both negligence and intentional considerations, but the common feature is that they view economic interests as the most important incentive; therefore, the concept of ecological morality is not formed subconsciously. Concerning the object aspect of the crime, the wildlife crime provisions in the Criminal Law describe violations of property interests and the national wildlife protection order, but more attention is given to the stability and orderliness of property interests. From an objective viewpoint, the provisions for wildlife crime discuss social harm and consequences. Articles 341 and 151 of the Criminal Law make the “seriousness of circumstances” a condition for aggravating the statutory punishment for wildlife protection. The “Judicial Interpretation of Criminal Cases Involving Wild Animals” provides for “serious circumstances” and “particularly serious circumstances,” and it rules that for the serious cases that include excessive wild animals beyond regulations and seriously harmful means, high economic value can be defined. This judicial interpretation provides for “aggravated circumstances” and “particularly aggravated circumstances.” However, it is unclear how to understand the criteria in the addenda tables for interpreting the terms of “illegal hunting, killing, purchase, transportation, and sale of rare and endangered wild animals,” “serious circumstances,” “particularly serious circumstances,” and “quantity criteria.” Are these criteria interpreted in accordance with ecological science or laws? Is the clause the tool for judges to abuse their discretionary power? These issues are unclear. Therefore, the supporting judicial interpretation for punishing wildlife crimes needs to be discussed further.




Wildlife Crimes and Ecological Economic Ethics

As we discussed before, the purpose of legislation serves the needs of certain guidelines and values. However, it is so abstract that it must be interpreted into specific rules or articles. We discuss the relations between wildlife crimes and ecological economic ethics. In a sense, the article crystallizes the purposes of the legislation.


The Notion: Ecological Economic Ethics

A legal system must exhibit specific conformity with morality or justice or rest on a widely diffused conviction so that there is a moral obligation to obey it. That is, it follows that the criteria of the legal validity of particular laws in a legal system must include, tacitly if not explicitly, a reference to morality or justice (13). As we mentioned before, the Standing Committee of the 13th NPC passed a decision. However, the spokesman also confessed that this move was temporary and that the comprehensive revision of wildlife protection was a long-term goal (19). At the same time, some cities and provinces in China have introduced local regulations to combat the indiscriminate consumption of wild animals; however, supporting legislation is still pending. Although the law is not omnipotent, and legislation is not the sole solution for wildlife crimes, effectively implemented and enforced laws are those consistent with or similar to prevailing customs (20). Thus, without a shift in awareness about wildlife, legislation is still bounded by the superficial level of economic value. Even though wildlife legislation is sophisticated and well-designed, authorities cannot expect it to be automatically accepted by the people and transferred into actions by the public. Therefore, the legal system must combine the law with the conscious acceptance of people's moral sentiments to produce a solid social foundation for the legal system.

It is suggested that given the subjective factors of wildlife crimes, offenders only consider economic interests and have weaker ecological ethical awareness. Regarding the objective consideration of wildlife crimes, the original aim of establishing wildlife crime clauses is to maintain the economic order. The scope of wildlife animals protected by the law is also limited to the animals that are of use or that have economic value; however, animals with little economic value but great ecological value are not on the protected list. Considering the incidence and sentencing of wildlife crimes, although the Wild Animal Conservation Law has been amended several times, its amendments have not produced a positive impact on the deterrence of wildlife crimes as expected. In judicial practice, this can result from a dismissive ecological ethic and lighter punishment or even no punishment since the judges focus excessively on the necessity principle of criminal law. This is demonstrated by the fact that illegal hunting actions are punished by fines but not by harsher sentences; there is a high proportion of suspended sentences, and the average sentence is short. These situations illustrate the limitations of using economics as a standard to judge wildlife crimes. Therefore, it is necessary to introduce ecological economic ethics to compensate for the shortcomings caused by prioritizing economics.

Given the large number of issues posed by prioritizing economic interests, calls for ecological ethics and ecological morality are snowballing, and ecological economic ethics is in the spotlight. Leopold expands the content of ethics from studying the relationships among people and between people and society to the relationship between people and the land (21). He notes the limitations of traditional ethics (22) and proposes the concept of “land ethics,” which is the prototype of ecological ethics. Holmes Rolston develops the doctrine of land ethics and proposes considering a fundamental, natural sense of environmental ethics (23). However, in the current context of anthropocentric ecology, solely emphasizing ecological ethical values may ignore reality because economic activity is the basis of human existence. Living standards will regress if people overlook economic development. This ideology can be echoed by law, which regulates the interrelationships among human beings. Without this consensus, the ideology that protects a pure environment with no human participation cannot be accepted, recognized, or protected by law (24). Again, it is necessary to introduce the economic-centered development model and choose a sustainable ecological economic path.

Ecological economic ethics regulates the economy with ecological ethics and explores the rationality of economic development, which means that in traditional economic practice, ecological elements are included in the indicators of economic evaluation and ethical considerations. The rationality of economic behavior is related to whether it meets the requirements of natural law and ecological environmental protection. With the integration of ethics, ecology, and economics (25), ecological economic ethics refers to people obeying ethical norms, building ethical relationships and performing ethical practices to consciously reconcile and balance economic construction, social development and environmental protection in economic society. Ultimately, people can unite and balance social, economic, and ecological benefits. Ecological economic ethics justifies the promotion of the ecological economy and a sustainable development path from an ethical perspective, which paves the way for a moral order or moral climate (26). According to Leopold, human actions can be explained as the result of an aggregation of individual actions that originate from the inner will. In addition to their hunting and economic value, wild animals have potential significance for all humanity that most people are unaware of (22). One of the most important reasons for the persistence of wildlife crimes is that people lack ecological economic ethics, which entails powerful moral means because laws are incapable of solving the problem. People's obsession with money should be upgraded to ecological economic awareness to thus create an ecological economic atmosphere in society.



Ecological Economic Ethics Model of Wildlife Crimes

Ecological economic ethics plays two roles: to provide the necessary moral defense for the development of the ecological economy and to create the necessary moral order or moral atmosphere. Therefore, the “internalization” of eco-economic ethics can provide a new perspective to seek a more universal and inherent moral mechanism and perspective for the “human-nature-human” behavior model. Ecological economic ethics can be divided into three parts, namely, awareness, rules and practices. To fulfill the mission of eco-economic ethics, it is necessary to go through the three levels of moral awareness, moral rules and moral practice. First, moral awareness is needed to establish the ideology and cognition of ecological ethics and to clarify the boundary between morality and immorality. Second, internalized or externalized rules are used to embody and express ecological ethics. Finally, practice can promote the guidance of economic behavior through the operation of ecological ethics rules to form a benign interaction. Thus, the connection between wildlife crimes and ecological economic ethics must be considered. First, as one of the extreme behaviors of polluting the environment or causing great ecological damage, how can the moral failure of wildlife crimes be reflected? Is it a subjective consciousness or an objective behavior? Is it, and how should it be judged from a value standard? Second, can the penalties of wildlife crimes meet the demand of eco-economic ethics? That is, can the judicial interpretation of wildlife crimes improve the quality of eco-economic ethics?

Specifically, ecological economic ethics can be divided into three parts, specifically, ethical awareness, ethical rules, and ethical practice. A model can bridge the gap between the four constitutive elements of wildlife crimes (this paper adopts the “Four Constitutive Elements Theory,” i.e., the subject, the subjective, the object and the objective) and the three levels of ecological economic ethics (awareness, rules and practice) (18). The model is shown in Table 8.


Table 8. Ecological economic ethics model of wildlife crimes (18).
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From the subject view of wildlife crimes, these crimes are mainly committed by natural persons, which indicates that the parties are less socially conscious. From the subjective viewpoint of wildlife crimes, the social awareness of the people who commit negligent crimes is neither good nor bad but socially conscious. The offenders of intentional wildlife crimes have malice and weak social awareness. From the perspective of the object, wildlife crimes destroy the social relations that operate through private rights; thus, they are difficult to judge. From the perspective of the objective, wildlife crimes center on economic value, which is easy to judge and achieve. The high incidence and excessive practices of wildlife crimes demonstrate that offenders defy ecological economic ethics. This high incidence and these excessive practices show the deep misconduct of ecological and economic ethics. However, at the same time, we should hold a dynamic and dialectical view about the volume of cases. A high number of cases is generally considered to be more serious moral misconduct. However, from the perspective of adjudication, a high number of cases may also mean that certain provisions that correspond to the crime are invoked more than other provisions to thus become “popular” provisions, which increases the frequency of punishment. For example, after the outbreak of the 2020 epidemic, the surge in the number of wildlife cases illustrates the increase in punished wildlife misconduct brought about by the enactment of rules created with a strong awareness to thus enable more moral misconduct to be deterred or punished by law.

Different dimensions of wildlife crimes echo different ecological economic ethical dimensions. The details are as follows.

As shown in Table 9, although all of the crimes are committed by natural persons, the corresponding ecological economic ethics dimensions of different wildlife crimes vary, such as the “illegal hunting and killing of rare and endangered wild animals” and “illegal purchase, transportation, and sale of rare and endangered wild animals and their manufactured products.” The two crimes are abundant in real life because of weak social consciousness, such as the ecologically friendly and green-environment awareness of the parties involved. Second, the offense is easy to judge since it focuses on economic values. Conversely, although offenders of the illegal hunting and smuggling of rare animals and the illegal transportation and sale of rare and endangered wild animals have weak social awareness, they destroy administrative licenses such as hunting licenses and chartered hunting licenses. The crime of smuggling rare animals and precious animal products infringes on the national trade management system (27). As a result, it is easy to identify and judge.


Table 9. Ecological economic ethics dimensions of wildlife crimes (18).
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Accordingly, eco-economic ethics are rarely seen in wildlife crimes. The reasons are as follows. The interests protected by wildlife crimes are relatively scattered and fragmented, and they fail to cover all aspects of the ecosystem and establish an overall and systematic meaning of eco-economic ethics. Second, most of these interests reflect or emphasize economic value instead of ecological value. From an internal perspective, although the criminal composition of wildlife crimes and eco-economic ethics are closely related, the corresponding relationships between different variables are not consistent and show a non-linear distribution.





SUGGESTIONS

Dangerous zoonotic diseases are not only highly contagious but also highly lethal. Studies indicate that 70% of new diseases will originate from wild animals (28). The widespread lack of ecological economic ethics has led people to focus on the economic value of wildlife and to ignore its health risks. People should bear in mind the separation of the economic and ecological value of wild animals, whose neglect could eventually lead to a public health crisis across the globe. Therefore, promoting ecological economic ethics as a guide, implementing the notion of public health and improving relevant legislation are the keys to safeguarding human health and preventing public health crises.

The penal sanction in the Criminal Law, as the final defense of the legal system, is the most severe sanction. The Criminal Law is designed to provide final protection (24) for the legal interests that are established and protected by preceding laws in the overall legal order. The improvement of crime prevention mechanisms lies not only in amending criminal laws but also in observing the laws that precede criminal laws to constitute systematic legislation for wildlife protection. Furthermore, although it marks the cornerstone of wildlife protection law, the Wild Animal Conservation Law includes a narrow range of wildlife that should be protected; consequently, the supporting regulation, the List of Key Protected Wild Animals, does not cover the wild animals that are of ecological value to the environment. The scope of “protected wild animals” in this list should be expanded to include more wild animals. As a basic law in environmental protection, the Environmental Protection Law has established the “protection of public health” among its legislative purposes; article 39 provides for an environmental and health monitoring, investigation and risk assessment system, and incentive measures, while article 47 establishes an emergency and warning system for the environment and public health. In contrast, as an indispensable part of the legal framework for environmental protection and natural resources, the Wild Animal Conservation Law does not reflect the values of public health and hygiene and fails to protect public health as it should. For this reason, the legal system should be equipped with content related to public health and should integrate public health content into the different legal sectors and dimensions. To coordinate with different laws, a system to protect public health can be formed with close institutional links and reasonable structural arrangements to maintain public health security.

Five points should be discussed.

1. Support legal obligation mechanism. Under the principle of punishment, the supporting legal obligation mechanism plays a critical role in combating wildlife crimes. Although the severity of the penalty and the intensity of combating crime may not be coincidentally correlated, according to the principle of fitting the punishment to the crime, the severity of the penalty reflects the level of harm and awareness of the crime (29). For wildlife crimes, the average sentencing term is <3 years, and a lesser term is likely less costly for the offender, which makes it difficult to renew the wildlife conservation order. Therefore, it is necessary to impose more obligations by increasing penalties. The punishment standard that solely depends on the economic value of wild animals and their products should be optimized by taking into account ecological economic ethics. The legal obligation for the consumption of wild animals can be explicitly stipulated in article 337 of the Criminal Law. People can form an expectation of the wildlife protection order through the deterrent effect of criminal law, which can effectively deter wildlife crimes.

2. Implement the precautionary principle. The “precautionary principle” was established in the “Rio Declaration on Environment and Development”: countries should extensively use precautionary measures to protect the environment according to their capabilities. Where there is a threat of serious or irreversible damage, countries are not allowed to postpone precautionary measures with the excuse that there is a lack of scientific and sufficient evidence (30). Humanity has also learned a lesson from this epidemic. Without risk prevention mechanisms in place, a highly contagious and devastating disease can create a public health and safety crisis whose consequences are difficult to predict. Recently, science has been incapable of studying the uncertainty between viruses in wildlife and zoonotic infectious diseases; therefore, ecological ethics and an understanding of the relationship between human beings and nature are badly needed. It is necessary to eliminate the indiscriminate consumption of wild animals, such as by creating an eating blacklist that restricts wildlife consumption, adding preventive mechanisms for public health, and using risk contingency plans in the Wild Animal Conservation Law to deepen the implementation of the precautionary principle. Additionally, as a supplement to the laws, an article should be included in the Criminal Law to prevent people from consuming wild animals.

3. Improve public participation in legislation. Citizens, or the public, practice democratic decision making, participate in social life, and enjoy environmental rights. These activities play an important role in standing up for the right to make laws, impeach authorities, accuse, and supervise in their interests. Therefore, this principle is an essential element of environmental governance. The implementation of this principle contributes to safeguarding citizens' environmental rights, improving the efficiency of environmental governance, and realizing environmental democracy and justice. We believe that public and social organizations, including environmental and animal protection organizations, should play their full role in environmental protection and wildlife conservation, while the government should improve the participation of citizens and social organizations in the prevention and control of major public health risks and in legislative procedures.

4. Break the bad habit of eating wild animals. First, we should keep in mind the idea that wild animals are an indispensable part of the environment that maintain biodiversity; thus, they are beneficial to the ecosystem. In a sense, this point has been emphasized numerous times, but people still have narrow-minded perceptions. Second, wild animals may carry diseases that can cause zoonosis, as demonstrated by great epidemics in research and human history. Preserving one's health is currently trendy. Influenced by traditional Chinese medicine and overstated rumors about the benefits of wildlife, unreasonable people rush to the wildlife market and believe that wild animals can cure rare illnesses and even save people's lives. Modern medicine has proven that wild animals' bones or organs fail to perform this function. Finally, wild animals are the best choice for a loss of appetite. Our predecessors have helped us choose tasty food instead.

5. Strengthen the guidance and education function of schools. Contemporary education is centered on economic supremacy. The renowned ecological economist John B. Cobb Jr. reflected on and criticized the role of schools, and he noted that the purpose of schools currently is to serve the economy, which betrays the aim of serving an ecological civilization and the common welfare of human beings and nature (31). Therefore, legislation can encourage schools to take on the guidance and education of ecological economic ethics by cultivating a climate of awareness of ecological economic ethics, strengthening beliefs in ecological economic ethics, and developing environmentally friendly behaviors. Schools should encourage students to break the illicit trend of consuming wild animals due to blind regimens and hunting and should cultivate positive feelings for animals and the environment. In this way, sustainable development and a green economy can be adopted by students, and schools can effectively play a role in guiding and educating students.



CONCLUSION

This paper analyzes the subject and subjective factors, time, areas, sentencing term, and suspended and additional sentences to reveal the lack of ecological economic ethics in the legislative purposes and principles of the Environmental Protection Law, the Wild Animal Conservation Law, and the Criminal Law. By establishing a model of ecological economic ethics, we find that the social awareness of wildlife crime is weak. From the subject view, wildlife crimes are mainly committed by natural persons, which indicates that the parties are less socially conscious and that their social awareness is neither good nor bad. From the perspective of the object, wildlife crimes destroy the social relations that operate according to private rights; therefore, they are difficult to judge. From the perspective of the objective, wildlife crime offenses center on economic value, and they are easy to judge and achieve. The high incidence and excessive practices of wildlife crimes demonstrate that offenders defy ecological economic ethics. The high incidence and practices indicate deep misconduct. The corresponding ecological economic ethics dimensions of different wildlife crimes vary, such as those for the “illegal hunting and killing of rare and endangered wild animals” and the “illegal purchase, transportation, and sale of rare and endangered wild animals and their manufactured products.” The culprit of these two crimes is weak social consciousness, such as the ecologically friendliness and green-environment awareness of the parties involved. These factors show that the existing judicial and legal systems fail to fully embody the value of ecological economic ethics and that legislation related to wildlife protection that values ecological economic ethics is not yet in place; the law is still at the level of a tool rather than reflecting the ultimate value of ecological economic ethics. Therefore, this paper advocates for the deepening of ecological economic ethics consciousness and the establishment of a public health system. Ultimately, we will comprehensively establish a legislative system for ecological economic ethical value and public health.
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Lead (Pb) in lipstick products has become an increasing concern, which can cause safety problems to human body directly with diet. To investigate the Pb exposure and potential health risk level of typical popular lip cosmetics in Chinese e-commerce market, Python crawler was introduced to identify and select 34 typical popular lip cosmetics, including 12 lipsticks, 13 lip glosses, and 9 lip balms. And then this study used ICP-MS to determine the content of Pb. Furthermore, the ingestion health risk assessment method issued by United States Environmental Protection Agency (USEPA) and Monte Carlo simulation algorithm were applied to assess the probabilistic health risks of adults exposure. Finally, taking the possible exposure of children contacting with lip products, the health risk assessment of children blood Pb was carried out. The results showed that the concentration of Pb in lip products ranged from 0 to 0.5237 mg/kg, which was far lower than the limit set by various countries. The probabilistic non-carcinogenic risks and carcinogenic risks were 4.93 ×10−7~2.82 ×10−3 and 1.68 ×10−12~9.59 ×10−9, respectively, which were in an acceptable level. The results of blood Pb assessment suggested that the Pb content of lip cosmetics had no obvious influence on blood Pb concentration of children, and background Pb exposure is the main factor affecting children's blood Pb level (BLL). Overall, the samples of lip products are selected by Python crawler in this study, which are more objective and representative. This study focuses on deeper study of Pb, especially for the health risk assessment of blood Pb in children exposed to lip products. These results perhaps could provide useful information for the safety cosmetics usage for people in China and even the global world.

Keywords: lip cosmetics, Pb, health risk, Python crawler, Monte Carlo, Chinese e-commerce market


INTRODUCTION

In recent years, the security of cosmetics is increasingly recognized as a worldwide public health concern (1–3). The Food and Drug Administration (FDA) of the United States, the Food and Drug Safety Administration of the ROK, and the National Drug Administration of China have successively reported that the problem of excessive heavy metals in cosmetics is serious (4–7). To improve product performance, heavy metals are added to cosmetics by manufacturers. For example, the addition of Pb, Hg (mercury), and other metals makes cosmetics have the whitening function of covering or inhibiting pigment formation (8). In addition, with the aggravation of environmental pollution and the influence of some natural factors, some heavy metals widely existing in the surrounding environment will also enter people's lives with the use of cosmetic raw materials (9–11). Studies have shown that low-dose but long-term exposure of heavy metals to the human body can cause chronic poisoning or even canceration, causing irreversible adverse effects on human organs and seriously threatening human health (12–14). As one of the most commonly used cosmetics for modern women, lip cosmetics can not only moisten the lips but also improve personal performance (15). Compared with other cosmetics, lip products are easily exposed to the human body directly with the diet, and result in a higher health risk. Therefore, the assessment of exposure levels and health risks of heavy metals in lip products would be of great value to design manufacturers and relevant supervisory departments to provide scientific reference for health risk control of lip cosmetics consumers.

At present, some studies have focused on heavy metal pollution and health risks in lip products (16–18). Al-Saleh et al. measured the contents of various heavy metals in lipsticks obtained from offline markets in different years, the results indicated that the content of Pb was lower than the standard set by FDA, but special attention should be paid to the effect of Ni (nickel) and Cr (chromium) on allergic dermatitis (19, 20). Pinto et al. investigated the contents of 44 elements in 96 lipsticks from Brazil and Portugal, the results ranged from <1 μg/g to a few tens of μg/g (such as Zn, Mn, Pb) (21). Gao et al. simulated the absorption of eight heavy metals in lip cosmetics by hydrochloric acid dilution method, vitro gastrointestinal method and American Pharmacopeia method, and the results suggested that Cu (copper), Pb and Cd (cadmium) were the main components of heavy metal pollution (22). Kilic et al. analyzed the lipsticks collected from the local markets in Turkey, and found the concentrations of all heavy metal were below the allowable limits (18). Although these researches are widely investigated the contents of various heavy metal, few studies focus on the deep study of a specific heavy metal element. Hence, this study attempted to select the element of Pb for deeper study. As a kind of 2B carcinogen, once Pb is absorbed by human body for about 3 months, the concentration of blood Pb will reach balance. Then, the majority of Pb is stored in the liver and the littleness left in the kidney, while the rest Pb is dispersed throughout the body (spinal cord, adrenal gland, brain, heart, etc.) (23). Excessive Pb in the human body can initiate gastrointestinal diseases, even poison the liver, central nervous system, and cause other serious harm to human health (24–27). The experts of WHO have stressed the significance of control on Pb in children, since the disadvantageous effects of Pb on central nervous system (28). Particularly for children under 6 years old, Pb is more harmful because it can damage memory, reduce intelligence, hinder growth and development (29). As mentioned above, Pb is significant among many heavy metals (30, 31), and it is high time to investigate the exposure of Pb to human body in lip products. What's more, some studies have shown that the contents of Pb and Cr in lip cosmetics exceed the standard, and it is strongly recommended to pay concern to the health risks of lip cosmetics (18, 22, 32). The contents of Pb in lip cosmetics from local supermarkets in Malaysia were 0.77–15.44 mg/kg (33). In South Korean, the maximum contents of Pb in lip products from local supermarkets were 12.77 mg/kg (34). A result, from a survey of lipstick from Portuguese and Brazilian markets, showed that the systemic exposure of lipstick was <0.2% of the daily allowable exposure, except for Pb (21). Alnuwaiser detected the content of Pb in the lipstick of Chinese products, there were only three samples above the limit, while the Pb level in other groups between 0.7 and 12.34 ppm (35). Feizi et al. found the concentrations of Pb were higher than those of Cd in lipsticks, only 33% of lipsticks had Pb contents less than the FDA limit (36). In Turkey, Kilic et al. found the concentration of Pb in Lipstick was 1.1 mg/kg (18). Obviously, the contents of Pb and corresponding health risks have been shown to vary in many different lip products and countries, and there have been little deep discussion about the health risk analysis. Therefore, this study attempts to focus on deeper study of the health risk assessment of Pb of typical popular lip cosmetics in Chinese e-commerce market.

Besides, the assessment results are uncertain due to the differences in sample distribution and exposure parameters during the actual risk assessment process (13, 37–39). To deal with the uncertainty of sample distribution, this study introduced Monte Carlo simulation to analyze the distribution of sample contents. As a statistical simulation method, the Monte Carlo simulation can descent the uncertainty of the mean value under complex condition, and get more accurate prediction results (40–42). The essence of Monte Carlo simulation is to simulate the possible random phenomena in the actual system by random numbers which obey a certain distribution. And the basic idea is to input abundant of random numbers satisfying a certain probability distribution into the model as parameters to determine the probability distribution of the concerned variables (43, 44). Combined with the Monte Carlo simulation and the health risk assessment model recommended by USEPA, the corresponding probability risk assessment range is further obtained.

Of particular concern is Pb mainly existing in the form of blood Pb in the human body (45). Kinds of pollution factors in the environment may result in the increase of blood Pb concentration, such as the Pb pollution in soil (46, 47). In recent years, some studies have begun to pay attention to the blood Pb problem of children caused by the use of lip cosmetics (48). Among them, there are mainly two pathways for children to expose. One is that children directly use lip balm, and the other is that Pb in lip products will also be released into children through maternal transmission (49). At present, several methods currently exist for the measurement of health risks of blood Pb, mainly include Adult Lead Model (ALM) and Integrated Exposure Uptake Biokinetic Model (IEUBK) (48, 50, 51). Among them, the IEUBK mainly involves children aged 0~7. These two models not only consider the existence and quantity of corresponding harmful substances in the health risk assessment of blood Pb, but also combine the estimated background exposure and the comparison with the basic health standards (52). Through the health risk assessment of adults and blood Pb in children exposed to lip products, this study perhaps could provide useful information for the safety cosmetics usage for people in China and even the global world.

In brief, this study selected 34 typical best-selling lip cosmetics from Chinese e-commerce market based on Python crawler technology, and analyzed the health risk level of adults and children caused by Pb exposure of lip products. The main objectives were (i) to investigate the popular lip cosmetics in Chinese e-commerce market, and determine the content of heavy metal Pb; (ii) to estimate the non-carcinogenic and carcinogenic risks of lipstick users with different frequencies using the health risk assessment model recommended by USEPA; (iii) to evaluate the effects of lip cosmetics on children's blood Pb content by ALM and IEUBK.



MATERIALS AND METHODS


Samples Selection

With the generality of online shopping in Chinese market, this study used Python crawler technology to select the most popular lip products in Chinese typical e-commerce market. JingDong, as one of Chinese top ten e-commerce markets, was selected as the research object of this study. The main Python crawler steps were shown in Figure 1. The first step was to establish the initial URL link: www.jingdong.com. Links unrelated to the topic were filtered based on the webpage analysis algorithm, while the useful links were retained and put into the URL pool. The second step was to start the crawler scheduler and initialize the Python crawler. Then, the crawler program simulated the browser to send a request “response” to obtain the HTML file of the corresponding link in the URL pool, and the server sent the “response” file object back to the browser. Python crawler called the BeautifulSoup library to parse HTML in “response.” Next, it parsed the Web page according to HTML syntax and accessed valuable data. The third step, Pandas was used to analyze and obtain the value data after the end of the crawler data process, and got the analysis results finally.


[image: Figure 1]
FIGURE 1. The crawling process by Python.


As shown in Figure 2, the box price distribution of lip cosmetics was obtained on the basis of crawler data. The price distribution of lip cosmetics mainly ranged from 0 to 400 RMB, so the study classified the unified brand of lip cosmetics according to the 33th percentiles and the 66th percentiles, 0~95 RMB, 96~266 RMB, and more than 267 RMB, respectively.


[image: Figure 2]
FIGURE 2. The boxplot of price distribution.




Samples Collection and Analysis
 
Samples Collection

Based on the crawler analysis results above, the top lipstick brands were selected from each section by combining market share and commodity reviews. A total of 34 samples were purchased in this study, including lipsticks (LS, n = 12), lip glosses (LG, n = 13) and lip balms (LB, n = 9). Detailed information involves sample number, brand, origin, color, and price are shown in Table 1.


Table 1. The basic information for all samples (N = 34).
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Sample Determination

The sample pretreatment experiment was carried out by wet digestion method according to Safety specification for cosmetics (2015 edition) (53). Firstly, 0.5000~1.0000 g of samples were weighed using EL204 electronic balance (Mettler-Toledo Co., Ltd.) and placed in the crucible. The samples were heated at 100°C using a DK-98-11A electrothermal constant temperature water bath (Tianjin Tester Instrument Co., Ltd.) to make all the samples flow into the bottom of the crucible. 10~15 ml mixed acid were added, which was mixed with high grade pure nitric acid (Kaifeng Dongda Chemical Co., Ltd.) and high grade pure perchloric acid (Tianjin Zhengcheng Chemical Products Co., Ltd.) at a ratio of 3:1. Heating digestion was carried out on DB-4A stainless steel electric heating plate (Changzhou Boyuan Experimental Analysis Instrument Factory) to produce white smoke in the digestion solution, and the crucible was shaken slowly from time to time to make the digestion solution uniform. When the acid solution is pale yellow or colorless, turn off the power supply of the electric heating plate. The liquid was diluted with ultra-pure deionized water to a final volume of 25 ml when the remaining solution was only about 2~3 ml. In this study, Pb in lip cosmetics was selected for determination. The pretreated samples, parallel samples, and blank samples were put into the preheating inductively coupled plasma mass spectrometer (Nexlon350x, PE, USA) to determine the concentrations of heavy metals. The instrument was calibrated with 187Re in the determination of heavy metals by ICP-MS.

In order to remove the background values of heavy metals in the reagents and containers, the samples were not exposed to metal containers during the experiment, and the required experimental containers were soaked in nitric acid for more than 24 h before drying and using. Besides, parallel samples were more than 20% level and set blank control throughout the experiment. In the determination experiment, Pb standard solution and blank solution were selected to control the metal concentration of the sample. The whole blank test results are less than the detection limit of the method to ensure that the sample is not contaminated during digestion and determination. The standard curve was drawn for each sample test, and the correlation coefficient of the standard curve was ≥0.995, and the relative deviation of the parallel sample test results was controlled within 10%.




Health Risk Assessment of Pb Exposure
 
Carcinogenic and Non-carcinogenic Health Risk Assessment Models

Considering the particularity of lip products exposed to the human body through diet, this study selected the health risk assessment model recommended by USEPA for oral ingestion (54, 55). The calculation formula was shown in Equations (1-3).
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Where ADD represents the average daily dose of Pb in lip products, mg/(kg·d). C is the concentration of Pb in lip products, mg/kg. All parameters are shown in Table 2, IR represents the intake rate of lip products, g/d. The Intake rate of average users and high users was 0.02578 and 0.14902 g/d, respectively (54). EF is the exposure frequency, set as 365 d/a (55). ED represents the exposure duration, 70a (55). CF represents the conversion rate, set to 0.001 (56). AT is the average exposure time, 25,550 d (56). BW is the average body weight of the exposed population, which is 60 kg (57). RfD is the non-carcinogenic reference dose, mg/(kg·d). The general toxicity data of IRIS of USEPA, shown in plenty of researches, can be applied not only for food (58–60), but also for soil (61, 62), dust (63, 64) or other media, such as lip products (22, 33, 65). Therefore, according to the previous studies (22, 66), it is appropriate to cite the general toxicity data of IRIS of USEPA as the reference dose (RfD) of metals in lip products. The RfD was set to 0.0004 in this study (67). SF is carcinogenic slope factor, (kg·d)/mg, set to 0.0085 (67). HQ and LCR are the non-carcinogenic risk value and carcinogenic risk value of oral intake of Pb, respectively. The reference values of non-carcinogenic risk and carcinogenic risk are 1 and 10−6, respectively. If the calculated results are greater than the corresponding value, it is considered that the risk is large, and certain control measures are needed to reduce the risk. Otherwise, it is considered that the risk is at an acceptable level (56, 57, 67).


Table 2. Parameter selection and references of health risk assessment model for oral ingestion.
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Blood Lead Level Model

ALM is mainly composed of three parts: namely soil exposure, lip cosmetics exposure, and reference value. The detailed expression is shown in formula (4).

[image: image]

In the formula, PbB represents adult blood Pb concentration, μg/dl. Pbs and PbL are BLL in soil and lip cosmetics, respectively, μg/g. According to the research results of scholars on the soil Pb reference value in China, the value of Pbs was set as 282 μg/g (68). Based on the experimental data in this study, the average concentration of Pb in three kinds of lip cosmetics was set to 0.05791 μg/g. PbB0 was taken 1.62μg/dl as the reference blood Pb content. BKSF is the biokinetic slope factor, set as 0.4 d/dl. IR represents daily intake, and soil intake IRS+D is 0.05 g/d. For lip cosmetics intake, average users was 0.0258 g/d and high users was 0.1490 g/d (67). AF represents the absorption rate, AFS, D for soil is 0.12. AFL for lip cosmetics is conservatively considered to be 1. EF represents the contact frequency. EFs for soil is set to 220 d/year, and EFL for lip cosmetics is set to 365 d/year (69). AT represents the average contact time, which is 365 d/year (69). When blood Pb in adults is transmitted through the mother, the transmission rate is 0.85 in ALM and 0.9 in IEUBK (48).

The IEUBK model for children exposed to Pb was developed by USEPA to predict the blood Pb concentration of children under 7 years old (0~84 months) and the possibility of Pb poisoning in children after a certain degree of Pb exposure (70–72). This model can set up integral and external parameters with the consideration of soil, water, food, air and conditions of Pb exposure. The integral parameters can't be changed arbitrarily, while the external parameters can be modified based on local actual data at the input interface to simulate the relationship between Pb absorption efficiency and blood Pb concentration in the human body (68, 73). Taking the actual situation of children's use of lip cosmetics into account, this study defaulted that children were exposed only to lip balms, and Pb exposure in other types of lip cosmetics was transmitted by the mother (48). The reference value of Pb concentration in soil in China is set at 282 mg/kg, and the default absorption rate of Pb in soil and dust by children is 45% (68, 69). In accordance with the national revised limit of Pb concentration in the atmosphere in 2012, the background value of Pb concentration in the air was set as an annual average of 0.5 μg/m3 (GB3095-2012) (74), and the default absorption rate was 30%. The background value of Pb in drinking water was 0.01 μg/L (GB5749-2006) (75), and the default values of 0~7 years old were 0.2, 0.5, 0.52, 0.53, 0.55, 0.58, and 0.59 L/day (69). The blood Pb concentration in pregnant women was set based on the results of the ALM model. In accordance with China standard on the limit of pollutant content in food (GB2762–2017) (76), the limit of Pb content in infant formula foods was 0.15 and 0.02 mg/kg with solid and liquid food, respectively. The limit of Pb content in infant auxiliary food was 0.2~0.3 mg/kg, and the limit of Pb content in food was below 0.5 mg/kg except for seafood. According to the pyramid distribution of children's food intake, the background value of Pb intake in children aged 0~3 was set to 8 μg/day, and 20 μg/day in children aged 3~7 (68, 69). The statistical software is IEUBK win1.1_Build 11 (77).




Statistical Analysis

Microsoft Excel 2019 was used for data processing. The correlation analysis was performed in SPSS (20.0), and the significance level was P < 0.05. In order to quantify the uncertainty of sample content distribution, Crystal Ball software (16.0) was used for Monte Carlo simulation in this study, and the number of iterations was set to be 10,000. The box diagrams of probability risk were drawn in Origin Pro 8.0.




RESULTS AND DISCUSSION


Pb Content Characteristics in Lip Cosmetics

The Pb content in 34 lip products was determined in this study, as shown in Figure 3; Table 3. It can be seen from Figure 3 that the Pb content varies greatly among different lip products. In this study, the Pb element was not detected in about 41.18% lip products. At present, different countries, including China, the United States and Canada, have set limits for Pb in cosmetics, which are 10 mg/kg. The contents of lip products in this study were far below the limit. Therefore, the trace metal Pb element in lip cosmetics is at an acceptable level.


[image: Figure 3]
FIGURE 3. The contents of Pb in typical popular lip cosmetics (N = 34).



Table 3. The contents of Pb in various lip products (mg/kg).
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According to Table 3, the content of Pb in lip products (N = 34) ranged from 0 to 0.5237 mg/kg, which was far lower than that reported in previous studies such as South Korea (34), the United States (78), Iran (65), Saudi Arabia (20) and Turkey (18). This may be related to the batch, color, raw materials, and ratio of lip cosmetics (36, 79, 80). The average Pb content of all kinds of lip products decreased in the following order: lip balms (n = 12) > lipsticks (n = 13) > lip glosses (n = 9), while the result of Iwegbue et al. showed that the content of Pb in lipsticks is more than in lip glosses/lip balms (17). Probably, it reflected differences in the origin, color, brand and batch of lip cosmetics. In addition, in order to investigate the relationship between the content of Pb, the category and the price of lip products, this study carried out correlation analysis in SPSS. The results showed that the correlation coefficient between Pb content and category was 0.067 (P = 0.707 > 0.05), and the correlation coefficient between Pb content and price was −0.136 (P = 0.443 > 0.05). Therefore, there is no significant correlation among the content of Pb, the category and the price of lip products, which corroborate the findings of little relevance between the cost of cosmetics and the concentration of heavy metals (81). However, these results differ from some published studies which indicated that the concentration of Pb in cheaper brands was higher than the expensive brands (82, 83). This discrepancy could be attributed to the differences in limited sample selection.



Carcinogenic and Non-carcinogenic Health Risk Assessment

To evaluate the uncertainty caused by the difference in sample content, Monte Carlo algorithm was introduced for analysis. The results showed that the Pb content in lip cosmetics in this study was in line with the lognormal distribution. Combined with the health risk assessment model, 10,000 iterations were carried out to predict the final non-carcinogenic and carcinogenic risks, as shown in Figures 4, 5.


[image: Figure 4]
FIGURE 4. The non-cancer health risk assessment of Pb.



[image: Figure 5]
FIGURE 5. The cancer health risk assessment of Pb.


The non-carcinogenic risk prediction results of Pb in lip cosmetics showed that the 95th percentiles of high users and average users were 2.82 × 10−3 and 4.88 × 10−4, respectively, which were far below the threshold 1. Thus, the non-carcinogenic risk of exposure to Pb in lip products is acceptable, this result is consistent with previous research conclusions (33, 34, 84).

From Figure 5, it appeared that the carcinogenic risk of Pb in lip cosmetics was between 10−12 and 10−8. The 95th percentiles of high users and average users were 9.59 × 10−9 and 1.66 × 10−9, respectively, which were far lower than the threshold of 10−6. Therefore, it can be considered that the carcinogenic risk of Pb in contact with lip products is at a safe level. Though the carcinogenic risk of Pb in contact with lip products and other cosmetics, in many previous studies, is lower than the threshold of 10−6 (34), there will be a requirement for attention if the risk is above 10−4. In this study, the exposure of Pb may be considered safe currently. However, with daily using of the cosmetics, the heavy metals may poison and accumulate in human body. Therefore, the data provided in this study may be important to the managerial organization of cosmetic safety.

In this study, the exposure and health risks of Pb in lip products are the concerned objects. Exposure of hazardous substances in lip products is the result of interaction of various heavy metals and pollutants (22, 78), and this comprehensive exposure may have higher health risks, which need to be further enriched and deepened in the following studies.



Blood Lead Level Analysis of Blood Lead

The use of lip cosmetics may affect the blood Pb content in children, especially through maternal transmission. Hence, based on the calculation results of different data parameters of the ALM model, the influence of adult exposure on blood Pb concentration in infants was obtained, as shown in Table 4.


