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Abstract
When assessing urban eco-environmental sensitive areas (Urban Eco-ESAs) by multi-cri-
teria evaluation method, the widely used weighted linear combination method may inevi-
tably lead to some factors of high sensitive value being neutralized by other factors of low 
sensitive value, resulting in the neglect of some eco-sensitive areas as a consequence, while 
on the other hand, Boolean OR combination method, which give a result of high sensitive 
value as long as any factor has the value of high sensitivity and thus ignore the mutual com-
pensation mechanism among ecological factors, can lead to excessively wide ranges of the 
eco-sensitive areas. To overcome the defects of these two methods, the authors propose an 
Urban Eco-ESAs synthesized assessment method giving finely controlled priority to bot-
tleneck factors, and relative model based on selective local encouraging variable weights 
combination. The method is able to increase the weights of some eco-bottleneck factors on 
the basis of a weight-changing function in synthesizing multiple factor assessments as long 
as their assessment values break the bottleneck threshold values, which can guarantee the 
eco-sensitive areas identified by bottleneck factors being embodied in the final result, while 
also retain the compensation effect of multiple ecological factors, which makes the results 
of the assessment more reasonable. In order to deliver this empirical research, Taogang 
Town in China, which is adjacent to Net lake wetland nature reserve area, has been used as 
an example to confirm the validity of the method and the model.

Keywords Urban eco-environmental sensitive areas · Synthesized assessment · 
Encouraging variable weights combination · Bottleneck factors

1 Introduction

Ecologically sensitive lands within the urban area, which play an essential role in maintain-
ing ecological balance, and ensure urban environment and ecological security, are treated 
as the bottom line of urban development (Haigh 1990). However, due to the interference 
caused by urban development activities, these ecological lands have become more vulner-
able, especially in the rapidly urbanizing countries, such as China. The rapid extension 
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of urban land easily erodes ecological sensitive areas, therefore strongly threatening the 
safety of the urban ecological system. To protect these areas and to avoid negative influ-
ences from urban construction, Urban Eco-ESAs (Environmentally Sensitive Areas) has 
been researched and developed (Shen et al. 2011).

Urban Eco-ESAs are ecological elements or entities in and around the city which are 
of ecological significance to the urban environment but with poor capability of recovery 
if damaged in some way by urbanization (Ibid). Urban Eco-ESAs are special kind of ESA 
according to the classification made by Steiner et al. (2000) and can be divided into four 
types (Ibid), including:

(1) ecologically ESA which contain one or more significant natural elements;
(2) perceptual and cultural ESA that contain one or more significant scenic, recreational, 

archaeological, historic, or cultural resources;
(3) natural resource ESA that provide essential and natural resources to support develop-

ment; and
(4) natural hazard ESA which may create disasters with development.

To identify the Urban Eco-ESAs for sustainable development and ecosystem protection, 
some evaluation methods have been gradually developed in China to support urban plan-
ning. These methods have been widely used to delineate the scope of Urban Eco-ESAs and 
urban growth boundaries for rational sustainable development. Currently, the mainstream 
evaluation methods used in Urban Eco-ESAs assessment are multi-criteria ones, which are 
similar to those used in ESAs, apart from the differences in the selection of criteria. The 
assessment process generally consists of 4 steps: (1) identifying the factors (criteria) signif-
icant to the ecological environment and constructing an assessment index system (Liu et al. 
2015; Deng et  al. 2018; Symeonakis et  al. 2016); (2) assessing and producing maps for 
each factor that rank the environmentally sensitive values for every land unit, which usually 
are divided into five classes of not sensitive, slightly sensitive, moderately sensitive, highly 
sensitive and extremely sensitive (Zhang et al. 2011; Chen and Li 2012; Pan et al. 2012; 
Leman et  al. 2016); (3) applying combination methods, which mainly are weighted lin-
ear combination(WLC) and Boolean OR combination, to synthesize all the partial analysis 
maps into an integrated one (Olafsdottir and Runnström 2009; Kawy and Belal 2011; Bah-
reini and Pahlavanravi 2013); (4) analyzing the integrated map and identifying the ESAs. 
(Gadgil et al. 2011; Saxena et al. 2007).

Among these steps, much attention is concentrated on the construction of an assess-
ment index system, little has been on the combination method. More critically, it has been 
taken for granted that the combination would generate correct outcomes. However, our 
researches explore that different synthesizing methods can result in different, even conflict-
ing outcomes, and different combination methods have different accessing logic.

