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Abstract:

 Currently, a series of ecological environmental problems have been brought about by high-intensity intervention of human beings, and ecological security is regarded as one of the most important national survival strategies. A methodology of urban eco-security evaluation has been introduced, including a conceptual framework of pressure-state-response (PSR) model, setting-up of the indicator system of urban eco-security evaluation (ISUESE) and empirical research. By virtue of the mean-deviation method, the weight coefficient of every indicator is confirmed. It has been found that the top three indicators are: per capita area of paved road, per capita area of cultivated land and green coverage rate of built-up area, which has a relatively prominent status in he urban ecological security. A calculation procedure of fuzzy comprehensive evaluation (FCE) method is applied in empirical research. The Mianyang statistical data during the period of 2005–2012 shows that eco-security keeps a favorable trend, but criticality security and slight insecurity are dominant. It has also been found that insecurity membership degree (MD) of environment pressure accounts for a very large proportion of total pressure. Membership degrees of criticality security and security in environment state are increasing gradually, and as far as environment response is concerned, security is significantly increased.
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1. Introduction

The environment challenges resulting from urbanization have had an erosive effect on the ecological system during the last century and are expected to continue through the next several decades, for example, excessive demand on natural resources, especially owing to population growth and industrial development, can bring about local instability and conflict. In short, cities are being faced with population growth, natural resources shortage, environmental pollution, ecological destruction and other ecological environmental crises, which have gradually become ecological security problems. Based on this urgent situation, ecological security has become as important as military security, economic security, political security and national security, etc., in recent years [1]. From its birth to today, ecological security, first proposed by the government of the United States, has drawn considerable attention from worldwide stakeholders, and some scholars have researched on it.

There exists qualitative and quantitative studies in the literature about ecological security. Qualitative research includes the concept of ecological security [2,3,4,5], the relationship between eco-security and state-security, and environmental indicator [6]. Xiao, et al. [7] pointed out that previous research on ecological security highlighted the ecological health diagnosis, regional ecological risk analysis, landscape security and security management. Moreover, eco-security evaluation has close connections with ecosystem health evaluation, ecological risk evaluation, ecosystem service evaluation and ecological carrying capacity [8,9,10,11,12], and these ideas inform our work about the indicator of eco-security evaluation pattern, and ecological security monitoring and prediction. Evaluation methods, such as a mathematical model, ecological model, landscape ecological model and digital terrain model, are employed for the assessment of eco-security, but all have pros and cons [13,14,15,16,17,18]. In general, there is no universally accepted definition of ecological security, its parameters, and appropriate research methods, and also there has been no unified and well-recognized indicator system [19].

The PSR model as a systematic model, which can integrate great variety of factors influencing urban ecological system, is used to structure the cause and effect relationships that are associated with environmental issues. They apply “pressure” on the environment, which can modify its “state” with possible “impacts” on human health or on ecosystem quality. These impacts may lead to a “response” from our societies [20]. Seen from a logical viewpoint, it is easy to understand that the PSR framework plays a vital role in classifying and organizing the selected indicators in order to form a robust set of indicator systems.

This study adopts the fuzzy comprehensive evaluation method because it can simplify the evaluation process and provide comparatively objective results by simplifying the indices without losing key index information [19]. The process of FCE method includes forming an evaluation indicator system, determining the factor set, fuzzy weight, the evaluation set, the fuzzy evaluation matrix, and calculating the comprehensive evaluation results. The method can quantify uncertainties for a relatively objective, correct evaluation by virtue of fuzzy mathematics theory. Among this, the weight which decides the relative importance degree of each indicator in the ecological security system is determined by mean-deviation method as an objective weight. Compared with subject weight, objective weight does not depend on a person’s subjective judgment with a characteristic of strong objectivity, such as the method of primary component analysis, deviation method, entropy method and mean-deviation method.

The purpose of this paper is to present a theoretical and methodological framework for urban eco-security evaluation by developing a multilayer, multicriteria indicator system based on the PSR model, which enables decision makers to understand the dynamics changes of urban eco-system under the human intervention and make scientifically-based and effective decisions on Mianyang city’s sustainable development. This paper is organized as follows: Section 2 develops an evaluation model of urban eco-security and its empirical research taking Mianyang city as an example, involving introducing the study area and method of data processing, constructing the indicator system of urban ecological security evaluation (ISUESE) based on PSR model, defining the standard of indicator system, calculating the indicator weight coefficient and presenting a detailed calculation procedure of the FCE method. In Section 3, based on the above result, a meaningful discussion is made, supported by figures and charts. Finally, conclusions are drawn in Section 4.