Table 4. The running results for adult blood Pb model.
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The left half of the table shows the corresponding adult blood Pb concentration of every part with low background value, which the reference value 1.62 μg/dl. And the other half of that displays the blood Pb content affected by high background value, which is 2.03 μg/dl with the combination of soil and reference exposure. And line labeled “Lip cosmetic” presents the blood Pb content affected by lip products exposure, which is 0.0006 and 0.0035 for average and high users, respectively. Subsequently, the adults blood Pb concentration could be summarized, as shown in the next line of the table. Finally, based on the fact that the transmission rate, in general, can be set as 0.85 or 0.9, the blood Pb concentrations from the mother to the fetus can be obtained. The results showed that under the condition of low background value and the transmission rate was 0.85, the blood Pb concentrations from the mother to the fetus of the average user and the high user were 1.3775 and 1.3799 μg/dl, respectively. While the transmission rate under the children's blood Pb pharmacokinetic model was 0.9, the blood Pb concentrations from the mother to the fetus of the average user and the high user were 1.4585 and 1.4611 μg/dl, respectively. Similarly, under the condition of high background value, the blood Pb concentrations from maternal to fetal were 1.7260 and 1.7284 μg/dl for both average and high users at adult blood Pb transmission rate, respectively. Under the condition of IEUBK for children, the blood Pb concentrations from maternal to fetal were 1.8275 and 1.8301 μg/dl for both average users and high users, respectively. No matter the concentration of Pb in lip cosmetics under average or high exposure, there is little difference in blood Pb content from mother to fetus. Hence, the main factor affecting fetal blood Pb concentration is the maternal background environment.

When running the IEUBK program, the maternal body was set to 0, 1.41925, and 1.77800 μg/dl, respectively. Under the background of average exposure, 0.00190 μg/d Pb was ingested from lip cosmetics and 0.07819 μg/d Pb was ingested from lip cosmetics under the condition of high exposure. The changes of blood Pb concentration in 0~7 years old children under the above six conditions were found, as shown in Table 5. Even if the total intake of Pb content changed slightly, the operation results of blood Pb concentration under the six conditions were the same.


Table 5. The running results for the IEUBK model.

[image: Table 5]

In developed countries, the BLL of children <6 μg/dl are considered to be relatively safe (85), and the international threshold for children's blood Pb is 10 μg/dl (86). There would exist embryonic development toxicity and the pregnant women are prone to miscarriage when the concentration of blood Pb reach the standard. With the rise of BLL, people gradually experience the impact of heme metabolism, which can lead to renal dysfunction and even death (48, 87). Based on the data obtained in this study, although the blood Pb concentration in children did not exceed the international threshold, the blood Pb content of children aged 3~4 years old had reached the standard value in developed countries. In addition, there was little difference between the blood Pb data from the mother and the lipstick separately and the total of them. The results indicated that whether the average-exposed or the high-exposed population, the background Pb exposure is the main factor affecting the BLL of children. The Pb exposure of lip cosmetics did not significantly increase the blood Pb content of children, this conclusion is consistent with previous studies (48, 88). Compared with previous study, Monnot et al. found that the baseline BLLs of child born to mothers with high BLLs were 0.04 μg/dl higher than the BLLs of children born to mothers with average BLLs, and the lipstick exposure has little contribution to resulting in a higher level of BLLs than the dose of background exposure (48). Hence, more attention should be paid to the Pb content of air and soil around the living environment of children, as well as the safety of food and drinking water for adults and children.



Uncertainty Analysis

A large number of studies have shown that heavy metal content in different lip products varies greatly, which may be related to origin, brand, color, price, raw materials and ratio (55, 63). Therefore, there is great uncertainty in sample selection. The selection of samples plays a fundamental role in the investigation of lip products, to effectively reduce the uncertainty of sample selection, Python crawler technology, is innovatively introduced in this study to select the best-selling brands in typical e-commerce platforms, which is in accord with the reality of market and consumers, making sample selection more objective and representative (89–91). The data of the e-commerce platform are updated in real-time observation. In order to carry out long-term effective risk control, it is necessary to continuously monitor the pollution levels of Pb and other heavy metals in lip cosmetics.

Furthermore, the risk levels appeared to be affected by metal contents. In the process of implementing risk assessment, this study introduces Monte Carlo simulation and predicts the risk assessment results through 10,000 iterations, which can reduce the uncertainty of risk assessment to some extent. Further investigations can obtain reliable data through short-term observation experiments on population exposure parameters, and more accurately measure the health risk of lip cosmetics.

Finally, it should be noted that this study assumes that the smeared lipstick is human intake, the absorption rate is 100%. In fact, due to the limitation of human body absorption, it is difficult to reach 100%. There are few existing studies regarding human body absorption, which brings certain uncertainty to risk assessment. Further work on human body absorption rate is particularly important.




CONCLUSIONS

This study intends to investigate the heavy metal Pb content, assess health risks and analysis blood Pb level in popular lip cosmetics across Chinese e-commerce market. Python crawler technology, particularly, was introduced to identify and select the most popular 34 lip cosmetics. The findings clearly found that the average content of Pb in the tested lip products is 0.05791 mg/kg, far below the limit value. And the contents of Pb in various lip products decreased in the following order: lip balms > lipstick > lip glosses. There is no significant non-carcinogenic and carcinogenic risk caused by adult exposure to lip cosmetics. Furthermore, blood Pb model analysis showed that the exposure of Pb in lip cosmetics had little effect on children's blood Pb health. Compared with the Pb content of lip cosmetics, it is necessary to pay more attention to the safety of children's diet, drinking water and living environment to prevent the heavy metals from causing health damage.
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In order to strengthen the construction of China's health industry and improve the health of the people, based on the data of 31 provinces and cities in China from 2009 to 2019, the improved EBM model is used to measure the health production efficiency of each region, and Moran index is used to study the Spatio-temporal variation of health production efficiency of each province. Finally, the spatial econometric model is applied to study the influencing factors of the Spatio-temporal variation of health production efficiency. The results show that generally speaking, the average efficiency of 31 provinces and cities is above 0.7, and the average efficiency of some regions is above 1. From the perspective of time variation, the average efficiency value in the eastern region and the middle region increases from 0.816 to 0.882 and from 0.851 to 0.861, respectively. However, the average efficiency value in the western region and northeast region decreases from 0.861 to 0.83 and from 0.864 to 0.805, respectively. From the perspective of spatial distribution, HH agglomeration and LL agglomeration exist in most regions. By comparing Moran scatter plots in 2009 and 2019, it is found that the quadrants of most regions remain unchanged, and LL agglomeration is the main agglomeration type in local space. There is a significant spatial dependence among different regions. From the perspective of spatial empirical results, Pgdp, Med, and Pd have a positive effect on health production efficiency. The direct effect and indirect effect of Pgdp, Med, and Gov all pass the significance test of 1%, indicating that there are spatial spillover effects of the three indicators. Each region should reasonably deal with the spillover effect of surrounding regions, vigorously develop economic activities, carry out cooperation with surrounding regions and apply demonstration effect to accelerate the development of overall health production.
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INTRODUCTION

The economy of China is developing rapidly, and the economic level is rising day by day. Under the current high-speed development, we also need to pay attention to the high-quality development of the economy. The rapid economic development has had a great impact on the residents' life, and the modern social civilization has changed the residents' life in many ways. The concept of healthy production has been more mentioned. The report of the 19th National Congress of the Communist Party of China put forward “the implementation of Healthy China Strategy.” Promoting high-quality development of health care is an integral part of the implementation of the Healthy China Strategy and the only way to meet people's growing health needs. According to the data, the national economy in the first quarter of 2021 is generally stable and the development quality is steadily improving. According to the preliminary calculation, the GDP of the first quarter is 24,931 billion yuan, up 18.3% year on year. Meanwhile, the scale of China's health service industry reaches 8 trillion yuan in 2020, accounting for 6.5% of GDP. Market forecast analysis of ChinaIRN has announced that the big health industry will usher in a real outbreak period from 2021 to 2025. In order to respond positively to the Healthy China Strategy, the healthy production level in China on the premise of considering environmental pollution is calculated and the strategies conducive to the development of healthy production are put forward by this paper.

According to the existing research literature on healthy production, scholars mostly use DEA and SFA to measure health production efficiency. For example, Yu Jiali et al. (1) used the DEA-Malmquist model, the decomposable Theil index, and the spatial (traditional) econometric model to study the dynamic evolution of Chinese residents' health production efficiency and its influencing factors from 2002 to 2017. The model was used to calculate the comprehensive efficiency, scale efficiency, and pure technical efficiency of Chinese residents' healthy production. Shi Zhen et al. (2) combined water consumption with wastewater discharge, pollutant concentration in sewage, local medical expenditure, and other factors, and incorporated them into the water resources, energy, and health measurement model, using DEA model to calculate the total efficiency, production efficiency, and health efficiency of 30 provinces from 2014 to 2017. The results show that the key impact indicators were different in each province, and each province should formulate different policies according to its own specific situation, deepen the energy, economic and medical reform in each province, and promote sustainable economic development while improving health efficiency. Shen Shuguang et al. (3) applied SFA to investigate the health production efficiency of various provinces and cities in China from 2010 to 2014 and analyzed the influencing factors of health production efficiency. The study found that since 2010, the health production efficiency in China had improved and regional disparities had narrowed. Based on the data of 30 provinces in China from 2011 to 2017, Shi Zhen et al. (4) adopted the improved undesirable dynamic network SBM model to investigate the economic production stage efficiency and sewage treatment stage efficiency of each province. The results showed that the stage efficiency of sewage treatment was the main factor affecting the overall efficiency. Provinces should therefore follow key indicators to improve efficiency according to local conditions. Ye Li et al. (5) combined the fixed Malmquist-Luenberger (ML) index with the SBM model considering unexpected output, A new slack based measure-Malmquist-Luenberger model was proposed to measure the level of green development in the Pearl River Delta region from 2005 to 2018. The changes of the green development level were analyzed from time and space dimensions. Li Xiangqian et al. (6), Zhang Ning et al. (7), Ma Yuan et al. (8), and Laurie J. Bates et al. (9) all used DEA to study health production efficiency. The above scholars improve and innovate DEA and SFA to make them more consistent with the problems studied, and their conclusions also lay a solid foundation for the research of this paper. In order to study radial ratio and non-radial relaxation improvement simultaneously, the EBM model is used to measure health production efficiency.

At present, there are few studies on the Spatio-temporal variation of health production efficiency, and some scholars have conducted studies on the Spatio-temporal variation of carbon emissions, innovation efficiency, and ecological efficiency. In order to explore the relationship between urban innovation efficiency and high-quality economic development from the perspective of total factors, Yang Weili et al. (10) took Shaanxi province as an example to analyze the static and dynamic characteristics of urban innovation efficiency from 2008 to 2018 and conducted a Spatio-temporal analysis of the coupling relationship between urban innovation efficiency and high-quality economic development: The urban innovation efficiency was effective in most cities, and the growth rate of urban innovation efficiency presented a fluctuating upward trend. The coupling coordination degree between urban innovation efficiency and high-quality economic development increased steadily on the whole. Based on the coupling coordination degree model and factor analysis model, Liu Zhihua et al. (11) took the data of 30 provinces and cities in China from 2001 to 2017 as an example to build a comprehensive evaluation index system for the coupling coordination of carbon emission reduction, economic growth and environmental protection at the provincial level and analyzed the Spatio-temporal variation and driving mechanism of the coupling coordination degree. From the perspective of time, the coupling coordination level of the three systems at the provincial level gradually improved, but it was still in a low state. From the perspective of space, the overall trend was “higher in the Southeast region and lower in the Middle and Western regions,” and the agglomeration was poor. Guo Fuyou et al. (12) comprehensively constructed the evaluation index system of green development in the Yellow River Basin and studied the Spatio-temporal variation characteristics and driving factors of green development in the eco-economic corridor of the Yellow River Basin from 2005 to 2017 by using a variety of measurement methods such as entropy method, spatial autocorrelation analysis, and geographic detector model. The results showed that the green development of the Yellow River Basin mainly came from the external driving effect of large-scale expansion and total growth, and it was inevitable that the endogenous driving effect would be insufficient and unsustainable if the green development of the Yellow River Basin focused on the development speed and ignored the convolution improvement of quality and efficiency. At present, the research on the Spatio-temporal variation of green economy and sustainable development in the academic circle has gradually matured, which provides valuable experience for the research on the Spatio-temporal variation of health production efficiency from the perspective of spatial correlation and spatial heterogeneity in this paper.

According to the current works of literature, most scholars choose to influence factor variables from the aspects of government support, technological level, medical and health care, population density, and so on. He Guanjie et al. (13) adopted the sub-grade index of hospital visitors as a proxy variable of residents' health status and selected regional ecological efficiency and six other control variables as explanatory variables to construct a support vector sensitivity measurement method (SMM-SVM). Li Xiangqian et al. (14) showed that government input capacity and urbanization level had a negative effect on national health production efficiency, and service accessibility had a positive effect on national health production efficiency. Ding Jingmei et al. (15) used DEA to measure the efficiency of the medical and health system in 31 administrative regions of China except for Hong Kong, Macao, and Taiwan and discussed its influencing factors by general linear regression. The results suggest that policymakers should take into account the socio-economic development level and population composition and make targeted changes to the amount of input. Gao Qiuming et al. (16) studied the impact of hospital efficiency on medical service equity based on a proprietary hospital characteristic data set and 630,000 inpatient records from 149 public hospitals in a representative city in China. The results showed that efficiency-oriented health care policies may lead to the loss of social benefits. Wu Haitao et al. (17) found that environmental pollution inhibited the development of comprehensive urbanization, population urbanization, economic urbanization, and urbanization of living conditions in China, but promoted the development of urbanization of the living environment. However, with the increase of residents' health costs, the inhibition effect of environmental pollution on China's comprehensive urbanization, population urbanization, economic urbanization, and housing urbanization was gradually strengthened, while the inhibition effect on housing environment urbanization was weakened. Based on considering the impact of environmental pollution on human health, Zhao Kai et al. (18) extended and constructed the endogenous economic growth model of production, research and development, human capital cultivation, and resource development, and reinterpreted the driving force of China's economy from the perspective of human health by using the public panel model and the space panel model. The study found that China's economic growth relied on physical capital investment and energy consumption. It can be seen from the research conclusions of the above scholars that among the influencing factors, the level of economic development has a positive effect on health production efficiency, and the increase of population density can provide residents with more medical and health services under a moderate financial budget (19). Policy support and health care level can promote the health of the domestic floating population (20). The above research results are numerous, and the selected influencing factors are representative, which is conducive to the construction of the influencing factor index system in this paper. However, the spillover effect is not analyzed and the transmission effect between regions is also worth pondering. This paper will explore the regional transmission mechanism of influencing factors of health production efficiency from the perspective of spatial spillover effect.

After summarizing the above literature, this paper puts forward the following improvements: (1) Environmental pollution is considered in the construction of the input-output index system, and the amount of medical waste produced and the mortality rate are selected as the unexpected output variables. (2) In order to make up for the limitations of the DEA model, this paper decides to use the EBM hybrid model including radial and non-radial distance functions to analyze regional differences in health production efficiency of various provinces and cities. (3) The spatial econometric model is used to analyze the spatial spillover effects of the influencing factors of health production efficiency.



RESEARCH DESIGN


Measurement Model of Health Production Efficiency in China

In this paper, the super-efficiency EBM model is used to measure the health production efficiency of Chinese residents considering environmental pollution. Existing studies on the measurement of health production efficiency are mainly based on radial or non-radial CCR, BCC, and SBM models in traditional DEA models, but all of them have certain deficiencies: Radial model requires all input-output factors to be reduced or expanded in the same proportion, which is not in line with reality. Although the non-radial model considers the problem of relaxation, the loss rate is the proportion of information between the target input-output value and the actual value (21). In 2010, Tone and Tsutsui put forward the EBM model, which considered both radial ratio and non-radial relaxation improvement quantity, eliminated the coarse and extract the essence of the radial model and non-radial model, kept the radial ratio of the projection value and the original value of the elements and took into account the relaxation variable of the difference of each element. Therefore, in this paper, the EBM model considering the unexpected output will be adopted. Due to the efficiency value of most decision-making units may exceed 1, Andersen et al. (22) established the super-efficiency DEA model to further compare and analyze all decision-making units and realize the calculation of effective decision-making units. In this paper, based on the research of Han Jieping et al. (23), the programming formula of the super-efficiency EBM model which is improved based on non-guidance and considering non-expected output is constructed:

[image: image]

Where, γ* represents the health production efficiency of the province. k represents the number of decision units, and xik, yrk, upk represents the input, expected output, and unexpected output of the k decision unit, respectively. [image: image] represent the relaxation variables of input, expected output, and unexpected output, respectively; [image: image] represent the weight of each input indicator, expected output and non-expected output indicator; θ and φ are radial components of γ*; ε is a key parameter with a value range of [0~1], indicating the importance of the non-radial part. When ε = 0, the ultra-efficient EBM model is equivalent to the radial model; when θ = ε = 1, the ultra-efficient EBM model is equivalent to the non-radial SBM model.



Spatial Correlation Analysis Method of Health Production Efficiency in China

In order to explore the spatial correlation of health production efficiency in China, this paper applies the spatial analysis method (24) to study its regional impact. Firstly, the global Moran's I (25) is selected to reveal the spatial distribution pattern of health production efficiency (26). The calculation formula is as follows:

[image: image]

In Formula (2), [image: image] is the efficiency value of each spatial unit, [image: image] is the average efficiency value of each spatial unit, and Wij is the spatial weight matrix of each spatial unit. Finally, the spatial correlation between various regions can be judged according to the positivity and negativity of Moran's I.

The global Moran's I can measure the global spatial correlation of observed variables. Considering the instability of local variables, the Getis-Ord [image: image] index is introduced to analyze the spatial aggregation phenomenon between local variables. The calculation formula is as follows:

[image: image]

According to the value of the Getis-Ord [image: image] index, the aggregation of each local space is judged.



Spatial Econometric Model of Health Production Efficiency in China

Currently, the spatial econometric models are commonly used in academic circles to study health production efficiency, including two modes, one is the spatial panel lag model (SLM) and the other is spatial panel error model (SEM) (27).

The spatial lag model mainly discusses whether a certain region has spillover and diffusion effects on its surrounding regions. The following expression of the SLM model is established in this paper according to the influencing factors:

[image: image]

Where, [image: image] represents the health production efficiency of the i province in the year t, and ρ is the spatial regression estimation coefficient, which reflects the spatial dependence between the observed values of samples, namely, the observed values of adjacent regions. W is the n×n-order spatial weight matrix, which generally selects the proximity matrix or distance matrix. Wy is the spatial lag explanatory variable, representing the observed value of the dependent variable in the surrounding area, reflecting the effect of spatial distance on each space unit. ε is the random error term vector, and X is the n×k-order explanatory variable matrix.

The spatial error model is different from the spatial lag model. The spatial dependence in the spatial error model mainly exists in the error term. The spatial error model is mainly used to reflect the different relative positions between regions. The mathematical expression is:

[image: image]

Where [image: image] represents the health production efficiency of the i province in the year t, X is the exogenous explanatory variable matrix of n × k, W is the spatial weight matrix of n × n, ε is the random error vector, μ is the random error vector of normal distribution, and λ is the spatial error coefficient of the dependent variable vector.




VARIABLE DESIGN


Input-Output Variables

In reference to the relevant works of literature on healthy production, this article selects the total health expenses, per capita expenditure of medical insurance, per capita medical capital stock, and health technical personnel as the input variables, through the analysis of health input indicators, health input index system covers the health, labor, and capital in the field of production elements, the total health expenses and per capita medical capital stock covers the medical equipment investment, the cost such as the construction of medical institutions, so used to measure the health capital investment, health technical personnel to reflect the connotation of human capital investment, per capita expenditure of medical insurance reflect medical spending, it has also been identified as one of the indicators of health investment.

At present, health outcomes are mostly measured using vital statistics. However, there are many gaps in current data on life expectancy that do not reflect continuous levels of healthy production. Perinatal survival rate and mortality rate are highly available indicators and reflect healthy levels of production in the region, the perinatal survival rate as expected output variables. Medical waste production and mortality rate are selected as the unexpected output variables. The relevant variables are explained as follows.

(1) Input variables. ① Total health expenses. Total health cost includes the government, society, and individuals' investment in health and medical services, which is used to describe the health situation of a region. This paper selects total health costs to represent the medical capital investment of each region. ② Per capita expenditure of medical insurance. According to the expenditure scope and expenditure standard stipulated by the national policy, the medical insurance treatment expenses are paid from the social overall planning fund to the employees and retirees participating in the basic medical insurance, and the medical expenses are paid from the personal account fund to the employees and retirees participating in the basic medical insurance, as well as other expenses. Per capita medical insurance is used in this paper. ③ Per capita medical capital stock. In order to measure the input of medical and health materials in each region, this paper selects the index of medical capital stock, which is measured by the number of beds in medical and health institutions per thousand population. ④ Health technical personnel. In this paper, the index of the number of health technical personnel needs to use the relative quantity index, and the index of the number of health technical personnel per thousand population is used. The index can reflect the investment of human capital in health organizations and measure the level of technology in each region.

(2) Expected output variables. In many previous studies, average life expectancy is selected as the output index, but due to the lack of data, the perinatal survival rate is used as the expected output index in this paper. The perinatal mortality rate is often expressed in permillage. Between the 28th week of gestation and the 7th day after birth (or birth weight above 1,000 g), the perinatal mortality rate is the ratio of stillbirths, dead-birth and neonatal deaths caused by fatal diseases or maternal diseases affecting the fetus to survival number of newborns (2). After obtaining the perinatal mortality, the perinatal survival rate (1- perinatal mortality rate) can be converted.

(3) Unexpected output variables. ① Medical waste production. This paper considers the impact of environmental pollution on healthy production. In order to reflect environmental pollution factors in health efficiency, this paper selects medical waste production. In consideration of the availability of data, this paper chooses hazardous waste production data as a substitute. ② Mortality rate. The output variables of health production are mainly related variables such as mortality. In this paper, the perinatal survival rate is selected above, and the population mortality variable is selected to measure the unexpected output.



Influencing Factor Variables

Based on previous studies, variables of economic development level, the service level of medical institutions, government support system, and population density degree are often selected as influencing factors. Besides, this paper chooses medical non-marketization degree as an explanatory variable by referring to Shen Shuguang et al. (3).

(1) Economic development level

The economic development level of each province is most directly reflected by the GDP index. In this paper, the per capita GDP index is selected. Ochalek Jessica et al. used per capita GDP as an empirical control variable (28). Generally speaking, areas with high economic development levels will have higher social production efficiency, higher social construction level, and higher living standard of people. Therefore, areas with higher levels of health production efficiency will also have higher levels of health production efficiency. It is predicted that per capita GDP will have a positive effect on health production efficiency.

Urbanization level represents the degree of agglomeration of urban residents, which can reflect the urbanization process and the economic development level of each province. It is an important indicator of regional economic development degree. It is also a condition to measure the level of regional social development. It is assumed that the level of urbanization will have a positive effect on health production efficiency.

(2) Service level of medical institutions

The service level of medical institutions determines the length of hospitalization and recovery time of residents, so this paper adopts the average length of hospitalization to measure the service level of medical institutions. Liu Weilin et al. used an average length of hospitalization to represent health resource output utilization (29). The average length of stay in a hospital refers to the average length of stay of each patient in a certain period, which can reflect the management ability and medical technology level of medical service institutions. The larger the average length of stay, the lower the service level of the medical institution, and the smaller the average length of stay, the higher the service level of the medical institution. At the same time, it can save the medical resources of each institution and improve the healthy production level of residents. Therefore, the average length of stay is assumed to have a negative effect on health production efficiency.

(3) Medical non-marketization

Since there are too many public hospitals in the medical market, the market competition is relatively calm, which will reduce the reform and innovation motivation of each hospital. This paper chooses the ratio of public hospitals to private hospitals as a quantitative index of the degree of medical non-marketization. Private hospitals can play a role in causing benign competition in the market, which is conducive to intensifying competition in the medical market and causing public hospitals to carry out reform and innovation, so as to promote the development of the medical market and improve the medical level of each region. This paper assumes that the degree of medical non-marketization has a negative effect on health production efficiency.

(4) Government support system

Government policies in each region determine the development direction of the region. Government support for healthy production can be measured by government financial health expenditure, and the relative quantity is selected as the index. In this paper, the proportion of government financial health expenditure in GDP is chosen as the expression. Cheng Zhaohui et al. used government financial health expenditure as environment variables for empirical research (30). Government financial expenditure specifically refers to the financial allocation of health undertakings by local governments, which is generally used for public health service funds and free medical funds. Government financial health expenditure has an important influence on regional public health construction levels. The more government financial health expenditure, the higher the level of medical and health facilities construction is. It is assumed that government expenditure on health has a positive effect on health production efficiency.

(5) Population density

Population density refers to the population per unit of land, which is one of the important indices for regional population distribution. It influences the output level of regional healthy production. On one hand, high population density would have a burden on the local medical and health institutions, but at the same time, the higher the population density, regional production efficiency will be higher. Maniaci Antonino et al. (31) and Chandra Bharatendu et al. (32) showed that long-term use of N95 protective masks in the work of medical staff would reduce the work level of medical staff, and larger public hospitals would make more complete rules in this regard. Combining previous research on the index, it assumes that population density has a positive effect on health production efficiency. To sum up, the selected variables are summarized, as shown in Table 1.


Table 1. Variable description.

[image: Table 1]



Sample Selection and Data Sources

In this paper, the data of 31 provinces and cities in China from 2009 to 2019 are selected for the analysis of health production efficiency. Due to the lack of some data in Tibet and Hong Kong, Macao, and Taiwan, the study is not included. The data of all indicators come from the China Statistical Yearbook, China Health Statistical Yearbook, China Urban Statistical Yearbook, and relevant statistical yearbook data of all provinces and cities. For some missing data, interpolation and weighted average are used to complete the data. Descriptive statistics of relevant variables are shown in Table 2. Table 2 shows that there are large inter-provincial differences in the amount of medical waste produced and population density.


Table 2. Descriptive statistics of variables.

[image: Table 2]




SPATIO-TEMPORAL VARIATION OF HEALTH PRODUCTION EFFICIENCY IN CHINA


Health Production Efficiency in China

In this paper, MAXDEA (Professional edition) software (Beijing Rewomaidi Software Co., LTD, Beijing, China) was used to calculate the health production efficiency of 31 provinces in China. The results are shown in Table 3. According to the National Bureau of Statistics' economic regional division of China, 31 provinces are divided into four regions: Eastern region, Middle region, Western region, and Northeastern region. Table 3 describes the health production efficiency of 31 provinces and cities from 2009 to 2019. The health production efficiency of 31 provinces and cities each year can be seen intuitively.


Table 3. Health production efficiency in China 2009-2019.

[image: Table 3]

(1) From the Eastern region, the average efficiency of Hainan is the highest at 1.090. The efficiency value of Hainan from 2009 to 2019 is >1, and the comprehensive efficiency value of Guangdong province is also >1 each year, slightly lower than Hainan province. Hainan takes the tertiary industry as the main target of development and implements high-quality and high-standard green development on every project. Therefore, only in this way can the health production efficiency of Hainan be maintained above 1 and the quality of healthy development can be maintained. Hainan and Shandong belong to the eastern region, but there is a big gap in healthy production efficiency, because the annual hazardous waste discharge in Hainan is much lower than that in Shandong, so the efficiency value in Hainan is higher than that in Shandong.

Among other provinces and cities, Jiangsu province's health production efficiency has been on the rise, and Jiangsu province has achieved initial results in the development of healthy output. On the contrary, the health production efficiency of Beijing decreased from 1.005 to 0.752 in 2018. In terms of efficiency decomposition, the scale efficiency of Beijing is 0.748. Therefore, Beijing should pay attention to the rational allocation of medical resources and strengthen the management level of medical and health institutions. From 2009 to 2019, the value of health production efficiency in Shanghai also increases from 0.655 to 0.765. As an important member of the Yangtze River Delta Economic Zone, Shanghai vigorously promotes the policy of healthy development. In 2019, Shanghai Health Promotion Committee issued the “Healthy Shanghai Action (2019-2030).” However, as the health service industry in Shanghai is in the initial stage of development, there is still a huge space for the development of health production in Shanghai.

(2) In the Middle region, the average efficiency values of Anhui and Jiangxi are both >1, indicating a good trend of healthy development. The health production efficiency values of Shanxi and Henan remain near 0.8, with little regional difference. In the Middle region, the fluctuation of health production efficiency of all provinces and cities is not large, and the regional development is relatively stable. The level of economic development in middle China is relatively balanced. The efficiency value of Jiangxi province is the highest and that of Hunan province is the lowest, which is not only related to the medical level of the two provinces but also related to the difference of waste discharge between Jiangxi province and Hunan province. At the same time, the population density of Hunan province is too large, resulting in a huge burden on local medical treatment and a lower efficiency level among the middle region.

(3) The development level of the Western region is relatively low in all regions. The implementation of the “Western Development” policy has driven the economic recovery of the Western region. As the development of the Western region focuses on the primary and secondary industries, the economic recovery has also brought negative impacts on the environment and residents' health. The health production efficiencies of Guangxi, Chongqing, Guizhou, Qinghai, Ningxia are dropping. The elevation and bad natural environment of Tibet and Xinjiang are not conducive to the development of the second industry. At the same time, due to the special natural scenery and tourism service industry, health production efficiency is rising slowly.

(4) In the Northeast region, with the support of the central party committee, the old industrial base has been established since 2004. Health production efficiency values of Liaoning, Jilin, and Heilongjiang in 2019 do not reach 0.9. It stands for the low level of healthy development. The Northeast region needs to draw lessons from foreign areas of heavy industry and explore a characteristic road of healthy development. The average efficiency of Liaoning in Northeast China is the lowest and that of Jilin is the highest. This is related to the level of medical technology in Jilin province, which has more medical technicians than the other two provinces. The excessive discharge of medical waste and heavy environmental pollution in Liaoning led to the decline of efficiency value.



Time Variation of Health Production Efficiency
 
Regional Analysis of Health Production Efficiency

After exploring the health production efficiency values of 31 provinces from 2009 to 2019, the efficiency values will be divided into four regions, namely the Eastern region, the Middle region, the Western region, and the Northeast region, to explore the inter-regional differences in the development of healthy production.

As shown in Figure 1, the Eastern region has the highest efficiency value in 2019, while the Northeastern region has the lowest efficiency value. The health production efficiency in the Eastern region fluctuates from 0.816 to 0.882. There is a slight downward trend in health production efficiency in both the Western and Northeast regions, and the health production efficiency in the Western region decreases from 0.861 to 0.83. In the Northeast region, it drops from 0.864 to 0.805. The Middle region shows a slow growth trend from 2009 to 2018 but suddenly decreases in 2019. However, there is a slight increase from 0.851 to 0.861 in general. There has been a slow decline in the Western region. The efficiency value in the Northeast region fluctuates greatly. The ups and downs of the efficiency values in the four regions are different, but the dispersion degree of the health production efficiency in each region is not large, and there is little difference in the health production efficiency values in each region.


[image: Figure 1]
FIGURE 1. Health production efficiencies of National and four regions from 2009 to 2019.




Decomposition Analysis of Health Production Efficiency

The comprehensive efficiency of healthy production is decomposed to explore the role of pure technical efficiency and scale efficiency in the process of healthy production.

As shown in Figure 2, the fluctuation range of the overall efficiency at the national level is relatively small, and there is a similarity in the fluctuation trend of TE and PTE, indicating that the health production efficiency of provinces and cities is greatly affected by technical factors. Before 2009, China's economy was hit by the financial crisis caused by the US subprime mortgage risk, but at the same time, the 2008 Beijing Olympic Games was successfully held, the economy began to recover. China's health production efficiency began to show positive growth. Since 2015, China's health production efficiency had shown a trend of slow decline. In 2015, the haze had increasingly appeared, which had a huge impact on the respiratory health of Chinese residents. With an increase in respiratory diseases, it resulted in a decrease in health production efficiency. Since 2016, the CPC Central Committee and the State Council had issued the outline of the “Healthy China 2030” plan, calling on the whole society to strengthen their sense of responsibility and mission. It encouraged every effort to promote the building of a healthy China. Subsequently, the decline rate of China's health production efficiency began to slow down, and the health production efficiency would definitely return to the upward trend after the reform in the future. From the decomposition results, SE and TE had the same fluctuation trend from 2009 to 2014, indicating that the allocation and utilization of medical resources before 2014 led to the fluctuation of TE, and after 2014, PTE had a major impact on the fluctuation of TE. The future reform should focus on the development of technical level and the improvement of medical resource management level.


[image: Figure 2]
FIGURE 2. Breakdown of health production efficiency from 2009 to 2019.





Spatial Variation of Health Production Efficiency

In order to conveniently analyze the Spatio-temporal evolution of health production efficiency values in each region, the efficiency values are divided into eight grades, which is shown in Figure 3. (0, 0.8] is low efficiency, (0.8, 1] is medium efficiency and higher than 1 is high efficiency. Meanwhile, in order to evenly reflect the spatial distribution of efficiency values in each time period, 4 years of 2010, 2013, 2016, and 2019 are selected to draw the map of health production efficiency of 31 Provinces and cities. It can be seen from the map above: (1) Health production efficiencies in Tianjin, Hebei, Shanxi, Shanghai, and Xinjiang are on the rise; Health production efficiencies in Beijing, Jilin, Chongqing, and Ningxia are on the decline. (2) The efficiency value in the Western region has been significantly improved. Tourism in Xinjiang and other regions has developed rapidly and residents' living standards have improved. The distribution of efficiency values in the Middle region shows LL agglomeration. The distribution chart in 2019 shows that most of the Middle region is at a low level. In order to improve the economic level, Anhui, Jiangxi, Hunan, and other regions vigorously develop modern equipment manufacturing and high-tech industries, which have an impact on the environment and lead to the decline of efficiency values. The efficiency value in the Northeast region rises first and then falls. The establishment of the industrial base in the Northeast region improves people's salary level and produces a large amount of waste pollution, which leads to the fluctuation of efficiency value. There is a slight decrease in efficiency in the Eastern region, which is related to the development trend of the Eastern region. While developing the service industry, the maturity of the primary and secondary industries has a double effect on efficiency. The map above visually reflects the spatial change process of health production efficiency in different regions. (3) The distribution of health production efficiency in China changes from low in the Western region, medium in the Middle region, high in the Eastern region, and medium in the Northeast region to high in the Western region, medium in the Middle region, high in the Eastern region, and high in the Northeast region. From the perspective of spatial distribution, there are more efficient regions in China, especially in the Western and Northeast regions. In recent years, the government's policy for the Northeast region has achieved initial results, and the healthy production difference among regions is gradually narrowing.
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FIGURE 3. Distribution of health production efficiencies in 31 provinces and cities in China. (A) Distribution of health production efficiencies in 2010. (B) Distribution of health production efficiencies in 2013. (C) Distribution of health production efficiencies in 2016. (D) Distribution of health production efficiencies in 2019.




Spatial Pattern Texture Features

This paper uses Geoda software (Dr. Luc Anselin and his team, Chicago, IL, USA) to calculate the global Moran index of China's health production efficiency from 2009 to 2019, which is shown in Table 4. The Moran index values are all above 0.1 at the significant level of 10%, indicating that there is a positive spatial autocorrelation. This paper is suitable to use a spatial econometric model to empirically analyze the influencing factors.


Table 4. Global Moran index of health production efficiency from 2009 to 2019.
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Figure 4 shows local Moran scatter plots of China's health production efficiency in 2009 and 2019. The first quadrant (HH) is the high-level region surrounded by the high-level regions. The second quadrant (LH) is the low-level region surrounded by the high-level regions. The third quadrant (LL) is the low-level region surrounded by low-level regions. Quadrant 4 (HL) is the high-level region surrounded by low-level regions. For brevity, the names of the provinces in Figure 4 are abbreviated. The abbreviations of provinces should be in accordance with the provisions of the Announcement on the Adjustment of China Internet Domain Name System issued by the Ministry of Information Industry.
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FIGURE 4. Local Moran scatter plots in 2009 and 2019.


In the 2009 Moran scatter chart, Hunan, Guangdong, and Xinjiang are high cluster regions, while Shanxi, Liaoning, and Heilongjiang are low cluster regions. According to the 2019 Moran scatter chart, most regions are clustered in the first and third quadrants. Hainan, Fujian, and Jiangxi are high cluster regions in 2019, while Chongqing, Ningxia, and Shanxi are low cluster regions. It can be seen that the quadrants of most regions have not changed. Ningxia has changed from HL to LL, and Tibet from HH to HL. In general, LL agglomeration is the main agglomeration type in local space. Therefore, the spatial distribution of health production efficiency in China is correlated. There is a significant spatial dependence among different regions and the effect between regions is worth further study.




INFLUENCING FACTORS OF SPATIO-TEMPORAL VARIATION OF HEALTH PRODUCTION EFFICIENCY IN CHINA


Applicability Analysis of the Model

Before conducting a spatial empirical study on data, a unit root test should be carried out on data to measure the stability of data and ensure that no false regression will occur. Since T < N in this paper belongs to the short panel, the HT test method is used (26). In this paper, the stationarity test of six influencing factor variables is carried out by using Stata software (StataCorp, College Station, TX, USA), and the results are shown in Table 5. It can be seen that the test results of the six influencing factor variables reject the original hypothesis and they are significant at the level of 1%, which means that the six influencing factor variables have passed the stationarity test.


Table 5. Panel unit root inspection results.
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According to the Moran index analysis results above, the regions have spatial correlations. Then the spatial panel model is selected, which needs to carry out an LM test on the data. Stata/mp16.0 space measurement software (StataCorp, College Station, TX, USA) was used to complete the following space measurement operations. According to Table 6, LM error and LM lag are significant at the level of 1%. Therefore, the OLS regression is rejected and the spatial econometric model is selected, the value of the spatial error model is greater than that of the spatial lag model. Therefore, the spatial error model is more in line with the empirical analysis of health production efficiency in this paper.


Table 6. Test values of LM test statistics.
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Then it is necessary to choose to use a random effect model or fixed-effect model. It is determined according to the results of the Hausman test. The results of the Hausman test are 45.9 and significant at the level of 1%. Therefore, the original hypothesis is rejected and the fixed effect model is selected.

According to the above regression results, we can know that the data in this paper have both spatial error effect and spatial lag effect. Therefore, the spatial Durbin model (SDM) is preliminarily selected for empirical analysis. At the same time, it is necessary to test the robustness of the model by running the LR test and Wald test to observe whether the SDM model will degenerate into SEM and SAR. The results are shown in Table 7. The LR test results are significant at the level of 1%, and SDM will not degenerate into SEM and SAM. The Wald test results also show that the SDM model is the most consistent with the empirical model of health production efficiency.


Table 7. LR test and Wald test results.
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Then the SDM model is selected for regression, and the time fixed-effect model, individual fixed-effect model, and double fixed effect model are used for regression, respectively. Finally, the R coefficient values of the three regression models are compared. The test results show that the R coefficients of the time fixed-effect model, individual fixed-effect model, and double fixed effect model are 0.2230, 0.1105, and 0.1188, respectively, so the time fixed effect model is selected for regression.