For example, when using Boolean OR combination method (Vanet et al. 2010; Hsiang 
and Huang 1996), any unit which is evaluated as ‘sensitive’ by any criterion is treated 
as the bottleneck of the ecosystem, and the synthesized result is then regarded as ‘sensi-
tive’ no matter what the other evaluation values may be from other criteria perspectives. 
It shows a strong bottleneck effect. This can lead to excessively wide ranges of the sensi-
tive areas, while ignoring the mutual compensation mechanism among ecological factors. 
When using WLC method to synthesize multiple factors, high evaluation values in some 
criteria can be offset by low evaluation values of other criteria, which may result in con-
cealing important sensitive areas. For instance, a site can be highly sensitive with respect 
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to species protection, but not sensitive with respect to bio-diversity. When using WLC, if 
these two factors have the same weight, the integrated outcome will result in areas being 
identified only as slightly sensitive.

In principle, an ideal integrated model should be a combination of the above two meth-
ods, retaining the ESAs identified by each single factor as much as possible, while reflect-
ing the combination of multiple factors to certain degree, thus showing the compensation 
mechanism and combination effect among ecological factors.

To address the weaknesses aforementioned, a variable weights combination (VWC) 
method has been recommended by some ecologists (Ying et al. 2007; Zhao et al. 2012). 
The principle of VWC can be summarized as that when some area is sensitive to single 
factor, the weight of the factor will be increased, and if the increased weight is big enough, 
the result may be close to that obtained from the Boolean OR combination. However, since 
other factors are still involved in the process of synthetization, they play certain roles in 
compensation, which results in a nonlinear combination.

The main purpose of this paper is to propose a delicate assessment method aimed at 
Urban Eco-ESAs based on VWC to improve the rationality of Urban Eco-ESAs recogni-
tion, which provides a flexible and detailed set of rules by selecting variable weight factors 
(i.e. bottleneck factors), and the thresholds of activating the variable weights (i.e. bottle-
neck positions); it thus highlights the bottleneck effects of the selected ecological bottle-
neck factors when being activated, while maintaining the ability of mutual compensation 
among all factors. In general, it is an Urban Eco-ESAs synthesized assessment method of 
giving finely controlled priority to bottleneck factors.

2  Contextualizing synthesized methods in ESAs assessment

Early combination approaches for ESAs analysis evolved from the sun-print overlay of 
Charles Elliot and Warren Manning (Miller and Charles 1993; McHarg 1969), transparent 
overlays of Jacqueline Tyrwhitt (Steinitz 1994) in the late nineteenth and early twentieth 
century. McHarg (1969), who was regarded as the precursor of ESAs analysis, advanced 
the overlay techniques designed to minimize environmental damages (Collins et al. 2001). 
These early methods can be catalogued into Ordinal Combination (Hopkins 1977). How-
ever, Ordinal Combination ignores the interdependence among factors, Hopkins (1977) 
then advocated the Logical Combination (Rules of Combination). The rules assign suit-
ability to sets of combinations of types and are expressed in terms of verbal logic. From 
the mathematic view, Logical Combination can be catalogued into the Boolean overlay, 
which means all the criteria have to be combined by logical operators, such as intersection 
(AND) and union (OR). However, the Boolean overlay may result in a very hard AND or a 
very liberal OR and may not tradeoff between criteria (Jiang and Eastman 2000). Besides, 
all the above approaches give equal importance to all factors indifferently, while the actual 
significance of the factors is obviously different.

At present, the most frequently used combination method is weighted linear combi-
nation (WLC), which can overcome most of these limitations (Malczewski 2000, 2011; 
Carter and Rinner 2014). WLC weights the factors and aggregates them by weighted aver-
aging, and the determination of the weights is mostly based on Analytic Hierarchy Process 
(AHP) (Moeinaddini et al. 2010; Le et al. 2015). The approach of AHP is to build a hierar-
chy of the factors, and thought pairwise comparison of the factors by decision makers and/
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or experts. This approach is able to derive a numerical weight or priority for each factor of 
the hierarchy.

The weighting equation is as follows:

where wj is the weight of the jth criterion; xij is the attribute value of the jth criterion asso-
ciated with the ith location; n is the number of criteria. However, unlike the lack of the 
Boolean overlay, WLC is characterized by full tradeoffs and average risk, exactly halfway 
between the AND and OR operations, which may result in the omission of some important 
ESAs.

