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Abstract: Today, resource depletion threatens a number of resource-based cities in China. The ecological security problem caused by the long-term exploitation of natural resources is a key issue to be solved in the development of resource-exhausted cities. Using 23 indicators, this study evaluated the ecological security status and development trends of 21 resource-exhausted cities in China from 2011 to 2017. The results showed that from 2011 to 2015, the overall ecological security of this type of city was low, with over 60% of the cities at an unsafe level. However, ecological security improved rapidly after 2016, and by 2017, all of the cities had reached the critical safety level. The top 10 indicators of ecological security included industrial sulfur dioxide emissions, water supply, agricultural fertilizer application, and forest coverage. These 10 indicators’ cumulative contribution to ecological security was 48.3%; among them, reducing industrial sulfur dioxide emissions contributed the most at 5.7%. These findings can help governments better understand the ecological security status of resource-exhausted cities, and it can provide a reference for the allocation of funds and other resources to improve the ecological safety of these cities.

Keywords: Ecological security; PSR model; evaluation; resource-exhausted cities

1  Introduction

This study investigated the assessment of ecological security in China’s resource-exhausted cities. In recent years, resource-based cities in China have been threatened by resource depletion, and the output of nonrenewable natural resources has steadily declined. Sustainability has been neglected in the development of resource-based cities, giving rise to complex dilemmas and an urgent need for transformation. Ecological security issues caused by the long-term exploitation of natural resources is a key problem to be solved for these cities.

China defines a resource-exhausted city as one whose cumulative recoverable reserves have reached more than 70% of the originally measured reserves. A resource-exhausted city is also defined as one that can only undertake mining for five additional years based on current technologies and mining capacity. The “Opinions of the State Council on Promoting the Sustainable Development of Resource-Based Cities” specifies that the central government will provide some financial support for these cities. However, the overall responsibility for the sustainable development of resource-based cities lies with provincial governments, which need to strengthen support for these cities. In this regard, it is important to evaluate the ecological security status of resource-exhausted cities to optimize the allocation of funds and other resources.

The pressure–state–response (PSR) model has been widely used to evaluate the ecological safety of cities. Studies in this area have introduced the concept of ecological security [1,2], as well as the construction and evaluation methods of the PSR model [3–6]. Many studies have evaluated the ecological security of specific cities or regions [7–11], contributing to the development of relevant theories and methods. In ecological security evaluation studies, the research objects have primarily been cities, provinces, regions, or city clusters. However, starting from the national level, there has been limited research on the ecological safety assessment for specific types of cities within a country. Moreover, studies have tended to neglect the in-depth analysis of the contribution of evaluation indicators, which can assist governments in identifying methods for improving ecological security.

This study used PSR to construct an evaluation model based on the characteristics of ecological security in China. In this way, we evaluated the ecological security of 21 resource-exhausted prefecture-level cities from 2011 to 2017. We also examined the evaluation indicators’ contribution to ecological security in those cities. This approach can help governments better understand ecological security and improve the efficiency of capital allocation to advance the transformation of resource-exhausted cities.

2  Ecological Security Evaluation Algorithm

2.1 Research Objects

The State Council of China publishes a list of resource-exhausted cities, which are assessed by the National Development and Reform Commission, the Ministry of Land and Resources, and the Ministry of Finance. China identified 69 resource-exhausted cities (counties and districts) in 2008, 2009, and 2012, of which 24 were prefecture-level cities. Given their broader geographical spaces and more complete ecosystems, prefecture-level cities were taken as this study’s research object. Fuxin, Panjin, and Fushun were excluded due to a lack of data. In all, 21 resource-exhausted prefecture-level cities in China were selected for investigation (Tab. 1).

Table 1: List of resource-exhausted prefecture-level cities in China
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2.2 Evaluation System Construction

2.2.1 Evaluation Model Selection

This research adopted the PSR model, which was jointly proposed by the OECD (Organization for Economic Cooperation and Development) and UNEP (United Nations Environment Program) based on research performed in Canada in the 1980s. In PSR, a certain type of environmental problem can be expressed by three different but interrelated types of indicators: the pressure indicator (P) reflects the load on the environment caused by human activity; the state indicator (S) reflects the status of environmental quality, natural resources, and ecosystems; and the response indicator (R) characterizes measures taken in the face of environmental problems [12].