Regression Analysis of Time Fixed Effect SDM

After the regression model is selected, the data are empirically analyzed by using Stata16.1 software (StataCorp, College Station, TX, USA). The regression results of the SDM are shown in Table 8, and the regression coefficients and significance levels of six influencing factors are obtained.


Table 8. Regression results of SDM.
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The test result of per capita GDP is significant at the level of 1%, and the coefficient value is 0.021, indicating that per capita GDP has a positive effect on regional health production efficiency. Per capita GDP can measure the level of economic construction in a region. Similar to the conclusion of other scholars, the higher the Per capita GDP, the higher the health production efficiency of the region is. Per capita GDP not only reflects the living standard and consumption capacity of residents but also reflects the economic operation of a region from the macro level. Under a good socio-economic management system, environmental pollution is contained, medical facilities are improved, and people's health is improved, which leads to an increase in health production efficiency value.

The regression coefficient of urbanization level is −0.694, which is significant at a 1% level. The result shows that the higher the urbanization level is, the lower the health production efficiency is, which is contrary to the expected result. The urbanization level reflects the progress of urbanization in a region and stands for the advanced degree of local social organization and management level. It is an important indicator of the process of urban development. The improvement of urbanization level can provide residents with better urbanization services, a perfect medical system, and a mature social supervision system. It is helpful to improve people's lives and health production efficiency. Yet, on the other hand, considering its own special national condition, the improvement of urbanization level also means that the dramatic increase in urban population will make enormous pressure on the health service and community building. The government should deal with the increasing pressure on the development of population and find the right speed of urbanization development to let people really enjoy the benefits of urbanization.

The service level of medical institutions is expressed by the average length of stay, and the result shows that the coefficient of service level of medical institutions is −0.028, which is significant at the level of 1%, meaning that the lower the average length of stay, the higher the health production efficiency level is. It is the same as the expected result. The average length of stay in a hospital not only represents the technical level of the medical and health institutions but also highlights the comprehensive management ability of the medical institutions in the region. The shorter the length of stay, the less the consumption of medical resources is. Reducing the average length of stay in a hospital can not only minimize the cost of medical resources but also save the cost of medical treatment for patients. Medical institutions should be strongly supported to improve service levels in order to increase health production efficiency.

The test result shows that the regression coefficient of the degree of medical non-marketization is −0.001 at the significant level of 5%. The degree of medical non-marketization would have a negative impact on the health production efficiency, which is the same as the expected result. The higher the degree of medical non-marketization, the fewer private hospitals in the medical market are. Too many public hospitals and insufficient market competition are not conducive to the reform and innovation of the medical market, thus reducing the regional health production efficiency. According to the analysis results, the medical marketization degree should be properly improved and the competitiveness of regional medical service institutions should be enhanced.

The regression coefficient of the government support system is 3.339, which is significant at the level of 1%. It is the same as the predicted result. The proportion of government financial health expenditure in GDP can reflect the resources used for health and medical service construction in a certain period of time. The higher the proportion of government financial health expenditure in GDP is, the higher the local government attaches importance to medical and health construction, and the health production efficiency of local residents will increase accordingly.

Population density has dual influences on economic development in each region. If it is too high, it can cause residents living costs to increase, such problems as shortage of resource allocation and commuter crowd. While if population density is too low, it will cause a shortage of labor supply, a declining birth rate, and lower production efficiency. According to the test results of this paper, the regression coefficient of population density is 0.89 at the significant level of 1%, indicating that the population density of China's 31 provinces is in a state of equilibrium, and the uniform distribution of population plays a role in promoting health production efficiency, so it is necessary to balance the population growth rate and economic development rate in the future development.



Spatial Spillover Effects of Influencing Factors of Health Production Efficiency

In order to further study the spatial spillover effects of the six influencing factors, effect decomposition of the SDM is carried out, and it is found that the direction of the coefficient of total utility is the same as the direction of the spatial Durbin empirical results, as shown in Table 9.


Table 9. Effect decomposition results of SDM.
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Population density (Pd) does not pass the significance test of direct effect, Urb, Mnm, and Pd do not pass the significance test of indirect effect. However, Pgdp, Med, and Gov all pass the significance test of 1%, indicating that the three indicators all have spatial spillover effects. The direct effect of Pgdp is negative, and the indirect effect is positive, indicating that the higher the level of Pgdp in a certain region has a promotion effect on the health production efficiency of the surrounding regions. The indirect effect of Med is negative, that is the higher service level of the medical institutions will cause the loss of health production efficiency in surrounding regions. The higher regional medical service organization level will attract surrounding residents to see a doctor, resulting in medical institutions in surrounding regions is difficult to improve the service level. As a result, it has an inhibiting effect on the health production efficiency of surrounding regions. The indirect effect of Gov is negative, indicating that the higher the local government support system is, the lower the health production efficiency of surrounding regions. The direct effect of Gov is 6.9213, indicating that government support has a great promoting effect on local health production efficiency, and there is a demonstration effect on surrounding regions.




CONCLUSIONS AND RECOMMENDATIONS

Based on the EBM model, Moran index, and SDM, this paper measures and studies the Spatio-temporal variation of health production efficiency in China. The results show that:(1) In general, the average efficiency of 31 provinces and cities is above 0.7, and the average efficiency of some regions is above 1, such as Guangdong, Hainan, Anhui, and Jiangxi. From the results of the Eastern region, there is no clear causal relationship between the value of health production efficiency and the amount of health investment. (2) The spatial correlation of health production efficiency is analyzed. The results show that there are “high” and “low” clustering phenomena of health production efficiency in most regions, and there is a spatial correlation between regions. (3) The data of influencing factors of health production efficiency in 31 provinces of China pass the panel unit root test, indicating the smoothness of the data. From the perspective of spatial empirical results, Pgdp, Gov, and Pd have a positive effect on health production efficiency. The direct effect and indirect effect of Pgdp, Med, and Gov all pass the significance test of 1% and the three indicators have spatial spillover effects. At the same time, Pgdp can promote the health production efficiency of surrounding regions.

Based on the above research results, this paper puts forward the following countermeasures and suggestions to improve the health production efficiency of provinces and cities in China:

First, the government should strengthen the urbanization of provinces and cities to provide better modern services for residents. Economic and social development is bound to bring urbanization, and in the process of promoting urbanization, it is bound to bring the problem of over-density of the urban population. In order to explore the development path suitable for China's urbanization layout and form, all provinces and cities should actively respond to the implementation of new urbanization policy, and promote the coordinated development of large, small, and medium-sized cities.

Second, the government should promote medical marketization and increase healthy competition in the medical market. From the point of the current status of the medical market, public hospitals occupy most of the medical resources in the market. Public hospitals also have far more credibility in the health care market than private hospitals. It not only can lead to narrow roads in the development of private hospitals but also lead to too much pressure on the public hospital market. The problem of seeing a doctor is difficult to solve. A partial marketization can increase the competitiveness of the medical market, promote reform and innovation in public hospitals and improve the development environment for private hospitals.

Third, the government's financial investment structure in health should be optimized. The decomposition result of the health expenditure effect of government finance shows that government support can promote regional health production efficiency. There is no doubt that public health expenditure has a positive impact on people's health, but more consideration should be given to the coverage of rural areas, and the medical condition gap between rural and urban should be narrowed to achieve comprehensive health coverage for people.

Fourth, in order to improve China's health production efficiency, reduce regional differences, improve China's overall health production efficiency level, the government should also increase government financial investment in health, expand the scale of the health industry, improve the green level of various industries, reduce environmental pollution and improve the health of residents in each region. Each region should make reasonable use of the spillover effect of surrounding regions, vigorously develop economic activities, carry out cooperation with surrounding regions and use the demonstration effect to accelerate the development of overall health production efficiency.
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In the context of climate change, most of the global regions are facing the threat of high temperature. Influenced by tropical cyclones in the western North Pacific Ocean, high temperatures are more likely to occur in central China, and the economic losses caused by heat are in urgent need of quantification to form the basis for health decisions. In order to study the economic burden of high temperature on the health of Wuhan residents between 2013 and 2019, we employed meta-analysis and the value of statistical life (VSL) approach to calculate the relative risk of high temperature health endpoints, the number of premature deaths, and the corresponding economic losses in Wuhan City, China. The results suggested that the pooled estimates of relative risk of death from high temperature health endpoints was 1.26 [95% confidence interval (CI): 1.15, 1.39]. The average number of premature deaths caused by high temperature was estimated to be 77,369 (95% CI: 48,906–105,198) during 2013–2019, and the induced economic losses were 156.1 billion RMB (95% CI: 92.28–211.40 billion RMB), accounting for 1.81% (95% CI: 1.14–2.45%) of Wuhan's annual GDP in the seven-year period. It can be seen that high temperature drives an increase in the premature deaths, and the influence of high temperature on human health results in an economic burden on the health system and population in Wuhan City. It is necessary for the decision-makers to take measures to reduce the risk of premature death and the proportion of economic loss of residents under the impacts of climate change.

Keywords: high temperature, mortality relative risk, economic burden, meta-analysis, value of statistical life (VSL)


INTRODUCTION

Climate change poses a threat to human health, which through direct effects including increased frequency of high temperatures, floods, droughts and severe storms, and indirectly through impacts on ecosystems (1). The first part of Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) finished by Working Group I has reported that the current global average surface temperature is about 1°C above pre-industrial levels, and the global surface temperature will continue to rise until at least the middle of this century. If greenhouse gas emissions are not reduced in the future, global temperature will be likely to exceed 1.5 and 2°C by the end of twenty-first century (2). As the global temperature rises, the intensity and frequency of extreme heat events are rapidly increasing.

Most regions are already suffering from extreme heat, which has had significant impacts on human health. Some epidemiological studies have illustrated that exposure to high temperatures results in cardiovascular disease, respiratory disease and cerebrovascular disease (3). Extreme heat not only leads to a range of diseases but also results in mortality. In California during 2006 and Wisconsin from July 16 to July 18 in 2012, there were 655 premature deaths and 27 deaths, respectively (4, 5) due to heat. A report published by The Oregonlive on July 1, 2021, announced that at least 63 people had died in Oregon from the heat, and Multnomah County, where the largest number of deaths occurred, had received 491 emergency medical calls in 1 day (6). Moreover, the death toll in Oregon had risen to 107 in the next week (7). Global News also reported on July 29, 2021 that 570 people died from heat-related deaths in British Columbia (8). From 2000 to 2019, Asia, Africa, and the global excess deaths due to high temperatures were 224,022, 25,549 and 489,075, respectively (9). Exposure to high temperature in addition to the health risks, which can lead to premature death, also places a burden on the economy. Several economically developed countries have quantified the economic costs of health hazards from high temperatures, and according to data regarding Michigan from 1971 to 2000 and California in 2006, the economic losses due to heat-related deaths were about $4.2 million and $5.1 billion, respectively (4, 10). Moreover, a study on heat-related deaths in Zaragoza, Spain showed that the hospitalization costs for these deaths amounted to €426,087 in 2002–2006 (11). From 2013 to 2014, Australia experienced a further economic burden of $6.2 billion per year due to reduced labor productivity as a result of heat stress (12).

Heat-related deaths have also increased along with global temperatures. Among the five continents in addition to Antarctica, Asia, specifically Southern and Eastern Asia ranked first and third in the number of excess deaths due to high temperature, respectively (9). Because of their higher vulnerability and limited capacity to adapt to high temperatures, developing countries are more likely to be exposed to heat-related health threats than developed countries (13) and therefore are desperately in need of a quantitative health outcomes analysis. In contrast, China, one of the developing countries, is very limited on articles regarding quantitative analysis of high-temperature health outcomes. The frequent activities of tropical cyclones formed over the western North Pacific Ocean affect the climate in East and Southeast Asia, while indirectly leading to an increase in the number of high-temperature days in the middle and lower reaches of the Yangtze River region in the east-central region (14). In the 60 years from 1955 to 2014, central China was the most severely threatened by heatwaves (a type of hot weather) and had the highest frequency and number of annual heatwaves (15). Information on the economic burden of heat is also in urgent need in the central region, which is most affected by high temperature. Therefore, it is most fitting to consider Wuhan, the largest city in central China, in a case study to assess the economic losses of premature death caused by high temperature in 2013–2019.

The purpose of this paper is to: (1) calculate the overall estimate value by pooling the relative risk (RR) effect values of heat-related disease deaths from previous studies in Wuhan; (2) assess the burden of heat-related disease deaths on the GDP of Wuhan using the value of statistical life (VSL) method; (3) propose management countermeasures to assist policymakers in establishing a heat warning system that reduces heat exposure mortality among the population, especially vulnerable populations, and improving the quality and level of public health management.



METHODS


Study Area

Wuhan City is the capital of Hubei Province (29°58′N to 31°22′N,113°41′E to 115°05′E) and a total area of 8,494 km2. Located in the subtropical high-pressure belt, Wuhan has the famous title of a “furnace” city. From 1951 to 2018, there were 386 days when the daily maximum temperature in Wuhan exceeded 35°C, and the days with a maximum temperature of 38°C accounted for about 2.8% of the warm season (May to September). As the largest city in central China, Wuhan ranked fourth and third among 15 sub-provincial cities in China in terms of total GDP in 2013 and 2015, respectively. Its GDP topped central China in 2014, and it was selected as a new first-tier city in 2019. The study of heat-related diseases and deaths, as well as their economic burden in Wuhan, can alert policymakers to mitigate the health and economic losses caused by high temperatures, which is significant for the city to accelerate its development as a national economic center. The geographical location of Wuhan within China and the map of the city are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Geographical location of Wuhan.




Overall Study Description

High-temperature weather is a health threat and leads to premature death in the population. In this paper, with the context of health risk assessment being widely applied to provide a quantitative evaluation of the potential negative impact of hazards on human health (16), a two-stage analysis combined with meta-analysis were applied to calculate the relative risk of exposure to high temperature and the number of premature deaths successively. Further discussed are five monetization methods to estimate the economic losses caused by premature death, with the most optimal one selected and combined with health impacts to derive health economic losses. The research flowchart is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Research route flowchart.




Estimation of Health Impacts

In this part, a two-stage analysis was used to estimate the health effects and premature deaths from exposure to high temperatures. In the first stage, due to unavailability of epidemiological data, we extracted and pooled the estimates of relative risks (RRs) from searched and screened literature. A study of collecting heavy metal and metalloid from surface soils in central China during 2007–2017 also collected data from various literature for the same reason (17). The number of premature heat deaths from the overall RRs was calculated in the second stage.


First-Stage Analysis

Since most current studies on heat-related deaths have focused on cardiovascular disease, cerebrovascular disease, respiratory disease, ischemic heart disease, and non-accidental death (3), we used these five major causes of heat-related death in the first stage as health endpoints.

Then the literature was searched on CNKI, PubMed, Web of science and Wanfang Data. The search key words combined “China/Chinese/Hubei/Wuhan”, “High temperature/Heat/Heat wave/Hot temperature/Extreme temperature” with “death/mortality” and “relative risk/RR (relative risk)/increase risk.” To ensure a more complete coverage of the literature, we also consider the references of the searched literature. The searched literature were screened according to the following inclusion and exclusion criteria.

Inclusion criteria are (1) studies on the relationship between high temperature and death in five health endpoints and (2) effect estimates and corresponding 95% confidence interval for the risk of death from the high temperature on health endpoints such as Odds Ratio (OR), Relative Risk, and percent change which can be converted into RR.

Exclusion criteria are (1) overview literature pieces, (2) No Wuhan City as a study area, and (3) duplicate literature.

The final literature was determined by viewing the titles and abstracts of the literature as well as the entire literature from start to finish. Then data from the included literature was extracted to make a characteristics summary table. The extracted data include title, author, study period, type of death, and effect estimates. Moreover, when the effect estimate is shown as percentage change, it is converted to RR using Equation (1), or, if it is shown as OR, using Equation (2):
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where RR is relative risk, OR is Odds Ratio, P0 is the incidence of disease in non-exposed populations.

Finally, we calculated the heterogeneity (I2) and pooled RRs with either a random effect model if I2 > 50%, or a fixed effect model if otherwise. When pooling RR, we chose the largest estimates of RR (18). The process of pooling RRs was performed using Stata SE version 15.



Second-Stage Analysis

With the above RR estimates, Equation (3) was used to assess the number of premature deaths due to high temperature (19).

[image: image]

where P (person) is premature deaths, y0 (‰) is the baseline rate of all-cause death, Pop (person) is the exposed population, RR is the relative risk of health endpoints mortality due to high temperature, and AF is the attributable fraction of high temperature to death. The values of y0 (‰) and Pop (person) were obtained from Wuhan statistical yearbook (20) (details in Table 1), and the RR is derived from the overall RR estimated by the first-stage analysis.


Table 1. Exposed population and all-cause mortality rate in Wuhan between 2013 and 2019.
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Economic Loss Estimation

Current studies on the monetization of health hazards caused by environmental issues consist of the cost of illness (COI) approach (21), the human capital approach (HCA) (22), the modified human capital approach [Years of Potential Life Lost (YPLL)] (23), disable adjusted life years (DALY) (22), and the willingness to pay approach (WTP) [i.e., value of statistical life (VSL)] (21). COI is a calculation of the costs incurred by the disease; however, it is deficient in assessing health loss from premature death. First, it targets people as research subjects and has a large amount of data, which can easily lead to incomplete data during the survey and thus affect the accuracy of the final results. Second, it considers only all costs caused by diseases without taking into account the health preferences of affected individuals (23). HCA refers to capital embodied in workers, while non-labor force populations such as the out-of-work and elderly populations are considered less valuable because they have no income at the time of death. There are ethical and moral flaws in this approach (23). The modified human capital approach considers per capita GDP as a statistical life year contribution to society, which differs from the human capital approach in that it considers the contribution of the labor force to the socio-economy from the perspective of society as a whole, but it may have a significant regional variation due to the difference of per capita GDP (24). DALY measures the difference in quality of life between a disabling health condition and a normal health condition. This method lost uniformity in the choice of weights corresponding to different levels of incapacity when the weighting method of health-related quality differences was introduced into the calculation, and it has limitations in age and gender weights (25). WTP is the amount people are willing to pay to reduce a certain level of health hazard, and VSL is the quotient of the amount paid and the risk of hazard reduction. Willingness-to-pay based on the contingent valuation method (CVM) allows flexible assessment of environmental health losses of the population (26).

Based on the characteristics of the above methods, this study adopted the willingness-to-pay (i.e., value of statistical life) method to calculate the economic loss of the health endpoints of heat-related death. Due to the lack of VSL value related to high temperature, Adélaïde et al. analyzed health-related economic impacts in 96 French metropolitan areas during heat waves from 2015 to 2019 and proposed that some values such as VSL in the context of air pollution could be relied upon health-related economic losses estimation (27). Although the VSL of air pollution is available from various research, there is little information of a ready estimate for Wuhan City found from published works up to now. In this paper, a total of three different paths to obtain VSL estimate are proposed as follows:

(1) Employing meta-analysis to obtain VSL;

(2) Based on the WTP method calculated according to the following formula:
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where WTP is the amount of money residents are willing to pay to reduce the risk of death; ΔP is a certain risk of death reduction;

(3) Converting VSL data of known cities into VSL of study cities by benefit transfer (BT) approach (28):
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where VSLWH, k (million RMB/person) is the VSL of Wuhan in year k; VSLcity, i (million RMB/person) is the VSL of city in year i; IWH, k (RMB/person) and Icity, i (RMB/person) are the per capita disposable income of Wuhan and city in year k and i respectively; and β is the income elasticity of VSL (the income elasticity of 0.8 was recommended by the Organization for Economic Co-operation and Development (29).

Once the VSL estimate could be obtained from the selected method, the economic value of environmental hazards, such as air pollution, to mortality mitigation is the product of estimates of “statistical lives saved” and “statistical value per life” (30). Thus, the economic value of high-temperature loss is the product of the “number of premature deaths” and “statistical value per life.” The health economic loss can then be calculated using Equation (6) (19):
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where P (person) is premature deaths; VSL (million RMB/person) is statistical value per life, and ECal is high temperature all-cause premature death economic loss.




RESULTS


Literature Selection and Summary

A total of 1,841 publications were identified initially from Web of science (963), Pubmed (297), CNKI (424) and Wanfang (157) databases search. After removing duplicate publications, a total of 1,653 articles have remained. Of those, 17 publications fit the exclusion and inclusion criteria based on the study titles and abstracts. Among them, 6 papers were determined to have sufficient information and therefore finally included in meta-analysis, with 5 papers in English and 1 in Chinese (Figure 3). The summary of the included literature on the risk of death from high temperature on health endpoints in Wuhan are listed in Table 2.


[image: Figure 3]
FIGURE 3. Flow chart of literature selection.



Table 2. Summary of the characteristics of included studies.
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Relative Risk of High Temperature Exposure and Premature Deaths

The estimates of RR of each study and overall pooled RR are shown in Figure 4, and the results showed statistical significance (p < 0.05). Since the significant heterogeneity (I2 = 91.4 %) was detected, we chose the random effect model to pool the RR. The pooled estimate of RR (95% CI) was 1.26 (95% CI: 1.15, 1.39), which suggests that the risk of mortality from residents' health endpoints will increase by 26% when exposed to high temperatures.


[image: Figure 4]
FIGURE 4. Forest plot of relative risk and 95% CI for relationship between the high temperature and health endpoints.


The number of premature deaths due to high temperatures in Wuhan based on the calculation of Equation (3) is presented in Table 3. From 2013 to 2019, this number had noticeable fluctuations, rising as high as 77,369. It trended downward from 2013 to 2014 and from 2015 to 2016 but rose sharply after 2016. It peaked in 2017 and fell again in 2018, yet it remained larger than that in 2013.


Table 3. Premature deaths (95%CI) due to high temperature in Wuhan, 2013–2019.
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It should be noted that the number of exposed populations as well as mortality rates in Wuhan varied from 2013 to 2019, and the number of premature deaths determined by these two variables also differed annually. The abnormal number of premature deaths in 2017 was attributed to an abnormal all-cause mortality rate for that year, which was more than twice as high as the rate for the other years over the seven years. In the same year, the mortality rate in Changsha City was similarly abnormal. According to the 2017 Changsha City National Economic and Social Development Statistical Bulletin, the Municipal Public Security Bureau verified the information of people who died but did not cancel their household registration and cumulatively canceled the household registration of these people, causing the mortality rate that year to be higher than usual (37). In this regard, we reasonably assumed that Wuhan City also carried out the same cancellation action in 2017, resulting in an abnormal mortality rate and further causing a high number of premature deaths from high temperature as well.



Value of Statistical Life Obtainment

In this study, three methods were considered to estimate VSL: meta-analysis, willingness-to pay (WTP) and benefit transfer (BT) methods. As for the meta-analysis method, with the wide application of meta-analysis in the field of environmental economics, Xu et al. (38) assessed four publications relevant to the air pollution CVM with meta-regression model to estimate the value of air pollution statistics life in China to be about 86 million RMB. More evidence suggests that income level is positively associated with VSL and is the main factor influencing VSL (39, 40). The time series study in this paper is comprised of time variation of VSL with per capita income. Thus, fixed meta-analysis value cannot be generalized for use in a time series analysis.

It is feasible to obtain VSL based on Equation (4) by using the WTP method. Gao et al. surveyed the willingness to pay for air pollution health risk reduction in three of the six main urban areas of Beijing measured by contingent valuation method, with VSL values ranging from 0.667 to 1.1 million RMB (41). Similarly, Xu estimated the VSL value for Hangzhou residents in 2004 to be 2.218 million RMB (40). A More recent study by Peng et al. estimated the value of statistical life in Chongqing and Sichuan to be 3.928 million and 4.02 million RMB, respectively, with the single-boundary dichotomous function model of the CVM (42). Unfortunately, we failed to find any willingness-to-pay surveys on air pollution mortality risk reduction carried out in Wuhan city.

The BT method is meant to convert from a specific VSL study that has been estimated for a particular city, based on an exponential linear relationship of the proportion of income levels per capita. Compared to the previous methods, the BT method reduces the consumption of human, material, and financial resources (40) as well as takes the temporary differences in income earnings levels into account, therefore considered the most appropriate method for this study.

When selecting the VSL values of domestic and foreign regions, some scholars discovered that the value of domestic VSL was generally lower than latter (38, 39). We speculate that it is caused by the difference in economic development in China and foreign countries. Therefore, in this paper, VSL of domestic cities was selected, specifically the VSL of Beijing in 2010 (1.68 million RMB) based on Xie (43).



Health Economic Loss Attributed to High Temperature

The corresponding values of the statistical life in Wuhan over the seven-year period were calculated using Equation (5), as presented in the third column of Table 4. The VSL values related to high temperature varied from 1.57 million RMB in 2013 to 2.24 million RMB in 2019, revealing a generally increasing trend. The progressive increase in VSL indicates the annual improvement in the per capita disposable income level of Wuhan residents. Meanwhile, it also shows the growing willingness-to-pay of residents of Wuhan city to reduce the risk of heat-related deaths. Based on Equation (6), the annual VSL is combined with the corresponding number of premature deaths attributed to high temperature. The outcomes of economic loss from high temperatures and the corresponding proportion in GDP are displayed in Figure 5. The total economic losses between 2013 and 2019 amounted to 156.1 billion RMB (95% CI: 92.28–211.40 billion RMB), accounting for approximately 1.81% (95% CI: 1.14–2.45%) of the GDP of Wuhan in the 7-year period, which turns out to be 8,461.98 billion RMB.


Table 4. Value of statistical life in Wuhan between 2013 and 2019.

[image: Table 4]
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FIGURE 5. Economic loss from high temperature and the corresponding 95% confidence interval in Wuhan, 2013–2019: (A) economic loss; (B) proportion of GDP.


Figure 5A displayed that the health economic losses have increased annually between 2013 and 2019, and the economic losses in 2017–2019 have all exceeded the annual average loss (RMB 22.3 billion), contributing to 58.61% of total economic losses. Meanwhile, the largest three values of economic loss were also observed in these 3 years, i.e., 42.99 billion RMB (95% CI: 27.18–58.46 billion RMB), 22.66 billion RMB (95% CI: 14.32–30.81 billion RMB), and 25.84 billion RMB (95% CI: 16.33–35.13 billion RMB). The escalation in health economic losses is associated with a larger frequency and intensity of extremely high temperatures and is further responsible for more premature high temperature-related deaths and a gentle increasing trend in the value of statistical life over time.

Figure 5B reflected the similar trend as Figure 5A. Economic losses were more than 1.5% of the GDP in all year except year 2014. The lower fraction of GDP in 2014 were supposed due to the milder temperatures and less premature deaths from heat exposure as well as the higher increment in GDP in that year compared to other years. The annual average heat economic loss was 1.81% (95% CI: 1.14–2.45%) of GDP from year 2013 to 2019. The Lancet Countdown to China report showed that the economic loss of China from the reduction of labor time due to high temperature was 1.4% of its GDP in 2020 (44), which was 22.7% lower than our estimated economic loss. Thus, Wuhan must develop high-temperature warning measures to reduce its economic losses.




DISCUSSION

Influence by climate change, high temperatures have been occurring more frequently and with greater intensity. A large number of scholars have developed various models and methods to investigate the health effects of high temperature in Wuhan (31–36). We not only employed meta-analysis to obtain the total impacts but also monetized and quantified the economic burden generated by these mortality impacts. We estimate the economic burden of premature death for selected health endpoints due to exposure to high temperatures to be 156.10 billion RMB (95% CI: 98.28–211.40 billion RMB), accounting for 1.81% (95% CI: 1.14–2.45%) of Wuhan's 2013–2019 GDP, which is higher than the national heat economic losses as a percentage of national GDP published in The Lancet Countdown to China report. To the best of our knowledge, this is the first study to link meta-analysis calculations of relative risk and value of statistical life to quantify high temperature health-related economic losses. It is also an exemplary study in regions seriously threatened by high temperatures such as central China. Other studies of economic losses from high temperatures have adopted method to obtain relative risk directly from urban studies with similar types of conditions to those of the study city or country (45, 46). In this study, epidemiological studies on Wuhan were obtained from four major databases, and relative risks were not employed from epidemiological studies in other cities.

There are some limitations and uncertainties to this study in assessing the economic loss of premature death at high-temperature health endpoints. First, the number of the exposed population selected for the calculation of premature deaths in this study is the registered population of Wuhan, not the permanent population, since Wuhan's all-cause mortality is calculated based on the number of deaths in the registered population (47). Because the registered population is not the only ones exposed to high temperatures, the economic loss from premature death will be underestimated. Second, only five types of causes of death with the most significant effect of high temperature were selected as health endpoints. A study conducted in Seoul, South Korea, indicated a significant correlation between high temperatures and the risk of preterm birth in pregnant women (48). Several studies also illustrated the burden of heat on death from nervous diseases (49), diabetes (50) and mental health (51). Since the relative risks of Wuhan City for the above-mentioned related diseases are not available, a comprehensive assessment of the economic loss from heat exposure is hard to conduct. Once epidemiological data are provided, further studies can be easily performed with more comprehensive and accurate results. Third, we considered only one aspect of the economic impact of heat: premature death. As a result, outpatient costs, medical costs, and lost wages incurred by residents entering emergency care or hospitalization due to sudden illnesses caused by high temperatures are not considered in this paper (5). To ensure the safety of workers under high temperatures, outdoor workers will adopt a work system that reduces the intensity of work or increases the number of breaks, resulting in a reduction in working hours (52); indoor workers will also be less efficient due to the high temperature (52). Average heat-related work productivity loss is about 6.6 days in developing countries in 2016 (53). Seven percent of Australian respondents missed an average of 4.4 days of work during the heat of 2013–2014, and seventy percent were less productive, working for 27.1 h less (12). In such cases, economic loss will also be generated. Therefore, once the hospital admission or emergency data are available, they can be considered in further studies of economic loss of heat.

We believe that the results of such studies serve as a cautionary tale for policymakers. A series of resident mortality risk reduction measures in response to the occurrence of heat events are necessary. An electronic study conducted in Victoria, Australia in 2003 revealed a lack of knowledge among the population regarding thermoregulation, heat risk factors, heat-related illnesses and fan use (54), raising awareness that heat-related knowledge should be strengthened.

It is important to disseminate heat warnings in a timely manner. Issuing heat warning announcements through the media is considered feasible for residents, especially for the elderly population, with radio and television being the two best ways to deliver them (54, 55). Since the elderly and children are more obviously affected by the heat (56), society should give extra attention to these more vulnerable groups (57). In addition, the process of urban construction and development is supposed to accelerate the construction of summer space and cool centers in the city to increase the area for residents to escape from the heat. For example, in 2013, the severest year for high temperatures in Wuhan, the citizens of the city spontaneously went to cooled subway stations to escape the heat, and the subway company stated that they would not refuse such escaping without affecting normal subway operations. In 2019, ~1,400 cool spots in Wuhan city were open to meet the needs of the residents, especially for those of poor households, in accordance with the requirements of civil affairs department of Wuhan. As high temperature momentum is not reducing the trend, Wuhan should consider designating more space throughout the city to escape from the heat.

Different government departments, such as the meteorological department and the health department collaborate to build the emergency response system, complete the simulation implementation and feedback of the system based on big data, and improve the flexibility of the emergency response plan (58). From the perspective of urban construction, ventilation corridors are established according to the prevailing wind direction by relying on the Yangtze River and other lakes, as well as urban roads, parks, and low-density areas in response to the wind brought from the suburbs into the city (59). At the same time, the government accelerated the greening construction focusing on the four banks of the two rivers and the ecological restoration of mountains such as Tortoise Hill and Snake Hill to improve the local microclimate. Since the ecological function protection zones in Wuhan are mainly located in the central part of Huangpi District and the eastern and southwestern parts of Xinzhou District, they have a high resistance valueand these areas can exert ecological benefits, which should be highly valued and protected (60). In addition, greening works in urban parks, roads and scenic areas, as well as forest parks should be renovated to facilitate the mitigation of high temperatures.



CONCLUSION

A meta-analysis revealed a relative risk of 1.26 (95% CI: 1.15, 1.39) for the health endpoints. The number of premature deaths due to high-temperature exposures for the five health endpoints in Wuhan was 77,369 (95% CI: 48,906–105,198), and resulted in a loss of 156.10 billion RMB (95% CI: 98.28–211.40 billion RMB), approximately 1.81% (95% CI: 1.14–2.45%) of Wuhan's 2013–2019 GDP. In the context of high global heat events, premature death from heat and the corresponding economic burden deserves close attention. It is suggested that policymakers should also establish appropriate measures to reduce the number of premature heat-related deaths among residents and reduce the economic loss from premature heat-related deaths proportionate to the GDP of the city. Furthermore, this study is a cautionary warning to policy decision-makers for cities and regions facing similar heat threats as Wuhan in the future and is expected to provide valuable management advice in heat-related policymaking.
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The implementation of the Ecological Red Lines (ERL) policy in China is under the background that natural resources have been immoderately exploited for serving rapid economic growth in the last 40 years, where the ecosystem's degradation happened and people's health could be affected. As the secondary industry is the contribution source of rapid growth as well as the threat source that threatens the natural environment and public health, the delimitation of ERL can act as a legal restriction that forces the industries to control the emissions and to upgrade the industrial composition. This paper conducts an ex-post policy evaluation on the improvement effects of industrial structure and residents' health and through ERL's pilot scheme in four provinces of China. By using the difference-in-differences (DID) method, the estimation results show that: (1) The industrial upgrading effect exists but to a small extent, as the ERL policy has generally elevated the tertiary industry's output by only 0.033% and hardly shown any promotion effects on the ratio of the tertiary industry to secondary industry; (2) The residents' health has been significantly improved by 1.029% after ERL policy on the whole, and enhanced over time mostly; (3) The health promotion effects are similar among three out of the four pilot provinces, whereas the industrial upgrading effects performed large heterogeneities among the four. These empirical results may provide references for the wider extension of ERL policy with more practical execution solutions in developing economies.

Keywords: Ecological Red Lines, industrial upgrading, health promotion, policy evaluation, difference-in-differences, event study


INTRODUCTION

A typical developing region is composed of cities, villages and towns normally distributed with secondary industries. The secondary industries normally produce the manufactured or intermediate goods for domestic and global supply chains. By transaction and usage of the goods, the residents' welfare and economic growth can be promoted. However, while commercial manufacturing can provide intuitive sizable economic statistics, the consumed natural resources, including land, clean water, forest, mines, non-renewable energy sources, and biodiversity, have been neglected or regarded as slight “negative externality” for a long period (1, 2), even though they served as indispensable elements for secondary industry (3). As a result, people's health could be negatively affected by the diminishing resources and contaminated environments. Because of the manufacturing-dominated industrial structure and the production-oriented growing demand, this situation appears to be more widespread in developing countries compared with developed economies which finished the industrial transformation in the main (4–6). As a consequence, the residents' health degree could come down and the industrial structure remains pollution-intensive and energy-intensive, causing a greater loss for both the individuals and the whole society. According to the Food and Agriculture Organization of the United Nations (FAO), the global resources of soil, land and water is “reaching the limit,” as the land area per capita declined by 20% from 2000 to 2017, the groundwater consumption rose from 688 km3/year in 2010 to 820 km3/year in 2018 and let to a 250 km3/year of water loss for the soil aquifer, the globe will suffer from a higher risk of environmental disasters and prevalence of disease if the current consumption trends have not ceased (7).

This circumstance began to change since the environmental and illness events continually occurred in multiple developing regions, as the adverse effects of heavy-polluting industries became more noticeable and received broader concerns in the societies. To contain the frequent ecological hazards, some developing countries have begun to take environmental protection measures. In order to protect the biological diversity, South Africa has built 422 ecological preservation zones with a total area of 67,000 square kilometers, where much stricter environmental laws and higher farm chemical standards are executed (8); In Brazil, a construction project of the potential world's third-largest hydropower station with a capacity of 11.3 gigawatts on a tributary of the Amazon River in Belo Monte came to a halt in 2012, for the reason that the submerged rainforest upstream of the dam may infringe the local biodiversity, especially for the species of fish and bird (9, 10). These actions indicated that the emerging economies are attaching more importance to ecological protection, despite economic growth still being the primary goal.

China is the second-largest economic entity as well as the biggest developing country around the world currently, experiencing a spectacular increase of production capacity in the last two decades, but also accompanied by an enormous depletion of natural resources and environment due to the rapid expansion of secondary industries. During the booming period of foreign trade (2001–2009) and infrastructure construction (2005–2014), environmental pollution and climate change events became more frequent and extensive than before. For the storm-flood event, few Chinese cities had encountered it before 2001, but the waterflood came out many more times since then, where 60% of the cities in China have witnessed the happening of storm-flood in 2015 (11). For the air quality issues, the annual haze pollution event in northern China increased from 30–50 days in 2000 to 80–90 days in 2006, and maintained at a level of 70–90 days until 2014 (12); some parts of southern China have also been intruded by winter haze caused by El Niño events since 2,000 (13). As for the water quality, every 1% transfer of the state-owned land transfer could bring 0.08–0.113% agriculture wastewater discharge at the prefecture-level (14), and the water pollution in rural areas was even much worse (15). All these environmental pollution events can threaten the residents' health to varying degrees by environmentally related diseases or declining food quality, then the wellbeing of most families would be deprived as a consequence.

Apart from the environmental issues, the resource depletion in manufacturing-based China is also tremendous. Taking energy consumption as an example, China consumed an average of around 4,000 megaton coal in 2011–2015, accounting for half of the world's consumption, and was five times as much as the consumption in the US. The electricity consumption per GDP in China was 0.508 kilowatt/USD in 2015, which was 2.28 times as Japan's and 4.65 times as UK's in the same year (source: World Bank); In terms of thermal unit, China's energy intensity was about 7.60–9.19 kBtu/USD in 2011–2015, which was 50.2–67.5% higher than the world average level (source: International Energy Agency). One reason accounting for this high consumption is the “world factory” status of China, as China has become the world's biggest exporter for trade in goods since 2009, accompanied by high production demands for both the domestic and the foreign market. Another reason is the coal-based energy structure and energy-intensive industries: China can produce 7,128.2–8,306.3 billion megajoule of raw coal annually, but the annual yield of the crude oil and natural gas are 834.7–896.8 billion and 373.6–533.8 megajoule; the secondary industry shared more than 40% of gross output before 2015 (source: National Bureau of Statistics of China), which was doubled compared to the developed countries averagely.

These intermittent environmental and climate events, along with continuous high resource consumption, aroused great concern from the Chinese government and residents, a plentiful of anti-pollution measures and environmental regulations have been carried out hard upon. Being different from other countermeasures that are directed at one or several specific pollutants or greenhouse gas, the Ecological Red Lines (ERL) policy is an all-around ecological and environmental action that limits the misuse of resources and immoderate emissions. The Ministry of Ecology and Environment (MEE) of China introduced this policy in 2015, and it can also be called the Ecological Conservation Red Lines.