To control the degree of tradeoff, Ordered Weighted Averaging (OWA) was introduced 
to the combination process (Jiang and Eastman 2000; Malczewski et al. 2003). OWA not 
only emphasizes the differences in importance between each of the factors, but also the dif-
ferences in values of each; therefore it can catch those factors with maximum or minimum 
values even when they are low weighted. OWA firstly orders the values in a descending 
way and then gives each value an extra weight by OWA operator according to its ordered 
position (e.g. giving the first ordered value, which is also the biggest one, an extra weight 
of 0.6; and extra weights of 0.1 to the other 4 values in left ordered. By doing so, it means 
the importance of all the factors except the one with the biggest value will be extremely 
declined). Finally by using the normalized product of the original weights and the extra 
weights as the final weights, and weighted averages the values, it is able to reach a com-
bined result.

OWA involves two sets of weights of criterion importance weights and order weights. 
The formula is as follows: for a given set of n criteria maps, OWA is defined as a function 
OWA:  IRn → IR that has associated with it a set of order weights v = v1, v2, …, vn such that 
vj∈[0, 1], j = 1, 2, …, n, and Σvj = 1. Given the set of attribute value xi1, xi2, …, xin associ-
ated with the ith location:

where zi1≥ zi2≥ ··· ≥ zin is the sequence obtained by (re)ordering the attribute value xi1, xi2, 
…, xin in a descending order; wj is the weight of the jth criterion (Malczewski et al. 2003).

OWA involves associating a weight, vj, with a particular ordered ‘position’ of the attrib-
ute value xi1, xi2, …, xin at the ith location. The first ordered weight, v1, is assigned to the 
highest attribute value for the ith location, v2 is associated with the next lower value for the 
same location, and so on. The main limitation of OWA in ESAs analysis is that the weight-
ing process is hard to control, and the meaning of the result is hard to explain.

In summary, the aforementioned methods may not be necessarily suitable to all types 
of ESAs analysis. Boolean overlay is easy to conduct but lacks of tradeoff between crite-
ria. Taking Boolean OR overlay as an example, the consequences of analysis may be the 
outcome of high sensitive value as long as any factor that is of the value of high sensitiv-
ity. This method may also ignore the mutual compensation mechanism among ecological 
factors. WLC is widely used and is able to overcome most of the limitations of Boolean 
overlay but may come to the other extreme that is full tradeoff. The outcome may inev-
itably lead to some factors of high sensitive value being neutralized by other factors of 

(1)WLC =

n∑
j=1

wjxij

(2)OWA =
�
j

�
vjwjzij∑
j vjwj

�
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low sensitive value, resulting in the neglect of some eco-sensitive areas as a consequence. 
OWA is a valid method to control the degree of tradeoff but lacks of recognized, targeted 
OWA operators for ESAs analysis, and the meaning of the result is hard to explain.

Recently, ecologists have begun to introduce the ‘Variable Weighting Method’ to deal 
with this problem. The Variable Weighting Method was first proposed by Wang (1985), 
which considered the attribute values among various factors and highlights the significant 
distinctions between individual factors by augmenting the weights of the factors. Inte-
grated evaluation of students’ achievements was taken as example when Yao and Li (2000) 
studied the method of Local Variable Weights. In order to find some professionals with-
out obvious defects in any subject, they used the Variable Weight Method to increase the 
weights of subjects for which the score was higher than 90 or less than 60 to reach the pur-
pose of punishment or reward.

Since the Variable Weight Method was proposed, scholars have undertaken many in-
depth and extensive research studies. Li (1995, 1996) proposed the principle and axiomatic 
definition of Variable Weight Method and divided variable weights into three types, Pen-
alty Variable Weight, Encouraging Variable Weight, and Mixed Variable Weight. Yao and 
Li (2000) further proposed axiomatic definition of the Local Variable Weight, and studied 
corresponding Local State Variable Weights. Li and Hao (2009) did an in-depth study on 
the variable weight effects of Local State Variable Weights, and proposed the concept of 
Pole Configuration, Weight Change Rate and Balanced Force, trying to find an effective 
way to reasonably choose Local State Variable Weights.