2.2.2 Evaluation Indicator Selection

The following were considered in the selection of evaluation indicators: the characteristics of ecological security of China [13–15], commonly used indicators for ecological security evaluation, and data availability. China’s ecological security crisis is currently focused on four main issues: land resources, water resources, atmospheric resources, and biological species [16]. We also added economic, population, and social development indicators. We chose 9 pressure (P) indicators, 6 state (S) indicators, and 8 response (R) indicators, for a total of 23 indicators in all (Tab. 2).

Table 2: Ecological security evaluation model framework for resource-exhausted cities in China
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2.3 Data Sources and Processing

2.3.1 Data Sources

The data came from the China City Statistical Yearbook, provincial economic yearbooks, municipal statistical yearbooks, and municipal statistical bulletins for 2011–2017.
 
2.3.2 Data Processing

(1) Data standardization

Indicator weighting is an important part of ecological security evaluation, and data standardization is the precondition for weight determination. Since the effects and magnitudes of the indicators in the evaluation system are different, the raw data for each indicator must be standardized for comparison. Data can be efficiently processed using a combination of certain identification [17], calculation [18], optimization [19,20], and evaluation [21] methods. Here, we selected the min-max standardization method to standardize the raw data and eliminate dimensionality.

The effects of indicators were divided into positive and negative. The higher the positive value effect, the safer the city. The standardized indicator calculation formula is as follows:

yij+=Xij−min{Xj}max{Xj}−min{Xj}.(1)

The smaller the negative effect, the safer the city. The standardized calculation formula is as follows:

yij−=max{Xj}−Xijmax{Xj}−min{Xj}(2)

where yij and Xij represent the standardized and actual value of the jth indicator in the ith year (i = 1, 2, …, m; j = 1, 2, …, n), and max{Xj} and min{Xj} represent the maximum and minimum values of the jth indicator, respectively. The larger the standardized index value, the greater the ecological security gain, thus achieving the comparison of indicators of different natures and magnitudes.

(2) Indicator empowerment

To obtain more accurate evaluation results, we used a more objective coefficient of variation method for weighting. The coefficient of variation of each indicator was calculated as follows:

Vj=σjXj¯,(3)

where Vj is the variation coefficient of the indicator, σj is the standard deviation of the jth indicator, and Xj¯ is the average of the jth indicator. The weight of each indicator is:

Wj=Vj∑j=1nVj.(4)

The weight of each subsystem is:

Wj′=Vj′∑j=1nVj,(5)

where Vj′ is the sum of the weights for each indicator in the subsystem.

Using the method detailed above, we calculated the weights of the 23 indicators for the 21 resource-exhausted cities and the weights of the 3 subsystems of pressure (P), state (S), and response (R) (Tabs. 3–5).

2.4 Calculation of Ecological Security Index

The ecological security index reflects the state of ecological security, which is the sum of the product of the standardized value of each index and its weight. The calculation formula is as follows:

EI=∑j=1nNij×Wj,(6)
 
Table 3: Ecological security evaluation index weights for 21 resource-exhausted prefecture-level Chinese cities, 2011–2017
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Table 4: Ecological security evaluation index weights for 21 resource-exhausted prefecture-level Chinese cities, 2011–2017
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Table 5: Ecological security evaluation index weights for 21 resource-exhausted prefecture-level Chinese cities, 2011–2017
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where EI is the ecological safety index, Wj is the weight of the jth indicator, and Nij is the standardized value of the jth indicator in the ith year. The expression formula is as follows:

Nij={yij+,Index effect ϵ′+′yij−,Index effect ϵ′−′.(7)

The ecological security index of the 21 cities was obtained based on the above formula, which can be seen in Algorithm 1. An index closer to 1 means safer while closer to 0 means less safe. To distinguish the degree of ecological safety, the index needs to be graded. Based on related studies [5,9,10,22], we divided the 21 cities’ ecological safety indexes into five levels: serious danger (0.0–0.3), danger (0.3–0.45), early warning (0.45–0.55), relative safety (0.55–0.7), and safety (0.7–1.0).
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Using Algorithm 1, the ecological safety index and ranking status of each resource-exhausted city from 2011 to 2017 could be obtained, along with its ecological safety level.