2. Methods and Data


2.1. The study Area and Data


2.1.1. The study Area

Mianyang city lies between longitudes 103°45′E and 105°43′E, and between latitudes 30°42′N and 33°03′N, in the northwest of Sichuan province in China. Affected by landform, Mianyang city has an abundant rainfall, 3000 rivers and creeks with a range of size, and mountains with rich vegetation, merged into an urban space pattern, which make Mianyang City a pleasant natural environment. The city covers 20249 km2, while the urban district is 1570 km2. Sixty-one percent of the city is mountainous. During the eight years from 2005 to 2012, development land was expanded from 49 km2 to 102.85 km2. Meanwhile, its proportion jumped from 3.12% to 6.55%. According to the development plan of Mianyang city, the urbanization will reach 50% by 2020. The electronic information industry is the leading industry, while industries of food, pharmaceutical, metallurgical machinery, automobile, materials and new energy are the pillar ones. During the 21st century, Mianyang industry could not follow the transformation and upgrading of international and domestic industry, which has made the industrial structural contradiction increasingly prominent, with few products with high added value and technical content. This especially effected the electronic information industry which accounts for nearly 40% of Mianyang’s industry and the metallurgical machinery industry which accounts for nearly 15%. Neither industries have made substantial progress.



2.1.2. The Data and Processing

The data of this research is selected from 2005 to 2012. The data comes from China City Statistical Yearbook, the China City Construction Statistical Yearbook, Sichuan Statistical Yearbook, and Mianyang Statistics Yearbook. Regarding some missing data, such as proportion of research and development investment to GDP, there are two types of methods for dealing with the data. One is the average method of both ends, which responds to time series change with low accuracy; the other is the gray system theory (GST), which can embody time series variation with higher accuracy. The GM (1, 1) prediction model from GST is applied to estimate the missing data in the study. Most importantly, it can avoid the shortcoming that statistical model is only used for large data sequences [21,22].




2.2. PSR Model

The model has the functions of prediction, explanation and extrapolation in eco-security research [23]. PSR model was presented by the Organization for Economic Co-operation and Development (OECD) [24]. This framework is one of the most commonly used models for environmental impacts assessment [25], which can be used to construct indicator system and is helpful for decision-making and decision-evaluation. The PSR indicates the causality among factors within the human-nature system, accurately reflecting the correlation between ecological security and nature-economy-society, which laid the logical basis for the eco-security indicator system. Generally, the pressure indicator can indicate the root of ecological environmental problems, the state indicator is used to measure the natural environmental situation resulting from human activities, and the ability to overcome the crisis to ensure ecological security is always the response indicator. From a macro perspective, ISUESE should not only show the status and level of city ecological security, the causality and mutual influence between each subsystem, but also display the safety awareness, behavior capacity and countermeasures by human beings. The PSR model integrates independent indicators with a systematic idea, which provides a good method for selecting indicators and constructing ISUESE.


2.2.1. The Indicator System of Urban Ecological Security Evaluation


2.2.1.1. Indicator Selection

Indicators selected cannot only analyze, compare, judge, and evaluate the state and process of ecological security, but also predict the developing trends of ecological security. In this paper, evaluation indicators are determined from:


	(1)

	Some decisive indicators affecting a certain urban eco-security and highlighting city problems and those indicators from national standards, industrial standard and local industry standards.



	(2)

	The indicators from the relevant literatures about urban sustainable development evaluation, urban ecosystem health evaluation, ecological city evaluation and other human settlement research.



	(3)

	The indicators obtained easily. A lack of data may reduce the scope of assessment and increase uncertainty [20].





Concretely speaking, except for social, economic and ecological indicators in a common sense, it emphasizes the following indicators [26]:

Firstly, the indicators which can reflect the urban hinterland and confirm the urban ecological security level with more objective and reasonableness, such as forest coverage rate, per capita cultivated area.

Secondly, the indicators of human ecology, such as the population density and the population natural growth rate.



2.2.1.2. Indicator System

There are a majority of indicators affecting urban eco-security, and each indicator provides different information. For this reason it is necessary to establish a systematic, comprehensive indicator system to provide an effective evaluation on the overall urban eco-security. To sum up, values of the indicator system are: Evaluation, prediction and decision-making. Firstly, an indicator system will be used to measure the differences between the objective and the progress of urban development, and make a comparative study among different periods, i.e., the way in which one can discover and solve problems in time. Secondly, based on the existing data, ISUESE can explore the urban development rule, predict the trend in the future, and provide the rationale for policy made. Thirdly, it is through indicator systems that the government has an understanding of the advantages and disadvantages experienced during the urban modernization process, which gives orientation for urban development strategy and public policy. The objectives for developing the comprehensive indicator system are as follows [27]:


	The indicator system must be able to reflect every aspect of the urban eco-security.


	The data for the indicators must be able to be collected from the reliable sources and be consistent.