According to Figure 1, the delimiting of the ERL can is carried through with five main steps. The initial step is the recognition of the ERL's range, in which four protection zones are divided (see Figure 3). The subsequent step is assessing the importance principle of each zone in terms of service value and sensitivities of the ecosystems. Based on the assessment results, the scheme of ERL's delineation and its boundaries will then be confirmed and set. Finally, the formal ERL document with legal force will come into force, preventing the ecological protection areas from improper exploitations.


[image: Figure 1]
FIGURE 1. Formulation process of ERL policy.


The concept of ERL was officially proposed in 2012 when the MEE launched the formulation of ERL. Subsequently, from 2012 to 2014, more refined concepts and more detailed management practices of ERL have deepened, as some city-level pilot programs were attempted and offered valuable experiences useful for the follow-up policies enactment making of ERL for MEE (16). Based on the above efforts and investigations, a policy mix was released in 2015 (17), that is, the official document Technical Guide for Delimiting Ecological Protection Red Lines (18) issued by MEE, then four provincial-level regions and one city-level region were formally selected as the pilot areas for the implementation of ERL (shown in Figure 2), where the ecological preservation areas were defined with strict supervisory policies.


[image: Figure 2]
FIGURE 2. The pilot regions for ERL implementation in 2015.


As Figure 2 indicates, four provinces, Jiangsu, Hubei, Hainan and Chongqing, with Shenyang city, are the pilot regions for the ERL's trial implementation. Each administrative unit has a representative feature in China: Jiangsu is a typical advanced eastern coastal province, Hubei is a medium-developed inland province in central China, Hainan is a tropical island at an economic take-off stage and fit for wide-range reforms, Chongqing is a provincial-level mountainous municipality shouldered with poverty alleviation tasks, Shenyang is a northeastern provincial capital city with central heating in winter. Within the ERL zones of these pilot areas, environmental entry, ecological performance assessment, ecological compensation, emission control and other rigid protection measures were strictly put into practice.

According to the technical guide of the ERL pilot policy (18), four ecology protection zones constitute the ERL zones in Figure 3: key eco-function zone, ecological sensitive/fragile zone, forbidden development zone, and other zones (e.g., Ecological public-welfare forests, key wetlands). Each zone was treated differently in management details, but they may have intersections of coverage, as they have common features including the limitation of land development, resource exploitation, and emission dumping. In these zones, four control requirements are strictly executed: the land usage must not be transformed, the ecological function must not be lowered, the area of the zone must not be reduced, and the protection responsibilities of the forest, grassland, wetland and wilderness must not be changed. Also, ecological restoration is another important target in the red line areas, as they may have been damaged by industry and agriculture expansion in the past two decades before 2015.


[image: Figure 3]
FIGURE 3. Diagram of the ERL's delineation.


Based on these actions, it is noteworthy to evaluate what has ERL achieved in multiple aspects. Focused on four pilot provinces shown in Figure 21 and by using the policy evaluation econometric models, this paper chooses the industrial upgrading as the direction index for assessing the direct effect of the ERL policy, and the health promotion as the indicator for investigating the indirect effect, aiming at finding out the effect significance, the effect degree, and the possible regional heterogeneities of the ERL. Moreover, an event study applied to discovering the year-by-year effect will be carried out if the result shows high significance and extensiveness among the four pilot provinces both as a whole or individually.



LITERATURE REVIEW AND HYPOTHESIS PROPOSING


Existing Studies on ERL

Although the notion of ecological protection came a long time ago and relevant policies and actions had been taken in many countries or regions, the concept of the Ecological Red Line was first proposed in China in 2005 but remained at the discussion stage for over a decade (19). During the period of discussion, the academic expectation emerged before the ERL came to trial implementation. Si et al. pointed out that systematic delimitation, scientificity and maneuverability were the main principles for formulating the marine regional ERL (20). Based on the potentialities of ERL's functions, Lu et al. made a comparison study on the traditional Marine functional zoning (MFZ) and more recent Marine ERL, discovering that the Marine ERL can strengthen the MFZ by more specified regulations on administrations (21). As the basic execution unit of ERL is a province, Wang et al. assigned different indices with different weightiness in China's Liaoning Province, emphasizing the fundamental role of ecological inventory for the dynamical protection of the ERL.

Because the ERL is a dynamic policy that needs continuous improvement, several scholars have put forward their understandings and suggestions on how to effectively delimit its scope and strengthen its protection measures. Xu et al. conducted a case study on the Yangtze River Economic Belt which covers 11 provinces or municipalities, identifying that the key indicators, the evaluation methods, and the synergetic protection with other protection zones are the three knowledge gaps of the understanding of ERL; therefore, standardization, independent professional agencies, third-party evaluation systems, and cross-provincial ecological compensation strategies are four appropriate countermeasures for the implementing of ERL (16). He et al. unscrambled the ERL pilot policy in 2015 by classifying four types of ERL zones into more sub-zones with different functions and distinguishing the implementation points of land ERLs and maritime ERLs, then proposed that the financial support is a long-term guarantee of ERL's maintenance (22). The literature above has interpreted the ERL policy or provided the evaluation criteria of the ERL, but hardly examined the implementation effects of the ERL pilot policy. Hence, this paper chooses the industrial upgrading and residents' health as the main indicators, attempting to find out whether the ERL policy can markedly reduce the sickness rate in the pilot provinces from 2015 to 2019.



Policy Evaluation Method

Policy evaluation, or policy assessment, is a prevalent research method in empirical econometric studies, these methods include the instrumental variable (IV) method, regression discontinuity design (RDD), synthetic control method (SCM), and difference-in-difference (DID) method. The IV method can effectively solve the endogenous problem in causal analysis (23), but the appropriate selection of IVs and the excluding of the study objects' heterogeneities are not easy to overcome (24). The RDD became widespread since Hahn et al. provided a comprehensive theoretical framework (25), but its high requirement of geographical homogeneities could restrict the evaluation of multiple observation subjects scattered in different regions (26). The SCM can give an intuitive graphical result displaying the trend variation before and after the policy implementation (27), but lacks quantitative outcomes and has difficulties in constructing complicated models (28). Among the methods for policy evaluation, the DID approach can provide the quantified results while overcoming the disturbance from the unobserved confounders (29). Ashenfelter came up with the earliest concept of DID (30), and Heckman et al. firstly put the DID method into policy assessment (31, 32). The DID model has served as an extensive tool in various kinds of research fields since then and was developed into multiple derivative models by scholars. In the field of environment and climate change, Greenstone and Hanna adopted DID estimator to find the distinctive results of the air pollution control acts and the water pollution control act in India (33). Lin et al. (34) used this approach to calculate out that greenhouse gas in China can be reduced by 1.75% annually due to the opening of high-speed railways. Nunn and Qian (35) extended their functions to estimate more than a single impact through multiple-period difference-in-differences (35).

DID method has also been widely used in the research field of public health for inspecting the achievements of a health policy or evaluating the impact of a pandemic. Dimick and Ryan summarized the use of DID in the assessments of health policies, believing that it is a better approach to solve the unpredictable background changes than the observational studies (36). Agüero and Beleche used DID to explore the health shocks and the long-lasting influences brought by the 2009 H1N1 influenza pandemic in Mexico, finding that although the H1N1 had caused health losses, the people's health was improved in the long run, owing to the awareness of personal hygiene has been promoted in a wider range (37). Li et al. adopted DID method to estimate the effect of lock-down during the prevention and treatment period of COVID-19, indicating that the citizen's short-term health can be improved due to the temporary improvement of the air quality (38).



Hypothesis

As mentioned before, the observation of two important indicators, industrial upgrading and health promotion, may reflect the effectiveness of the ERL pilot policy. To verify these effects, this paper presents a mechanism that the ERL may act on, as Figure 4 displays:


[image: Figure 4]
FIGURE 4. A Route map of ERL's conducting effects.


Figure 4 depicted the ERL's possible influence paths on the two indictors (in ovals), in which the industrial upgrading is directly affected. Considering this direct path, the industrial upgrading which turns the secondary industries into tertiary industries can be seen as a direct reaction to the environmental policy for the pilot provinces. Hence, a hypothesis (H1) that reflects the direct feedback of the ERL can be proposed as:

H1: The ERL policy can significantly urge the pilot provinces to carry through industrial transformation by promoting the service industry's scale and its ratio to secondary industry.

Compared to those observable or measurable indices such as forestry area, PM2.5, chemical oxygen demand (COD), or the three industrial wastes (wastewater, waste gases, and residues), the positive indirect effects of ERL policy are worth evaluating as well. This is why empirical studies based on panel data and econometric models are of use for discovering the indirect effects.

Figure 4 also describes a potential route that changes the health conditions. The ERL policy changed the industrial distribution where fewer eco-spaces were occupied; the environmental and ecological protection measures, which is another direct action that paralleled to industrial upgrading, would be taken to reduce the emission of hazardous substances. During these two direct reactions of the ERL, atmospheric environment and water quality would be improved as a result, food safety could be ensured, and more green technologies may contribute to the cleaner industrial production since then. Finally, the residents' health conditions could be promoted as a consequence of a cleaner ecological environment physically and psychologically, which can be seen as an indirect effect from the ERL as a whole. Hence, hypothesis 2 (H2) is put forward as follows:

H2: The ERL policy can significantly improve the residents' health in the pilot provinces by reducing the number of disease-infected people.




METHOD


Model Principle

The DID method is suitable for evaluating the trend differentiation of an object affected by an exogenous impact (e.g., A pilot policy), where the object can be a single entity or a group of individuals. Similar to a scientific experiment, the affected object can be identified as the experimental group or the treated group, whereas the other unaffected individuals can be regarded as the matched group or the controlled group, as shown in Figure 5.


[image: Figure 5]
FIGURE 5. Evaluation principle of DID method.


The most critical concern is the trend differentiation of the indicators between the experimental group and the matched group after the exogenous impact. Figure 5 labeled the indicator's variation of the experimental group as DE, and that of the matched group as DM, thus DE and DM can be calculated by a first-time difference as:
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Where the T0 and T1 in (1) and (2) are the start time and the cut-off time for observation of the exogenous impact. Therefore, the DID effect that indicates the differentiated trend at the observation period (T0-T1) can be figured out by a second-time difference as:

[image: image]

Besides, the prerequisite of a feasible DID estimation is that the experimental group and the matched group are sharing a common trend before the exogenous impact (39), that is, they have a parallel trend before T0. Hence, the parallel trend test will be carried through after the empirical tests.



Empirical Model Specification

In this study, the implementation of the ERL pilot policy is treated as the exogenous impact, the experimental group consisted of the four pilot provincial units in China, which are Jiangsu, Hubei, Hainan, and Chongqing, whereas the matched group is composed of other provinces without ERL policy (even in city-level) before the cut-off time and have the regional homogeneities with the former. The implementation time T0 is 2015 when the ERL pilot policy was put into effect, and the cut-off time T1 of ERL is 2019 due to the dataset availability.

To estimate the industrial upgrading effect of the ERL pilot policy (verifying H1), the DID models are set as:
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Where in model (4), the explained variable (dependent variable) ln(Tertiaryit) indicates the logarithmic value of tertiary industry's output (production value of service sector) at province i in year t. The explained variable Updateit in model (5) refers to the ratio of the tertiary industry's output to the secondary industry's output at province i in year t. Considering the industrial upgrading indexes are multitudinous but the tertiary industry is the core factor among all of them (40), its direct output value and its ratio value to the traditional secondary industry are both adopted to reflect the comprehensiveness of the empirical study. β is the estimated coefficient of this study's concern, as its significance will prove the effectiveness of the ERL policy, and its value will reflect its effect degree. The policy dummy variable ELRi is a binary variable denote to whether the ERL policy had been executed in province i, where it takes the value 1 if the province i had executed ERL and takes zero otherwise. The time dummy variable Postt is also bivariate with 1 or 0, where it takes 1 when the pilot year of ERL begins (that is, t ≥ 2015) and equals zero before that (t < 2015). The Controljt in the sum term are controlled variables that may have a relationship with the dependent variable but are unaffected by the policy (41), consisting of the real estate investment [in logarithmic form as ln(Estatejt)] and the energy consumption [in logarithmic form as ln(Energyjt)] in model (4) and (5), as they serve as the normal contributions to industrial development in immense amounts (42).

The indirect effect is also worth estimating, that is, the health promotion of the residents in the pilot provinces. To estimate this indirect effect of ERL pilot policy, the DID model is set accordingly as:
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Where the dependent variable ln(Diseaseit) in model (6) represents the logarithmic value of disease-infected people with their premarital examination at province i in year t, which is an indicator that delegates the residents' health. The controlled variables here are the number of health personnel [in logarithmic form as ln(H.Personnelit)], and the total assets of medical and health organization [in logarithmic form as ln(M.H.Assetjt)], considering that these two components can affect the dependent variable but has no relationship with the policy implemented (41, 43). The other coefficients and terms have the same meaning as those in model (4) or (5).

In consideration of the health data availability, the choice of the explained variable in model (6) can keep off the chronic disease primarily infected by the elders, which may bring the lagged elements or even deviations of the estimation results. As the newly-married people in China are mainly under 35, their health conditions can reflect the effects of the ecological environment much more explicitly. Moreover, the controlled group in model (4), (5) and (6) are all provincial units in China, but Liaoning Province is excluded as its capital city Shenyang is also the ERL pilot region. Finally, considering the inherent regional difference in four pilot provinces, each model will be estimated 5 times, including one merging effect and four individual effects on each of them.



Data Source and Descriptive Statistics of Variables

In this empirical study, the data in the model (4), (5) and (6) are all collected from the EPS China database website (44), where the statistics are all legally collected from the National Bureau of Statistics of China, National Health Commission of P.R.China, and National Energy Administration of China. Table 1 presents the descriptive statistics of all the datasets to be analyzed.


Table 1. Descriptive statistics of variables.

[image: Table 1]

All statistics above are panel data that are suitable for the econometrics regression analysis for model (4), (5) and (6), where 26.7% of them belong to the experimental group and the rest 73.3% are from the matched group.




RESULTS AND DISCUSSION


Estimation of Industrial Upgrading

Setting tertiary industry's output as the explained variable in model (4) and the ratio of tertiary industry's output to secondary industry's output in model (5), the DID estimation results of the ERL policy on industrial upgrading are shown in Table 2, where the overall effect among the four pilot provinces, and the individual effect on every single province, are all included2.


Table 2. Policy estimation results of industrial upgrading.
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In the mass, the results from Table 2 indicate that the industrial upgrading effect brought by the ERL is effective but insufficient, as the output value of tertiary (Tertiary) industry has increased 0.033% by the reason of the EPR policy [in column (1-a)]. Moreover, the insignificant estimated coefficient in column (1-b) indicates that the ratio of tertiary industry's output to secondary industry's output (Update) has not been proved in connection with the ERL policy.

Moreover, the provincial-level results of industrial upgrading reveal the regional heterogeneity to a great extent, because the significances and values of their DID coefficients [image: image] have been varied by and large. The ERL policy has no significant effect in Jiangsu Province completely [see the [image: image] in column (2-a) and (2-b)], has a positive effect on Tertiary but negative on Update in Hubei [in (3-a), (3-b)]; for Hainan and Chongqing, both their Update terms are significantly related to the ERL but in the opposite direction [see (4-b) and (5-b)] and other indicators are insignificant [(4-a) and (5-a)], where Hainan's industrial upgrading ratio Update is positive and that of Chongqing is negative [(4-b) and (5-b)]. These differentiated results may reflect the different actions in each pilot province due to their own situations, which will be discussed further in 4.3.

In summary, the industrial upgrading effect of the ERL exists but with limitations, therefore hypothesis H1 is only partially true.



Estimation of Health Promotion

In order to estimate the health promotion effect from the ERL policy, the number of disease-infected people with their premarital examination in model (6) is treated as the explained variable. The DID estimation results are listed in Table 3 as follows.


Table 3. Policy estimation results of health promotion.

[image: Table 3]

In Table 3, each study object has been estimated twice, the results in columns (x-1) (x = 1, 2, 3, 4, 5) are the estimation results without the controlled variables in model (6), and in the columns (x-2) are with them. From the columns (1–1) and (1–2), we are able to find that the coefficient of the DID term ([image: image]) is statistically significant, and the significance level is improved to 5% level when the controlled variables have been reckoned in. If the controlled variables are unconsidered, the ERL policy can bring the reduction of −0.793% on the number of sick people in four pilot provinces on the whole; if considered, it can markedly reduce 1.029% of the people detected sickness generally. Compared with the industrial upgrading effect, the health promotion effect of the ERL is much higher both in significance and magnitude.

Besides the overall ERL effect, its effects on each pilot province are listed in the rest of the columns in Table 3. The results show that the ERL policy is thoroughly effective in Jiangsu Province and Hainan Province (as their DID coefficients [image: image] are significant in both two regressions), and is even larger in degree for them (their absolute values of [image: image] are larger than the overall's). However, in Chongqing Municipality, the ERL is effective to a limited degree because only column (5-1) appears significant. Hubei Province is thoroughly uninfluenced by the ERL as its insignificant results with or without the controlled variables [(3-1) and (3-2)]. Upon the results above, hypothesis H2 is basically true except for the Hubei province.



Discussion on the Estimation Results

From the results of the health promotion effect in 4.2, the ERL policy shows a homogeneous favorable effect among the three out of four pilot provinces, which means the residents' health conditions can largely benefit from this ecological conservation policy. However, Hubei is the only unaffected province on health promotion, this is perhaps because the scale of its secondary industry was still ramping up rapidly rather than being controlled steadily, as its output value showed an average of 8.4% annual growth rate in 2016–2019, higher than that of 6.9, 5.3, and 6.9% in Jiangsu, Hainan and Chongqing (data source: National Bureau of Statistics of China). In fact, Hubei province has indeed introduced considerable chemical industries in the recent 10 years (45, 46), which may serve as a “pollution haven” for the eastern coastal areas which are seeking the relocation of the pollution-intensive industries.

Considering the lower development level in the Midwest, the urgency and the execution strength of the ecological protection there might give way to the economic growth and employment rate, where the manufacturing industry can bring them straightaway. In view of the bigger environmental capacity in terms of freshwater resources and land space, the Midwest has larger intake carrier space for the industry expansion. This implies that the ERL policy may play a role in industrial relocation from East to Midwest, and the results in 4.1 reinforce this view, where the industrial upgrading for Hubei and Chongqing are negatively affected by the ERL policy [see column (3-b) and (5-b) in Table 2], manifesting the ERL have enlarged their proportion of secondary industry.

Hainan province has benefited most from the ERL policy, as its health promotion degree and industrial upgrading degree are both the highest compared to the other three provinces. Two factors may explain this: one is that Hainan is an island province where the existing scale of the secondary industry is fairly less, its output value was equivalent to 2.6% of the Jiangsu and 6.5% of Hubei in 2015, bringing about much smaller inertia in industrial transformation; another is the stricter environmental rules in Hainan compared with mainland provinces, as Hainan has long been famous of the tourism, incurring more prohibitions on resource exploitation.




ROBUSTNESS TEST AND DYNAMIC EFFECT


Parallel Trend Test

As mentioned in 3.1, a critical precondition of a practicable DID estimation is that the experimental group and the matched groups are sharing a similar parallel trend before 2015, the year of the policy implementation. Model (6) has shown effective results whose robustness is worth verifying. To verify the parallel trend before the year of ERL's implementation, I select 2014 (one year before 2015) as the base period, then generate the interaction terms of the time dummy variable and the experimental group. If the coefficients of these interactions are not significantly negative before the time of the exogenous impact, then the DID estimation passes the parallel trend test (33, 47, 48).

By referring to the existing studies (34, 37, 49, 50), an event study model to conduct the parallel trend test of ERL policy can be set as follows:

[image: image]

Compared with single a DID term β·(ELRi × Postt) in model (6), the second term in model (7) is changed into a sum term where a binary variable [image: image] is set to signify the ERL policy, where k (−4 ≤ k ≤ 4) delegates the year distance to 2015 at year t. [image: image] equals 1 only if the individual i is the ERL pilot province and k = t−2015, otherwise [image: image] = 0 ([image: image] is not exist because 2014 is set as the base year). The other variables and coefficients are set the same as with that in the model (6).

Using the same dataset in model (6), the result of the parallel trends test is plotted in Figure 6, where the year 2014 has been dropped because of the inexistence of [image: image], and Hubei province is untested because of its insignificant results in 4.2.


[image: Figure 6]
FIGURE 6. Parallel trend test results.


Knowing from Figure 6, the coefficients of the DID term in the event study are around zero before the ERL implementation year, and their 95% confidence interval (the vertical solid lines) covers value zero, which means they cannot reject the null hypothesis and can be zero. Hence, the pre-policy coefficients are basically statically insignificantly, while the coefficients after the ERL execution year are mainly negative and free from the null hypothesis. Based on the outcome of the event study, the DID model (6) conforms to the parallel trend, and it effectively proved that the ERL policy has reduced the number of diseases tested after 2015.



Dynamic Effect Estimation

Although 4.1 has proved the fundamental effectiveness of the ERL policy in general and in three of the four pilot provinces, a time heterogeneity may exist among differently treated individuals. In other words, in the observation period 2015–2019, the significance and the magnitude of the health promotion effect may be varied among them. For a better understanding of the policy dynamic effect, the event study model (7) with its graphical results Figure 6 can provide a table of ERL's yearly impact below.

From the yearly DID estimation result displayed in Table 4, the overall and individual dynamic effects brought by the ERL policy are quantified. As the outcome of the overall test [column (1)], two coastal provinces, Jiangsu and Hainan [column (2) and (3)], present a similar dynamic effect of strengthening year by year. In contrast, the yearly coefficients for the inland Chongqing municipality show a slight inverted-V tendency after the ERL's execution year, indicating the health promotion effect may come into steady there. Moreover, the absolute values of the Chongqing's coefficients [column (4)] are all less than one, indicating that the magnitude of the ERL's health effect in Chongqing is also smaller.


Table 4. ERL's dynamic effect on health promotion.
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Placebo Test

Another indispensable precondition of the DID model's effectiveness is the irreplaceability of the exogenous policy, which means the policy cannot affect the non-experimental individuals significantly and the explained variables are not affected by other unobserved variables (51, 52). This irreplaceability can be verified by a placebo test, the multiple assumptive tests where the individuals from the experimental group are substituted randomly by other non-experimental individuals (29). If the assumptive DID coefficients are distributed around zero (fail to reject the null-hypothesis) and most of their p-values are larger than 0.1 (fail to show the significance), then the placebo test is passed. To verify the irreplaceability of the ERL policy in model (6), a placebo test where the random process has been repeated 500 times is given, receiving the result in Figure 7.


[image: Figure 7]
FIGURE 7. Placebo test result of DID model.


Figure 7 plots the outcome of the placebo test, where the solid curve is the kernel density of the assumptive DID coefficients and the small circles are their p-values. Besides, −1.029 is the real DID coefficient estimated in Table 3, the p-value 0.1 denotes 10% of the significance level. Obviously, the coefficients in the placebo test are approximately in normal distribution around zero, and their p-values are basically larger than the 0.1, which means most of the assumptive estimations are insignificant and cannot reject the null hypnosis. Hence, the placebo test of the DID model (6) proves the robustness of the ERL's effects on health promotion.




CONCLUSIONS

Although the policy of Ecological Red Lines (ERL) has reached some achievements, China would step up to utilize and expand the measures from it, including finalizing the regulations of environmental protections, perfecting the bottom lines for the ecological protections, and setting the ceilings of the resource exploitations. The industrial structure could also be upgraded by the innovation of green technologies or reasonable industrial policies, such as reinforcing the market negative list approach or setting the market-entry lists. The ERL policy is only one of China's policy mix in confronting environmental pollution, limiting harmful emissions, and achieving climate change targets. However, as a pilot policy, the ERL has indeed provided foundations for further climatic environment actions, such as Environmental protection tax law3, or Carbon Peak in 2030 and Carbon Neutrality in 20604, which inherits and enlarges the concept of the eco-environmental protection.

This paper is devoted to evaluating a direct and an indirect effect brought by the Ecological Red Lines (ERL) policy implemented in four pilot provinces of China in 2015. By applying DID method, the direct effect indicated by the industrial upgrading is small (0.033% of the tertiary's output value) and even showed a negative effect on the inland Midwest provinces. The indirect effect which is indicated by the residents' health is generally at a much larger degree, as 1.029% of the residents' health conditions have been significantly improved. Moreover, the event study reveals that the ERL policy's effect on health promotion is increasing year by year as a whole, indicating its sustainability and cumulative achievements.

When decomposing the DID estimation into every single pilot province, the result of the industrial upgrading effect manifests a great heterogeneity among them, while the result of the health promotion effect turns out to be a favorable homogeneity. These differentiated outcomes indicate that most of the pilot provinces can reduce the adverse impact on people's health during the industrial restructuring, regardless of the change direction of tertiary industry's ratio. However, as the secondary industry has been expanded in the inland Midwest pilot provinces, the ERL policy may tend to be a cause of industrial relocation rather than reconstitution. Some negative signs have occurred in the Midwest regions: Hubei has not benefited from the health promotion effect significantly, Chongqing has benefited but has a fluctuant lasting effect compared to the two coastal pilot provinces which have shown incremental effects. The transference of the secondary industries from Eastern China to the Midwest may explain this, but more incisive provincial-level research on interregional industry relocations is needed in the future.

For the deficiencies of this study, the missed analysis of Shenyang City is first, which needs to be evaluated in the future city-level studies of the ERL in the future works. The possible incomplete selections of the explained variables may be another, as the environmental indicators are extensive and need more elaborate studies, which requires more comprehensive studies in further studies on the ERL. Moreover, the combined effects of the ERL policy and other environmental policies such as “Action Plan of Air Pollution Prevention and control” have not been embodied in this paper, which can be verified with derivative measurement models in future works, such as triple difference (DDD) models. In addition to this, the ERL may have a spillover effect on the adjacent regions out of the pilot places, future research may detect this effect with spatial econometrics.

Based on the above conclusions, some constructive suggestions can be given as: (1) For the economically developed and densely populated eastern coastal regions, the cover range of the ERL policy can be extended; (2) For the inland Midwest regions with the lagging stage of economic development, some eco-compensation measures should be taken if the ecological protection policies are strict; (3) To maintain an eco-friendly sustainable development without ignoring the development demands, some flexible methods are recommended, such as improving green productivity for manufacturing, building ecological protection facilities for waste treatment, and planning reasonable residence zones for the people's health; (4) In view of the heterogeneous effects between coastal and inland regions of the ERL' trial implementation, some distinct protective or restrictive measures are essential, which may be better for the development needs of the less advanced regions. (5) Balancing ecological protection and economic growth is still a dilemma for developing regions, and a “one-size-fits-all” solution is inexistent, therefore, moderate and continuable strategical steps are of the essence, such as the long-term investments of green technologies, reasonable fiscal subsidies on industrial transformations, and the capitalization of the natural resources. Finally, the modifiability and the transparency of the long-run development of the ERL policy is the basic guarantee of sustainable development in all aspects of society.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

PY: conceptualization, project administration, data acquisition, methodology, formal analysis, writing—original draft, and writing—review and editing.



FUNDING

This research is funded by Hainan University Research Start-up Fund.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2022.844593/full#supplementary-material



FOOTNOTES

1Shenyang is not included in our analysis because of its city-level size and feature, hence it is improper to share the same comparable provincial-level groups with other four provinces, future work may carry through a city-level evaluation on Shenyang.

2Considering the table space and secondary status, the estimation results without the controlled variables for model (4) and (5) are moved into the Supplementary Material.

3Environmental Protection Tax Law of P.R. China. Available online at: http://www.gov.cn/zhengce/content/2017-12/30/content_5251797.htm (accessed December 30, 2017).

4The Guidelines on Full Implementation Works on the Idea of Development for Peaking Carbon and Carbon Neutrality. Available online at: http://www.gov.cn/zhengce/content/2017-12/30/content_5251797.htm (accessed October 24, 2021).
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From 2013 to 2017, progress has been made by implementing the Air Pollution Prevention and Control Action Plan. Under the background of the 3 Year Action Plan to Fight Air Pollution (2018–2020), the pollution status of PM2.5, a typical air pollutant, has been the focus of continuous attention. The spatiotemporal specificity of PM2.5 pollution in the Chinese urban atmospheric environment from 2018 to 2020 can be summarized to help conclude and evaluate the phased results of the battle against air pollution, and further, contemplate the governance measures during the period of the 14th Five-Year Plan (2021–2025). Based on PM2.5 data from 2018 to 2020 and taking 366 cities across China as research objects, this study found that PM2.5 pollution has improved year by year from 2018 to 2020, and that the heavily polluted areas were southwest Xinjiang and North China. The number of cities with a PM2.5 concentration in the range of 25–35 μg/m3 increased from 34 in 2018 to 86 in 2019 and 99 in 2020. Moreover, the spatial variation of the PM2.5 gravity center was not significant. Concretely, PM2.5 pollution in 2018 was more serious in the first and fourth quarters, and the shift of the pollution's gravity center from the first quarter to the fourth quarter was small. Global autocorrelation indicated that the space was positively correlated and had strong spatial aggregation. Local Moran's I and Local Geti's G were applied to identify hotspots with a high degree of aggregation. Integrating national population density, hotspots were classified into four areas: the Beijing–Tianjin–Hebei region, the Fenwei Plain, the Yangtze River Delta, and the surrounding areas were selected as the key hotspots for further geographic weighted regression analysis in 2018. The influence degree of each factor on the average annual PM2.5 concentration declined in the following order: (1) the proportion of secondary industry in the GDP, (2) the ownership of civilian vehicles, (3) the annual grain planting area, (4) the annual average population, (5) the urban construction land area, (6) the green space area, and (7) the per capita GDP. Finally, combined with the spatiotemporal distribution of PM2.5, specific suggestions were provided for the classified key hotspots (Areas A, B, and C), to provide preliminary ideas and countermeasures for PM2.5 control in deep-water areas in the 14th Five-Year Plan.
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INTRODUCTION

Atmospheric particulate matter <2.5 μm in diameter (PM2.5) pollution has become a worldwide challenge, especially for some developing countries (1, 2). Chinese urban areas have also experienced relatively high air pollution (3). PM2.5 is considered to be one of the most harmful pollutants (4), often coming from coal combustion, industrial activities, vehicle emissions, and so on (5), and it absorbs toxins, such as organic toxic components and heavy metals (6, 7). PM2.5 can increase mortality because it can cause a variety of diseases (8–11) and result in economic losses (12).

Air quality has sparked widespread social debate and China is gradually strengthening its monitoring of PM2.5, which was included in the Chinese conventional key monitoring indicators in 2012. In 2013, there were 612 PM2.5 monitoring stations in China. Since 2015, China has founded a monitoring network covering big cities (13), which has increased the number of monitoring stations to 1,602 as of February 2018. Based on abundant site monitoring data and experiments, some researchers have studied the source, chemical composition, and spatiotemporal characteristics of PM2.5 pollution and its impact on human health (14–16). For example, the spatiotemporal correlation of particulate matter in the Beijing–Tianjin–Hebei region (17) and the sequence pattern of PM2.5 pollution in some regions of China (18) have been studied. In response to the short-term and long-term challenges of PM2.5, the Chinese government has taken several measures, including the Air Pollution Prevention and Control Action Plan (2013–2017) and the 3-year Action Plan to Fight Air Pollution (2018–2020). Since 2013, China has launched a series of initiatives aimed at PM2.5 pollution control, with remarkable achievements in the areas of coal-fired pollution and mobile source pollution control, and the air quality has advanced considerably. Compared with PM2.5 pollution in 2013, the annual average of PM2.5 in the Beijing–Tianjin–Hebei region, the Yangtze River Delta, and the Pearl River Delta declined by 40, 34, and 28%, respectively, in 2017 (19). However, many regions and cities in China are still facing the urgent need to solve PM2.5 pollution, so the work toward improving Chinese air quality still faces great challenges. Therefore, in the face of the goal of a 10% decrease in PM2.5 pollution during the period of the 14th Five-Year Plan (2021–2025), the spatiotemporal specificity of urban PM2.5 pollution in China from 2018 to 2020 can be summarized to help conclude the phased results of the battle against air pollution, and then identify the further challenges and corresponding targeted policies, to promote China's active response to the continuous enhancement of air quality.

In the formulation of different management measures related to PM2.5, it is necessary to discuss the characteristics of different sources, to achieve an accurate and effective control effect. The research trend in recent years shows that scholars are more and more interested in using a spatial econometric analysis method to track the geographical changes of PM2.5 and its socioeconomic driving factors. Taking China as an example, it was found that the spatial distribution of PM2.5 concentration showed an increasing trend from the east to the west (20, 21), and the spatial autocorrelation and clustering characteristics of 338 cities in China were remarkable (22). The urban PM2.5 in the Bohai region of China showed high spatial variation and agglomeration characteristics (23), and the haze pollution in China showed time path dependence and a spatial spillover effect (24). A large amount of literature has studied the socioeconomic driving factors of PM2.5 in a broader sense, indicating that population agglomeration (25, 26), economic growth (27), industrial structure (28), energy structure and efficiency, land-use type (29), and other factors may be the main driving factors of PM2.5 concentration. The spatial scales of urban air quality control were macro (national level), medium (urban level), and micro (specific location) (30). Compared with the medium and micro scales, few researchers have attempted to conduct hierarchical multi-scale studies from a systematic country–region–city perspective for policymaking in the period of China's 14th Five-Year Plan (31). Furthermore, local governments should not adopt a one-size-fits-all policy, but rather establish hierarchical policies according to different social and economic development conditions and needs of Chinese cities (32, 33). In addition, effective communication and cooperation among relevant cities were also important (34). Urban air pollution has the complexity of multi-source, multi-scale, and cross-regional distribution. These problems cannot be solved only by pollution control in one city, and cooperation is needed to reduce transboundary pollutants, such as PM2.5 (35). Therefore, from a country–region–city perspective, identifying the regional pattern of thermal pollution driven by a variety of socio-economic forces and formulating targeted joint management strategies for each regional pattern are of great significance for efficient and fair PM2.5 pollution control in the future (36). Undertaking the 3-Year Action Plan to Fight Air Pollution and standing at the starting point of the 14th Five-Year Plan, this study analyzed the spatiotemporal distribution and socioeconomic driving factors of PM2.5 pollution from 2018 to 2020, to provide in-depth, hierarchical, and collaborative management countermeasures for the period of the 14th Five-Year Plan.

The objectives of this study are as follows: (1) to characterize the geographical center of PM2.5 pollution and use Global Moran's I method for global autocorrelation analysis, to investigate the spatiotemporal distribution characteristics of PM2.5 from 2018 to 2020; (2) to identify the socioeconomic driving factors in the identified key hotspots by geographic weighted regression (GWR) analysis; (3) to classify the key hotspots by integrating the local autocorrelation analysis of pollution hotspots and the population density features, and to comprehensively provide feasible and targeted control measures, to provide evidence for the air pollution control of Chinese cities.



MATERIALS AND METHODS


Data Collection

PM2.5 data came from the ground monitoring data of 366 cities in China from 2018 to 2020 (excluding Hong Kong, Macao, and Taiwan due to the lack of available data; http://106.37.208.233:20035/). Most of the 366 cities have established national air quality monitoring stations, and most of the stations are in urban areas. Each monitoring station has a monitoring system according to Technical Specifications for Installation and Acceptance of Ambient Air Quality Continuous Automated Monitoring System for PM10 and PM2.5 (HJ655-2013) to measure the concentration of fine particles per hour and per day. According to the ground monitoring data provided by the air quality monitoring station, first, some outliers (such as some hourly PM2.5 concentrations that were <0 and missing values) were removed. Second, the daily average of PM2.5 is calculated only when the effective hourly data of the day is more than or equal to 20 h (37). When calculating the monthly average, the effective PM2.5 days per month must be more than or equal to 27 [at least 25 in February; (38)]. Finally, the daily, monthly, seasonal, and annual mean (AM) of the PM2.5 concentrations of the monitoring points were obtained according to the arithmetic average method.

As for economic factor data, based on the Delphi method and available studies (39), a total of 18 indicators were chosen, which were the annual average population (10,000 people), urban construction land area (square kilometers), GDP (the current price; 10,000 Chinese yuan), per capita GDP (Chinese yuan), GDP growth rate (%), the proportion of the primary industry in the GDP, the proportion of the secondary industry in the GDP, the proportion of the tertiary industry in the GDP, the employees (people) of the primary industry (agriculture, forestry, animal husbandry, and fishery), the employees (people) of the secondary industry, the employees (people) of the tertiary industry, the proportion of the employees of the primary industry, the proportion of the employees of the secondary industry, the proportion of the employees of the tertiary industry, the green space area (hectare), the ownership of civilian vehicles (10,000 vehicles), and the annual grain planting area (10,000 mu). The data were from the China City Statistical Yearbook (http://www.stats.gov.cn/tjsj/tjcbw/), provincial statistical yearbooks (http://www.stats.gov.cn/tjgz/wzlj/dftjwz/), and some urban statistical bulletins.



Data Analysis
 
Gravity Model

This study revealed the spatial migration process of PM2.5 by the concept and calculation method of the gravity center in physics. Moreover, the study also characterized the geographical center of PM2.5 pollution by the gravity model. The X and Y coordinates of the PM2.5 pollution center in China are defined as:
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where [image: image] is the longitude of the gravity of the PM2.5 pollution center; the latitude of the gravity of the PM2.5 pollution center is expressed by [image: image]; the number of grids in the research scope is represented by n; the grid number is represented by i; Xi and Yi represent the longitude and latitude of the geometric center of the grid whose number is i, respectively; Si represents the area of the grid i; and Wi represents the AM of the PM2.5 of the grid i (μg/m3).



Spatial Autocorrelation Analysis Method

Spatial correlation refers to the correlation of the same variable at different locations (40). A variable in a certain position increases or decreases simultaneously with the same variable in its adjacent position, which is called spatial positive correlation. When one increases and one decreases, it is a spatial negative correlation. Spatial autocorrelation analysis describes the potential interdependence of some variables in adjacent spatial units and explores the spatial aggregation mode of factors, which can reveal the potential trend of environmental pollution in recent years (41, 42). According to the size of the analysis space, spatial autocorrelation can be divided into global spatial autocorrelation and local spatial autocorrelation (43), which are listed in the Supporting Information.



Geographic Weighted Regression Model and the Variance Inflation Factor

The change in PM2.5 may be related to industrial activities and human life. Considering the potential multicollinearity between these socio-economic factors, the variance inflation factor (VIF) is usually used for screening. Independent variables with VIF values of more than 10 should be removed before using GWR. The p-value is considered an indicator to determine the reliability of Moran's I. When the p-value of Moran's I is lower than 0.05, spatial econometrics and GWR can be applied. Otherwise, the application of spatial econometrics or GWR is unreasonable. Therefore, the GWR model is used to calculate the coefficients (R) and local regression coefficients for each city in the study area, and these coefficients are then mapped to show spatial variability.