Due to the various Variable Weights Method discussed above, ecologists have made 
some progress in achieving initial results. When Gong et  al. (2008) did his ecological 
security research in Guangzhou, he used the Local Penalty Variable Weight approach to 
determine weights. Shu et al. (2012) applied Local Penalty Variable Weights to ecological 
suitability evaluation to highlight the veto role of bottleneck factors. Guo (2014) applied 
Local Penalty Variable Weights to farmland ecological security warning to help identify 
the potential hazards influence agriculturally ecological security. These studies demon-
strate the effectiveness of the Variable Weights Method. However, these studies mainly rely 
on the application of the existing generic Variable Weights Model, but ignoring proposing 
the dedicated Variable Weights Model that matches ecologically sensitivity evaluation. The 
generic model applies varies weights of all evaluation factors with no differences, thus fail-
ing to highlight the ecological role of specific bottleneck factors, and as a result, the model 
is not fine enough.

Besides, some frontier studies have used other Nonlinear Combination Methods based 
on the research in the Multiple Criteria Decision Making (MCDM) (Collins et al. 2001), 
including the Ideal Point Method (IPM), Grey Cluster, the Artificial Neural Network 
(ANN). IPM orders a set of alternatives on the basis of their separation from an ideal point 
which represents a hypothetical alternative (Pereira and Duckstein 1993) and generates 
complete sets of weights and ranks for each criterion. The method is simple in principle 
but is not affected by the number of evaluation criteria in ESAs assessment. It is then able 
to overcome some disadvantages arising from the lack of independence among criteria that 
affect traditional methods (Liu et  al. 2014). The Grey Cluster method is a multi-dimen-
sional grey evaluation one (Yue et al. 2015), which establishes the whitening function of 
the index, and classifies object into several grey categories to reflect the interval of the 
level index value (Zhang 2012). This method can analyze and evaluate under uncertain 
conditions with incomplete information and can reduce the amount of calculation in eval-
uation process in ESAs assessment. The method effectively reduces the convergence of 
results and improves the accuracy of classification in ESAs assessment (Tian et al. 2011). 
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The ANN is an information processing system that imitates the structure and function of 
human brain (Lek and Guégan 1999). It can automatically summarize the functional rela-
tionship between data through learning and training and is able to build complex models 
and to solve them quickly. In ESAs assessment, ANN system with a strong approxima-
tion and fault-tolerant ability can avoid human impacts to a great extent. It is then able to 
achieve good analysis and prediction results (Jiang et al. 2012). However, these methods 
are basically still at the exploratory stage in ESAs assessment.

3  Methods

3.1  Assessment principle

Our method to assess Urban Eco-ESAs applies a multi-criteria based on VWC. In term 
of criterion factors, the eco-environmentally sensitive value is divided into 5 levels, {1, 3, 
5, 7, 9}, representing not sensitive, low-sensitive, moderately sensitive, highly sensitive, 
extremely sensitive, respectively. For synthesizing purpose, a specialized VWC model is 
proposed, which can assign variable weight factors (i.e. bottleneck factors) and their vari-
able weight thresholds (i.e. bottleneck positions) to represent finely controlled bottleneck 
effects.

The logic of the method is that, among all ecologic factors, some may play leading roles 
in the ecosystem. An area being assessed as certain sensitive level by any of these fac-
tors, its eco-environment is easy to collapse. These leading factors should then be regarded 
as ecological bottleneck factors, and their bottleneck effect should be activated when the 
assessment results exceed certain sensitive levels corresponding to their bottleneck posi-
tions. So, in our VWC methods, bottleneck factors are variable weight factors, and the bot-
tleneck positions are their variable weight thresholds. For any ecological bottleneck fac-
tor whose evaluation value breaks its bottleneck position, its weight will be dynamically 
increased to ensure its priority and highlight the bottleneck effect, while none-bottleneck 
factors do not have this attribute.