2.5 Evaluation Index Calculation of Ecological Security Evolution Trend

This study’s ecological security evaluation index reflects the evolution trend of ecological security. It is the sum of the products of the corresponding indicators of the P, S, and R subsystems and the weight of each subsystem. The calculation formula is as follows:

ECI=∑i=13(∑j=1nNij×Wij)×Wi′,(8)

where ECI is a comprehensive evaluation index, and Nij and Wij represent the standardized value and weight of the jth indicator in the ith subsystem, respectively. Wi′ is the sum of the weights of the indicators contained in each subsystem. The evaluation index of ecological security was calculated to draw the evolution trend map [23,24] of ecological security for the 21 cities from 2011 to 2017.

2.6 Calculation of Ecological Security Evaluation Index Contribution

In the prior section, the coefficient of variation method was implemented to calculate the weight of every indicator, reflecting the contribution of each indicator to ecological security. This can provide an important basis for governments to diagnose ecological security issues. We sorted the index weights in each city’s ecological security evaluation system in order of numerical value and calculated the cumulative weights to draw a Pareto chart [25], which demonstrates the key indicators of ecological security. Sorting the average value of the indicator weights of the 21 cities and calculating the cumulative weights reflects the importance and cumulative contribution of every indicator.

3  Results and Analysis

3.1 Ecological Security Index

The changes in the ecological security indexes of the 21 resource-exhausted Chinese cities from 2011 to 2017 were acquired using the above-mentioned methods. Then, the security levels were classified, as shown in Figs. 1–7.
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Figure 1: Classification of the ecological safety index of 21 resource-exhausted prefecture-level cities in China in 2011
 
In general, ecological safety indexes were low before 2015, with more than 60% of the cities at unsafe levels. However, the proportion of unsafe cities was substantially reduced in 2016, and the proportion of safe cities increased significantly. In 2017, the proportion of cities at or above the critical safety level reached 100%. In terms of changes in the ecological safety index level, cities at safe levels first appeared in 2017, accounting for 14.3%. For cities with a higher security level, this proportion increased between 2011 and 2012, but there were no cities at this level in 2013 and 2014. The proportion rose sharply after 2015. For cities at critical safety levels, the proportion was 14.3% in 2011 and 2017, and it reached a peak of 47.6% in 2016. For cities at insecure levels—which was the normal state of resource-exhausted cities in China from 2011 to 2015, accounting for about 60%—the proportion decreased significantly after 2016. The proportion of unsafe cities only accounted for 19%, and the proportion was zero in 2017. Regarding extremely unsafe cities, the proportion was at zero for 4 years and then peaked at 9.5% in 2011.
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Figure 2: Classification of the ecological safety index of 21 resource-exhausted prefecture-level cities in China in 2012
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Figure 3: Classification of the ecological safety index of 21 resource-exhausted prefecture-level cities in China in 2013
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Figure 4: Classification of the ecological safety index of 21 resource-exhausted prefecture-level cities in China in 2014
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Figure 5: Classification of the ecological safety index of 21 resource-exhausted prefecture-level cities in China in 2015
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Figure 6: Classification of the ecological safety index of 21 resource-exhausted prefecture-level cities in China in 2016
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Figure 7: Classification of the ecological safety index of 21 resource-exhausted prefecture-level cities in China in 2017
 
3.2 Comprehensive Evaluation Index of Ecological Security

The comprehensive ecological safety evaluation indexes of the 21 cities were obtained for each year with the index calculation method. On that basis, we created line graphs and analyzed the trend characteristics of each graph. The graphs can be divided into four types. The first type includes cities with a ladder-shaped upward trend, including Baiyin, Hegang, Huaibei, and Tongchuan (Fig. 8). The ecological security of those four cities shows an obvious and stable upward trend.
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Figure 8: Ecological security trends of Baishan, Hegang, Huaibei, and Tongchuan
 
The second type shows a wave-shaped upward trend; it includes Baishan, Puyang, Jiaozuo, Qitaihe, Shizuishan, Wuhai, Yichun, Huangshi, and Jingdezhen (Fig. 9). The ecological security of these cities shows an obvious but unstable upward trend.
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Figure 9: Ecological security trends of Baishan, Puyang, Jiaozuo, Qitaihe, Shizuishan, Wuhai, Yichun, Huangshi, and Jingdezhen
 
The third type reflects a V-shaped upward trend and includes Liaoyuan, Luzhou, Pingxiang, and Zaozhuang (Fig. 10). Taking 2013 or 2014 as the dividing line, the downward trend is obvious before the line while the upward trend is obvious after it.