The GWR model is shown as follows:
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where yi represents the concentration of air pollutants in city i, μg/m3; (ui, vi) represents the geographical location of city i; β0(ui, vi) represents the concept of city i; βk (ui, vi) represents the local regression coefficient of meteorological factor k; xik represents the value of the corresponding meteorological factor in city i; and εi represents the residual of city i. The local regression coefficient is calculated as follows:
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where β(ui, vi) represents the local regression coefficients in cities; x represents the meteorological factor matrix; xT is the transposition matrix of X; w(ui, vi) is the spatial weight matrix; y means the matrix of air pollutants; k means the number of meteorological factors; and n represents the number of samples.





RESULTS AND DISCUSSION


Spatiotemporal Distribution Characteristics of PM2.5 From 2018 to 2020
 
Temporal Distribution Characteristics From 2018 to 2020

According to the provisions of GB3095-2012 (Supplementary Table 1), limiting values for the daily average of PM2.5 concentrations are 15 for Level I and 35 for Level II, and limiting values for the hourly average are 35 for Level I and 75 for Level II. To analyze the pollution level clearly, the PM2.5 content was further divided into five intervals: 15–25, 25–35, 35–55, 55–75, and >75 μg/m3. The number of Chinese cities in different PM2.5 content intervals was counted, as shown in Supplementary Figure 1 and Supplementary Table 2. In 2018, the number of cities with an annual PM2.5 concentration in the range of 15–25 μg/m3 was the smallest, which was zero. As the years progressed, the number of cities in the range of the annual PM2.5 concentration gradually increased. The number of cities with a PM2.5 concentration in the range of 25–35 μg/m3 increased from 34 in 2018 to 86 in 2019 and 99 in 2020. The number of cities with a PM2.5 concentration in the range of 35–55 μg/m3 also showed an increasing trend. The average annual concentration of PM2.5 in the range of 55–75 μg/m3 showed a significant decreasing trend, from 103 in 2018 to 61 in 2019 and 14 in 2020. This indicated that the air quality was getting better year by year. In the range of the annual PM2.5 concentration above 75 μg/m3, the number of cities was seven in 2018, one in 2019, and two in 2020, indicating that the overall trend of pollution was decreasing. Through the above analysis, PM2.5 pollution has improved year by year from 2018 to 2020, thanks to policy support; policies have effectively promoted the improvement of air quality.



Spatial Distribution Characteristics
 
Gravity Model Analysis

According to the statistical analysis of the geographical locations of the national PM2.5 pollution centers in 2018–2020 (Supplementary Figure 2), the pollution center was located in Anqing in 2018, moved northwestward to Huanggang in 2019, and moved southwestward in 2020, but it was still located in Huanggang (Hubei province). A detailed analysis is listed in the Supporting Information.



Macro Analysis

The AM distribution map of PM2.5 from 2018 to 2020 (Figure 1) shows that the heavily polluted areas were southwest Xinjiang and North China. The pollution situation in southern China and the Qinghai–Tibet Plateau was relatively light. The factors that caused the above phenomenon may be different industrial structures, a high proportion of the heavy industry, and a different population. The serious pollution in western Xinjiang was mainly caused by an arid climate and low rainfall-related meteorological conditions on the western edge of the Taklamakan Desert; thus, it was less affected by human activities.


[image: Figure 1]
FIGURE 1. Annual PM2.5 concentration distribution in 2018 (A), 2019 (B), and 2020 (C).





Spatiotemporal Distribution Characteristics of PM2.5 in 2018

According to the annual evolution trend, PM2.5 pollution in 2018–2020 was improving year by year. On the whole, there were few areas with serious pollution, and the spatial distribution also showed certain regularity. However, due to the impact of the pandemic from 2019 to 2020, there were some uncertain factors. Therefore, this study selected the PM2.5 pollution status of Chinese cities in 2018 as the main research object for further specific analysis.


Quarterly Characteristics

Figures 2A–D shows that PM2.5 pollution was more serious in the first and fourth quarters of 2018, followed by the second and third quarters. Areas with a PM2.5 concentration of more than 75 μg/m3 in the first quarter were mainly distributed in Xinjiang, such as Kashgar, Hotan, Turpan, and Urumqi, as well as Baoding, Weifang, Suihua, Shijiazhuang, and Zaozhuang. There are two main sources of PM2.5. In terms of climate, the rainfall in the first quarter was less than in other quarters. Thanks to warmer weather and increased rain, fine particles can be washed away, and the PM2.5 concentration then goes down in the second quarter. In the third quarter, only the PM2.5 concentration near Hotan in Xinjiang was >75 μg/m3, and the pollution in the Beijing–Tianjin–Hebei region was serious. In the fourth quarter, the weather turned cold, the northern region began to heat up, and the pollution in northern China was serious.


[image: Figure 2]
FIGURE 2. Quarterly distribution map of PM2.5 in 2018 (A–D) and the distribution map of the pollution gravity center in 2018 (E).


The geographical location of the PM2.5 pollution center in the four quarters of 2018 was statistically analyzed. It can be seen from Figure 2E that the pollution center in the first quarter was located at the boundary between Huanggang and Anqing. In the second quarter, it moved to the northeast and was located in Anqing. In the third quarter, it moved westward and was located in Huanggang. In the fourth quarter, it moved southeastward at a large distance and was located at the boundary between Jiujiang and Shangrao. From a macro point of view, the shift of the pollution gravity center from the first quarter to the fourth quarter was small, so it can be seen that the PM2.5 pollution in different quarters across the country did not show significant regional differences in terms of increases and decreases.




Spatial Autocorrelation Analysis
 
Global Autocorrelation

According to the analysis results (Supplementary Table 3), Global Moran's I was 2.304041, which was positive, and it indicated that the space was positively correlated and had strong spatial aggregation. The P-value was <0.05, so the data had analytical significance. The Z-value was 73.941729, much more than 1.96, which proved that Global Moran's I meets the test conditions. There was a significant spatial agglomeration phenomenon in the AM distribution of PM2.5 in Chinese cities in 2018.



Local Autocorrelation

Local autocorrelation analysis was used to study the distribution of PM2.5 in local areas. Local Moran's I (GeoDa mapping) and Local Geti's G (ArcGIS mapping) were used, and the clustering maps of the local indicators of spatial association were obtained. Zhang and Zhang (44) compared the differences between Moran's I and Geti's G in detecting spatial aggregation by designing a large number of simulation calculations and concluded that Geti's G was better at showing the local autocorrelation. These methods were compared and a more suitable local autocorrelation analysis method for further analysis was selected.

According to Figure 3 and Supplementary Figure 3, the results obtained by Local Moran's I and Local Geti's G were roughly similar, but there were still differences. The comparison showed that Local Geti's G could accurately detect the aggregation area, whereas Local Moran's I could roughly detect the center of the aggregation area, but the recognition deviation of the aggregation range was large, and the detection range was less than the actual range (Figures 1, 2). Therefore, Local Geti's G was selected to reflect the local autocorrelation. Figure 3 shows that hotspots with a high degree of aggregation were mainly distributed in Kashgar, Hotan, Turpan, and other regions of Xinjiang, the Fenwei Plain, the Yangtze River Delta, the Beijing–Tianjin–Hebei region, and others. Cold spots were mainly distributed in coastal cities in southern China, such as Wenzhou, Longyan, and Lishui. The local aggregation degree of hotspots was high, and most of them were located in inland areas, which was not conducive to the diffusion of pollutants, such as Shaanxi and Shanxi. Due to factors, such as wind and sand in Xinjiang, the pollution situation was grim. Shandong, Hebei, and other regions had a high degree of aggregation. A joint prevention and control mechanism can be adopted in hotspots to achieve an optimal control effect.


[image: Figure 3]
FIGURE 3. Local Geti's G.





Population Density

Human activity is one of the important factors affecting PM2.5 (45). Frequent human activities will increase the concentration of PM2.5 in the atmospheric environment. Population density refers to the number of people living in a unit area, which can accurately represent the population density of a region. Based on the data of the 2010 national population census, the distribution of national population density is shown in Figure 4A. From Figure 4A, it can be seen that the population density in China showed the law of “high in the east and low in the west.” The population density was taken as one of the influencing factors in this study. Compared with the hotspots in Figure 4B, different levels of regions were divided more scientifically.


[image: Figure 4]
FIGURE 4. Population density map (A) and the distribution of hotspots and monitoring sites (B).


The population density level could be divided into gathering area, transition area, less sparse area, and severely sparse area, and the corresponding population density of each area is 400, 200–400, 50–200, and <50 people/km2. The hotspots with a population density of more than 400 people/km2 were considered Area A, 200–400 people/km2 were considered Area B, 50–200 people/km2 were considered Area C, and the hotspots with a population density of fewer than 50 people/km2 were considered Area D. The results are shown in Figure 4B. According to the distribution of monitoring sites, there were few monitoring sites in the western regions of China, and it is particularly necessary to set the classification of areas A, B, C, and D. Due to the small number of sites and the low density of the potentially exposed population in Area D, no further analysis was carried out. Due to the natural environmental conditions, such as wind and sand in Area D, the air conditions were poor. More afforestation should be carried out to increase the coverage of green plants and improve the state of pollution. For Areas A, B, and C, further driving factor analyses were carried out to develop targeted policies.




Analysis of the Socioeconomic Driving Factors

Combined with the population density map and the distribution of hotspots, through local autocorrelation analysis, the Beijing–Tianjin–Hebei region, the Fenwei Plain, the Yangtze River Delta, and the surrounding areas were selected as the key hotspots for GWR analysis.


Factor Selection and the VIF Test

A total of 18 indicators were chosen as independent variables in this study. The average annual concentration of PM2.5 (μg/m3) was analyzed as a dependent variable. Before the GWR analysis, the VIF test should be preprocessed first to remove the indicators with VIF values of more than 10 to avoid collinearity affecting the experimental results. Then, the remaining usable indicators were the annual average population (10,000 people), urban construction land area (square kilometers), per capita GDP (Chinese yuan), GDP growth rate (%), the proportion of the primary industry in the GDP, the proportion of the secondary industry in the GDP, the employees (people) of the primary industry (agriculture, forestry, animal husbandry, and fishery), the employees (people) of the secondary industry, the employees (people) of the tertiary industry, the proportion of the employees of the primary industry, the proportion of the employees of the secondary industry, the proportion of the employees of the tertiary industry, the green space area (hectare), the ownership of civilian vehicles (10,000 vehicles), and the annual grain planting area (10,000 mu).



GWR Analysis

After excluding the local and global collinearity, the remaining seven factors were effective, which were the following: the annual average population (10,000 people), urban construction land area (square kilometers), the per capita GDP (Chinese yuan), the proportion of the secondary industry in the GDP, the green space area (hectares), the ownership of civilian vehicles (10,000 vehicles), and the annual grain planting area (10,000 mu). The spatial distribution of the regression coefficients of these factors is shown in Figure 5.


[image: Figure 5]
FIGURE 5. Spatial distribution of the regression coefficients of the parameters in the GWR model: (A) annual grain acreage, (B) civilian car ownership, (C) urban construction land area, (D) secondary industry share of GDP, (E) green space area, (F) annual average population regression coefficient, and (G) per capita GDP.


From Figure 5A, it can be seen that the annual grain planting area was negatively correlated with the PM2.5 concentration in northern Shanxi, the northern Beijing–Tianjin–Hebei region, eastern Shandong, and most of Jiangsu and Shanghai, and the rest was positively correlated. The correlation coefficients in northern Shanxi, Zhangjiakou, and Beijing were the smallest, and the correlation coefficients in southern Shaanxi and western Hubei were higher, showing an overall increase from the east to the west. The grain planting area in economically developed regions is relatively small. For example, as the political and economic center of the country, Beijing has developed rapidly. The planting area reserved for grain is relatively small, and the correlation coefficient was relatively small. The annual grain planting area was negatively correlated with the PM2.5 concentration, and the air pollution situation was still severe. In southern Shaanxi, for example, the annual grain planting area in Hanzhong in 2018 was 3.8097 million mu, and the grain planting area was relatively large. Straw burning occurred from time to time, which would cause serious air pollution. The annual grain planting area was positively correlated with PM2.5 concentration.

Figure 5B shows that in cities except for Jiangsu, southeast Anhui, and Shanghai, the number of civilian vehicles was positively correlated with PM2.5 concentration, and increased from the southeast to the northwest. Traffic is one of the major factors affecting air pollution. The larger the number of civilian vehicles, the more serious the pollution is. There was a relatively strong correlation between the ownership of civilian vehicles and PM2.5 concentration in most areas of Shaanxi Province. For example, Xi'an has carried out special rectification actions for motor vehicle exhaust pollution in recent years. Since 2016, the concentration of PM2.5 in Xi'an has decreased significantly in winter, and the effect of pollution control and haze reduction was obvious. However, heavy haze weather still occurs. The contribution rate of heavy trucks to PM2.5 pollution in Xi'an was 47.0%, and that of diesel vehicles was 80.2% (46). Therefore, Xi'an should focus on controlling heavy trucks and diesel vehicles to form a targeted management pattern.

As can be seen from Figure 5C, the urban construction land area was positively correlated in the west of the hotspot area and was negatively correlated in the rest of the area. Shaanxi and western Shanxi had the strongest positive correlation, indicating that the larger the urban construction land area, the higher the annual average PM2.5 concentration was. For example, Yulin is located in the Loess Plateau and is carrying out urban construction in a large area. The dust generated by a large number of construction projects will cause serious air pollution. The soil of the Loess Plateau is thick and loose, which aggravates the increase in PM2.5 concentration.

According to Figure 5D, the proportion of the secondary industry in the GDP was significantly positively correlated with PM2.5 concentration; it decreased from the west to the east, and the correlation coefficient was the highest in eastern Shandong. The second industry is a major force in environmental pollution. The higher the proportion of the second industry in the GDP, the more serious the air pollution is. Yantai is a traditional, strong industrial city, and its industrial output value ranks first in Shandong Province. Yantai vigorously develops the secondary industry, so that the pollution emissions are serious. Yantai should change its urban economic structure, reduce the proportion of the secondary industry, avoid the excessive agglomeration of the same type of secondary industry in the region, and improve the current situation of environmental pollution.

It can be seen from Figure 5E that the green area was negatively correlated with PM2.5 pollution. The high-value area was located in Shanxi and northwestern Shaanxi, and the low-value area was located in Enshi, Chengde, and Qinhuangdao. The larger the green area was, the more conducive it was to reducing PM2.5 pollution. Yan'an belongs to northern Shaanxi, and the green space area had a relatively obvious negative correlation with PM2.5 concentration. Green space helps to improve air pollution; therefore, green space can be further expanded in cities.

It can be seen from Figure 5F that the annual average population was positively correlated with PM2.5 concentration. The high-value area was located in Anhui, southeast Jiangsu, and Shanghai, and the low-value area was located in southern Shaanxi. The larger the annual population is, the more frequent human activities are, and this leads to more serious pollution and higher PM2.5 concentrations. In Shanghai, with a large population, the annual average population was positively correlated with PM2.5 concentration. It is necessary to promote a green low-carbon lifestyle and advocate for the participation of all people in haze prevention and control. In Shandong, Henan, and other populous provinces, the population should be reasonably controlled, and the population structure should be optimized.

It can be seen from Figure 5G that per capita GDP was negatively correlated with PM2.5 concentration. A region with a high per capita GDP has a higher level of economic development, a reasonable industrial structure, and advanced technology. Therefore, the region is more environmentally friendly and produces less pollution. The high-value area was located in the north-central Shaanxi, and the low-value area was located to the south of the hotspot. The per capita GDP of Suzhou was 173,765 Chinese yuan, and the level of economic development was relatively high. The average annual PM2.5 concentration in 2018 was 42 μg/m3. The per capita GDP was negatively correlated with PM2.5 concentration. With the rapid economic development of the city, the government should pay attention to the sustainable development of the environment and reduce air pollution.

It can be seen from the above analysis that the seven factors selected in this study had different effects on the average annual PM2.5 concentration. Comparing the average absolute value of the correlation coefficient, the influence degree of each factor on the average annual PM2.5 concentration decreased in the following order: the proportion of the secondary industry in the GDP, the ownership of civilian vehicles, the annual grain planting area, the annual average population, the urban construction land area, the green space area, and the per capita GDP. The proportion of the secondary industry in the GDP has a great influence on PM2.5 concentration. In some areas, the proportion of the secondary industry in the GDP is high, so pollution emissions are serious. It is necessary to accelerate the transformation of the urban economic structure and increase the proportion of the tertiary industry in the economic structure. At the same time, it is necessary to change the urban economic structure, reduce the proportion of the secondary industry, avoid the excessive aggregation of the same type of secondary industry in the region, and improve the current situation of environmental pollution. In Shaanxi Province, attention should be paid to air pollution in urban construction; strict regulations should be made on the air standards for construction, and a supervision system should be implemented to ensure that air pollution caused by construction is controlled within a reasonable range. At the same time, attention should be paid to air pollution caused by automobile exhaust emission pollution and crop planting. The number of cars should be further controlled, green travel should be promoted, penalties should be strengthened for vehicles with unqualified emissions, supervision should be strengthened in agriculture, and straw burning should be strictly prevented. Good economic conditions are the basis for effective environmental protection, so it is urgent to accelerate the high-quality growth of regional GDP. At the same time, expanding the green space in various regions helps reduce air pollution. Because of the differences in atmospheric resource endowments and the functional positioning of each region and its cities, it is recommended to establish a regional classification management system and ecological compensation strategy.




Hierarchical Management Policies

As mentioned above, PM2.5 pollution has improved year by year from 2018 to 2020 and there was a significant spatial agglomeration phenomenon in the AM distribution of PM2.5 in Chinese cities. According to the local autocorrelation analysis of pollution hotspots, integrated with the population density map (Figure 4A), the key hotspots were divided into three areas: Area A, Area B, and Area C. The classification of key hotspots is shown in Figure 6. According to the analysis of socioeconomic driving factors, we should pay more attention to sustainable development for Area A (63 cities), and the green industry is one of the solutions. For example, Xi'an, Tongchuan, and Weinan are typical cities in Area A, and they are surrounded by the cities in Area B and Area C. To achieve the regional coordinated management of fine particulate pollution and joint economic development, the idle environmental capacity of the surrounding cities can be used to update the joint industrial layout, to optimize the economic and energy structure and further promote the growth of per capita GDP. At the same time, the air standards for urban construction should be strictly stipulated, and the supervision system should be implemented to ensure that the air pollution generated by construction is controlled within a reasonable range. Attention should be paid to the emission pollution of automobile exhaust, green travel should be advocated, and penalties should be strengthened for vehicles that do not meet the emission standards. In the above three cities and Xiaogan, Wuhan, Ezhou, Jiaozuo, Zhengzhou, Zhumadian, Zhoukou, and Xuchang, the government should strictly prevent and control the open-air burning of straw and implement a global full-time comprehensive prohibition of such burning. In Shijiazhuang and Baoding, it is proposed to form a targeted management pattern for heavy trucks and diesel vehicles. In Xuzhou, Lianyungang, Zibo, Linyi, Weihai, Rizhao, Yantai, Weifang, Qingdao, Jining, Dongying, Zaozhuang, Binzhou, and Jinan, governors should pay attention to the air pollution caused by the secondary industry, change the urban economic structure, reduce the proportion of the secondary industry, prevent the same type of secondary industry from becoming too concentrated in the region, and improve the status of environmental pollution. In Shanghai, Taizhou, Nanjing, Changzhou, Yancheng, Zhenjiang, Suzhou, Wuxi, and Nantong, a green and low-carbon lifestyle should be promoted among citizens, and all people should participate in the prevention and control of haze. The cities in Area B were mainly concentrated in southeastern Shaanxi, southwestern Shanxi, western Henan, Anhui, and most parts of Hubei. For the cities in Area B (a total of 30 cities), it is crucial to develop low-emission industries and short-distance tourism to promote economic integration. For example, decision-makers in Shangluo, Ankang, Shiyan, and Enshi should pay attention to air pollution caused by crop planting, strengthen supervision in agriculture, and strictly prevent straw burning. Decision-makers in Linfen, Changzhi, Yuncheng, Shangluo, Ankang, and Enshi should pay attention to automobile exhaust pollution, promote green travel, and focus on the control of heavy trucks and diesel vehicles. In Hefei, Bengbu, Huainan, Chuzhou, Suzhou, Lu'an, and Kaifeng, it is necessary to accelerate the transformation of the urban economic structure, reduce the proportion of the secondary industry and develop low-emission industries. Area C (16 cities in total) was located in Shaanxi, Shanxi, and northern Hebei. To accelerate the growth of the per capita GDP, good economic conditions are the basis for effective environmental protection and contribute to sustainable development. It is necessary to promote the further improvement of the regional cooperation mechanism in key hotspots, establish a comprehensive regional ecological environment management platform and traffic information platform, promote information sharing, implement joint law enforcement and mutual supervision, learn long-term mechanisms, and improve the emergency linkage mechanism to deal with heavy pollution weather, as well as improve the air quality prediction mechanism (47).


[image: Figure 6]
FIGURE 6. Zoning diagram of the key hotspots.


At the same time, the seasonal characteristics of PM2.5 pollution were also worthy of attention. Considering that different cities have different roles and different sensitivities to different socioeconomic driving factors, it is urgent to establish clear transfer compensation policies for haze control cooperation between cities in the first and fourth quarters. In addition, the analysis of pollution centers in the four quarters of 2018 showed that the pollution centers were located in the Huanggang, Anqing, Jiujiang, and Shangrao areas, and the government should focus on the coordinated planning and management of the environmental economy in the above areas. Moreover, the air pollution in the heating period in the north was serious. To build a coal-free area and achieve the goal of clean heating, it is necessary to eliminate the high emission of boilers, reform the gas boilers, strengthen the source management, and strictly control the amount of coal used.




CONCLUSION

PM2.5 pollution has improved year by year from 2018 to 2020. There was a significant spatial agglomeration phenomenon in the AM distribution of PM2.5 in Chinese cities. Based on the local autocorrelation analysis of pollution hotspots and population density features, the Beijing–Tianjin–Hebei region, the Fenwei Plain, the Yangtze River Delta, and surrounding areas were selected as the key hotspots for GWR analysis. The influence degree of each socioeconomic determinant on the average annual PM2.5 concentration decreased in the following order: the proportion of the secondary industry in the GDP, the ownership of civilian vehicles, the annual grain planting area, the annual average population, the urban construction land area, the green space area, and the per capita GDP. Based on the local autocorrelation analysis of pollution hotspots, when integrated with the population density map, the key hotspots were divided into three areas: Area A (63 cities), Area B (30 cities), and Area C (16 cities). Finally, the targeted management policies of each hierarchical area were proposed according to the characteristics of the driving forces of sensitive pollution in each city as well as the roles of each city, combined with the seasonal characteristics of pollution. The cities in Area A should update the joint industrial layout with the surrounding cities to optimize their economic and energy structure. Cities in Area B should consider transitioning to eco-tourism, eco-agriculture, and other green industries to maintain people's livelihoods. Cities in Area C should accelerate the growth of the per capita regional GDP. Cities in Area D should implement more afforestation to increase the coverage of green plants, which would improve pollution. Moreover, the quarterly pollution focus should be on the coordinated planning and management of the environment and economy in the above-mentioned areas. At the same time, air pollution was serious during the heating season in the north, so the government should strengthen source management and strictly control the amount of coal used.
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Shared bicycles are currently widely welcomed by the public due to their flexibility and convenience; they also help reduce chemical emissions and improve public health by encouraging people to engage in physical activities. However, during their development process, the imbalance between the supply and demand of shared bicycles has restricted the public's willingness to use them. Thus, it is necessary to forecast the demand for shared bicycles in different urban regions. This article presents a prediction model called QPSO-LSTM for the origin and destination (OD) distribution of shared bicycles by combining long short-term memory (LSTM) and quantum particle swarm optimization (QPSO). LSTM is a special type of recurrent neural network (RNN) that solves the long-term dependence problem existing in the general RNN, and is suitable for processing and predicting important events with very long intervals and delays in time series. QPSO is an important swarm intelligence algorithm that solves the optimization problem by simulating the process of birds searching for food. In the QPSO-LSTM model, LSTM is applied to predict the OD numbers. QPSO is used to optimize the LSTM for a problem involving a large number of hyperparameters, and the optimal combination of hyperparameters is quickly determined. Taking Nanjing as an example, the prediction model is applied to two typical areas, and the number of bicycles needed per hour in a future day is predicted. QPSO-LSTM can effectively learn the cycle regularity of the change in bicycle OD quantity. Finally, the QPSO-LSTM model is compared with the autoregressive integrated moving average model (ARIMA), back propagation (BP), and recurrent neural networks (RNNs). This shows that the QPSO-LSTM prediction result is more accurate.

Keywords: dockless shared bicycles, origin and destination (OD), OD distribution, QPSO, LSTM


INTRODUCTION

Shared bicycle systems have been widely adopted in cities as a promising solution to the last mile issues in public transportation (1–3). Apart from the immediate advantage for city commuters, it can also provide benefits to the environment and public health (4–8). In particular, due to its advantages of reducing resource consumption and chemical emissions, the use of shared bicycles is more environmentally friendly than motorized transportation (9). There is little doubt that using shared bicycles rather than automobiles benefits the environment. Meanwhile, the application of shared bicycles has the potential to promote public health. Physical inactivity has been linked to increased morbidity and mortality in numerous studies (10). Shared bicycles can provide means for people to exercise and improve their overall health (5, 11, 12).

At present, there are two types of shared bicycles in Nanjing city, docked shared bicycles and dockless shared bicycles. The docked shared bicycles require unified management with hardware devices, such as parking piles and paying devices. However, the docked shared bicycle user experience is not good due to the cumbersome certification and registration process (13). Moreover, the high capital and space costs of its supporting equipment also limit its development to a certain extent. Based on the mobile internet technology, dockless shared bicycles have rapidly developed in China and have become the main means of shared bicycles in the market due to their better user experience, simple registration and certification process, and convenience afforded when borrowing and returning bikes (14, 15). Dockless shared bicycles provide residents with more convenient services due to their stop-on-ride, flexibility, ease of use and low price. However, there are also many factors that are not conducive to the development of urban transportation, such as disorderly parking and the imbalance between supply and demand (16–18). These problems might decrease the opportunity and willingness of the public to use shared bicycles, but they have occurred in almost every city where shared bicycles are deployed in Asia, Europe and the Americas, including Beijing, Shanghai and Nanjing in China (17, 19, 20).

Short-term forecasts for the origin and destination (OD) number of shared bicycles in different areas can help in the discovery of behavioral patterns and help to solve the above possible future problems in advance (21). With better prediction results, users can be informed of the distribution of bikes in an area sometime in the future to better plan their itinerary. Operators can plan to place and reallocate bikes to improve the customer experience according to short-term demand forecasts. This will further promote the travel efficiency of urban residents and accelerate the improvement of the city's green travel layout. Therefore, it is beneficial not only for users and operators but also for the environment and public health. Geographic modeling is a useful way to discover geographic patterns and predict geographic processes (22, 23). Many scholars have utilized different models for shared bicycle prediction, including linear models based on mathematical statistics, intelligent theoretical models represented by neural networks, and combined models, which combine more than two types of models. The more representative linear model is the autoregressive integrated moving average (ARIMA) model. The ARIMA model was applied to predict the flow number and trip duration of bicycles (24). Although ARIMA is the most common statistical model for time series prediction, it has extremely high data requirements and requires time series data to be stable. It only captures the linear relationship of the data. The intelligent theoretical models used for bike-sharing prediction mainly include back propagation (BP), recurrent neural networks (RNNs), and long short-term memory (LSTM). BP has been used to predict shared bicycle demand and the number of public bicycle rented (25, 26). However, its learning speed is very slow, and network training is more likely to fail. RNNs are particularly good at capturing the temporal and spatial evolution of traffic flow, quantity and speed, so they are often used to predict short-term traffic volumes (27, 28). Although traditional RNNs perform well in non-linear time series data modeling, there are still several issues to be addressed, such as the inability to train time series with long time lags and the difficulty of automatically finding the optimal time window size (29, 30). LSTM makes up for the gradient disappearance and gradient explosion of RNNs and the lack of long-term memory ability so that the recurrent neural network can make full use of the long-term sequence information (31). Thus, LSTM can be applied to predict traffic flow and the demand of dockless shared bicycles (32). Due to the complexity of the traffic system and the shortcomings of various models, scholars have combined multiple models in recent studies to make full use of the advantages of different models for shared bicycle prediction. Combined models usually combine several different intelligent theoretical models and are based on mathematical statistics and intelligent theoretical models. For example, convolutional neural networks (CNNs) and LSTM were combined to predict the short-term distribution of dockless shared bicycles (33); a combination of CNNs and LSTM in a deep learning model was applied to predict the travel distance and OD distribution of shared bicycles (34).

The smart prediction of shared bicycles in this article is based on a deep learning algorithm. The first condition for accurate analysis using machine learning is to determine the appropriate model structure, including the number of stacked layers, the number of layer nodes, the activation function, the batch size and other hyperparameters. Determining the optimal hyperparameter combination in a high-dimensional space is a complicated problem. The traditional method for determining hyperparameters is the manual parameter adjustment method, which mainly relies on the experience of researchers, has strong subjectivity, and requires a long time for conducting experiments. In addition, other hyperparameter optimization methods, such as grid search, random search and Bayesian optimization, have high time complexity. There have been many studies on optimizing hyperparameters by using swarm intelligence algorithms due to their excellent parameter optimization performance. Commonly used swarm intelligence algorithms include ant colony optimization (ACO), particle swarm optimization (PSO), and quantum particle swarm optimization (QPSO) (35, 36). They can be applied to various types of deep learning hyperparameter optimization, but they were mainly applied to optimize common models such as support vector machines (SVMs) and BP (37–42).

Most short-term demand predictions were based on regular grids. Few studies use swarm intelligence algorithms to optimize models with more parameters, such as LSTM, and even fewer use them for shared bicycle prediction. This article aims to build a comprehensive model, called QPSO-LSTM, for predicting the OD quantity of dockless shared bicycles by combining QPSO and LSTM models. By taking AOI (area of interest) as the basic analysis unit, the model attempts to consider the influence of different urban function types on bicycle distribution. In addition, QPSO is applied to optimize LSTM to obtain better predictions. By taking the main urban areas of Nanjing city as an example, the QPSO-LSTM model is applied to predict the OD number of dockless shared bicycles in different types of AOIs. It can help determine possible problems in advance, such as bike aggregation or an insufficient number of bikes in the future period, to help with the bike scheduling and promote bike distribution rebalancing. Finally, the model is compared with other commonly used models, including BP, ARIMA and RNN, to verify its accuracy.



STUDY AREA AND DATA PROCESSING


Study Area and Data Acquisition

Nanjing is an important gateway city for the development of the Yangtze River Delta. According to the 7th census, it has a permanent population of ~9 million (2021). Since 2015, shared bicycles have experienced rapid development in Nanjing and have become a new travel choice for residents. Dockless shared bicycles were born as a new form of the sharing economy at the end of 2016, including bike share systems such as Ofo, Mobike and Hello Bike. Dockless shared bicycles quickly swept across the country due to their higher flexibility. As reported by Jiangsu Sina (2019), in 2018 the number of shared bicycles in Nanjing reached a record high of ~600,000–700,000. Then the total number of shared bicycles was limited to ~317,000 to regulate the bike-sharing market under the control of the government. According to the Hello Bike use report, in Nanjing (2017), 40,000 shared bicycles have been used 31 million times in 3 months, covering a distance of 54.81 million km, equivalent to cycling 1,367 laps around the equator. In this article, the study area is the downtown area of Nanjing, including Xuanwu, Gulou, Jianye and Qinhuai Districts, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Study area.


Bicycle share ridership is affected by different weather variables, socio-demographic attributes, land use and built environment, among which the impact of several weather variables on bicycle trips has been investigated in many studies (43–49). This article obtains the datasets of dockless shared bicycles, road networks, traffic facility points, AOI data and administrative zoning data for Nanjing, as shown in Table 1. The dockless shared bicycle dataset includes the bike location data, including the date, bike ID, longitude and latitude of each bike from March 9 to April 8, 2018. The location data of 105,901 shared bicycles in the study area over 32 days include ~100 million records. The meteorological data, including temperature, wind speed, and precipitation from March 8 to April 2, 2018, with an interval of 1 h, were added as factors affecting bicycle trips. AOI is the area data used to represent each geographical entity, such as separate residential areas, independent commercial areas, and scenic zones. It is a carrier of all the social and economic activities of residents and reflects different types of urban functions. The attributes of each AOI include the name, address, category and latitude and longitude. The AOI is taken as the basic analysis unit in the study.


Table 1. Data acquisition in the study area.
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Periodicity of Shared Bicycle Trips
 
Time Interval of Periodic Series

The time interval for shared bicycle location data is 15 min. The number of bicycles in different time intervals was analyzed to determine the appropriate time interval for our study. Figure 2 shows the curves of bicycle numbers at 15, 30, 60, and 120 min intervals at the original points of residential areas of the study area on March 14. Figure 2 shows that the curve of the 1-h time interval can express the regularity of bicycle changes, and the curve is smoother than the time interval of 15 and 30 min. When the interval is >60 min, there are some difficulties in discovering the number changes of bicycle trips in 1 day. Therefore, this article takes 1 h as the time interval during the experiment to alleviate the impact of possible data loss on the overall law and effectively reduce the calculation rate.


[image: Figure 2]
FIGURE 2. The curves of bicycle numbers at different intervals. (A) 15 min. (B) 30 min. (C) 60 min. (D) 120 min.




Similarities in Different Types of AOIs

The possible trend similarity is explored to reflect the similar trends of cycling in different types of AOIs in the same time period. The cosine similarity can measure the trend similarity by comparing two vectors in a vector space. It evaluates the similarity between two vectors by calculating the cosine of the angle between them; thus it is not related to the specific value and is only affected by the angle of the two vectors. Formula (1) is used to calculate the cosine similarity cosθ (50).

[image: image]

where cosθ is the cosine similarity; Ai and Bi represent the components of vectors A and B, respectively; and n is the number of samples.

Table 2 lists the calculated cosine similarities among the AOIs of residential areas, commercial buildings and scenic areas. A higher cosine similarity indicates that the variation trend in the number of bicycle trips is similar within the same type of AOI. In contrast, a lower cosine similarity indicates that the variation trend in the number of bicycle trips is different in various types of AOIs, which are located in different urban function regions.


Table 2. Trend similarity in different types of AOIs.
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Daily Correlation

The daily changes in the number of bicycle trips on weekdays and weekends are considered to be different. The Pearson correlation coefficient is applied to calculate the daily correlation of the numbers of bicycle rides every 2 days in a week from March 12 to March 18. Formula (2) can calculate the Pearson correlation coefficient ρX, Y (51).

[image: image]

where X, Y are 2 days; n is the number of hours in each day, which is 24; Xi, Yi are the number of bicycles at the ith hour corresponding to X, Y; and [image: image] are the average values of X, Y. When ρX, Y is −1, it means that X, Y are completely negatively correlated; when ρX, Y is 1, it means that X, Y are completely positively correlated; when ρX, Y is 0, it means that X, Y have no correlation.

As shown in Table 3, the correlation coefficients between weekdays are higher than 0.9. However, the correlation coefficients between weekdays and weekends are lower, ranging from 0.8 to 0.9. The correlation coefficient between Saturday and Sunday is 0.973, showing a high correlation. The results show that the daily cycling regularity is similar among weekdays and between weekends, but it is slightly different between weekends and weekdays.


Table 3. Daily correlation in 1 week.
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Above all, the time interval for shared bicycle location data is determined to be 1 h in the constructed QPSO-LSTM model. In addition, due to the different regularity of changes, the number of bikes on weekdays and that on weekends need to be predicted separately, as does that in different AOIs.





MODEL CONSTRUCTION

The QPSO-LSTM model for predicting the OD quantity of shared bicycles is constructed as shown in Figure 3. The model is trained by using a training set and then is used to predict the number of shared bicycle trips in the future by using a test set. The model implementation process consists of three parts: data processing, the prediction model based on LSTM, and QPSO optimization.


[image: Figure 3]
FIGURE 3. QPSO-LSTM flowchart.


First, the acquired cycling data were classified according to different AOI types to form cycling data with an interval of 1 h. Temperature, wind speed and precipitation were selected as the influencing factors of cycling and incorporated into the cycling data. The data underwent normalization, supervised learning and dataset division processing before model training and prediction. In particularly, 80% of the data were used as the training set and 20% were used as the validation set (52). Then, as a deep learning algorithm for sequential data prediction, LSTM is the core algorithm of the prediction model QPSO-LSTM. It was used to predict the OD quantity of shared bicycles by building a multilayer LSTM network. Finally, QPSO was applied to solve the optimization problem of the hyperparameters of the prediction model. By using QPSO, the hyperparameter combination suitable for the prediction model can be determined quickly to effectively improve the accuracy of the model.


Prediction Network Based on LSTM

The structure of the LSTM network of QPSO-LSTM is shown in Figure 4 below. Its input data are bicycle and meteorological data, and the output data are the number of bicycles needed in the future. The horizontal line through the entire memory cell is similar to a conveyor belt, indicating the state of the cell. There are three types of gates in LSTM: the forget gate, input gate and output gate. The forget gate determines how much information should be removed from the cell state at the last moment, as shown in the red box in Figure 4. The new input information is determined by the input gate in the cell state, as shown in the yellow box. The parts of the cell state that are utilized to generate the final output of the memory cell are decided by the output gate, as shown in the green box (54–56). In addition, the pink circle in the memory cell represents the point operation, while the yellow rectangle represents the activation function, and they are all used to compute the gates and the memory cell output.


[image: Figure 4]
FIGURE 4. Prediction network of QPSO-LSTM: Redrawn and extended from Li et al. (53).




QPSO Optimization

QPSO hyperparameter optimization mainly includes determining the parameters to be optimized, selecting the fitness function, and determining and updating the optimal positions of particles.

As shown in Figure 5, the time step, batch size and the numbers of nodes in the network hidden layers are selected as the parameters to be optimized in the prediction network, and each has an arrow pointing to it. The time step parameter determines the number of previous data moments in the model input at a certain moment. The batch size can effectively improve memory utilization and model training speed after optimization. A reasonable number of hidden layer nodes can avoid as much of the model over fitting phenomenon during training as possible. The change in the number of shared bicycle trips has a daily characteristic, so the value range of the time step is determined to be [1, 24]. The number of hidden layer nodes is determined according to the empirical rule (25), as shown in Formula (3).

[image: image]
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FIGURE 5. Parameters to be optimized in the prediction network: 4 parameters are selected to be optimized.


where m, n are the number of input and output layers of the network, respectively, and a is any integer between 3 and 10. The number of hidden layers ranges from [5, 50], and the range of the batch size is set to [1, 30].

QPSO needs to determine the objective function to determine the pros and cons of the current particle. Commonly used evaluation indicators for regression models include root mean square error (RMSE), mean absolute error (MAE) and mean absolute percentage error (MAPE) (57). Formulas (4–6) below are used to calculate these evaluation indicators.
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where m, h(xi), and yi are the length, predicted value and true value of the verification set, respectively.