For example, A, B, C, D, E are selected as five evaluation factors, among which A, C 
are bottleneck factors and their bottleneck position are at 7 (highly sensitive). The weight 
of 5 evaluation factors from A to E is {0.3, 0.1, 0.3, 0.2, 0.1}. For a plot of land, we evalu-
ate it by each single factor and obtain a group of evaluation values {9, 3, 5, 5, 1}. With the 
Boolean OR method, the synthesized evaluation result is 9 (i.e. extremely sensitive), which 
shows no tradeoff and compensation between factors. With the WLC method, the syn-
thesized evaluation result is 5.6, which is moderately sensitive. Obviously, the extremely 
sensitive result identified by Factor A has been neutralized. However, when using VWC 
method, as the evaluation value of bottleneck Factor A is 9, exceeding the bottleneck posi-
tion, so the weight variation is activated, and the weight is increased to highlight the bot-
tleneck effect. But the evaluation value of bottleneck Factor C is 5, which does not meet 
the bottleneck position, so the weight stays the same. Since the weight of bottleneck Factor 
A has been increased, the weights of other factors are decreased by the same proportion 
to guarantee the total weight stays 1. The weight matrix obtained after variation is {0.55, 
0.05, 0.2, 0.15, 0.05}(for example) and the final evaluation result is 6.9, as highly sensitive, 
which not only ensures the bottleneck factor not to be ‘neutralized,’ but also reflects the 
combination effect of all factors on ecological environment.
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3.2  Assessment model

To achieve the aforementioned function, a selective local encouraging VWC model is 
proposed as following:

(1) Variable weight synthesized equation

The synthesized model uses the form of Variable Weights Sum (Eq. 3), in which the 
weight is not fixed, but becomes variable weight vector W(X) after adjusting the weight. 
The variable weight vector can be obtained according to Eq. 4.

where M is the synthesized evaluation value, n is the number of factors, wj(X) is the weight 
of the jth factor after varying weight, xj is the evaluation value of the jth factor, X is the 
state vector (also called as configuration), which is the evaluation value of each factor and 
X = (x1, x2,… , xn).

(2) Variable weight function

According to the aforementioned principle of variable weights, the variable weight 
vector e(X) depends on the original weight W of each factor, and the weight change 
obtained by the state vector X (called as state variable weight vector S(X)). We use the 
normalized Hadamard product of original weight W and state variable weight vector S 
(X) to get the variable weight vector W(X) (Eq. 4).

where wj(X) is the weight of the jth factor after varying weight, wj is the original weight of 
the jth factor, S(X) = (S1(X), S2(X),… Sn(X)) is the state variable weight vector.

The state variable weight vector S(X) is obtained by Eq. 5, using exponential function 
to obtain encouraging results.

where � is the weight change strength, and 𝛼 > 0 , the bigger � is, the bigger the change of 
weight will be, ej is the evaluation value of the jth factor, βj is the variable weight threshold 
value of the jth factor, I is the set of ecological bottleneck factors.

(3) Control of variable weight change

(3)M =

n∑
j=1

wj(X)xj

(4)wj(X) =
wjS(X)∑n

j=1
wjS(X)

(5)Sj(X) =

⎧⎪⎨⎪⎩

e𝛼xj
�
j ∈ I&xj ≥ 𝛽j

�
1 (j ∈ I&xj < 𝛽j)

1 (j ∉ I)



2076 Q. Niu et al.

1 3

In order to obtain the suitable variable weight change strength � , this paper applies the 
research results of Li and Hao (2009) and introduces the concept of Δ, which means the 
maximum variable weight change rate of the bottleneck factor which has the minimum 
weight in pole configuration (i.e. half of the factors are the maximum state values, and 
the other half are the minimum state values). By derivation, there is a function relation 
between Δ and � as shown in Eq. 6; therefore, appropriate value of � can be solved by set-
ting the maximum variable weight change rate Δ which has real meaning.

In the equation, m is the number of non-bottleneck factors, wk is the minimum weight 
value among bottleneck factors, Xk is the maximum state vector. If we rank bottleneck fac-
tors by weight: w1 ≤ ⋯ ≤ ws−m ≤ ⋯ ≤ wn−m , n is the number of factors; when n is even 
number, s = n/2; when n is odd number, s = (n−1)/2.

During the process of determining Δ, it is necessary to ensure Eq. 6 is meaningful (i.e. 
when m ≥ s, 0 < Δ <

1

wk

,when m < s, 0 < Δ <
1∑s−m

j=1
wj

 ). Through trial and error, we find 

out that the maximum variable weight change rate ∆ generally takes 2–3, which is more 
appropriate. Meanwhile, the higher the value of ∆ is, the more prominent the bottleneck 
effect is. Since the actual configuration may be more extreme (e.g. the bottleneck factor 
which has the minimum weight has the maximum state value in the same time, while other 
factors have the minimum state value) so the actual maximum variable weight change rate 
may exceed the value of Δ.