	The indicator system must be able to accommodate the relationship between the evaluation indicators and the evaluation criteria, especially to generate corresponding evaluation indicators based on evaluators’ criteria.




According to these objectives, the ISUESE is divided into four layers, which are seen as the target layer (TL), criterion layer (CL), factor layer (FL) and indicator layer (IL). TL is the direct indicator which evaluates the urban ecological security, and it always shows a comprehensive characterization of urban eco-security. CL is usually thought of as the main element restricting city ecological security, including environment pressure, environment state and environment response. FL is a reflection of CL. IL always is seen as measurement indicators, which are the basic layer of UESE. Indicator system is shown (Table 1).


Table 1. Urban eco-security evaluation (UESE) indicator system and classification standard.



	
Target layer(TL)

	
Criterion layer(CL)

	
Factor layer(FL)

	
Indicator layer (IL)

	
Marking value

	
Insecurity

	
Slight insecurity

	
Criticality security

	
Slight security

	
Security






	
Indicator of urban ecological security

(TL)

	
Environment pressure

(CL1)

	
Population pressure

	
population density IL1

	
3500.0

	
3500.0

	
2750.0

	
1500.0

	
750.0

	
500.0




	
population natural growth rate IL2

	
0.7

	
5.0

	
4.0

	
2.35

	
1.2

	
0.7




	
land pressure

	
per capita housing area IL3

	
30.0

	
6.0

	
9.0

	
16.0

	
25.0

	
30.0




	
per capita paved road area IL4

	
30.0

	
5.0

	
10.0

	
15.0

	
20.0

	
30.0




	
per capita cultivated land areaIL5

	
0.053

	
0.020

	
0.030

	
0.05

	
0.08

	
0.10




	
water resource pressure

	
local water resources quantity IL6

	
3000.0

	
1000.0

	
1350.0

	
1950.0

	
2600.0

	
3000.0




	
per capita daily water consumption IL7

	
300.0

	
120.0

	
200.0

	
290.0

	
365.0

	
455.0




	
Indicator of urban ecological security

(TL)

	
Environment pressure

(CL1)

	
ecological environment pressure

	
SO2 emissions intensity per 104 Yuan GDP IL8

	
1.00

	
7.00

	
5.50

	
3.00

	
1.50

	
1.00




	
industrial dust emission intensity per 104 Yuan GDP IL9

	
0.10

	
2.00

	
1.50

	
0.75

	
0.30

	
0.10




	
social economic development pressure

	
per capita GDP IL10

	
10.0

	
1.0

	
2.5

	
5.0

	
8.0

	
10.0




	
doctors per 104 people IL11

	
50.0

	
20.0

	
25.0

	
35.0

	
45.0

	
50.0




	
public transit vehicles per 104 people IL12

	
30.0

	
10.0

	
15.0

	
20.0

	
25.0

	
30.0




	
Environment State(CL2)

	
life quality

	
Engel coefficient of urban residents IL13

	
20.0

	
60.0

	
50.0

	
40.0

	
30.0

	
20.0




	
energy state

	
energy consumption per 104 Yuan IL14

	
0.10

	
1.5

	
1.25

	
0.75

	
0.30

	
0.10




	
water consumption per 104 Yuan IL15

	
50.0

	
300.0

	
225.0

	
175.0

	
75.0

	
50.0




	
resource quality

	
forest coverage rate IL16

	
50.0

	
20.0

	
25.0

	
35.0

	
45.0

	
50.0




	
built-up area green coverage rate IL17

	
40.0

	
15.0

	
20.0

	
27.5

	
35.0

	
40.0




	
per capita public green area IL18

	
20.0

	
5.0

	
7.5

	
12.5

	
17.5

	
20.0




	
environment quality

	
regional environmental noise IL19

	
60.0

	
60.0

	
57.5

	
52.5

	
47.5

	
45.0




	
Ratio of air pollution indicator to the second grade in all year IL20

	
100.0

	
50.0

	
65.0

	
80.0

	
90.0

	
100.0




	
Environment response (CL3)

	
pollution control

	
comprehensive utilization rate of industrial solid wastes IL21

	
100.0

	
30.0

	
50.0

	
70.0

	
90.0

	
100.0




	
town’s life sewage centralized treatment rate IL22

	
100.0

	
20.0

	
35.0

	
65.0

	
90.0

	
100.0




	
industrial wastewater discharge treatment rate IL23

	
100.0

	
80.0

	
85.0

	
92.5

	
97.5

	
100.0




	
economic investment

	
proportion of environment protection investment to GDP IL24

	
4.0

	
1.0

	
1.5

	
2.5

	
3.5

	
4.0




	
proportion of Research & development investment to GDP IL25

	
6.0

	
1.0

	
1.5

	
3.0

	
5.0

	
6.0




	
Indicator of urban ecological security

(TL)