When using QPSO to optimize the hyperparameters of our prediction network, MAPE is selected as the fitness function of the particle, which is defined by Formula (6).

[image: image]

According to the fitness function, the objective function value, the MAPE between the predicted value and the true value of the model, at each position is calculated. The smaller the objective function value is, the better the position.

In the whole learning process, the optimal position found by individual particles is pbesti, and the mean value of the best position of individual particles is mbest. The objective function values of all particles in the population are calculated many times during the learning process to determine the global optimal position gbest of each particle in all the learning processes. Formulas (7–9) can be used to calculate these values (35).
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where M is the size of the particle group; xi is the position of the ith particle; α is the innovation parameter; and ∅ and u are uniformly distributed values on (0, 1).




MODEL APPLICATION AND VERIFICATION


Model Results and Typical Case Analysis

The prediction models of different AOIs obtained after model training can be applied to predict the OD quantity of bicycles for all types of AOIs in the whole study area. According to the QPSO optimization results, the time step is 4, which means that the model uses the number of bicycles in the previous 4 moments to predict the number of bicycles in the next moment. In addition, the batch size and the node numbers of the first hidden layer and the second hidden layer are set to 28, 10, and 16, respectively.

For each AOI, the model to which it belongs is applied to predict the number of bicycles in each hour. For example, the prediction results of the OD quantities of bicycle rides at 8 am on March 14 are shown in Figure 6. At 8 A.M. in the study area, the bicycle OD quantities of the different regions are slightly different, which fully reflects the characteristics of residents' trips and verifies the effectiveness of the prediction model. As shown in the Figure 6, there are more origin points than destination points in residential areas. The AOI area of scenic areas accounts for the largest proportion of the total area of the study area, ~40.2%. Due to their larger area, there are more bikes in scenic areas, such as Purple Mountain and Xuanwu Lake, which are generally shown in red in the Figure 6.


[image: Figure 6]
FIGURE 6. Prediction results at 8 am of study area. (A) Origin points. (B) Destination points.


Two typical areas, including residential areas and commercial buildings, are selected to use the corresponding model to predict the OD quantity of bicycles. The typical residential area selected is Huaxincheng, which is located near Yuantong station of subway Line 1 and Line 2, and leisure and entertainment facilities such as Hexi Central Park and Nanjing Famous Taiwan Goods City are around it. Taking it as an example, its bicycle OD data on the weekday of March 14 are selected to predict the supply and demand of bicycles by using the prediction model of residential area AOIs. The prediction of bicycle OD numbers in Huaxincheng is shown in Figure 7. The results show that bicycle OD numbers are higher in the morning and evening peak hours, but their changes are different. The peak value of the number of origin points in the morning peak period is greater than that in the evening peak period, while the peak value of the destination points in the evening peak period is higher than that in the morning peak period. This prediction conforms to the daily regularity of cycling for residents commuting to work.


[image: Figure 7]
FIGURE 7. Prediction of bicycle OD quantity in Huaxincheng.


The typical commercial building selected is Fenghuang Square located at No. 1, Hunan Road and is an innovative commercial mall. The cycling OD data of this area on March 14 are selected to predict the supply and demand of shared bicycles by using O and D models of commercial building AOIs. The predicted bike OD numbers of Fenghuang Square are shown in Figure 8. The result also reflects the characteristics of the morning and evening peaks. The number of bicycle destination points in the morning peak hours was slightly higher than that of origin points, while the number of origin points in the evening peak hours was much higher. This prediction is in line with the regularity of the use of bicycles near commercial buildings.


[image: Figure 8]
FIGURE 8. Prediction of bicycle OD quantity in Fenghuang Square.




Model Evaluation

Bicycles have different cycling patterns in different types of AOIs. Using the constructed prediction model, bicycle supply and demand prediction models suitable for different types of AOIs, including residential areas, commercial buildings, scenic spot areas, science, education and cultural areas, and other service areas, are obtained after model training. The data used in model training are the series data of each type of AOI in the whole study area, with a total of 32 days of data, 80% of which is 25 days in total as the training set, and 20% of which is 7 days in total as the test set.

Figure 9 verifies the prediction accuracy of the OD distribution models of the residential areas. When verifying the model, the data from the week from March 12th to March 18th are selected as input. Each day consists of 24 h of data, with a total of 7*24, 168 pieces of input data. Since the time step set in the training model is 4, a total of 168*4 inputs are formed after conversion to supervised learning, and the range of predicted results is from 3 o'clock on March 12 to 23 o'clock on March 18. The results show that the predicted value and the true value of the QPSO-LSTM models are relatively consistent, as well as the change trend in the values. The peak times appearing each day are consistent, and the peak values are similar. In addition, residents have strong cycling regularity on weekdays but no obvious cycling regularity on weekends. There are several obvious morning peaks and evening peaks within a week, but the use of bicycles on weekends is greatly reduced. Specifically, for the origin points of the residential areas, as shown in Figure 9A, morning peaks are significantly higher than evening peaks, while for the destination points, as shown in Figure 9B, the comparison results are the opposite. The above conclusions are in line with the cycling characteristics of urban residents and verify the performance of the QPSO-LSTM prediction model.


[image: Figure 9]
FIGURE 9. Accuracy evaluation: true value and prediction of QPSO-LSTM in residential areas. (A) Origin points number. (B) Destination points number.


The BP network, RNN network and ARIMA model are applied to predict the number of bicycle origin points of residential areas from 4:00 on March 12 to 23:00 on March 18. The comparison results between the true value and prediction of these three models are shown in Figure 10. Comparing the prediction results of the three models with the true value, the change trends are roughly the same, and they all perform well at predicting the number of bicycles between peaks. However, there are some differences in the predictions for the periods around the peaks. The predicted values of ARIMA during these periods are closer to the true values than the other two models, especially in the periods near the low peaks. For example, from 0:00 to 6:00 every day, the ARIMA prediction is closer to the true value, while the prediction values of RNN and BP are significantly higher. In addition, compared with the predictions of BP and RNN, BP performs slightly better than RNN. As a result, ARIMA has the best prediction effect, followed by BP and finally RNN.


[image: Figure 10]
FIGURE 10. Accuracy evaluation: True value and prediction results of 3 models for the residential area bicycle origin point number from 4:00 on March 12 to 23:00 on March 18.


To verify the accuracy of the QPSO-LSTM model, a verification set is used to compare and verify the prediction accuracy of the other models constructed, including the BP network, RNN network, and ARIMA model, as shown in Table 4. Whether RMSE, MAE, or MAPE is used as the evaluation index, the error of the QPSO-LSTM model is smaller than that of RMSE, MAE, or MAPE, which means that the prediction accuracy of the QPSO-LSTM model is higher than that of theirs. Taking MAPE as an example, the QPSO-LSTM model has the lowest error value, which is 0.087. Conversely, it has the highest accuracy, which is up to ~91%. The error values of the other three models are all >0.1, which means that their accuracy is <90%. As a result, the QPSO-LSTM model is confirmed to have better accuracy and to be able to reasonably predict the supply and demand of shared bicycles of different AOIs.


Table 4. Accuracy comparison of different models.
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CONCLUSIONS

The travel mode is a factor influencing environmental and public health that cannot be ignored (58, 59). Shared bicycles, as a healthy and environmentally sustainable travel mode, should be conveniently accessed by the public. Thus, it is necessary to predict the demand for shared bicycles and optimize the supply of shared bicycles in different urban regions. In this article, a bicycle prediction model called QPSO-LSTM is established, which aims to predict the number of bicycles at OD points in different regions. It is trained with the same dataset as BP, RNN, and ARIMA, and the result shows that QPSO-LSTM significantly outperforms the other models. Furthermore, the model is also applied to predict the bicycle numbers in two typical areas, and the prediction results validate the availability of the model.

Since QPSO-LSTM can predict the future supply and demand for shared bicycles of each analysis unit (AOI), the future distribution of shared bicycles can be rebalanced based on the prediction results. By designing scheduling schemes that optimize resource allocation, idle bikes can be dispatched in a timely manner to areas with large demand, so that the number of shared bicycles tends to be reasonable. Reasonable scheduling optimization can rebalance the distribution of shared bicycles, meet the needs of users for using bikes, improve user satisfaction, and ensure that the shared bicycle system is in a state of dynamic balance. Optimization of bicycle layout according to the actual demand and time series regularity can effectively guide the planning of urban green travel.

Although the QPSO-LSTM has been verified to be a useful method to predict the demand for shared bicycles, some limitations remain.

(1) The current QPSO-LSTM mainly used cycling data, and the weather data (e.g., temperature, wind speed and precipitation) were incorporated into the cycling data. However, other factors such as road networks, visibility in foggy weather, and seasonal changes in the weather might also affect the public's willingness to use bicycles and cause differences in OD distributions. Thus, these factors should also be taken into account in the prediction model.

(2) The performance of QPSO-LSTM was evaluated by using data from Nanjing. However, whether the model is a good choice for other similar cities still needs to be tested. In addition, the characteristics of dockless shared bicycle OD trips need to be analyzed to discover the driving mechanism of these characteristics.

(3) The prediction of the OD distribution provides opportunities for optimizing shared bicycle allocation. However, there is still a long way to go to keep the demand and supply of shared bicycles in a dynamic balance. The optimization of the layout of shared bicycles based on the prediction results is expected to be explored in further studies.
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With the rapid process of urbanization and global warming, many metropolises are vulnerable to high temperatures in summer, threatening the health of residents. However, green spaces can generate a cooling effect to mitigate the urban heat island effect in big cities. They can also help to improve the living quality and wellbeing of surrounding residents. In this paper, we utilized the radiative transfer equation algorithm, k-means clustering algorithm, big data crawling, and spatial analysis to quantify and map the spatial distribution, cooling capacity, and cooling contribution for surrounding communities of 1,157 green spaces within Beijing Fifth Ring Road, a typical metropolitan area. The findings showed that (1) the area proportion of the heat island in the study area is larger than that of the cooling island. Accounting for only about 30% area in the study area, the green spaces reduce the average land surface temperature by 1.32°C. (2) The spatial features of green space, such as area and shape complexity, have a significant influence on its cooling effect. (3) Four clusters of green spaces with specific spatial features and cooling capacity were identified. And there were differences among these clusters in green space cooling contribution for the surrounding communities. (4) The differences in green space cooling contribution also existed in different urban zones. Specifically, the middle zone performed significantly better than the inner and outer zones. (5) We furthered in finding that some green spaces with medium and high cooling contributions need to improve their cooling capacity soon, and some green spaces with low cooling contributions or no contributions have a good potential for constructing new communities in the future. Our study could help planners and government understand the current cooling condition of green spaces, to improve their cooling capacity, mitigate the urban heat island effect, and create a comfortable and healthy thermal environment in summer.

Keywords: green space, cooling effect, cooling contribution, metropolitan area, urban thermal environment, resident health


INTRODUCTION

With the rapid development of urbanization and global warming, urban expansion in the past led to a dramatic change in the underlying surface (1, 2). The problems of the urban thermal environment, such as the urban heat island (UHI) effect and extreme weather events, arose worldwide (3). Additionally, in recent years, the development pattern of smart growth made some metropolitan areas of high density and intensive, where the urban and environmental problems caused by high temperature also became more serious (4). According to some studies, high temperature leads to an increase in some health risks, diseases, and even mortality of the public (5–7). It also brings a vicious circle of ‘high temperature—energy consumption—“greenhouse effect”—high temperature,' which makes the urban environmental health and the ecological condition deteriorate rapidly (8). However, as an essential part of green infrastructure (GI), the urban green spaces have many ecosystem services. They can play a significant role in mitigating the UHI and promoting thermal environment health, especially in metropolitan areas, which has been confirmed by many studies (9, 10). Therefore, in the context of climate change and urbanization, how to utilize the green spaces' cooling capacity to reduce the influence of extreme heat weather in summer and improve the thermal comfort of the environment has become a hot issue for relevant scholars.

So far, the research on the green space cooling effect roughly has contained 2 aspects: the macro and the micro. The macro studies primarily focused on the spatial-temporal distribution of cooling islands (11, 12), landscape or green space spatial pattern (13, 14), and influencing factors or drivers of the green space cooling effect (15, 16). Li and Zhou found that the green space patch intensity and mean patch shape are negatively correlated with UHI intensity, while green space edge density is positively correlated with it in Illinois-Indiana-Ohio, United States (17). Zhao et al. mapped the land surface temperature (LST) and land cover of Shenyang, China, and indicated that among all types of land cover, the highest mean LST is buildings and roads, while the lowest is water. The temperature of farmland is higher than that of green space. They also emphasized that although the water and the green space have a good cooling effect, the capacity is not obvious if their area is small (3). And some researchers are focusing on the cooling effect of a certain land cover or element, such as water (18), forests (19, 20), and wetlands (21–23). Wang et al. found that LST is affected by water, and the cooling effect of water varies according to different land covers (24). In the micro aspect, most of the previous studies focused on the influencing factors of the park cooling effect in a city or the simulation of green space cooling effect in a small area (25, 26). Jaganmohan et al. measured mobile air temperature in 62 parks and forests of Leipzig, Germany, and found that the cooling quality of forests is better than that of parks. And with size increasing and shape complex decreasing, the cooling effect of parks and forests increases (27). Chen et al. defined the different aspects of parks' cooling capacities, such as cooling efficiency, cooling gradient, cooling area, and cooling intensity, and found the inequity in accessing park cooling service in Wuhan, China (28).

However, it can be seen from the previous studies that most macro studies focused on the scale of the entire city or built-up area, while the micro studies focused on the individual or group scale of green spaces. No transition appeared between the macro studies and micro studies. In addition, some macro studies ignored regional disparities in the green space cooling effect between the urban core and the suburbs, which is caused by the difference between the urban and rural structure of the underlying surface and land cover. Thus, there is a demand for mesoscale research on the cooling effect on a specific geographical area of the city. Besides, some micro research about parks' cooling effect selected fewer samples (dozens of parks), which might make the results of these studies quite inconsistent with each other in the same study area (29). And there are many green spaces in the city that are not parks, which still have a perfect cooling service for the surrounding residents. They should be included in the study samples to increase the quantity of analysis and improve the accuracy of the results. Finally, a few studies paid attention to the green space cooling contribution to the community (GCC), which partly reflects the well-being and value of green space ecosystem services. And it also can help the government and planners in a deep understanding and better management of our city.

In this paper, we selected a typical metropolitan area on mesoscale, within the 5th Ring Road of Beijing as the study area. This region with the most diverse land use, functions, and vitality in the whole city is more vulnerable to extremely high-temperature disasters. So, in this specific area, the green space cooling effect was focused on, which has great scientific value and practical significance. Then, in this paper, we quantified the cooling effect indicators and landscape indicators of 1,157 green spaces with more than 1 hm2 in the study area, classified them into 4 clusters with different cooling characteristics, and defined and mapped the green space cooling contribution to the surrounding communities for the first time. Our study aims to: (1) quantify and obtain the overall characteristics and spatial distribution of LST and cooling-heat islands in the study area; (2) quantify the green space cooling effect and find the spatial features of the green spaces with higher cooling capacity; (3) based on the green space spatial features and characteristics of green space cooling effect, identify different clusters of green spaces, and compare their cooling capacity and advantages; (4) quantify the spatial distribution of green space cooling contribution to communities' green spaces and assess their performance in different clusters and zones.



STUDY AREA

Beijing (115.7°-117.4°E, 39.4°-41.6°N) is the capital of China, located in the north of North China Plain, adjacent to Hebei Province and Tianjin city. It covers an area of 16,410 km2, with a population of 218.9 million in 2020 (30). And it is dominated by a warm temperate semi-humid and semi-arid monsoon climate, with hot and rainy in summer and cold and dry in winter. The annual average temperature of the city is 11–13°C, and the annual extreme high temperature is around 35–40°C.

The study area is within the Fifth Ring Expressway in Beijing, including the whole or part of the area of the six administrative districts, which are Dongcheng, Xicheng, Haidian, Chaoyang, Shijingshan, and Fengtai (Figure 1). This area undertakes the four core functions of the capital according to the Beijing Master Plan (2016–2035), such as the political center, cultural center, science and technology center, and also international exchange center (31). In addition, our study area is densely populated and is also the core of the highly-urbanized religions of Beijing. The dwelling population in this area accounts for 48.9% of the whole city, while it covers a total area of 66,655 hm2, accounting for only 4.1% of Beijing. Moreover, according to the “figure-ground relation” of the city and urban development history, we divide the study area into three zones: the inner zone within the 2nd Ring Road, the middle zone from the 2nd Ring Road to the 4th Ring Road, and the outer zone from the 4th Ring Road to the 5th Ring Road.


[image: Figure 1]
FIGURE 1. Location of the study area in Beijing metropolitan area, China (A–C). The Landsat8 remote sensing image (D) is displayed in false color mode, which is composed of band 5 (near-infrared), band 4 (red), and band 3 (green).




MATERIALS AND METHODS


Retrieving Land Surface Temperature and Classification of Cooling-Heat Islands

The Landsat 8 TIRS image (path/row: 123/32, cloud cover: 1%, and no cloud in the study area) was obtained at 02:53:37 GMT on 12 September 2017. We downloaded the remote sensing data from the Geospatial Data Cloud (www.gscloud.cn), and preprocessed the image on the ENVI 5.3, including radiometric calibration and atmospheric correction of thermal infrared data and multispectral data to eliminate the errors from sensors and atmosphere. Then, we selected a suitable algorithm to retrieve the LST using the remote sensing image. At present, there are 4 methods: radiative transfer equation algorithm (RTE) (32), split window algorithm, single-channel algorithm, and multi-channel algorithm. Many previous studies utilized RTE and obtained accurate results (33–35). Thus, we determined the RTE method to retrieve the LST of the study area. According to the steps of the method, we converted the digital number of all the satellite image bands to at-satellite reflectance using the gray value of the raw data first. Then, we calculated the Normalized Difference Vegetation Index (NDVI) (36) and retrieved the brightness temperature of the blackbody using RTE. Finally, the LST map was obtained by the Planck formula (Figure 2A), and 5 zones showing the spatial distribution of heat and cooling islands in Figure 2B were classified using the mean-standard deviation method (37).


[image: Figure 2]
FIGURE 2. Spatial distribution of LST (A) and cold-hot islands at different levels (B) in the study area. Where ALST is the average LST; std is the standard deviation of LST in the study area.




Classification of Land Use

The land use data used in this paper are the global land cover in 2017 of 10 m accuracy published by the Tsinghua University (38). The acquisition time of the data is the same as that of remote sensing data used to retrieve LST. The data cover 10 categories of land use, and the study area involves 8 of them. Then, we combined farmland, forest, shrubland, and grassland into a new green land layer, combined water and wetland into a new water layer, and combined impervious surface and bare land into a new impervious surface layer (Figure 3A). After that, we merged the new green land layer and the new water layer within 30 m into the green space layer. Previous research indicated that the minimum area of the parks with a cooling effect in Beijing is around 1–3 hm2 (39). To eliminate interference, the green spaces with the area below 1 hm2 were deleted. In addition, the Summer Palace in the northwest of the study area is connected with Haidian Park, Liangshan Park, and some orchards, becoming a vast green space with an area of more than 1,900 hm2. The size of this green space is much larger than other green spaces. To make mathematical statistics more scientific, the green space was deleted. Finally, 1,243 green spaces were selected as the study objects (Figure 3B).


[image: Figure 3]
FIGURE 3. Spatial distribution of land use in the study area (A), green spaces selected as the study objects (B).




Definition of Cooling Indicators and Landscape Features

The cooling capacity of green space is evaluated by several indicators. Reflecting the amplitude of reducing LST of the surrounding impervious surfaces, green space cooling intensity (GCI) is one of the core indicators. We used the buffer method (25, 40) to define the GCI. We set 10 ring buffers with 60 m width for each green space from their boundary, and the average LST of impervious surface in each buffer was calculated. It is worth noting that we did not calculate the average LST of the entire buffers as in some previous studies to reduce the impact of other green spaces in the buffers on LST. Then, the curve was drawn in Figure 4A based on the data of a certain green space. The horizontal axis is the distance between the green space boundary and the buffer. And the vertical axis is the average LST of the green space and the impervious surface in a buffer. According to previous studies (41–43), we quantified the maximum distance of the green space cooling effect (LMAX) and the green space cooling intensity (GCI). LMAX was confirmed as the distance from the first turning point of LST to the green space boundary; GCI was defined as the difference between the impervious surface temperature at LMAX and the average LST of the green space. According to the definition, 1,157 green spaces' cooling intensity was calculated as shown in Figure 4B. Besides, we also defined and quantified other indicators reflecting green space cooling capacity or landscape features, such as the green space cooling area (GCA) (28), the green space cooling efficiency (GCE) (44), the green space cooling gradient (GCG) (28), and the green space shape index (GSI), as can be seen in Table 1.


[image: Figure 4]
FIGURE 4. Average LST schematic diagram of green space and surrounding impervious surface (A), the spatial distribution of 1,157 green spaces with different degrees of GCI (B).



Table 1. Definition of cooling and landscape indices.

[image: Table 1]



Identification of Green Space Clusters Based on Cooling Effect and Spatial Feature

We used the K-means clustering algorithm to identify different green space clusters with different cooling effects or spatial features. First, we normalized the 5 selected factors to ensure the accuracy of the subsequent calculations. Then, we found the appropriate K-value before analysis. Yuan and Yang indicated that compared with other methods of finding K-value, the Elbow method has a faster speed for less and uncomplicated data with the same accuracy (45). Therefore, this paper used python programming to obtain the K-value by the Elbow method. The result showed that when the K-value is 4, the sum of squared errors (SSE) is smaller. Finally, we took 4 as the suitable K-value and divided 1,157 green spaces into 4 clusters with different cooling effects and spatial features.



Analysis of the Green Space Cooling Contribution to Surrounding Communities

To explore whether the cooling effect of green spaces is enjoyed by surrounding communities, we defined the concept of green space cooling contribution for community residents (GCC) for the first time. The GCC is the product of the community population per unit of green space cooling area (GCA) and green space cooling intensity (GCI). The community population, located in cooling coverage, is the product of the total number of households in communities and the average population per household. We used big data crawling software, Octoparse, to obtain the total number of households and detailed addresses of all communities in our study area from the Anjuke website (https://beijing.anjuke.com), which is the largest online real estate trading website in China. Then, through python programming, we utilized Baidu Geocoder API to convert the detailed addresses of communities into coordinates recognized by ArcGIS. Finally, the community points data with the total number of households and the accurate spatial location was obtained. It is worth noting that all spatial data, such as remote sensing images, land use data, the community points data, all used the WGS-1984 coordinate system to be calculated seamlessly together in ArcGIS.
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Where Nh is the total number of households located in cooling coverage; NP is the average population per household. According to the Beijing statistical yearbook 2018, the NP of the study area is 2.52 (46). And GCI is the green space cooling intensity; GCA is green space cooling area.




RESULTS


General Characteristics of LST and Its Corresponding Land Use

Combined with the LST of the study area in Figure 2A and cold-hot islands distribution in Figure 2B, we identified many hot spots which are mainly distributed in the old town, industrial and logistics areas, such as the central and southern part of the 2nd Ring Road, the southeast part of the 3rd Ring Road to the 5th Ring Road, and the southwest part of the 4th Ring Road to the 5th Ring Road. The LST in these areas is 35–40°C, and in some regions, its LST is above 45°C, which showed that the health condition of the urban thermal environment was worrying. Moreover, we found that the LST in the north and northwest of the study area is significantly lower. The low LST was also found in the northeast from the 4th Ring Road to the 5th Ring Road. Some parks, golf courses, and nursery gardens are distributed in these areas. In addition, there are many cold spots scattered in the city, mainly some comprehensive parks, riverside parks, and gardens adjacent to large buildings or communities. These areas are cool and comfortable for residents in summer.

According to the statistics in ArcGIS, we found that the average LST of the study area is 33.14°C, while the maximum LST is 51.88°C, and the minimum LST is only 22.43°C. The standard deviation (std) is 3.30. And in terms of the proportion of cold-hot islands area, the average temperature region accounted for the largest proportion which is 39.28% and the heat islands area accounted for 30.89% which is also higher than that of cold islands (29.83%). In addition, from the perspective of land use, the average LST of green spaces is significantly lower than that of impervious surfaces. The average LST of pure green land (about 20,257.29 hm2) is 31.09°C; the average LST of water (about 915.21 hm2) is 27.83°C and the average LST of impervious surface (about 45,375.93 hm2) is 34.46°C. It suggested that the green space, accounting for only 30% of the study area, reduces the average LST of the whole area by 1.32°C. So, it can be seen that urban green spaces have a strong cooling effect and benefit the thermal environment health of the city.



Correlation Between Spatial Features and Cooling Effect

Previous studies showed that the spatial features of green spaces were correlated with their cooling effect (27, 47, 48). To verify the conclusion, Spearman's correlation analysis between them was performed. We selected the area (GA), shape index (GSI), and perimeter (CG) to describe the spatial features of green spaces; the cooling area (GCA), cooling intensity (GCI), cooling gradient (GCG), and the maximum cooling distance (LMAX) to describe the cooling effect of green spaces. The results of the correlation analysis are shown in Table 2.


Table 2. Correlation analyses between cooling indicators and spatial features of green space.

[image: Table 2]

There is a significantly positive correlation (p < 0.01) between GA and GCI, indicating that the larger the green space area, the larger the cooling temperature, which is consistent with Li et al. (49). But the fitting curve in Figure 5A showed that with the increase of GA, the change rate of GCI gradually decreases. That is, after reaching a certain degree (about 50 hm2), if GA continues to increase, the change of GCI will be no longer obvious. Due to the scarcity of land in metropolitan areas, the size of green spaces is not recommended to be more than 50 hm2. CG also exerts a positive effect on GCI (p < 0.01), but the relationship between them is weak (rho < 0.4), which indicated that the green space perimeter has little influence on the degree of cooling temperature. However, GSI is negatively correlated with GCI (p < 0.01), which showed that the more complex the green space shape, the smaller the cooling temperature. In Figure 5B, when the GSI value is larger than 17, the GCI reaches 0, and the green space cooling effect disappears.


[image: Figure 5]
FIGURE 5. Relationship between dependent (GCI) and independent [GA: (A), GSI: (B)], relationship between dependent (GCA) and independent [GA: (C), CG: (D), GSI: (E)], relationship between dependent (GCG) and independent [GA: (F), GSI: (G)], relationship between dependent (LMAX) and independent [GSI: (H)]. The regression line using the ordinary least squares method is presented in red. The regression models were selected among linear, logarithmic, and power functions with the largest R2 value.


GA and CG are significantly in positive correlation with GCA (p < 0.01), which shows that the larger the green space size, the larger the cooling coverage in Figures 5C,D. GCA is also significantly negatively correlated with GSI (p < 0.01), suggesting the more complex the green space shape, the less the cooling coverage (Figure 5E).

GA is also positively correlated with GCG (p < 0.01), and GSI is negatively correlated with GCG (p < 0.01), indicating the larger the green space area and the more regular of green space shape, the larger the cooling gradient. That is, if green space is larger and regular in shape, it will be more likely to cool the surrounding temperature quickly and efficiently (Figures 5F,G). But there is no obvious positive correlation between CG and GCG (p < 0.01, rho < 0.4), which suggests that green spaces with large or small perimeters have the same influence on their cooling gradient.

Only GSI has a significantly negative correlation with LMAX (p < 0.01), which suggests that the more regular the green space shape, the longer the cooling distance (Figure 5H). GA and CG have a positive influence on LMAX, but the relationship between them is weak (p < 0.01, rho < 0.4). So, the green spaces with larger or small areas and perimeters have the same influence on their cooling distance.

In sum, green space area (GA) and shape index (GSI) possess an obvious influence on green space cooling capacity, especially on cooling intensity (GCI), cooling area (GCA), and cooling gradient (GCG). Green space perimeters (CG) have a weak correlation with cooling capacity except for GCA. The maximum cooling distance (LMAX) is only significantly correlated with GSI. Thus, it can be seen that the green spaces with larger areas and more regular shapes probably possess a better cooling capacity.



Green Space Clusters With Different Spatial Features and Cooling Effects

GCI, GCA, and GCG, the core indicators of reflecting green space cooling capacity, together with GA and GSI, which have a higher correlation with the 3 core cooling indicators above, were selected as classification metrics. After the k-means method identification, 4 clusters (Figure 6A) were obtained from 1,157 green spaces and their features are shown in Table 3.


[image: Figure 6]
FIGURE 6. Spatial distribution of 4 clusters green spaces in different cooling effect (A), Radar diagrams of landscape and cooling metrics for 4 clusters green spaces (B–E).



Table 3. Average characteristics of 4 green space clusters.

[image: Table 3]

Cluster 1 has the most green spaces, up to 476. These green spaces with an average area of 7.55 hm2 are mainly some large residential green spaces, greenbelts, and some small theme parks (Figure 6B). Their cooling indicators perform poorly: the average GCI is low, the cooling coverage is small, and the cooling distance is also close. But the GCE is higher. We believe that this cluster of green spaces is suitable for regions that possess some area for green space construction. And there is a comfortable thermal environment and low cooling demand.

Cluster 2 is mainly moderate-area parks, with an average area of 26.70 hm2 and smaller GSI (Figure 6C). The parks are evenly distributed in the study area. The GCI, GCA, LMAX, and GCG of these green spaces are higher, indicating that they can have an excellent cooling effect on the surrounding areas and create a more comfortable thermal environment for the metropolitan areas. But their GCE is relatively low. These green spaces need relatively adequate land and space, and they are recommended to be set in the areas with high UHI.

Cluster 3 is mainly large parks, with an average area of 182.02 hm2 (Figure 6D). They are primarily comprehensive or ecological parks distributed in the outer zone of the study area, and a small number of green spaces are historical gardens located in the inner and middle zones of our study area. These green spaces of the cluster have the largest GCI, GCG, GA, GCA, and LMAX, suggesting they, with the perfect cooling capacity, can reduce LST over long distances and can rapidly mitigate UHI of the surroundings. However, the GCE and the GSI are the smallest among all clusters, indicating most green spaces are more regular in shape, and the cooling efficiency is the lowest. In short, these green spaces have an excellent cooling effect, but the size is enormous, which is suitable for the region with more considerable cooling demand and sufficient area for green space construction.

Cluster 4 is mainly attached green space with the smallest area, including residential green space, green belts, green space attached to urban roads, and so on (Figure 6E). These green spaces are dominated by GSI and GCE, and other indicators perform poorly, such as GCA, GCI, GCG, and LMAX. They are the smallest among all clusters, suggesting their cooling capacity is extremely limited. Therefore, these green spaces are recommended to be located where needs little cooling demand.



Green Space Cooling Contribution to Communities
 
Characteristics of Different Levels of Green Space Cooling Contribution

According to the formula in formula 1, the cooling contribution for the community of 1,157 green spaces (GCC) was obtained, of which 489 green spaces have no community in their cooling coverage. That is, they do not have any GCC for communities. The rest of the green spaces were divided into three categories: low GCC, medium GCC, and high GCC according to the Natural Breaks (Jenks) method (Figures 7A, 8).


[image: Figure 7]
FIGURE 7. Spatial distribution of green spaces with different GCC levels (A), examples of green spaces with different GCC levels (B–E).



[image: Figure 8]
FIGURE 8. The proportion of green space with low, medium, and high GCI in different GCC groups (A), the proportion of green space serving low, middle, and high population density in different GCC groups (B).


The 489 green spaces without contribution are mainly distributed in the east, southeast, and south of the outer zone in the study area. Their average area is small, only 8.25 hm2, which leads to their poor cooling capacity. The GCA and the LMAX of the green spaces are the smallest among all categories, and their GCI is also smaller. For example. 67.5% of these green spaces possess low GCI in Figure 8A. Therefore, except no distribution of communities around the green spaces, the poor cooling effect and small cooling coverage might be the important reasons why they do not have any cooling contribution. Besides, there are 32.5% green spaces with middle or high GCI, suggesting that they possess a great cooling capacity and might become potential areas for new community construction. For example, Haitang Park (Figure 7B), located in the southeast of the outer zone, has an excellent cooling capacity and more extensive cooling coverage, but there was no community around it in 2017. According to the plan, several new communities will be distributed around it in the future.

There are 473 green spaces with low GCC, of which the larger ones are distributed in the outer zone, and the smaller ones are mainly distributed in the inner zone and middle zone. The average area of these green spaces is large, but their cooling capacity performs poorly. The GCI and LMAX of most green spaces are very low, and they also serve smaller communities. So the low cooling contribution of these green spaces might be due to the lower amplitude of reducing LST as well as the small population of the surrounding communities. Significantly, 15.7% of the green spaces are surrounded by large communities and residents, but their cooling capacity is very weak. The cooling effect of these green spaces is the key that needs to be improved in the future. While 33.2% of the green spaces with middle or high GCI, such as Hongbo Park in Figure 7C, have only a few residents around them. They might play an important role in cooling the temperature for new communities in the future.

There are 187 green spaces with a moderate cooling contribution to the surrounding communities. And they are mainly distributed in the middle zone. The average area and GCA of these green spaces are the largest among all categories, and GCI and LMAX are large too, which indicates that most of these green spaces have a perfect cooling performance. At the same time, a lot of communities are distributed around them, such as Taoranting Park in Figure 7D, thus, they have a good performance on cooling contribution to the surrounding communities. But there is still 46.5% of these green spaces needing to improve their cooling capacity to serve the surrounding communities better.

Only 44 green spaces have a high cooling contribution to the surrounding communities, and their spatial distribution is relatively scattered. Xuanwu Art Park is a typical green space with high GCC (Figure 7E). Although the area of these green spaces is the smallest, only 8.02 hm2, they have the perfect cooling performance. The GCI, GCE, and LMAX of 75% of these green spaces perform perfectly among all green spaces. However, 11 green spaces surrounded by a large number of residents have a weak cooling effect, which should be improved in the future. Meanwhile, there are 6 green spaces with the highest cooling capacity with a few residents around, so they can become the potential areas to provide cooling services for new communities in the future.



Characteristics of Green Space Cooling Contribution in Different Urban Areas

Generally, there are 668 green spaces with GCC (Figure 9A). The GCC performance of the green spaces in the middle zone is the best, slightly better than that in the outer zone, and the worst in the inner zone. It is worth noting that the median value of the inner zone is lower than the bottom value of the middle zone and outer zone, indicating that the GCC of most green spaces in the inner zone performs very poorly. In terms of dispersion, the middle zone is also the largest, and the inner zone is slightly larger than the outer zone.


[image: Figure 9]
FIGURE 9. The box diagram of GCC distribution in different urban zones (A), proportion of green spaces with different levels of GCC in different zones (B). Hollow circles ° represent mild outliers; asterisks * represent extreme outliers.


From the proportion of various levels of GCC in each zone (Figure 9B), the sum of levels of low GCC and no GCC accounts for more than 70% in all zones of which the value of the outer zone is the highest up to 87.1%. In addition, the quantity of green spaces with high GCC and low GCC accounts for the most in the inner zone; the quantity of green spaces with medium GCC accounts for the most in the middle zone; while the quantity of green spaces with no GCC accounts for the most in the outer zone up to 56.8%. It is concluded that most green spaces in the inner zone are with GCC, but the most value is lower. About 70% of the green spaces in the middle zone are with GCC, and the proportion of the medium and high levels of GCC is the largest, so the GCC performance in the middle zone is the best. However, due to more than half of the green spaces in the outer zone are not with GCC and the proportion of medium and high GCC is the least, the GCC performance of the outer zone is the worst.



Characteristics of Different Clusters' Green Space Cooling Contribution

Among the 668 green spaces with GCC (Figure 10A), the GCC of cluster 2 is the highest, while the GCC of cluster 3 is slightly smaller than that of cluster 1, and the GCC of cluster 4 is the worst. Specifically, the reason the GCC of cluster 4 is worse than that of cluster 1 might be a small size, poor cooling intensity, and small cooling area of green spaces in cluster 4. Therefore the cooling capacity is so small not to mitigate the heat island effect of surrounding communities. In addition, although the size and cooling capacity of cluster 3 are larger than that of cluster 2, most of the green spaces of cluster 3 are distributed in the outer zone and serve a small number of communities and populations, so its GCC performance is not as good as that of cluster 2.


[image: Figure 10]
FIGURE 10. The box diagram of GCC distribution in different clusters (A), the proportion of green spaces with different levels of GCC in different clusters (B). Hollow circles ° represent mild outliers; asterisks * represent extreme outliers.


From the distribution of different levels of GCC in each cluster, nearly half of the green spaces in cluster 1 are not with GCC, and the value also reaches about 40% in cluster 2 and cluster 4 (Figure 10B). Only cluster 3 is relatively low—just 15.6%. Moreover, more green spaces in cluster 2 and cluster 3 are with medium- and high-level GCC. But cluster 4 has the least green spaces with medium and high GCC. In short, cluster 3 performed best in the cooling contribution for communities, followed by cluster 2, cluster 1, and cluster 4. It can be seen that the green space cooling contribution varies with spatial feature and cooling capacity.





DISCUSSION


The Cooling Effect of Green Space in the Metropolitan Area

This paper found that urban green space can produce a cooling effect and significantly mitigate UHI, which has been confirmed by many studies (50, 51). However, it is worth noting that the cooling effect of green space is related to the distance from the green space boundary. That is, with the increase of the distance, the change of the effect becomes lower and lower. When the turning point of distance appears, the cooling effect changes to zero. It showed that the cooling range of green space is not infinite, which is consistent with other research results (25). Besides, we also found that GA and GSI were significantly correlated with GCI, which is consistent with Qiu et al. (39) and Shah et al. (44). But some studies believed that there was no apparent relationship between them. The number of samples analyzed in these studies is only several dozens (28, 48). The lack of adequate samples may affect the accuracy of the studies and lead to the inconsistency of these results. These studies also pointed out that green spaces with small size, a high proportion of water area, and high NDVI usually possess higher GCI than those large green spaces with only forest and grass (34, 43, 50). Our research also confirms the view at the case level. The GCI of the Xuanwu Art Park (7.8 hm2) with water accounting for 20% of the area and dense vegetation is much higher than that of some large-sized nurseries (more than 100 hm2) in the southwest and southeast of the study area, where the vegetation is sparse and growing.

This paper also confirmed that GA and CG are positively correlated with GCA, which was consistent with Lin et al. (52). The larger the area and perimeter, the larger the contact area between the green space and the surrounding impervious surface, boosting the heat exchange, thus, increasing the cooling coverage. After that, GA and GSI are also significantly correlated with GCG, which is different from Chen et al. (28) and Qiu et al. (53). They believed that GCG is related more to the water area. In conclusion, we believe that green space planning and rebuilding should take the specific cooling needs of the region into consideration, such as cooling coverage, cooling intensity, and cooling gradient. Based on the specific cooling needs, the spatial features and construction elements of green space should be scientifically arranged to effectively alleviate the UHI and create a comfortable and healthy thermal environment in summer.