3.3  Examples of assessment index system

Compared to the WLC, the index system of our VWC method has added two more param-
eters. One is whether the index factors are variable weight ones (i.e. bottleneck factors), the 
other one is the variable weight threshold value (i.e. bottleneck position). Two examples 
are provided as follow

Terrain factors: it includes slope, aspect, relative elevation, etc. These factors, which 
have significant impacts on ecological environment in mountainous and hilly environment, 
can be generally assigned as bottleneck factors in these areas. However, their bottleneck 
positions are different according to topographic relief because the change of topography 
may affect the level of sensitive ecological environment. For example, in hilly area, the 
bottleneck effect of slope on eco-environment may only emerge when the factor is rated as 
extremely sensitive; however, in mountainous area, the bottleneck effect may be significant 
when the factor is rated only as highly sensitive. Therefor the bottleneck positions for these 
two circumstances are the value of extremely sensitive and highly sensitive, respectively. 
Nevertheless, terrain factors are usually treated as non-bottleneck factors in flat areas such 
as wetland, plain and desert due to less influences to ecological sensitivity.

Water factors: it includes lake, river, wetland, pond, etc., and their buffers. Water is the 
source of life and is easily to be damaged because of its integrity and internal diffusion. 
Therefore, it is usually defined as bottleneck factor in all types of regions, but of different 
bottleneck positions. For example, water is extremely important in desert, so the bottleneck 

(6)Δ =

⎧⎪⎨⎪⎩

1

wk+e
−𝛼Xk (1−wk)

m ≥ s

1∑s−m

j=1
wj+e

−𝛼Xk (1−
∑s−m

1
wj)

m < s
;
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positions can be the value of moderately sensitive. However, water factors can be the value 
of extremely sensitive in mountainous area.

4  Case study

4.1  Brief introduction

Taogang town and Net-lake Wetland Nature Reserve Area are both located in Yangxin 
County, Hubei Province, China. Taogang town is located to the northwest of the Net-lake. 
The Net-lake wetland, a world-renowned for the habitat of rare animals such as the oriental 
white stork, black stork, and white crane, extends deeply into Taogang town and constitutes 
a pleasant hill–water–field pattern. It intertwines with forests and hills and forms a variety 
of lake-gorge landforms.

In this research, Taogang town and the surrounding areas are selected for evaluation 
(Fig.  1a), with a total area of 11.8 square kilometers and a population of about 3900 
in 2018. At present, the township scale of Taogang, of 20.17 hectares of construction 

Fig. 1  Study area, sample points, and assessment results of single factors. a Study area and sample points, 
b elevation, c slope, d aspect, e waters, f habitat types, g normalized vegetation index, h species richness, i 
flood risk (Source: By Authors)
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land area, is rather small. Currently, the economy in Taogang town, which mainly relies 
on agriculture and fish farming, is far below the average level in Yangxin County. In 
recent years, the local government has brought in a few industrial enterprises to pro-
mote economic development to some extent. However, the local government decided 
to consider the best uses of the local ecological resources to develop ecological agri-
culture and tourism at the same time. In this case, they identify the Urban Eco-ESAs in 
order to balance ecological protection and economic development. This research, apply-
ing Urban Eco-ESAs assessment method, intends to help local people to determine the 
Urban Eco-ESAs.

4.2  Index selection

Based on our VWC method and ecological characteristics of Taogang town, this research 
establishes the index system comprising eight ecological factors and employs AHP (Ana-
lytic Hierarchy Process) and Delphi to determine the original weight of factors. Since the 
research area composes of mixed zones of hills and wetlands, which of the risk of flood, 
and of the habitat of rare animals, most factors are defined as bottleneck factors, except the 
slope, because of its relatively small effect. The basic index system is as shown in Table 1.

4.3  Urban eco‑ESAs assessment

(1) Evaluation of single factors
  Based on the evaluation criteria listed in Table 1, we set the 5 m × 5 m rectangle as 

the spatial unit, using GIS to evaluate the sensitivity level of the study area considering 
each single factor. The evaluation result is divided into five classes, with scores 1, 3, 
5, 7, and 9, representing not sensitive to extremely sensitive. The evaluation results of 
eight single factors are as shown in Fig. 1b–i. By analyzing and comparing, on the one 
hand, we found that the factors which led to the evaluation results of highly sensitive 
or extremely sensitive level are mainly elevation, habitat types, species richness and 
water protection. On the other hand, the locations of highly sensitive and extremely 
sensitive areas are in the waterfront regions and forest with relatively high elevation.