	
Environment response (CL3)

	
industrial structure optimization

	
percentage of the tertiary industry to GDP IL26

	
80.0

	
20.0

	
30.0

	
50.0

	
65.0

	
80.0




	
intelligence investment

	
college students number per 104 people(persons) IL27

	
1500.0

	
300.0

	
450.0

	
700.0

	
1050.0

	
1500.0






The Units of IL as following, IL1: persons/km2; IL2: ‰; IL3–IL4: m2; IL5: hm2s; IL6: m3; IL7:L; IL8–IL9: kg; IL10: 104 Yuan; IL11: the number of persons; IL12: the number of vehicles ; IL13: %; IL14: ton of standard coal equivalent ; IL15: m3; IL16–IL17: %; IL18: m2; IL19: db(A); IL20–IL26: %; IL27: capita.









2.2.2. The Standard of Indicator System


2.2.2.1. Marking value Defined

The so-called evaluation standard is a set of quantitative reference systems which can reveal the superiority and inferiority of ecological environment quality, and can reflect the intensity and scope of impact on eco-security and environment. Presently, there is no unitary city security standard. The marking value is defined according to the following principles [26]:


	(1)

	The existing national standard, international standard or industrial standard, for example Ambient Air Quality Standards (GB3095-2012), Environmental Quality Standard for Noise (GB3096-2008). Indicators of pollution control are from international standard.



	(2)

	Standard value for the National Environmental Protection Model City in China.



	(3)

	Trend extrapolation for the performance value of eco-city at abroad and home. Eco-city is a single framework which comprises a collection of apparently disconnected ideas about urban planning, transportation, health, housing, energy, economic development, natural habitats, public participation, and social justice. With sustainability as the goal, the use of indicators for urban monitoring and regulation is becoming more and more in demand [28]. Li et al. determined five target layers, including: Resource saving, friendly environment, sustainable economic, social harmony and innovation-led [29]. Xie et al. determined indicator systems of four targets: Ecological environment health, economic sustainable development and social harmony [30]. Song et al. put forward a set of indicator systems for reflecting structure, function and coordination of urban ecosystem and establishing the assessment criterion of eco-city [31]. These literatures all selected the indicators for expressing the relationship among environment, economy and society within the urban ecosystem, and the standard value of some indicators were suggested. They also integrated both domestic and foreign study progress, which must contribute to our work.







2.2.2.2. Classification Standard

Based on the relevant research literatures or reports [32,33,34,35], classification standard of eco-security is developed, which is divided into five levels, namely: Insecurity (I), slight insecurity (SI), criticality security (CS), slight security (SS) and security (S) (Table 1). After marking values of security are defined, standard values of SS, CS and I are determined respectively with reference to the existing value of Chinese developed city, national average value and minimum. The standard value of SI is assigned by means of the median value between I and CS.




2.2.3. Indicator Weights

To compare urban eco-security level in different periods, the result expected is a ranking in a numerical comparison. It is clear that the ranking obtained depends upon the weight of importance assigned to each indicator [36]. Furthermore, weight distribution is indispensable to evaluation researches [37,38] and different weight will lead to a different evaluation conclusion, so it is necessary to choose a suitable weighted method including subjective weight and objective weight. The objective weighting process is carried out independent of subjective preferences of various decision makers [39]. The mean-deviation method, as an objective weighting, is commonly applied in comprehensive evaluation [40]. A case was also proved that mean-deviation method provided an analytical and effective way to determine the weights of variables in group decision making [41]. The normal steps for this method are as follows:

Firstly, data standardization.

Weighted method requires standardization of all performance measures into commensurate units. The performance measures are standardized using the following Equations (1) and (2) [42]:



yij = (xij–xjmin)/ (xjmax–xjmin) (for criteria where more is better)



(1)






yij = (xjmax–xij)/(xjmax–xjmin) (for criteria where more is worse)



(2)




where, i = the total alternatives (i = 1, 2, 3, …, m); j = the number of evaluation indicators ( j = 1, 2, 3, …, n);yij = the standardized performance measure of the ith alternative against the jth indicator;xij = the performance measure for the ith alternative against the jth indicator; xjmin = the minimum performance measure for all alternatives against the jth indicator; and xjmax = the maximum performance measure for all alternatives against the jth indicator.
Secondly, calculation of weight coefficient.

Before calculating the weight coefficient, the arithmetic mean and the mean deviation of the jth indicator should be obtained according to the Equations (3) and (4).
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(3)
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(4)




where, E(Ij) denotes the mean value of the jth indicator from 2005 to 2012; m is equal to 8 years; σ(Ij) denotes the mean deviation of the jth indicator. According to (1), (2), (3) and (4), mean deviation of every indicator can be obtained.
Then, the weight coefficient can be calculated according to the Equation (5),
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(5)




where, Wj is σ(Ij) is weight coefficient of the jth indicator. n is the number of indicators (n=1, 2, 3, …, 27). The weight coefficients of all indicators are calculated and listed in Table 2.