Rational Spatial Arrangement and Optimization of 4 Green Space Clusters

We found that the green space with a larger area and more regular shape possesses higher GCI, GCA, GCG, and LMAX except for GCE. However, due to the scarcity of land in large cities, especially in metropolitan areas, it is necessary to weigh the relationship between the size of green space and the cost of green space planning and construction (54, 55). With the premise of enjoying good green cooling services, we would like to save funds and costs as much as possible. Therefore, it is necessary to fully understand and make the most of the cooling advantages and features of different green space clusters to adjust and optimize the spatial distribution of green space to realize the optimal green space cooling effect. For example, in densely populated urban fringe areas with large cooling demands and sufficient construction space, it is recommended to build large ecological parks, like the green spaces in cluster 3. These green spaces have the best cooling capacity to mitigate UHI effectively, and also possess important ecosystem service functions. Moreover, in large commercial office areas, communities, and industrial areas with high cooling demands and limited available land, some medium-sized urban parks can be arranged, like the green spaces in cluster 2. These green spaces can be designed with a certain area of water and dense forest vegetation, which not only have a better cooling effect and benefit the health of the surrounding thermal environment to a great extent but also provide entertainment benefiting citizens' mental health. After that, for some communities and office areas lacking available land and large green spaces, some fragmented green spaces in these areas can be integrated into a blue-green infrastructure with several hectares and relatively regular shape, which can also give a good cooling effect, like the green spaces in cluster 1. In sum, the cooling demand of citizens and the cooling supply of different green space clusters should be considered and matched in urban green space planning and construction (56, 57).



The Different Performance of Green Space Cooling Contribution to Surrounding Communities

From the perspective of different levels of GCC, we found that many green spaces were with low GCC or without GCC, but the surrounding of some of these green spaces was the potential location for new communities in the future. Meanwhile, despite the high value in GCC, some green spaces still need to improve their cooling capacity to meet the cooling requirement. Thus, in the process of green space planning and repairing, GCC should be improved according to the green space conditions, cooling demand from residents, and the reasons for this phenomenon.

According to the above results, more than 80% of the green spaces were without GCC or with low GCC. We believe that there are mainly two reasons for this phenomenon. First, there might be no community distribution within a certain distance around the green spaces or the size of the community population is small, that is, the green space cooling effect served too few residents. Second, there are communities around, but the performance of the cooling capacity of these green spaces is very poor. To be specific, these green spaces' cooling range cannot cover enough surrounding communities and their cooling intensity is also weak. Based on the two reasons, we proposed the following strategies to improve GCC. For the first reason, we recommended that according to urban planning, the surrounding of the green spaces with excellent cooling effects can be used as a potential site for new communities. For the second reason, we advised that the green spaces should improve their cooling capacity by modifying their spatial or landscape features to promote their cooling contribution. According to the above results and other studies, it can be enhanced effectively via increasing the green space area (GA), water area (58), living vegetation volume (LVV) (59), and the area proportion of dense trees and shrubs (60), and reducing boundary complexity (GSI). Moreover, as the above illustrated, there were also some green spaces with middle and high GCC that need to be worthy of attentions. They are surrounded by a high-density population and perform poorly in cooling capacity. We recommended these green spaces should refer to the promotion methods of the second reason to advance their GCC by increasing their cooling effect. Finally, we suggested that the level of GCC should be taken into consideration in future green space planning and construction, and GCC can be taken as one of the evaluation indicators of whether the green space should be repaired and whether the surrounding of the green space can be suitable to build new communities.

From the perspective of different city zones, we found that there is a variance in green space cooling contribution among these regions. That is, the performance of GCC in the middle zone is the best and the performance of the inner zone is slightly better than that of the outer zone. Previous studies also confirmed that real regional differences have existed in the green space cooling effect (14), which indicated potential unfairness in green space cooling services among city zones. We guessed the reasons for this phenomenon might be related to the history of urban development. As an old town, the inner zone was saturated before 2000. The green space construction at that time did not receive enough attention. Many green spaces with small or medium size and worse cooling capacity are surrounded by communities, which leads to many green spaces with low GCC appearing in the inner zone. However, the middle zone is the key construction area from 2000 to 2015. With the rapid increase of population in Beijing and the improvement of people's demand for urban green spaces, the government began to pay attention to the scientific construction of urban green spaces. Therefore, there are many modern parks and residential green spaces with larger sizes and good cooling capacity, which makes them perform better in cooling contribution. The outer zone is the key area of current urban construction. Although some green spaces have a large size and perfect cooling effect, the population density in this area is relatively low. Meanwhile, there are still many regions remaining to be developed and exploited. Thus, many green spaces are not with GCC.

Therefore, we suggest that the government and managers attach enough importance to the invisible and potential imbalance and unfairness and bridge it (61). The inner zone can make full use of the current urban renewal policy, and integrate the small green spaces around the community to form urban green infrastructure on a larger scale to produce a cooling effect fully. As for the green spaces in the middle zone, we should further improve the green space cooling contribution purposefully according to the evaluation results of the cooling effect. As for the outer zone, the results of GCC can be used as an essential basis for selecting the new community locations to improve the resident density around the green space with an excellent cooling effect.



Research Limitations and Future Directions

Our research still exerts some limitations in the following aspects. First, the LST retrieved from the remote sensing data is the surface temperature at a specific static moment. In the future, if we obtain dynamic remote sensing data (or LST data) and population distribution data, we will get the GCC of the whole day, and have a deeper understanding of the green space cooling capacity and cooling services. Second, due to the limitation of fine resident distribution data, we replaced it with point data of the community from the real estate trading website. In the future, we will try to obtain more accurate population distribution data or vector data of communities and buildings including population information to make our research more scientific. Finally, the study only focused on the green space cooling service to the community. In the future, all regions with high-density populations in our study area also can be selected for research.




CONCLUSION

So far, many studies have discussed the influencing factors of the cooling effect of green space (15, 29, 62). But few studies have discussed whether the cooling effect of green spaces is enjoyed by residents. Therefore, from a humanistic perspective, this study furthers our understanding of how the different locations in urban zones and different spatial features of green spaces affect their cooling effect and cooling contribution to the surrounding communities, which is crucial to improving the cooling capacity of green spaces in summer and creating a comfortable urban thermal environment.

Thus, we first investigated the overall characteristics and spatial distribution of LST in the study area by using the radiative transfer equation method. The results showed that the old town and industrial and logistics areas possessed the highest LST, while the parks and water possessed the lowest. And the area of the urban heat island is larger than that of the cooling island and the LST of water among all types of land use is the lowest (27.83°C). Accounting for only about 30% area of the study area, green spaces reduced the LST of the whole study area by 1.32°C. Then, we explored the correlation between the spatial features of green spaces and their cooling capacity. The results showed that the GA and GSI are significantly correlated with their cooling capacity, indicating that the green spaces with large areas and regular shapes generally have a good cooling effect. However, there is a threshold for the GA, which is about 50 hm2. Next, according to the spatial characteristics and cooling effect, 1,157 green spaces with cooling capacity are divided into 4 clusters. And the cooling supply of the 4 clusters was also discussed, respectively. Finally, we defined and mapped the green space cooling contribution to the surrounding community, and discussed the methods of green spaces with different levels of GCC to improve their contribution. It was found that 32.5% of green spaces without cooling contribution, 33.2% of green spaces with low contribution, and 23.5% of green spaces with medium contribution have good cooling capacity, but the surrounding population density is low, which is the potential area set for the new communities in the future; 25.7% of green spaces with low contribution and 11.8% of green spaces with medium contribution served a large population. But these green spaces' cooling capacity is poor, so it is vital to improve their cooling effect. Lastly, based on the urban spatial pattern and the distribution of green space cooling contribution, we further discussed the performance characteristics of GCC in different urban zones and different green space clusters. The study found that the GCC in the middle of the Beijing metropolitan area is significantly better than that of the inner and the outer zones. The green space clusters with moderate scale and high cooling effect have a higher GCC. In the future, the community layout could take green space cooling contribution into consideration to make full use of the optimal efficiency of the green space cooling effect on the health of the community thermal environment.

The study helps guide the green space planning in metropolitan areas to a certain extent and allows the government and planners to deeply understand the actual situation of the cooling effect of green spaces and their cooling contribution to the communities. In addition, it has certain practical significance for improving the ecosystem service of urban blue-green infrastructures and community health and wellbeing.
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The coordinated relationship between urban population–land spatial patterns (UPLSPs) and ecological efficiency (EE) is conducive not only to the rational utilization of resources and environment and the sustainable development of society, but also to the provision of a living environment that benefits public health. Identifying the coupling relationship of urban development and EE can provide critical information for urban planning. Previous studies have mainly focused on the coupling relationship between urban population and land, urbanization, and ecological development, while ignoring that between UPLSPs and EE. This study integrates several models to construct a novel framework for coupling UPLSPs and EE. Taking Hubei Province as the research area, we calculate the UPLSPs, EE, and their coupling coordination degree for 12 cities from 2000 to 2019. The paper offers several conclusions. (1) the urban population–land spatial matching degree increased, but the overall matching level was not high; the average value of EE showed an “N”-shaped change trajectory, and its overall level was low, with small changes and obvious regional differences. (2) The average value of the coupling coordination degree between UPLSPs and EE was a slow upward trend, with a radial distribution high in the middle and low in the periphery. There was conflict between the spatial patterns and EE, and the former restricted the development of the latter. (3) There were strong correlations between coordination degree and various indicators of UPLSPs and EE. While we should revitalize the stock of construction land and optimize the upgrading of the industrial structure, we also must coordinate human and land resources and the ecological environment, and narrow regional development differences. This study provides a new framework for urban environmental assessment and urban planning decision-making.
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INTRODUCTION

Urbanization has become an important trend in global development (1). Currently, 55% of the world's population lives in urban areas, a proportion that is expected to increase to 68% by 2050. Overall growth could add another 2.5 billion people to urban areas by 2050, with close to 90% of this increase taking place in Asia and Africa (2). China has experienced the largest and fastest urbanization process in the history of the world. At the end of 2019, China's urbanization rate reached 60.60%, an increase of 49.96 percentage points since 1949, and an average annual increase of 0.71 percentage points (3). Urbanization is undoubtedly an important driving force for China's economic development (4). However, the rapid development of cities has also spawned some inevitable problems, such as the reduction of biodiversity, the unreasonable allocation of urban resources, deterioration of the ecological environment, and urban emergencies (5–10), and so on, which have placed enormous pressure on China's public health, social economy, resources, and environment. To solve these problems, it is necessary to guide urban construction with the concept of ecological civilization, and to coordinate the relationship between urban development and ecological efficiency (EE).

The most important aspects of urbanization are population and land (11, 12). The urban population–land spatial patterns (UPLSPs) is the form of spatial agglomeration of urbanization elements. EE is the efficient use of ecological resources to meet human needs. It involves not only the unity of economic benefits and resources with environmental benefits, but also the essential embodiment of green and sustainable development (13). As an important grain production base and ecological barrier in the central region, Hubei Province has a superior location and a strong economy. It is a strategic support in the rise of central China. However, the contradictions between population agglomeration, urban land expansion, and ecological environment and economic development in this region have become increasingly prominent, threatening public health and the sustainable development of the city. How to deal with the relationship between the UPLSPs and EE and realize the rational utilization of resources and the sustainable development of society is an important task. What is the relationship between the UPLSPs and EE in Hubei Province? Is it one of conflict or coordination? These issues deserve in-depth study.

The concept of EE was first put forward by Schaltegger and Sturm in (14), and its original meaning was the ratio of economic value added to environmental impact. Subsequently, the World Business Council for Sustainable Development expanded the meaning to include obtaining products and services that could meet the needs of human life at the cost of minimizing resource consumption and environmental impact. At present, much research on urbanization and EE has been carried out, but these studies mainly focus on a single dimension of the topic. Most scholars believe that current urbanization features uncoordinated growth and is excessive (15). Relevant research mainly focuses on three aspects: (1) the spatial distribution differences of urban populations and land (16); (2) the calculation of coupling coordination degree between urban populations and land; and (3) uncoordinated factors of urban populations and land. Moreover, research on the coordination between population and land urbanization uses the coupling coordination model (17–20), the elastic coefficient model (21), and the Tapio decoupling model (22), among others. Scholars have proposed that location factors, economic development level, household registration systems, and land financialization (23, 24) all have important impacts on urban populations and land.

Moreover, academic research on EE has been growing and mainly focuses on three aspects. First, some studies explore the measurement index system and method of EE, mainly by using measurement index systems, such as “input + desirable output + undesirable output” (25, 26) and “resource consumption input + environmental impact input + output” (27, 28). Scholars also use the data envelopment analysis (DEA) method (29–31), slacks-based measure (SBM) model (32, 33), stochastic frontier approach (34, 35), Malmquist productivity index approach (36, 37), and ecological footprint model (38, 39) to calculate EE; among these, the DEA method and the SBM model are the most widely used. Second, scholars have analyzed evolution in the spatiotemporal patterns of EE across regions using methods such as spatial autocorrelation, Markov chain models, and the Theil index (40, 41). Third, research has applied Tobit models, spatial econometric models, system GMM methods, and other approaches to study the effects of urbanization, technological innovation, industrial structure, energy consumption, natural resource endowments, environmental regulation, foreign direct investment, economic development level (27, 42–44), and other factors on EE.

The research on both urbanization and EE mainly focuses on their spatiotemporal coupling characteristics (45, 46) and the impact of urban construction on EE (44). The unit of analysis of most studies is typically a whole country, urban agglomerations, or provinces. For example, at the scale of the whole country, Liu et al. (6, 45) analyzed the comprehensive urbanization level, energy EE, and their coupling coordination degree in 281 prefecture-level cities in China over the past 11 years. At the scale of urban agglomerations, Zhou et al. (47) focused on the impact of urbanization level and population urbanization lags on EE in the Bohai-rim urban agglomeration. At the province level, Yao et al. (44) used the spatial Durbin model to explore the multi-dimensional impact mechanism of urbanization in 30 provinces in China from 2008 to 2017, along with the internal structural effect of each dimension on EE. However, these studies have paid little attention to the relationship between the UPLSPs and EE.

Therefore, taking Hubei Province as the research area, this study first calculates the UPLSPs, EE, and their coupling coordination degree for 12 cities in Hubei Province from 2000 to 2019 by constructing a spatial matching evaluation model, super-efficiency SBM model, and coupling coordination degree model. Then, spatial autocorrelation and gray relational analysis methods are used to explore the spatiotemporal evolution and driving factors of the coupling coordination degree between the UPLSPs and EE. Finally, on this basis, policy recommendations are made for new urbanization development and ecological civilization construction in Hubei Province. Further, this study provides a new framework for urban environmental assessment and urban planning decision-making. The research framework is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Research framework.




STUDY AREA

Hubei Province is located in the middle of China (Figure 2) and spans east longitude 108°21'42”−116°07'50” and north latitude 29°01'53”−33°6'47”. It is about 740 kilometers from east to west and 470 kilometers from north to south. Hubei Province has 12 prefecture-level cities, three provincial municipalities, one autonomous prefecture, and one forest district. By the end of 2019, the permanent resident population of Hubei Province was 59.27 million, accounting for 4.23% of the national population. The total land area of the province was 185,900 square kilometers, accounting for 1.94% of the nation's total area (3).


[image: Figure 2]
FIGURE 2. Study area (Source of base map: the open source map data service provided by the National Platform for Common GeoSpatial Information Services: https://www.tianditu.gov.cn).


Hubei Province has superior geographical conditions and is a powerful economic province in China. As an important part of the national development strategy of the Yangtze River Economic Belt and the rise of central China, it is necessary to actively promote the construction of new urbanization and ecological civilization. However, with the accelerated development of urbanization and industrialization, the contradiction between humans and land, economic development and environmental protection, in Hubei Province becomes more apparent. Therefore, this paper selects Hubei Province as the research area, and the findings have reference value for other cities. Moreover, due to the functional attributes of the city and the suitability of the research, this study considers 12 prefecture-level cities in Hubei Province.



DATA AND METHODS


Data Sources and Processing

The data come from the China Urban Construction Statistical Yearbook (2000–2019), the China City Statistical Yearbook (2001–2020), and the Hubei Statistical Yearbook (2001–2020). Based on the data on adjacent years, the missing data for individual cities are reconstructed using the moving average and trend extrapolation methods.

The EE indicators constructed in this paper include input, desired output, and undesired output, as shown in Table 1. The input indicators include capital, labor, land, energy, and water resources; the desired output indicators are captured with regional gross domestic product (GDP) and deflating GDP, with 2000 identified as the baseline to eliminate the impact of price factors. The undesired output indicators include both waste gas and waste water. In addition, since the capital stock cannot be obtained directly from the statistical yearbook, this paper uses the capital stock, calculated through the continuous inventory method, as the capital investment; the formula is as follows:

[image: image]

where K represents the capital stock, i represents the region, t represents the period, δ represents the depreciation rate, and I represents the total investment in fixed assets in the whole country. Following prior research (50), the depreciation rate is 9.6%. The total investment in fixed assets in the whole country in 2000 is divided by 10% as the initial capital stock K_0. According to the investment in fixed assets price index, the total investment in fixed assets in the whole country is converted into the constant price based on the year 2000.


Table 1. Evaluation index system of EE.

[image: Table 1]

In the multi-index evaluation system, each evaluation indicator usually has different dimensions and orders of magnitude, owing to its different attributes. Therefore, this paper uses the min-max normalization method to standardize the original data (51, 52), as follows:

[image: image]
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where Zij is the standard value of the index j in the ith year, Xij is the original data of the index j in the ith year, and max(Xij) and min(Xij) are the maximum and minimum values of the jth index, respectively.



Methods
 
Spatial Matching Evaluation Model

Referring to the research on spatial matching and spatial agglomeration (53), this paper constructs the urban population–land spatial matching evaluation model, and uses the spatial density of the urban population and land to describe the coordinated relationship between people and land in the urbanization system. The model is as follows:

[image: image]

where Matchi is the urban population–land spatial mismatching degree in the ith area, and Popi and Landi are the evaluation values for the urban population and urban land in the ith area. The urban population and land measures are constructed using urban population size data and data on the built-up area, respectively; all data are obtained from the China Urban Construction Statistical Yearbook.

The absolute value of Matchi illustrates the urban population–land spatial matching degree, and abs(Matchi)∈[0, +∞). When the value of abs(Matchi) gradually increases, the urban population–land spatial matching degree tends to weaken; this means that the urban population and land in this region are uncoordinated in the spatial dimension. In contrast, when abs(Matchi) gradually decreases, the urban population–land spatial matching degree tends to increase; this indicates that the urban population and land in this region are coordinated.

According to the sign on Matchi, the types of UPLSPs can be divided into “urban population concentration,” “urban land concentration,” and “urban population–land relative matching.” Urban population concentration indicates that the urban population is more concentrated than the land in this area, while urban land concentration suggests the reverse. Finally, urban population–land relative matching indicates that the spatial distribution of the two components is balanced. To judge the strength of the urban population–land spatial matching degree, the grades of UPLSPs are divided into “relative matching,” “low mismatch,” “moderate mismatch,” and “high mismatch,” as shown in Table 2.


Table 2. Types and grades of UPLSPs.

[image: Table 2]

Based on the above urban population–land spatial matching evaluation model, the regional comprehensive mismatching degree evaluation model is defined as:

[image: image]

where Zmatch is the urban population–land comprehensive mismatching degree of the upper-level region, and Matchi is the same for the lower-level region. Zmatch is a comprehensive measure of the degree of urban population–land mismatching in the upper-level region containing the lower-level region. For Zmatchϵ [0, +∞, the larger the Zmatch value, the higher the comprehensive mismatch of the upper region, and the more unbalanced the spatial distribution of the urban population and land in this region.



Super-Efficient SBM Model

The common EE measurement method is the DEA model. However, traditional DEA models are mostly radial or angular and do not consider the problem of factor relaxation. Therefore, Tone proposed a non-radial and non-angular SBM model (54, 55), which considered not only the proportional improvement between the current state of the invalid DMU and the strong target value, but also the relaxation improvement. However, it is still a problem that the effective units cannot be further sorted and distinguished. Therefore, this study adopts the super-efficiency SBM model; that is, the SBM model is extended by considering the changes in production technology that occurred each year during the study period (56). The efficiency is estimated in a non-ray manner. Equation (6) shows this expression:

[image: image]
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\where ρ denotes EE; xhk, yrk, and [image: image] denote the hth input factor, the rth desired output, and the hth undesired output of the kth prefecture-level city, respectively; [image: image], [image: image], and [image: image] denote slack variables of the input factors, desired output, and undesired output, respectively; λ1 denotes the constraint condition; and h = 1, 2, …, q1; t = 1, 2, …, q2; and l = 1, 2, …, n(j ≠ k).



Coupling Coordination Degree Model

Coupling coordination degree refers to the degree of benign coupling in the interaction relationship; it can be used to characterize whether the functions promote each other at a high level or restrict each other at a low level (57, 58). This study uses it to measure the coordinated relationship between the UPLSPs and EE.


Coupling Degree Model

Based on the relevant research results (59, 60), the coupling degree model of UPLSPs and EE is constructed as follows:

[image: image]

where C is the coupling degree between UPLSPs and EE, and C∈[0, 1]. When the value of C is smaller, the mutual interaction between UPLSPs and EE is lower, and vice versa. When C = 1, the optimal coordination state of the two is achieved. The functions f(x) and g(y) are UPLSPs and EE, respectively.



Coupling Coordination Degree Model

The coupling coordination index is introduced to construct the coupling coordination degree model of UPLSPs and EE, and the model is as follows (61, 62):

[image: image]
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where D is the coupling coordination degree of UPLSPs and EE, C is the coupling degree of UPLSPs and EE, T is the comprehensive coordination index of UPLSPs and EE, and α and β are the contributions of UPLSPs and EE to urban development, respectively. Considering the same contribution, α = β = 0.5.

As in previous studies (63, 64), the coupling coordination degree of UPLSPs and EE is divided into three intervals (imbalanced recession interval, transitional harmonic interval, and coordinated development interval) and ten types, as shown in Table 3.


Table 3. Classification of the coupling coordination degree.

[image: Table 3]




Spatial Autocorrelation Analysis Model

Spatial autocorrelation is an important indicator that tests whether the attribute value of a certain element is significantly associated with the attribute value of its adjacent spatial points. It is divided into global spatial autocorrelation and local spatial autocorrelation (65, 66). Global spatial autocorrelation is used to measure whether there is agglomeration or dispersion in the spatial distribution of element attribute values. It is usually expressed by the global Moran's I index, the calculation of which is as follows (15, 44, 67):

[image: image]

where I is the global Moran's I index; n is the number of prefecture-level cities; xi and xj are the coupling coordination degrees of UPLSPs and EE in regions i and j, respectively; [image: image] is the average value of the coupling coordination degree of UPLSPs and EE; S2 is the sample variance; and [image: image]. Wijis the spatial weight matrix of regions i and j (when regions i and j are adjacent, Wij =1; when regions i and j are not adjacent, Wij =0). The value of Moran's I index is in the range of [−1,1]. Moran's I index values greater than zero indicate a positive spatial correlation, less than zero indicate a negative spatial correlation, and equal to zero indicate no spatial correlation.

Local spatial autocorrelation is used to measure the correlation of each spatial element attribute in the local position. It is usually expressed by the local Moran's I index, the calculation of which is as follows (68):

[image: image]

where Ii is the local Moran's I index; the meanings of n, xi, xj, [image: image], S2, and Wijare shown above. A value of Ii >0 indicates the spatial aggregation of similar values (high–high or low–low) around the unit in the area, and a value <0 indicates the spatial aggregation of dissimilar values (high–low or low–high).



Gray Relational Analysis Method

Gray system theory is a method proposed by Deng (69) in the 1980's to study the uncertainty problem with little data and poor information. Gray relational analysis is a quantitative method used to judge whether the corresponding sequences are closely related according to the geometric similarity of sequence curves, which can measure the degree of association between factors. The calculation steps are as follows (70, 71):

(1) Determine the reference sequence and comparison sequence, and use the mean normalization method for data standardization. This study selects the coupling coordination degree of UPLSPs and EE in Hubei Province as the reference sequence, denoted as XO(k), and the driving factors as the comparison sequence, denoted as Xi(k). The normalized reference sequence and comparison sequence are [image: image] and [image: image].

(2) Calculate the relational coefficient ζi(k).

[image: image]
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where [image: image] is the minimum absolute value of two levels of two sequences, [image: image] is the maximum absolute value of two levels of two sequences; ρ is the resolution coefficient; and ρ = 0.5.

(3) Calculate the relational degree ri:

[image: image]

The value range of the relational degree ri is [0, 1]; the larger the value of ri, the greater the correlation between the indicators and the stronger the coupling. In addition, as in the literature (72, 73), the relational degree of the coupling coordination degree of UPLSPs and EE is divided into six types, as shown in Table 4.


Table 4. Classification of the relational degree.

[image: Table 4]





RESULTS


Spatiotemporal Evolution of UPLSPs in Hubei Province

This study uses cross-sectional data from 2000, 2005, 2010, 2015, and 2019 to analyze the UPLSPs of Hubei Province along the time and space dimensions based on the spatial matching evaluation model. The results are shown in Table 5. The comprehensive mismatching degree of Hubei Province shows an overall downward trend, from 0.3228 in 2000 to 0.2530 in 2019, and the type of UPLSPs is always urban population concentration. This indicates that the level of urban population–land spatial matching has been gradually increasing. The main reason for this is because, with the development of the social economy and the improvement of living standards, more people have moved from rural areas to cities, resulting in an increase of the urban population and population density.


Table 5. UPLSPs in Hubei Province from 2000 to 2019.

[image: Table 5]

At the city level, the urban population–land spatial matching degree in Hubei Province from 2000 to 2019 increased in Wuhan, Shiyan, Xiangyang, Ezhou, Jingmen, Huanggang, Xianning, and Suizhou. It decreased in Huangshi, Yichang, Xiaogan, and Jingzhou. In 2000, Shiyan, Yichang, Xiangyang, Ezhou, Jingmen, Xiaogan, Huanggang, and Xianning were classified as urban land concentration, Wuhan and Suizhou were urban population concentration, and Huangshi and Jingzhou were urban population–land relative matching. In 2019, Shiyan, Yichang, Ezhou, Huanggang, Xianning, and Suizhou were urban land concentration; Wuhan, Huangshi, Xiaogan, and Jingzhou were urban population concentration; and Xiangyang and Jingmen were matched. The UPLSPs type in Hubei Province is mainly urban land concentration, and there has been a transformation from concentrations of urban land to urban populations.

Figure 3 shows the evolution of the spatial pattern of UPLSPs. There were seven cities with a moderate mismatch in 2000, which reduced to four in 2019. Three cities has a low mismatch in 2000, which increased to six in 2019. The number of matched cities was relatively stable, with two in 2000, 2010, and 2019, and only one in other years. This indicates that urban population–land spatial matching has spatial heterogeneity. Moreover, the overall matching level is not high but shows an upward trend annually.


[image: Figure 3]
FIGURE 3. (A–E) Spatial distribution of UPLSPs in Hubei Province from 2000 to 2019 (Source of base map: the open source map data service provided by the National Platform for Common GeoSpatial Information Services: https://www.tianditu.gov.cn).




Spatiotemporal Evolution of EE in Hubei Province

This study uses the super-efficiency SBM model and MATLAB software to calculate the EE of 12 cities in Hubei Province in 2000, 2005, 2010, 2015, and 2019. According to Table 6, the average value of EE in Hubei Province increased from 0.6459 in 2000 to 0.6618 in 2019, with an average annual growth rate of 0.1281%. The change is “N”-shaped—first rising, then decreasing, and then rising—and the overall level of EE is low, but the changes are not large.


Table 6. EE in Hubei Province from 2000 to 2019.

[image: Table 6]

At the city level, the EE values for Huangshi, Shiyan, Ezhou, Jingmen, and Jingzhou increased slightly from 2000 to 2019, and the average annual growth rates of Huangshi and Ezhou were higher, at 3.0152% and 4.8789%, respectively. The EE values of Wuhan, Yichang, Xiangyang, Xiaogan, Huanggang, Xianning, and Suizhou decreased from 2000 to 2019, and the average annual growth rates of Xiaogan, Huanggang, Suizhou, and Xianning were higher: −2.2396%, −2.3611%, −1.9344%, and −1.8018%, respectively.

Subsequently, using the natural breaks method, the EE value of Hubei Province is divided into five types: 0–0.4 is low, 0.4–0.6 is medium-low, 0.6–0.8 is medium, 0.8–1.0 is medium-high, and 1.0–2.0 is high. Figure 4 depicts the results, and the level of EE shows a gradual upward trend. There were three cities with a high level of EE in 2000; this increased to four by 2019. No city was included in the medium-high group in 2000, but this increased to one in 2019. Five cities were at the medium-low level of EE, which reduced to two by 2019. A the low level of EE, there were four cities in 2000 and five by 2019. In addition, there are obvious regional differences in EE across Hubei Province, with high levels found in the center of the region and low levels around the periphery. In 2000, only Wuhan, Jingmen, and Suizhou in central Hubei Province had high level of EE. In 2019, Wuhan, Ezhou, Jingmen, and Suizhou were coded high, and the EE levels of other cities were low, with a radial distribution from the center to the surrounding areas. The main reason for this may be that the cities in the central plain have a higher level of economic development, better transportation options, and higher levels of technological innovation, which promote the improvement of EE.


[image: Figure 4]
FIGURE 4. (A–E) Spatial distribution of EE in Hubei Province from 2000 to 2019 (Source of base map: the open source map data service provided by the National Platform for Common GeoSpatial Information Services: https://www.tianditu.gov.cn).




Spatiotemporal Evolution of the Coupling Coordination Degree Between UPLSPs and EE in Hubei Province

The results obtained using the coupling coordination degree model are shown in Table 7 and Figure 5. Based on Table 3, the relationship between UPLSPs and EE is classified into conflict and coordination. If the coupling coordination degree is <0.7, the relationship is considered conflictual; if it is >0.7, the relationship is considered one of coordination.


Table 7. The coupling coordination degree between UPLSPs and EE in Hubei Province from 2000-2019.

[image: Table 7]


[image: Figure 5]
FIGURE 5. The coupling coordination degree between UPLSPs and EE in Hubei Province.


The average coupling coordination degree of UPLSPs and EE in Hubei Province from 2000 to 2019 exhibits a slow upward trend, increasing from 0.5820 in 2000 to 0.6938 in 2019. This translates to a shift from primary coordination to intermediate coordination, with an average annual growth rate of 0.9294%. In addition, there is a conflictual relationship between UPLSPs and EE in Hubei Province, and the population–land spatial matching degree is lower than the EE. Therefore, the UPLSPs of Hubei Province restricted the development of EE during this period.

At the city level, the coupling coordination degree of UPLSPs and EE shows an overall upward trend from 2000 to 2019, including in Wuhan, Huangshi, Shiyan, Yichang, Xiangyang, Ezhou, Jingzhou, Xianning, and Suizhou. The areas with a downward trend include Jingmen, Xiaogan, and Huanggang. From 2000 to 2019, Jingmen had the highest average value of coupling coordination (0.8343), which is considered high-quality coordination; Huanggang had the lowest average value (0.5356), which is considered primary coordination. In 2009, only Jingmen had a coordination relationship, while the other cities were classified as exhibiting conflict, and the population–land spatial matching degrees were all lower than the EE values. Clearly, the UPLSPs in regions other than Jingmen constrained the development of EE. In 2019, the UPLSPs and EE of Wuhan, Huangshi, Shiyan, Ezhou, Jingmen, and Suizhou featured coordination relationships, while Yichang, Xiangyang, Xiaogan, Jingzhou, Huanggang, and Xianning exhibited conflictual relationships. The population–land spatial matching degree of Xiaogan was higher than the EE value, indicating that EE in this area restricted the development of UPLSPs. The patterns in the other cities were the opposite.

Figure 6 indicates that from 2000 to 2019, the coupling coordination degree of UPLSPs and EE in Hubei Province has improved: in 2000, there were eight cities with primary coordination, three with intermediate coordination, and one with high-quality coordination. In 2019, once city had barely harmonic coordination, three had primary coordination, two had intermediate coordination, two had good coordination, two had high-quality coordination, and two had extreme coordination. The spatial distribution of the coupling coordination degree of UPLSPs and EE is similar to that of EE; that is, higher values are found in the middle, with lower values found around the periphery. In 2000, Jingmen, in the central region of Hubei Province, had the highest coupling coordination degree, which involved high-quality coordination. By 2019, Suizhou and Ezhou featured extreme coordination, and Wuhan and Jingmen were coded as high-quality coordination. The main reason for this may be that the spatial distributions of population and land in these areas are relatively balanced, and the level of EE is high. UPLSPs and EE promote and influence each other, showing a high state of coupling.


[image: Figure 6]
FIGURE  6. (A–E) Spatial distribution of the coupling coordination degree between UPLSPs and EE (Source of base map: the open source map data service provided by the National Platform for Common GeoSpatial Information Services: https://www.tianditu.gov.cn).


Using Geoda software, the spatial autocorrelation analysis of the coupling coordination degree of UPLSPs and EE in Hubei Province is carried out using the geographical distance spatial weight matrix. The results are shown in Table 8. The global Moran's I index of the coupling coordination degree of each city was negative from 2000 to 2019. Except for 2015, the results are statistically significant at the 5% level, showing a significant negative spatial correlation. That is, the spatial distribution illustrates that cities with high coupling coordination are surrounded by cities with low coupling coordination, while cities with low coupling coordination are surrounded by those with high coupling coordination. Specifically, the global Moran's I index shows a trend of first decreasing, then increasing, and again decreasing, from −0.361 in 2000 to −0.438 in 2019. This reflects the gradual growth of spatial dispersion of coupling coordination degree across cities, as well as the gradual expansion of the difference in this degree.


Table 8. Moran's I index of the coupling coordination degree between UPLSPs and EE from 2000-2019.

[image: Table 8]

The global Moran's I index only reveals the overall agglomeration type of the study area, and it is necessary to further identify the local spatial correlations and the spatial pattern distribution of the coupling coordination degree using a Moran scatterplot. The Moran scatterplot classifies the coupling coordination degree of UPLSPs and EE into four types, which fall in different quadrants. Quadrant I is the high–high agglomeration (H-H), indicating that the level of coupling coordination between the region and its surrounding areas is relatively high, and the degree of spatial difference between the two is small. Quadrant II is the low–high agglomeration (L-H), indicating that the region has a low level of coupling coordination, the surrounding areas are higher, and the degree of spatial difference between the two is relatively large. Quadrant III represents the low–low agglomeration (L-L), indicating that the level of coupling coordination between the region and the surrounding areas is low, and the spatial difference between the two is relatively small. Finally, Quadrant IV is the high–low agglomeration (H-L), indicating that the level of coupling coordination in the region is relatively high, while the surrounding areas are relatively low, and the degree of spatial difference between the two is relatively large.

According to Figure 7 and Table 9, most cities in Hubei Province fell into Quadrants II and IV in 2000 and 2019. This suggests a significant negative spatial correlation between the coupling coordination degree of UPLSPs and EE, which has the characteristics of a discrete distribution; that is, the cites with high coupling coordination are adjacent to those with low coupling coordination. Cities in Quadrant II are L-H, indicating that the natural resource endowments of each city have strong heterogeneity and the gap in economic development is large, so the spatial connection is weak. Cities in Quadrant IV are H-L, indicating that these areas do not have a strong driving effect on the surrounding cities, and they even absorb the advantageous resources around them to vigorously develop themselves.


[image: Figure 7]
FIGURE 7. Moran scatterplot of the coupling coordination degree between UPLSPs and EE in Hubei Province from 2000-2019.



Table 9. Agglomeration pattern of the coupling coordination degree between UPLSPs and EE in Hubei Province.

[image: Table 9]

Based on the gray relational model, this study calculates the driving factors of the coupling coordination degree between UPLSPs and EE in Hubei Province, as shown in Table 10. The relational degree between the coupling coordination degree and the indicators of UPLSPs and EE is basically above 0.5, which indicates the close relationship between them. According to Table 10, the driving factors of coupling coordination in Hubei Province are ranked from strong to weak: total water resources > built-up area > industrial wastewater discharge > number of employees at the end of the period > GDP > industrial SO2 emissions > annual electricity consumption > industrial smoke (powder) dust emissions > UPLSPs > total investment in fixed assets in the whole country. This shows that the key factor restricting the coupling coordination of UPLSPs and EE in Hubei Province is the total water resources.


Table 10. The correlation between coupling coordination degree and UPLSPs?EE in Hubei Province.

[image: Table 10]

At the city level, Wuhan, Ezhou, and Suizhou have the highest correlations between the coupling coordination degree and the number of employees at the end of the period, which are 0.8873, 0.9425, and 0.9294, respectively. Huangshi and Jingmen have the highest correlations between the coupling coordination degree with the built-up area: 0.8940 and 0.8649, respectively. Shiyan, Yichang, Jingzhou, Huanggang, and Xianning have the highest correlations between the coupling coordination degree with the total water resource: 0.9175, 0.8136, 0.9035, 0.9035, and 0.8767, respectively. Xiangyang has the highest correlation between the coupling coordination degree and the UPLSPs, equal to 0.8334. Finally, Xiaogan has the highest correlation between the coupling coordination degree and industrial smoke (powder) dust emissions, which is 0.8975.

In view of the factors restricting the coordinated development of UPLSPs and EE in Hubei Province, Wuhan, Ezhou, and Suizhou should promote the orderly flow of labor elements, deepen the reform of the household registration system, smooth the social flow channels of labor and talents, strengthen the introduction of employees, and improve the level of labor market allocation. Huangshi and Jingmen need to pay attention to make full use of the existing land resources, optimize the structure of urban land use and improve the level of the intensive use of land resources. Shiyan, Yichang, Jingzhou, Huanggang, and Xianning ought to highly value regional water resources protection, enhance residents' awareness of environmental protection, prevent water pollution, and promote the rational allocation of water resources, conservation, and management protection. Xiangyang requires leaders to focus on the spatial distribution of the urban population and land. The city is classified as urban population–land relative matching, so a mechanism should be established to assess the spatial pattern of the urban population and land. Xiaogan demands that we strengthen the protection of the ecological environment. Its EE is low, so it should optimize upgrading the industrial structure and take a green and low-carbon development path.




DISCUSSION

The results of this study showed that from 2000 to 2019 in Hubei Province, UPLSPs exhibited a medium-low mismatch and urban population concentration, and EE was at a medium-low level. The coupling coordination degree between the two was slowly increasing, but it was still low, with strong heterogeneity across regions. The total water resources were the most important factor affecting the coupling coordination between the two. In addition, UPLSPs and EE in Hubei Province had a conflictual relationship, and UPLSPs restricted the development of EE.