The fourth type shows a gentle development trend; this includes Shuangyashan, Tongling, Xinyu, and Shaoguan (Fig. 11). Changes in these cities are relatively flat, and the development trend is not obvious.
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Figure 10: Ecological security trends of Liaoyuan, Luzhou, Pingxiang, and Zaozhuang
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Figure 11: Ecological security trends of Shuangyashan, Tongling, Xinyu, and Shaoguan
 
3.3 Contribution of Indicators

We ranked the importance of the indicators and the cumulative weights of the indicators that affected the development trends of the 21 cities. Fig. 12 shows a Pareto chart created on that basis.

Among the 23 indicators, improving the industrial sulfur dioxide emissions had the most important role in the ecological security trends of the 21 cities, accounting for 5.7%. The other 9 indicators ranked in the top 10 were as follows: water supply (5.2%), agricultural fertilizer application (5.1%), forest coverage (5.0%), proportion of secondary industry (4.6%), natural population growth rate (4.6%), regional GDP growth rate (4.6%), proportion of tertiary industry (4.6%), annual average population (4.5%), and urban construction land area (4.4%). The cumulative contribution of the top 10 indicators was 48.3%.

4  Discussion

The ecological security of the 21 investigated cities showed a fluctuating trend from 2011 to 2017. The observed trend was closely related to policy measures in China, suggesting that the policies have effectively improved the ecological security of resource-exhausted cities. We also found that in 2013 and 2014, the ecological security index of the 21 cities was in a low period, but started to improve rapidly after 2015.

We did not specifically compare the target cities with other cities in China. However, the ecological security of the 21 cities before 2014 was significantly lower than that of other Chinese cities during the same period. Investigating the ecological security of 14 cities in Liaoning Province in 2011 and 2012, Wang et al. [26] found that the indexes were all above 0.5. In our study, however, 86% and 76% of the ecological security indexes were below 0.5 in 2011 and 2012, respectively. In terms of indicator contribution, the highest was 5.7% (sulfur dioxide emissions), and the lowest was 3.0% (harmless disposal rate of household waste). Thus, the 23 indicators revealed relatively small differences in their contribution to ecological security. Nevertheless, more government funds should be allocated to the highest-ranked indicators.
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Figure 12: Average indicator weights for the ecological security of 21 resource-exhausted Chinese cities, 2011–2017

5  Conclusion

Based on this study’s findings, to improve the ecological security of China’s resource-exhausted cities, governments should allocate more resources to areas that include water supply, agricultural fertilizer application, forest coverage, the proportion of secondary industry, natural population growth rate, regional GDP growth rate, and the proportion of tertiary industry.

This study focused on the overall analysis of the same type of city, but it did not consider the differences and changes among individual cities. In addition, the results of other studies were used to make comparisons with other cities, ignoring the differences in the evaluation systems. Future studies can address these two points to further contribute to the development and improvement of ecological security.
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Algorithm 1: Ecological security evaluation index algorithm based on the PSR model

Input: Actual value of the jth indicator in the ith year: Xj; jth indicator: Xj; index effect;
evaluation index; the standard deviation of the jth indicator: oj, the average of the jth indicator:
X.

Output The ecological safety index: EI.

: For j from 1 to 23 do //A total of 23 1ndlcators

: Determine whether to calculate for y;™ or y;~ by Eq. (7),

: Get the standardized value y;; through Eqs. (1) or (2),

: Update V; (the variation coefficient of the index) by Eq. (3);

: Update the weight W; using Eq. (4),

Get the ecological safety index EI using Eq. (6);

: End

. Return EJ
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