Table 2. Distribution of weight coefficient.










	Indicator layer(IL)
	Weight Coefficient in TL
	Weight Coefficient in CL
	Indicator layer(IL)
	Weight Coefficient in TL
	Weight Coefficient in CL





	IL1
	0.0372
	0.0808
	IL15
	0.0363
	0.1281



	IL2
	0.0321
	0.0697
	IL16
	0.0288
	0.1017



	IL3
	0.0354
	0.0769
	IL17
	0.0424
	0.1497



	IL4
	0.0466
	0.1012
	IL18
	0.0399
	0.1408



	IL5
	0.0446
	0.0968
	IL19
	0.0388
	0.1370



	IL6
	0.0368
	0.0799
	IL20
	0.0333
	0.1175



	IL7
	0.0401
	0.0871
	IL21
	0.0366
	0.1429



	IL8
	0.0402
	0.0873
	IL22
	0.0376
	0.1468



	IL9
	0.0362
	0.0786
	IL23
	0.0409
	0.1597



	IL10
	0.0396
	0.0860
	IL24
	0.0329
	0.1285



	IL11
	0.0396
	0.0860
	IL25
	0.0371
	0.1449



	IL12
	0.0322
	0.0699
	IL26
	0.0355
	0.1386



	IL13
	0.0305
	0.1077
	IL27
	0.0355
	0.1386



	IL14
	0.0333
	0.1175
	
	
	








2.2.4. Fuzzy Comprehensive Evaluation Method

Security or insecurity is only a relative concept. It is difficult for decision makers to get an accurate answer. The FCE method can be used to identify and deal with fuzzy or uncertain factors [43]. Fuzzy evaluation is the process of evaluating an objective utilizing the fuzzy set theory which provides a rigorous and flexible approach to complex urban eco-security problems [42]. The fuzzy set approach uses imprecise and uncertain information to give a membership degree to each element of the universe [44], which must rely on membership function with reference to the standard of indicator system. Moreover, a fuzzy set is a class with un-sharp boundaries (i.e., a class where transition from membership to non-membership is gradual rather than abrupt [45]). FCE method is used to evaluate the ecological security of Mianyang city, and the normal steps for this method are as follows [43,46].

Firstly, determining the factor set X.

X = {x1, x2, x3.., xj} (j = 1, 2, 3, …, 27 ). Where, X is factor set; xj denotes the indicators.

Secondly, establishing the evaluation set V.

The evaluation set V = {V1, V2, V3, ....., Vk} ( k = 1, 2, 3, 4, 5 ) is defined as V= {insecurity, slight insecurity, criticality security, slight security, security}, which reflects security levels from low to high.

Thirdly, determining the fuzzy membership function of fuzzy evaluation matrix R.

When determining the membership function for an indicator, the specific characteristics of all indicators should be considered. Generally speaking, the indicators are classified into two types: The cost type (the smaller the better) and the benefit type (the larger the better). Their membership function is shown respectively as following in Equations (6) and (7), which describes quantitatively the value of subordination of each indicator relative to the five assessment levels by a set of equation of subordination functions.

Cost type:
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(6)




Benefit type:
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(7)




where the parameters a, b in the membership functions are seen in Table 1, and are the standard value of every security level. After determining the membership functions, the membership degree of indicator j to grading k is evaluated and hence the fuzzy evaluation matrix R of all j indicators can be calculated as following in Equation (8),


 [image: Sustainability 06 02281 i006]



(8)




where, rjk denotes the membership degree of the jth indicator against the kth level; j is the number of indicators; k is five security levels, namely I, SI, CS, SS and S.

Fourthly, compound operation of fuzzy matrix

Compound operation is shown in Equation (9),



B = (bj) 1×5 = A。R = (wj) 1×27 。R



(9)




where A is referred to as the overall weight vector in this paper, namely A= (w1, w2, w3... w27), and wj is the relative importance degree of indicator j (see Table 2); R is the result of Equation (8). “。” is the generalized fuzzy operators. Thereinto, bj can be calculated as the Equation (10),


 [image: Sustainability 06 02281 i007]



(10)




Fifthly, evaluation result.
The degree of urban ecological security is quantified as V= {2, 3, 5, 8, and 9}, and the evaluation results can be obtained as the Equation (11),
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(11)




where, P can indicate the eigenvalue of ecological security level. Assumedly, if P∈ [2,3], the evaluation result is insecurity; if P∈ [3,5], the evaluation result is slight security; if P∈ [5,7], the evaluation result is critical security; if P∈ [7,8], the evaluation result is slight security; if P∈ [8,9], the evaluation result is security.