First, the UPLSPs of Hubei Province from 2000 to 2019 is classified as urban population concentration, but most cities are considered urban land concentration. There is a phenomenon of urban land concentration transforming to urban population concentration, which is consistent with some previous research (74). This may be because, in the process of urbanization, most local governments have equated urbanization with urban construction, overemphasized the expansion of the urban built-up area, and ignored the implementation of urban population agglomerations and social security after agglomeration, resulting in problems such as the land urbanizing faster than the population. However, to promote the development of new urbanization is essentially to shift from the “land urbanization” mode, which relies on land finance, construction of industrial development zones, and industrial and real estate development in new urban areas, to “population urbanization,” which is oriented to the settlement of the migrating population. Therefore, the evaluation mechanism of urban population–land spatial matching should be established to optimize the flow of elements between the two systems (7, 73). In addition, different measures can be used for different types of cities. For cities that feature an urban land concentration, such as Shiyan, Yichang, Ezhou, Huanggang, Xianning, and Suizhou, we should revitalize the stock of construction land and strictly control its incremental expansion to meet the land demands of urban development and to curb the horizontal expansion of the urban scale. For cities with an urban population concentration, such as Wuhan, Huangshi, Xiaogan, and Jingzhou, we should optimize the upgrading of industrial structure and promote the equalization of public services to meet the land demands of urban population growth and avoid the deterioration of the urban environment through growing traffic congestion caused by increasing limitations on space.

Second, the overall level of EE in Hubei Province is low but with little variation, and there are obvious regional differences, which is consistent with previous research (48). This may be because, with the continuous expansion of the economy and the continuous increase of the population in Hubei Province, the consumption demand for energy resources in the region is increasing, and the production of various pollutants is also increasing, resulting in the increase of ecological pressure and prominent environmental problems; therefore, the level of EE is low. Upgrading the industrial structure should be optimized, and green and low-carbon development needs to be pursued (26). As for cities with high EE, such as Wuhan, Jingmen, and Suizhou, we should actively play the leading role and promote the improvement of EE in surrounding cities by sharing the experiences of ecological environment governance.

Finally, UPLSPs and EE are in conflict, and the UPLSPs of urban land concentration constrains the development of EE, which is consistent with some previous findings (72). This is likely because, with the rapid urbanization of Hubei Province, many people are gathering in cities, urban population density is increasing, and the demand for resources by urban residents have damaged the environment, thus limiting the level of EE. Therefore, it is necessary to strengthen the regional coordination mechanism, clarify the resource endowment advantages and main functions of each city, and vigorously promote the free flow and optimal allocation of production factors within the region (75). Cities with high coupling coordination, such as Suizhou and Wuhan, should give play to the spatial spillover effect, and promote the synergistic development of surrounding cities; cities with low coupling coordination, such as Xiaogan and Huanggang, should transform their development models and take the needs of economic development and the ecological environment into consideration.

The main contributions of this study are several. First, it discusses the dynamic relationship between UPLSPs and EE. Second, the urban population–land spatial matching evaluation model and super-efficient SBM model are constructed to measure UPLSPs and EE, respectively. Finally, the gray relational analysis method is used to analyze the driving factors affecting the coupling coordination degree of UPLSPs and EE in Hubei Province to provide a theoretical reference for regional governments to implement differentiation strategies. However, there are some research limitations. (1) This study constructs the index system of EE based on “input + desired output + undesired output,” but the index selection of the EE input–output system may also contain some other indicators that need to be further explored. This is an aspect that needs detailed research in the future. (2) This study examines the coupling coordination degree between UPLSPs and EE at the city level, and does not investigate the urban agglomeration or county levels. In future research, more in-depth studies need to be carried out along multiple scales and dimensions.



CONCLUSION

This study takes Hubei Province as the research area to explore UPLSPs, EE and their degree of coupling coordination in 12 cities from 2000 to 2019. These measures are calculated by constructing a spatial matching evaluation model, super-efficiency SBM model, and coupling coordination degree model. Then, spatial autocorrelation analysis and gray relational analysis methods are used to explore the spatiotemporal evolution characteristics and driving factors of the coupling coordination between UPLSPs and EE. The purpose of this is to guide the rational allocation of urban populations and land and the construction of ecological civilizations in Hubei Province. The results include a few important points. First, the urban population–land spatial matching degree shows a gradual upward trend from 2000 to 2019, but the overall matching level is not high; the average value of EE takes an “N”-shaped trajectory, and its overall level is low, with obvious regional differences. Second, the average value of the coupling coordination degree between UPLSPs and EE exhibits a slow upward trend, with a radial distribution such that levels are high in the middle and low along the periphery. There is a conflictual relationship between UPLSPs and EE, and the former restricts the development of the latter. Finally, there is a strong correlation between the degree of coupling coordination and various indicators of UPLSPs and EE.
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INTRODUCTION

Atmospheric PM2.5 pollution has become a challenge worldwide, especially in some developing countries (1–3). PM2.5 has become the primary pollutant in most cities in China (4) and attacked more and more scholars' attention (5–8). In recent years, although the PM2.5 pollution in some areas of China shows a slight decrease, which does not alleviate this serious problem (9). If more accurate and effective control measures are taken, the PM2.5 concentration (population-weighted) will gradually reduce to 35 μg/m3 (China's current air quality standard) in 2030 (10). Although the Chinese government has taken many ways to deal with PM2.5 pollution, air quality is still not optimistic, especially in winter (4). The definitions of pollution in China are based on the air quality standard value (10 μg/m3) formulated by the World Health Organization (WHO) or national level I concentration limit (15 μg/m3) and national secondary concentration limit (35 μg/m3). However, the size of the human population and their activities, and the level of economic development in each region are quite different. Therefore, using the “One-Size Fits All” policy for PM2.5 control on a relatively large scale is obviously unscientific (11, 12).

The introduction of baseline value in PM2.5 control can effectively overcome the shortcomings mentioned above. The baseline is the upper limit of element content in a certain area under the influence of human activities (calculated under low human activities). There are similarities and differences between baseline, background, and standard values. The background value is the statistical average of the quality parameters obtained from monitoring relatively clean areas in a region. The standard value is formulated by relevant national laws and regulations to protect and improve the living environment and ecological environment to ensure human health. However, environmental standards cannot replace the baseline due to the different geological conditions, geochemical characteristics, and human activities in different regions. In baselines investigation, the methods in geochemical baseline investigation are widely referenced. However, the geochemical background and geochemical baseline are often confused or replaced by each other in concept and application in many situations. For many people, the differences between them are ignored. Cannon, head of the Yellowstone geochemical baseline research project in the United States, once pointed out that the geochemical background represents the concentration of elements in natural substances, excluding the impact of human activities (13). On the contrary, the baseline represents the concentration of elements measured in time in some places in areas disturbed by human activities, which is usually not the actual background. A geochemical baseline is a natural change in the concentration of chemical elements in the earth's surface materials. However, this natural change does not exclude the impact of human activities. It aims to describe the current supergene environmental conditions and is a benchmark material to measure future environmental changes. It has greater practical significance and can provide an essential basis for future environmental risk assessment. The normalization method and cumulative frequency curve method are the most commonly used methods for determining geochemical baseline (14). At first, many scientists used the normalization method to study the concentration of elements in marine and estuarine sediments. Later, it was introduced into the study of geochemical baseline, so its scope of application is limited. The cumulative frequency curve method has a long history. It can determine the baseline value of any substance. Therefore, this paper uses the cumulative frequency curve method to explore determining the Chinese baseline values of PM2.5 on a provincial scale.

The primary aims of this work are to establish the baseline values of PM2.5 in 31 provinces across China using the cumulative frequency curve method. Then, the provinces are classified according to the relationship between baseline values, monitoring values, and standard values. Finally, the PM2.5 hierarchical management strategy is proposed for the three types of provinces obtained.



METHODS OF THE CUMULATIVE FREQUENCY CURVE

Bauer et al. devised the cumulative frequency curve approach to assess geochemical baselines (15, 16). The method involves plotting the distribution curve on the decimal axis with the element concentration as the X-axis and the cumulative frequency as the Y-axis. A curve usually has one or two inflection points (points where the curve has a significant deflection). Below the inflection point represents the lower limit of human activities, and the baseline value was obtained by averaging the data less than the inflection point. If the cumulative frequency curve was nearly straight without an inflection point, the average of all data was utilized as the baseline value (17). Certainly, when the cumulative frequency curve method is used in establishing the PM2.5 baseline, some uncertainties or differences need to be explained. Firstly, according to the relevant research, the calculation of element geochemical baseline value using this method requires long time-series data. While, due to Spatio-temporal pollution characteristics of PM2.5, the daily data for 2018 and 2019 is preliminarily selected and the effect of time series length can be further discussed. Secondly, this work selected the provincial scale, so we should later consider whether the application details of this method will change if the scale changes under different environmental control decision needs.



DATA SOURCES

PM2.5 data are obtained from China National Environmental Monitoring Center (http://www.cnemc.cn/). Due to the unavailability of data from Hong Kong, Macao, and Taiwan, data from 31 provinces on the mainland were analyzed.



PM2.5 DETERMINATION OF BASELINE VALUE

The first step is to draw the cumulative frequency curve. The second step is gradually calculating the fitting curve's determination coefficient between each point and the first point. Then, a chart was obtained using the ordinal number as the x-axis and the determination coefficient as the y-axis. First, the determination coefficient will fluctuate and then reach the relatively high point (higher than the data surroundings), the first inflection point of the cumulative frequency curve. Subsequently, the determination coefficient may reach the highest point and the second inflection point again. Take Beijing and Jiangsu for examples (Figures 1C,D). Beijing's coefficient of determination began with a series of fluctuations and then gradually rose to the highest point, the first inflection point of Beijing's cumulative frequency curve. Starting from the first inflection point, the second inflection point can be obtained in the same way. The coefficient of determination of Jiangsu also has a series of fluctuations at first and then increases to a maximum point, and then there is no increase in fluctuation. Therefore, the cumulative frequency curve of Jiangsu has only one inflection point. The cumulative frequency curves of Beijing and Jiangsu are shown in Figures 1A,B.


[image: Figure 1]
FIGURE 1. Cumulative frequency distribution (A,B) and inflection point (C,D) of Beijing and Jiangsu.


After determining the inflection point, the next step is to determine which inflection point is used as the upper limit of the baseline value. When the cumulative frequency curve has only one inflection point, the average value of all points below the inflection point shall be taken as the baseline value. When the cumulative frequency curve has two inflection points, compare the similarity between the frequency distribution between the two inflection points and the frequency distribution before and after the first inflection point. If it is close to the first inflection point, select the first inflection point as the upper limit of the calculated baseline value. Otherwise, select the second inflection point.

It can be seen from Table 1 that the cumulative frequency curve of 93.55% of provinces (29 provinces) has two inflection points, indicating that human activities have a significant impact on PM2.5 emission. It can be known from the provincial population data (which could be found from the data availability link), that the population of these provinces in 2018 and 2019 is also relatively large. The annual average concentrations limit of China air quality standard (GB3095-2012) and WHO phase I target (IT1) are 35 μg/m3. Comparing the baseline value, monitoring value, and the standard value of each province one by one, it is found that the average value of 2-year monitoring value of 61.29% of provinces and the baseline value of 29.03% of provinces exceed this value. All baseline values are lower than the average value of the 2-year monitoring value. Based on this, it is very unscientific to adopt the same standard requirements for different provinces. In addition, since the baseline value is obtained under the condition of low human activities, it is tough to directly require PM2.5 emissions to be reduced to the same standard value for some provinces where the baseline value exceeds the standard value. For example, the baseline value of Anhui Province (39.44 μg/m3) is greater than the standard value. Therefore, it is being challenged to directly require it to reduce PM2.5 emissions to the standard value. Anhui Province can implement “step-by-step” measures to reduce the emission of PM2.5 to the baseline value first and then to the standard value.


Table 1. PM2.5 in each province baseline and two-year mean (μg/m3).

[image: Table 1]



CLASSIFICATION CONTROL BASED ON THREE VALUES

According to the relationship between baseline, monitoring, and standard values, 31 provinces are divided into three categories for classified control (Figure 2). As shown in Figure 2, Guangxi, Zhejiang, Gansu, Jilin, Guangdong, Inner Mongolia, Guizhou, Qinghai, Fujian, Yunnan, Hainan, and Tibet belong to the first category. Henan, Tianjin, Hebei, Shanxi, Anhui, Beijing, Jiangsu, and Shandong belong to the second category; Shaanxi, Liaoning, Hubei, Hunan, Jiangxi, Xinjiang, Ningxia, Chongqing, Sichuan, Shanghai, and Heilongjiang belong to the third category. The first category's monitoring value and baseline value are all lower than the standard value. Among them, the baseline value of Zhejiang, Guangdong, Fujian, and Tibet is not much different from the average value of the 2 years. Therefore, while these provinces continue to maintain this state, they can further move closer to the baseline value and strive to minimize the emission of PM2.5. The baseline value and monitoring value of the second category are all higher than the standard value. Combined with the above, it can be seen that the baseline value is calculated under low human activities. If these provinces are directly required to reduce the emission of PM2.5 to the standard value, it is complicated and unscientific. Therefore, provinces belonging to this category can implement “step-by-step” measures, that is, reduce to the baseline value first and then reduce to the standard value. For provinces belonging to the third category, it is necessary to reduce the emission of PM2.5 to the national standard first and then strive to promote the green and high-quality development of the economy further to reduce the emission of PM2.5 to the baseline value.


[image: Figure 2]
FIGURE 2. Classification diagram based on the relationship between baseline value, monitoring value, and standard value in 31 provinces.




CONCLUSION

The baseline value of PM2.5 is determined by the cumulative frequency curve method. According to the relationship between baseline value, monitoring value, and national standard value (35 μg/m3), the PM2.5 hierarchical management strategy is proposed. Ninety-three percent of the provinces' PM2.5 emissions are significantly affected by different degrees of human activities. The provinces are divided into three categories, and different compliance requirements are put forward. The monitoring value and baseline value of the first category of provinces are all lower than the standard value. While these provinces continue to maintain this state, they can further move closer to the baseline value and strive to minimize the emission of PM2.5. The baseline value and monitoring value of the second category of provinces are higher than the standard value. Provinces in this category can implement “step-by-step” measures that are first reduced to the baseline value and then reduced to the standard value. The baseline value for the third category of provinces is lower than the standard value, while the monitoring value is higher. These provinces can first reduce the emission of PM2.5 to the national standard and then strive to promote the development of a green and high-quality economy to reduce the emission of PM2.5 further to reach the baseline value.
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Exposure scenarios

Background

Lip cosmetic:

PBL

From mother to fetus

0.0006
1.6206
13775

1.4585

1.62

1.3799

Blood Pb levels BLL(g/dl)

0.0035 0.0006
1.6235 2.0306
1.4611 1.7260

2.03
0.0035
2.0335
1.8275 1.7284

1.8301
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Age (years) Total Pb absorption (1.g/d) Blood Pb levels (.g/dl)

0.5~1 9.694 + 0.002 52
1~2 13.224 4 0.002 59
2~3 13.574 + 0.002 5.1
3~4 18.684 + 0.001 60
4~5 16.679 £ 0.002 57
5~6 16.294 + 0.002 5.1

e~7 16.048 + 0.002 46
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Parameter type Parameter References

value
Intake rate of average users IR(g/d) 0.02578 (64)
Intake rate of high users IR(g/d) 0.14902 (54)
Exposed frequency EF(d/a) 365 ©5)
Exposure duration ED(g) 70 5)
Turnover rate CF 0.001 6)
Average exposure time AT(d) 25550 (6)
Body weight BW(kg) 60 ©7
Non-carcinogenic reference dose RID (mg/lkg-d)) ~ 0.0004 ©7

Cancer slope factors SF ((kg-dy/mg) 0.0085 67)





OPS/images/fpubh-09-766984/fpubh-09-766984-t003.jpg
Parameter

Average value
Standard deviation
Maximum value
Minimunm value

Lipstick
(n=12)
0.05482
0.04506
0.13849
0.00000

Lip glosses
(=13

0.04976
0.07922
0.23093
0.00000

Lip balms.
(=9

0.07380
0.16358
0.52470
0.00000

Totals
=34

0.05791
0.10146
0.62370
0.00000
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Variables

Pgdp
urb
Med
Mnmt
Gov
Pd

Statistic

0.8762
0.4892
-0.0078
0.6321
0.4001
0.5160

z

—4.6248
—19.0797
—37.6424
—13.7406
—22.4070
—18.0766

P-value

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Test statistics LM-error ~ LM-lag  Robust LM-error Robust LM-lag
p-value 123585 119.061** 8.216™ 3.693°
0.000 0.000 0.004 0.056

*Means significant at the 10% level.
‘Means significant at the 5% level.
*Means significant at the 1% level.
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Model SEM_a SAR_a

LR 83.41 91.47
0.000 0.000

Wald 49.97* 3885
0.000 0.000

“**Represents significant at 1% level.
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Variable

Expected output
Capital investment

Human input

Unexpected output

Per capita GDP

Urbanization level

Service level of
medical institutions

Medical
non-marketization

Government
support system

Population density

Symbol

Ke

Kb

B

Bn
Pgdp

Urb
Med

Definition

Perinatal survival rate (%)

Total expenditure on health (milion
yuan, Ln, based on 2009)

Per capita medical insurance (ten
thousand yuan, based on 2009)
Number of beds in medical and Health
institutions per thousand population
(sheets)

Nurmber of health technicians per
thousand population (persons, Ln)

Medical waste production amount (ten
thousand tons)

Mortalty rate (%)

GDP/Population by region (ten
thousand Yuan/person, based on 2009)

Utbanization level (%)
Average length of stay in hospital (days)
Number of public/Private hospital
establishments (%)

Fiscal health expenditure /GDP (%)

Area population/Area (People/km?)





OPS/images/fpubh-09-792590/fpubh-09-792590-t002.jpg
Variable

Perinatal survival rate (%o)
Total expenditure on health (million yuan, Ln, based on 2009)

Per capita medical insurance (ten thousand yuan, based on 2009)

Number of beds in medical and Health institutions per 1,000 population (shests)
Number of health technicians per thousand population (persons, Ln)

Medical waste production amount (ten thousand tons)

Mortality rate (%)

per capita GDP (ten thousand Yuan/person, based on 2009)

Urbanization level (%)

Senvice level of medical nstitutions (days)

Degree of medical non-marketization (%)

Government support system (%)

Population density(People/km?)

Minimum

0.760
3519
0.044
2.390
2370
0.050
0.042
1.1062
0.223
8.1
0.1976
0.0074
2.4104

Maximum

0.982
8.662
0.598
7.550
15.460
1046.04
0.076
16.1642
0.896
16.2
32.000
0.0753
3863.9683

Standard deviation

0.034
0.903
0.101
1.192
2.027
173.690
0.008
2.561
0.136
2401
27254
0.0119
683.6284

Mean

0.936
6.789
0.225
4.871
5.794
140.849
0.060
4.832
0.656
9.923
1.4347
0.0213
450.4962
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CRS

BeiJing
Tiandin
HeBei
GuangDong
HaiNan
ShangHai
JiangSu
Zhediang
Fudian
ShanDong
ShanXi
AnHui
JiangXi
HeNan
HuBei
HuNan
GuangXi
ChongQing
SiChuan
Guizhou
YunNan
Xizang
ShaanXi
GanSu
QingHai
NingXia
XinJiang
NeiMengGu
LiaoNing
Jitin
HeilongJiang

2009

1.017
0.696
0.744
1.019
1.074
0.655
0.687
0.748
0.822
0.706
0.735
1.002
1.073
0.808
0.761

0.730
0.866
1.005
0.745
1.028
0.758
1.132
0.752
0.775
0.821

1.021

0.697
0.742
0.782
1.007
0.802

1.027
0.707
0.763
1.030
1114
0.816
0.708
0.768
1012
0717
0.846
1.008
1.032
0.863
0.824
0.761
1.001
0.822
0.740
1.029
0.758
1.120
0.767
0.786
1.002
1.007
0.676
0.785
0.693
0.749
1.008

2011

1.026
0.695
0.779
1.034
1.107
0.747
0.708
0.781

1.006
0.705
0.780
1.008
1.044
0.846
0.830
0.747
0.891

0.838
0.741

1.026
0.748
1.143
0.786
0.857
0.797
1.016
0.731

0.790
0.715
0.808
0.801

2012

1.012
0.758
0.846
1.024
1.092
0.787
0.743
0.803
0943
0.710
0.789
0.976
1.028
0.845
0.805
0.758
0.798
0.825
0.741
1.007
1.002
1161
0.791
0.857
1.001
1.022
0.741
0.785
0.735
0.892
0.786

2013

1.009
0.750
0.831
1.027
1.086
0.758
0.730
0.780
0.807
0.734
0.801
1.008
1.024
0.876
0804
0.761
0.804
0.872
0815
1.010
0.770
1.185
0.779
0.877
0.752
1.028
0718
0771
0.742
0.959
0.771

2014

1.008
0.787
0.899
1.027
1.081
0.820
0.780
0.804
0.833
0.724
0.788
1.004
1.025
0.832
0.758
0.766
0.784
0.812
0.740
0.865
0777
1.189
0.765
0.838
0.772
1.027
0722
0.770
0.752
0.794
0.778

2015

1.000
1.004
1.000
1.087
1.080
0.872
0.789
0812
0903
0.738
0.887
1.002
1.020
0.862
0.798
0.768
0810
0.830
0.776
0.875
0.784
1.193
0.773
0.888
0.782
1.023
0.749
0812
0.780
0910
0.832

2016

1.012
1.003
0.889
1.037
1.009
1.004
0.778
0.807
0.876
0.727
0.868
1.002
1.023
0.878
0.760
0.762
0.809
0.790
0.754
0.838
0.768
1.193
0.762
0.856
0.793
1.016
0812
0.802
0.753
0.838
0.825

2017

1.005
1.014
0.849
1.036
1.097
0.804
0.773
0.804
0.893
0.715
0.879
1.003
1011
1.003
0.753
0.767
0.808
0.780
0.761
0.788
0.773
1.190
0.757
0.845
0.777
1.012
0.833
0.789
0.755
0.815
0.816

2018

0.752
1.010
0.835
1.082
1.093
0.830
0.804
0.804
0.893
0.725
0.892
1.008
1.008
1.007
0.763
0.765
0.820
0.760
0.766
0.771
0.785
1.170
0.748
0.827
0.780
0.806
0.860
0.771
0.744
0.798
0.851

0.728
1.022
0.838
1.031

1.090
0.765
0.845
0.797
0978
0723
0819
1.013
1.004
0.807
0.783
0.743
0810
0.751

0.763
0.761

0.764
1.160
0.761

0.787
0.785
0.821

1.001

0.799
0.762
0.798
0.855

1.027
1.022
1.000
1.037
1114
1.004
0.845
0.812
1012
0.738
0.892
1013
1.073
1.007
0.830
0.768
1.001
1.005
0815
1.029
1.002
1193
0.791
0.888
1.002
1.028
1.001
0.812
0.782
1.007
1.008

0.728
0.695
0744
1.019
1.086
0.655
0687
0.748
0.807
0.705
0.735
0.975
1.004
0.807
0.753
0.730
0.784
0.751
0740
0.761
0.748
1.120
0.748
0.776
0.752
0.806
0676
0.742
0.693
0.749
0.771

Mean

0.963
0.859
0.843
1.030
1.090
0.814
0.758
0.793
0.906
0.720
0.826
1.003
1.027
0.874
0.785
0.763
0.836
0.826
0.758
0.909
0.790
1.167
0.767
0.836
0.824
0.982
0.776
0.783
0.747
0.852
0.830

Region

Eastern
Eastern
Eastern
Eastern
Eastern
Eastern
Eastern
Eastern
Eastern
Eastern
Middle
Middle
Middle
Middle
Middle
Middle
Western
Western
Western
Western
Western
Western
Western
Western
Western
Western
Western
Western
Northeastern
Northeastern
Northeastern
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Year

2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

Moran index

0.152
0.106
0.091
0.108
0.161
0.147
0.119
0.145
0.117
0.183
0.186

1.370
1.169
1.460
1.630
1.007
1.099
1.096
1.691
1.153
1.702
1.878

P-value

0.037
0.041
0.035
0.029
0.016
0.049
0.045
0.025
0.013
0.062
0.040
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city

Wuhan
Huangshi
Shiyan
Yichang
Xiangyang
Ezhou
Jingmen
Xiaogan
Jinzhou
Huanggang
Xianning
Suizhou

Hubei Province

2000

0.5208
0.5359
0.6007
05173
05123
0.6249
0.8610
0.6329
0.5185
0.5364
0.6610
0.5623
0.5820

2005

0.7382
0.6691
0.6991
0.5244
0.5583
0.7071
0.8968
0.7147
05817
0.6089
0.6701
0.5623
0.6609

2010

0.61456
0.4964
0.6469
0.5609
0.6448
0.7056
0.8058
0.6349
05112
0.4533
06111
0.8979
06153

2015

0.8374
0.4503
0.7167
0.6275
0.5826
0.8959
0.7753
0.4446
06175
0.5593
0.6144
0.8386
0.6633

2019

0.8300
0.7225
0.7406
0.6378
0.6100
0.9757
0.8325
0.3527
0.5527
0.5202
0.56873
0.9643
0.6938

Average value

0.6882
05748
0.6808
05736
05616
0.7818
0.8343
0.5560
0.5563
0.5356
0.6088
0.7651
0.6431

Average annual growth rate (%)

2.4836
1.5847
1.1078
1.1081
0.9224
23725
-0.4771
—3.0311
0.3362
—-0.1612
0.2412
28793
0.9294
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city

Wuhan
Huangshi
Shiyan
Yichang
Xiangyang
Ezhou
Jingmen
Xiaogan
Jingzhou
Huanggang
Xianning
Suizhou
Hubei

2000

1.22094
0.4425
0.4330
0.3877
0.3703
0.4581
1.0397
04718
0.4216
0.3905
0.3954
1.7104
0.6459

2005

1.3761
05912
0.6057
0.4024
0.4451
06117
1.1617
0.6897
0.5983
05382
05413
1.4496
0.7426

2010

1.0453
0.4595
0.4596
0.2845
0.2847
0.6084
1.0021
0.3402
0.4082
0.1905
0.2466
1.4708
0.5663

2015

1.1646
0.5795
0.4653
0.2717
0.2536
1.0007
0.6944
0.2285
0.4201
0.2056
0.2597
1.2866
0.5699

2019

1.2163
0.7781
0.5031
0.3185
0.3571
1.1325
1.1066
0.3068
05149
0.2480
0.2799
1.1801
0.6618

Average value

1.2063
0.5702
0.4933
0.3330
0.3422
0.7641
1.0009
0.3874
04716
0.3146
0.3446
1.4195
0.6373

Average annual growth rate (%)

—0.0564
3.0152
0.7929

—1.0295

—0.1909
4.8789
0.3287

—2.2396
10577

-2.3611

—1.8018

—1.9344
0.1281
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Number City

1 Wuhan

2 Huangshi
3 Shiyan

4 Yichang
5 Xiangyang
6 Ezhou

7 Jingmen
8 Xiaogan
9 Jingzhou
10 Huanggang
1 Xianning
12 Suizhou

Comprehensive mismatching
degree of Hubei Province

2000 2005 2010 2015 2019

0.4270 0.4288 02169 0.1027 0.1224
—0.0190 —0.2064 0.1287 0.4855 0.13564
—0.3792 —0.3557 —0.1882 —0.1431 —0.2460
—0.1046 —0.1954 —0.1805 —0.2847 —0.3411
—0.1523 —0.1304 —0.1276 —0.1332 —0.0652
—0.4224 —0.3897 —0.2073 —0.1453 —0.3260
—0.4628 —0.3417 —0.2068 —0.0389 0.0692
—0.4170 —0.5412 —0.3374 0.2901 0.4528
—0.0011 02730 0.0777 0.1243 0.3045
.1921 —0.0221 —0.0415 —0.2662 —0.1050
—0.3107 —0.4261 —0.5044 —0.2696 —0.2683

0.4356 0.7369 —0.2239 0.1478 —0.2484

03228 03840 02345 02333 02530
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D

0<D<01

01<D<02
02<D<03
03=<D<04
04<D<05

Coupling coordination type

Extremely imbalanced
Moderately imbalanced
slightly imbalanced

barely harmonic coordination
harmonic coordination

Coupling coordination interval

Imbalancedrecession interval

Transitional harmonic interval

D

05<D<06
06<D<07
07<D<08
08<D<09
09=<D=<1

Coupling coordination type  Coupling coordination interval

Primary coordination
Intermediate coordination
good coordination
high-quality coordination
extreme coordination

Coordinated development interval
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Period

0-1 Year
1 Year
1-2 Years
2 Years
2-3 Years
3 Years
3-4 Years
4 Years
4-5 Years
5 Years
5-6 Years
6 Years
6-7 Years
7 Years
7-8 Years
8 Years
8-9 Years
9 Years
9-10 Years
10 Years
Above 10 Years
Total

Number

603
404
309
299
125
223
39
34
9
155
50
70
13
48
5
26
0
16
1
78
83
2,590

Proportion (%)

23.28
16.60
1193
11.54
4.82
8.61
151
1.31
0.35
5.98
1.93
2.70
051
185
0.19
1.00
0.00
0.62
0.04
3.01
3.20
100
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UPLSPs type

Urban land concentration
Urban land concentration
Urban land concentration
Urban population-land relative matching

UPLSPs grade

High mismatch
Moderate mismatch
Low mismatch
Relative matching

Value range

Match < —0.5

-0 < Match < 03
-0.3 < Match < -0.1
~0.1 < Match < 0.1

UPLSPs type

Urban population concentration
Urban population concentration
Urban population concentration

UPLSPs grade

Low mismatch
Moderate mismatch
High mismatch

Value range

0.1 < Match < 0.3
0.3 < Match <05
Match > 0.5
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Region

Eastern region
Northeastern region
Middle region
Western region
Total

Number

624

210

577
2,235
3,646

Proportion (%)

17.11
5.76
15.82
61.30
100
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Target level

Criterion level

Indicator level

Literature source

Input

Desired output
Undesired output

Capital
Labor

Land

Energy

Water resources
Economic growth
Waste water
Waste gas

Total investment in fixed assets in the whole country/100 milion yuan (Y1)
Number of employees at the end of the period/10,000 people (Y2)
Buitt-up area/km? (Y3)

Annual electricity consumption/100 million KW.h (Y4)

Total water resources/100 million cu.m? (Y5)

GDP/100 milion yuan (Y6)

Industrial wastewater discharge/10,000 tons (Y7)

Industrial SO, emissions/ton (Y8)

Industrial smoke (powder) dust emissions/ton (Y9)

(25,26, 33, 46, 48, 49)
(25,26, 33, 46, 48, 49)
(26, 33, 49)

(33, 48, 49)

(26,27, 48, 49)
(25-27, 46, 48, 49)
(26, 27, 33, 46, 48, 49)
(27,33, 48, 49)

(26, 27, 33, 46, 48, 49)
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Crimes

llegal hunting and kiling of rare and
endangered wid animals

llegal purchase, transportation, and sale of rare
and endangered wild animals and their
manufactured products.

llegal hunting

Smuggiing of rare animals, ilegal
transportation, and sale of rare and
endangered wid animals

Total

Number

1,287

1,894

537

3,728

Proportion
(%)

34.52

50.80

14.40
0.27

100
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2000

2005

2010

2015

2019

H-H
agglomeration

Xiaogan

Xianning
Huangshi
Xiaogan
Ezhou
Wuhan
Suizhou
Jingmen
Xiaogan

None

Huangshi

LH
agglomeration

Jingzhou
Yichang
Xiangyang
Suizhou
Jingzhou
Yichang
Suizhou
Xiangyang
Huanggang
Yichang
Xiangyang
Jingzhou

Yichang
Xianning
Xiangyang
Jingzhou
Xiaogan
Huangshi
Xiaogan
Huanggang
Jingzhou
Xianning
Xiangyang
Yichang

LL
agglomeration

Wuhan
Huanggang
Xianning
Huangshi
None

Huanggang
Huangshi
Wuhan
Xianning
Huanggang

None

HL
agglomeration

Jingmen
Ezhou
Shiyan

Shiyan
Jingmen

Shiyan
Suizhou

Shiyan
Jingmen
Suizhou
Wuhan
Ezhou

Shiyan
Jingmen
Wuhan
Suizhou
Ezhou
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Circumstance

First offense
Second-time or greater
Surrendering criminal
Demonstrate repentance

Number

1,296
693
2,574
2,307

Proportion (%)

36.61
19.00
70.60
63.27
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2000 2005 2010 2015 2019
Moran’s | -0.361 —0.462 -0.048 —0.425 -0.438
Z value —1.9800 —2.0155 0.2677 —1.6064 —1.6991
P value 0.027* 0.014* 0.354 0.034* 0.033*

*p<0.01,

<0.05, *p<0.1. The statistical inferences on the table are based on 999 random permutations proposed by Ansen Lin.
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Circumstance Number Proportion (%)

Intentional crime 908 24.90
Criminal record 1314 36.04
Gun-toting 502 13.77
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Punishments

Circumstances

Consequences

Detention

Community correction
Suspended sentence
Sentence of more than 10
years

Combined sentence of
principal and supplementary
punishment

Sentence of “not guilty”
Lesser punishment
Commutation

Abatement of criminal
punishment

Heavier punishment

Number

2,107
673
1,321
150

3,201

2,515
1,789
737

391

Proportion (%)

44.63
14.26
27.98
3.18

67.80

0.13
63.27
37.89
15.61
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Category

Lipsticks
=12

Lip glosses
=13

Lip baims
n=9

Number

Lst
Ls2
Ls3
Ls4
LS5
Ls6
Ls7
Ls8
Lss
Ls10
Lst1
Ls12
LG1
LG2
LG3
LG4
LGS
LG6
LG7
LG8
LG9
LG10
LG
LG12
LG13
LBt
B2
LB3
LB4
LB5S
LB6
LB7
LB8
LB

Brand

Chanel
vsL
Armani
Dior

Dhe

Mac

U Oreal
Maybeline
Carsian
Revion
Kiko
Zeesea
YsL
Armani
Chanel
Dior

Mac
Maybeline
L Oreal
Carsian
Revion
Chioture
Zeesea
Kiko

Kiko

Dhe
Uriage
Maybeline
Mentholatum
Vaseline
Vaseline
Herbacin
Mentholatum
Burts bees

Production
Country

France
France
France
France
Japan
Canada
China
China
China
America
taly
China
France
France
France
France
Canada
China
China
China
America
China
China
Italy
ttaly
Japan
France
China
China
America
America
Germany
China
America

Color

Orange red
True red

True red

True red
Orange

Brick red
Orange red
Orange red
Cameo brown
Orange red
Cameo brown
Brick red
Cameo brown
Orange red
Purplish red
True red

Pink

True red
Cameo brown
Orange red
Cameo brown
Cameo brown
Brick red

Pink
Colorless
Colorless
Colorless
Light red
Colorless
Colorless
Light red
Colorless
Light red
Colorless

Price
(RMB)

320
320
320
330
168
185
136
120
139
78

70
320
310
330
330
170
122
145

88338888863

25
25

36
70
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Green space quantity GA (hm?) GCA (hm?) Gsl (m-") GCI (°C) GCG (°C/m) Luax (m) GCE

Cluster 1 476 7.55 21.02 718 1.46 191 76.44 278
Cluster 2 189 26.70 59.62 4.47 4.07 2.90 140.34 223
Cluster 3 32 182.02 237.26 3238 5.01 3.30 1561.82 1.30

Cluster 4 460 3.76 14.66 11.56 0.70 1.10 63.64 3.90
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Gcl GCA GCG

Q) (hm?) (°C/m)
GA (hm?) 0473 0875 0505
asi(m-) ~0.650" ~0.456™ —0549"
Ca (m) 0370 0820 0358

", “indlicate significant at the 1 and 5% levels, respectively.

(m)

0.367*
—0.477
0.214*
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Cooling indicators and landscape Abbreviation
features
The maximum distance of green Luax

space cooling effect

Green space cooling intensity Gel
Green space cooling area GCA
Green space cooling efficiency GeE
Green space cooling gradient Gea
Green space shape index as/

Definitions

Lusax is the distance from the green
space boundary to the buffer with the
first turning point

GCl is the difference between the
impervious surface temperature at
Luax and the average LST of the
green space

GCl = Tuwax — Ta

Where, Tua is the impervious
surface temperature (°C) at Lyax; Te
is the average LST of the green space
GCA is the buffer area with the
maximum cooling distance from
green space boundary

GOE is the ratio of the green space
cooling area to green space area
GCE =S¢

Where, GA is the green space

area (m?)

GCG s the ratio of green space
cooling intensity to the maximum
distance of green space cooling effect
&G = 8ol

GSl is the ratio of perimeter to area of
green space

asi=$%

Where, Cg is the perimeter (m) of
green space

Meaning

Cooling range of the
green space

Amplitude of lowering
temperature of
surrounding impervious
surface

Cooling coverage

Avea cooled by per unit
area of green space

Temperature cooled
per unit distance of
green space cooling
effect

Shape complexity of
green space

Unit

°C

oC/m?

m
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Constitutive
elements

The subject

The subjective

The object

The objective

The cases

Sentencing

Ecological economic
ethics model

Awareness

Awareness

The static rules

The dynamic rules

Practices

Practices.

Measures

Strong or weak social awareness

Value judgment of awareness

How to protect the ecological ethic
relationship

Value ranking in measures

Width of ethic misconduct

Depth of ethical misconduct

Consequences

If the subject is a unit, then its social awareness is strong.
If the subject is a natural person, then its social awareness is weak.
If the offenders are criminally negligent, then they have strong social
awareness with a neutral attitude toward the crime.

If the offenders are criminally intentional, then they have weak social
awareness with malice.

Ifit refies on the socal relations run by public power, then the standard of
judgment is high, but itis easy to judge.

Ifit refies on the social relations protected by private law, then the standard
of judgment s low, but it is difficult to judge.

Ifit takes an economic value as the judgment, then it is easy to judge and
achieve.

Ifit takes an ecological value as the judgment, then it is difficuit to judge
and achieve.

Ifthe misconduct is wide, then the cases are excessive.

If not, then the cases are less quantitative.

If the level of misconduct is deep, then the sentencing is heavy.

If not, then the sentencing s light.
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Clauses

Article
3411
Article
3411

Article
3411

Article
1511

Crimes

llegal hunting and killing of rare and
endangered wild animals

llegal purchase, transportation, and
sale of rare and endangered wild
animals and their manufactured
products

llegal hunting

Smuggling of rare animals, ilegal
transportation, and sale of rare and
endangered wild animals

Awareness

The subject  The subjective
Weak social  Uncertain
awareness

Ecological economic ethics

The static rules Practice

The objects Thecases  Sentencing
ltiseasytojudge  The casesare  Sentencing is
and achieve. excessive. Tight.

The cases are
less
quantitative.

The dynamic
rules

The objective

Itis difficult to
judge and achieve,

Itis easy to judge
and achieve.
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Region

Eastern region
Northeastern region
Middle region
Western region
Total

Number

92

209
474

Proportion (%)

17.51
19.41
18.99
44.09
100