3. Results and Discussion


3.1. Indicator Weight Analysis

By virtue of the mean-deviation method, weight coefficient is objectively confirmed, and then weight coefficient in CL can be calculated according to the Equation (5), and the results are shown (Table 2).

In IL, it is found that the top three indicators are per capita area of paved road (0.0466), per capita area of cultivated land (0.0466) and green coverage rate of built-up area (0.0424), which shows they play relatively important roles when the urban ecological security is evaluated. On the other hand, the forest coverage rate and Engel coefficient of urban residents weigh less (0.0288, 0.0305).



In IL, it is found that the top three indicators are per capita area of paved road (0.0466), per capita area of cultivated land (0.0466) and green coverage rate of built-up area (0.0424), which shows they play relatively important roles when the urban ecological security is evaluated. On the other hand, the forest coverage rate and Engel coefficient of urban residents weigh less (0.0288, 0.0305).

In FL, the top four indicators, namely, land pressure, pollution control ability, social economic development pressure and resource quality, should be more prominent than the other indicators and they will have more influence on evaluation results.

In CL, per capita area of paved road and per capita area of cultivated land have greater significance in the environment pressure, green coverage rate of built-up area and per capita public green area have relatively bigger weight in the environment state, while in environment response, discharge standard rate of industrial wastewater and centralized treatment rate of urban sewage weigh more.



3.2. Dynamic Changes of Urban Ecological Security

To understand Mianyang’s relative performance on changes in urban eco-security level, evaluation results from 2005 to 2012 are selected for comparison. Table 3 presents changes in insecurity, slight insecurity, criticality security, slight security and security during eight years, and Mianyang city’s ecological system does not perform well; the overall eco-security status is just between slight insecurity and criticality security. After dominance in insecurity from 2005 to 2007, volatility between slight insecurity and security over the 2008 and 2009 period, slight insecurity tries its best to convert into criticality security. The MD of security increases, and accordingly the eigenvalue of urban eco-security level is on the rise with a stable trend. Eigenvalues drop from 4.85 in 2007 to 4.82 in 2008, because industrial wastewater discharge treatment rate, ranking the fourth in weight, is a minimum of 88.26% and a maximum of 97.19%. Meanwhile, its MD calculated from membership function is 0.062 and 0.43 respectively during the 2007–2008 period, which directly leads to changes of eigenvalues. In addition, population natural growth rate mounts dramatically from 1.17‰ in 2007 to 3.46‰ in 2008, which results in the population pressure. Obviously, the decline in 2008 originates from human factors, so it is necessary to make some measures to control it.


Table 3. Fuzzy comprehensive evaluation (FCE) results.



	
Year

	
Membership degree

	
Eigenvalue

	
Result




	
I

	
SI

	
CS

	
SS

	
S






	
2005

	
0.3089

	
0.2095

	
0.2007

	
0.1838

	
0.0971

	
4.59

	
SI




	
2006

	
0.2604

	
0.2400

	
0.2179

	
0.1861

	
0.0955

	
4.68

	
SI




	
2007

	
0.3061

	
0.1734

	
0.1949

	
0.1864

	
0.1393

	
4.85

	
SI




	
2008

	
0.2024

	
0.2823

	
0.2256

	
0.1631

	
0.1266

	
4.82

	
SI




	
2009

	
0.2631

	
0.2045

	
0.2254

	
0.1319

	
0.1751

	
4.9

	
SI




	
2010

	
0.1626

	
0.2815

	
0.2309

	
0.1083

	
0.2167

	
5.14

	
CS




	
2011

	
0.1503

	
0.2685

	
0.1963

	
0.1186

	
0.2663

	
5.43

	
CS




	
2012

	
0.1562

	
0.2410

	
0.2120

	
0.1360

	
0.2548

	
5.48

	
CS













3.3. Fuzzy Comprehensive Evaluation for Criterion Layer

To understanding changes in environment pressure, environment state and environment response over the 2005–2012 period, data are obtained (Table 4) and analyzed (Figure 1, Figure 2 and Figure 3).

Figure 1. MD for environment pressure.
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Figure 2. MD for environment state.
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Figure 3. MD for environment response.
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Table 4. Membership degree (MD) of eco-security level in criterion layer.



	
CL

	
Year

	
MD

	
Eigenvalue

	
Result




	
I

	
SI

	
CS

	
SS

	
S






	
Environment pressure

	
2005

	
0.4658

	
0.0909

	
0.2094

	
0.1233

	
0.1115

	
4.2416

	
SI




	
2006

	
0.3729

	
0.2062

	
0.1767

	
0.1382

	
0.1070

	
4.3163

	
SI




	
2007

	
0.4568

	
0.1165

	
0.1027

	
0.1829

	
0.1421

	
4.5187

	
SI




	
2008

	
0.3905

	
0.2526

	
0.0729

	
0.1214

	
0.1636

	
4.3469

	
SI




	
2009

	
0.4236

	
0.2282

	
0.0673

	
0.1079

	
0.1740

	
4.2973

	
SI




	
2010

	
0.2813

	
0.3646

	
0.0756

	
0.1055

	
0.1740

	
4.4441

	
SI




	
2011

	
0.2602

	
0.3902

	
0.0699

	
0.1066

	
0.1740

	
4.4598

	
SI




	
2012

	
0.2247

	
0.3684

	
0.1296

	
0.1042

	
0.1740

	
4.6028

	
SI




	
Environment state

	
2005

	
0.1732

	
0.1899

	
0.1847

	
0.2979

	
0.1563

	
5.6294

	
CS




	
2006

	
0.2404

	
0.1947

	
0.2189

	
0.1844

	
0.1636

	
5.1070

	
CS




	
2007

	
0.2426

	
0.0993

	
0.3032

	
0.1520

	
0.2048

	
5.3588

	
CS




	
2008

	
0.0802

	
0.2285

	
0.3207

	
0.2255

	
0.1471

	
5.5773

	
CS




	
2009

	
0.2415

	
0.0908

	
0.3217

	
0.1432

	
0.2048

	
5.3527

	
CS




	
2010

	
0.1180

	
0.2016

	
0.3344

	
0.1232

	
0.2248

	
5.5216

	
CS




	
2011

	
0.1086

	
0.1282

	
0.2590

	
0.1117

	
0.3945

	
6.3411

	
CS




	
2012

	
0.0708

	
0.1067

	
0.3181

	
0.1540

	
0.3524

	
6.4556

	
CS




	
Environment response

	
2005

	
0.1775

	
0.4453

	
0.2039

	
0.1679

	
0.0064

	
4.1112

	
SI




	
2006

	
0.0816

	
0.3509

	
0.2926

	
0.2760

	
0.0000

	
4.8863

	
SI




	
2007

	
0.1061

	
0.3579

	
0.2419

	
0.2327

	
0.0624

	
4.9185

	
SI




	
2008

	
0.0000

	
0.3962

	
0.3966

	
0.1705

	
0.0377

	
4.8750

	
SI




	
2009

	
0.0000

	
0.2877

	
0.4047

	
0.1637

	
0.1450

	
5.5007

	
CS




	
2010

	
0.0000

	
0.2208

	
0.3966

	
0.0979

	
0.2858

	
6.0002

	
CS




	
2011

	
0.0000

	
0.2050

	
0.3550

	
0.1488

	
0.2922

	
6.2102

	
CS




	
2012

	
0.1280

	
0.1609

	
0.2441

	
0.1742

	
0.2938

	
5.9971

	
CS











Table 4 shows that there is a serious environmental problem with slight insecurity from 2005 to 2012. Criticality security prevailed in its environment state, and eigenvalues of eco-security level in the environment response were located in slight insecurity and criticality security. It is obvious that the total eco-security of Mianyang city is in an unsustainable status. For this reason, the following analysis will show the importance of those indicators affecting the evaluation result, which will give decision maker directions of urban development.



Figure 1 shows that Mianyang city has experienced a moderately higher increase in the security level of environment pressure. The MD of insecurity decreases while slight insecurity still accounts for a larger proportion. Going deeper into the factor layer, it is found that Mianyang city is suffering from the limitations of land resource, water resource, ecological environment and social-economic development capacity. After analysis of indicator layer, there is a sharp contrast between performance value and the standard value of indicators. (1) Land pressure. Paved road area per capita tends to be low, 7.98 of performance value against 30 of marking value. With vehicle possessing quantity soaring and traffic jams frequent, contradiction between the demand and the supply of traffic infrastructure is becoming increasingly acute which warns the decision maker to improve the traffic conditions. (2) Water resource pressure. Per capita daily water consumption decreases year by year, the MD of slight insecurity appears to be on the high with a shortage of high quality water. (3) Ecological environment pressure. SO2 emissions intensity per 104 Yuan GDP (maximum of 16.61, minimum of 4.56) and industrial dust emission intensity per 104 yuan (maximum of 7.27, minimum of 2.03) shows a decline tendency, but comparing them with emission standards, protection ecological environment has admitted no delay. Otherwise, bad air quality will endanger residents’ health. Measures must be taken to improve technology, optimize the industrial structure and rationalize the land layout. (4) Pressure on social-economic development ability. The low per capita GDP reflects the bad living standard. The existing allocation standards for medical facilities are not enough to guarantee the physical health with doctors per 104 people maximum of 23.42 against the marking value of 50. In the public transit vehicles per 104 people, there is a wide gap between performance value (maximum of 8.13, minimum of 5.55) and the marking value of 30.

The above analysis shows that, with population size and land scale expanding, urban ecological environmental pressure gets more complicated and diversified. Further quantitative analysis helps decision makers to discriminate between the key problems.



Figure 2 shows that the MD of criticality security and security are dominant, and environmental state has a good trend. However, the MD of security dropped from 0.53 in 2007 to 0.041 in 2008 because the ratio of air pollution indicator to the second grade in all years decreased by 5 percent. Comparatively, the MD of security in 2011 increased dramatically because the MD of forest coverage rate and built-up area green coverage rate increased, the former from 0.14 in 2010 to 1 in 2011 and the latter from zero in 2010 to 0.612 in 2011, greatly improving Mianyang’s natural environment. Moreover, there are two indicators mainly affecting the urban eco-security: One is energy consumption per 104 Yuan with the marking value 0.1 ton of standard coal equivalent against minimum of 1.36 and maximum of 1.40 between insecurity and slight insecurity. Another is per capita public green area (marking value: 20 m2) against minimum of 5.31 and maximum of 10.39 located in insecurity and slight insecurity.

These findings from comparison show that Mianyang city has experienced a moderately higher increase in forest coverage rate, and there is a significant gap between performance value and marking value in per capita public green area and the energy consumption by per 104 Yuan GDP. So Mianyang city needs to improve the public green space for a good natural ecological environment and optimize energy structure or adjust its industrial structure [47]. Besides, Engel coefficients of urban residents always tend to be in a stable, criticality state, which shows a greater potential for life quality.

Figure 3 shows that the MD of security is significantly increased from 2008 to 2012, which results from the proportion of research and development investment to GDP and industrial wastewater discharge treatment rate increasing through adding economic invest and controlling pollution. Insecurity has a greater variation range whose values were zero from 2008 to 2011. The reason for this is that the insecurity MD of the town's life sewage centralized treatment rate decreased from 0.722 in 2007 to zero, thereupon the MD of insecurity for all indicators maintained at zero till 2011.The situation was reversed when proportion of environment protection investment to GDP in 2012 abruptly decreased to insecurity from 2.23% in 2011 to 0.79% in 2012. The MD of slight insecurity is in decline with a certain rule. Criticality security peaked in 2009, and subsequently started to drop.



Based on the above, the evaluation results of environment response showed that some progress has been made to strengthen urban ecological security in Mianyang city. However, some further efforts must be promoted as follows: (1) Adjusting industrial structure to increase percentage of the tertiary industry to GDP; (2) quickening environment infrastructure construction for the town’s life sewage centralized treatment rate, and adding up economic input into environment protection and research and development investment; (3) controlling the pollution by clean production and circuit economy, especially comprehensive utilization of waste water, waste gas and solid waste.




4. Conclusions

ISUESE is divided into four layers (including the target layer, criterion layer, factor layer and indicator layer) and 27 indicators. The study analyzes the importance degree of every indicator in the whole evaluation system with a weight coefficient, and points out the ecological security characteristics and causation from 2005 to 2012 in Mianyang city. According to the results and discussion, the following conclusions can be made:

Firstly, the top three indicators in terms of ecological security are; per capita area of paved road, per capita area of cultivated land and green coverage rate of built-up area, which shows that these indicators weigh more in the UESE. In the next place are: Discharge treatment rate of industrial wastewater, SO2 emissions intensity per 104 Yuan GDP and per capita daily water consumption, while the forest coverage rate and Engel coefficient of urban residents weigh less.

Secondly, evaluation results show that eco-security takes on a favorable trend, but criticality security and slight insecurity are dominant. It is also found that insecurity membership degree of environment pressure accounts for a very large proportion. Membership degree of criticality security and security in environment state are increasing gradually, and as far as environment response in concerned, security is significantly increased.

Thirdly, in Mianyang city, some measures should be made for improving the urban eco-security through environmental protection, reasonable resource development, urban infrastructure construction, urban industrial structure adjustment, pollution abatement, and so on.

This study provides us with a method for finding out ecological environmental problems, and a useful tool for supervising advantages and disadvantages of urban development decision-making, which has proved effective for forecasting urban ecological security.

Fourthly, some thoughts which are worth further discussing have to be pointed out: (1) It is noted that, due to the fact that partial data is difficult to collect, some of the key ecological security indicators will be ignored in establishing an indicator system, which may introduce a little error to the evaluation results. (2) The most problem in urban eco-security evaluation is from security standard [48]. In fact, determination of standard value and evaluation set are quite important, and the author hopes that the future study will have a breakthrough. (3) Ecological security involves multi-disciplines, so the author also hopes to be able to combine sociology, urban planning, and ecological environment to explore more indicators of urban ecological security, expand connotation and denotation of security and establish a universal and flexible ISUESE.
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