(2) Synthesized assessment
  Afterwards, for each 5 m × 5 m basic spatial unit, we brought the evaluation value of 

single factors into Eqs. 5 and 4 to obtain the final weight of each factor after varying 
weight, and then obtained the synthesized evaluation value for each unit by Eq. 3.

  After the above steps, we got the synthesized evaluation value which can be any 
number in the continuous interval [1, 9]. As it has been mentioned, we divided the 
sensitivity level into five classes (1, 3, 5, 7, 9), but we have not defined the ecological 
meaning of numbers between these levels. To solve this problem, we divide the interval 
of comprehensive evaluation value [1,9] into five classes by Equal Division Method 
and each span is 1.6, so we got the following sensitivity subdivision: 1 ≤ not sensi-
tive ≤ 2.6; 2.6 < slightly sensitive ≤ 4.2; 4.2 < moderately sensitive ≤ 5.8; 5.8 < highly 
sensitive ≤ 7.4; 7.4 < extremely sensitive ≤ 9, and the result is as shown in Fig. 2a.

  To make a comparison, we also evaluated the study area with the method of WLC 
and Boolean OR based on the same index system and classification standards. Accord-
ingly, the results are as shown in Fig. 2b, c.
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4.4  Analysis of evaluation results

(1) Overall analysis
  The comparison of evaluation results with three methods is as shown in Fig. 2. The 

result of the WLC Method indicate that there are no extremely sensitive areas, only a 
few in highly sensitive category, accounting for 21% of the total research areas, which 
implies the tremendous impact of tradeoff effect (see Fig. 2b). On the contrary, the 
result of Boolean OR Method shows 57% of the research areas are extremely sensitive 
and no area is regarded as not sensitive, which is quite bipolar and does not match the 
real circumstances. However, the results of VWC Method neutralize these two methods 
to some degree, showing that 37% of the total research areas are extremely sensitive. 
Moreover, highly sensitive and extremely sensitive areas together take up 49% of the 
total research areas, which is twice of that determined by the WLC Method.

  Comparing the WLC and the VWC Method, it reveals great differences when evalu-
ating the wetland located in north-central, stretching deeply into the research areas 
from the east to the west. Despite being evaluated as extremely sensitive by many 
single factors, it is classified as moderately sensitive or mildly sensitive by the WLC 
Method, which is inconsistent with the real situation. In conclusion, when using WLC 
Method, extremely sensitive areas are often neutralized, which will affect the accuracy 
of delineation of urban ecologically sensitive areas.

(2) Analysis of sample points
  In this research, we selected three sample points which are representative to analyze 

the effect of VWC Method.
  The locations of sample points are as shown in Fig. 1a, and the weight changes are 

as shown in Table 2.

Sample point B is in wetland area. This point is extremely sensitive in Habitat Types 
and Species Richness. The evaluation value of these two single factors both exceeds the 
bottleneck position. After varying weight, their weights are 2.5 times than their original 
weights. The synthesized evaluation value of point B is extremely sensitive, which is far 

Fig. 2  Assessment results of VWC, WLC, Boolean OR method. a VWC result, b WLC result, c Boolean 
OR result (Source: By Authors)
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more reasonable than that of WLC Method (moderately sensitive), and more according 
to practice.

Sample point C is in the South Lake. It is extremely sensitive or highly sensitive in 
Water, Habitat Types, Species Richness, and Flood Risk; the evaluation values of which all 
exceed bottleneck position, so the weight of 4 factors should be varied. However, there is a 
limitation that the total weight must be 1, which means the weights of these factors are not 
be able to be changed greatly. Thus, the variable weight change rates of these four factors 
are 1.8, 1.1, 1.75, 1.07, based on the standard that the higher the single factor evaluation 
value is, the greater the variable weight change rate is. The remaining four factors—Eleva-
tion, Slope, Aspect, Normalized Vegetation Index—since they did not involve in varying 
weight, their weights are greatly reduced to 0.02 or less, and their impact on the evaluation 
results is almost reduced to 0, which is consistent with subjective judgments, because these 
factors have no significance in sensitivity evaluation of the water area. Therefore, sample 
point C is defined as highly sensitive with WLC Method, while extremely sensitive with 
VWC Method.

In general, compared with the WLC and Boolean OR, the VWC Method can not only 
reflect the combination effect of ecological factors, but also highlight the importance of 
bottleneck factors, thus making the synthesis assessment results more reasonable.

4.5  Application of ecologically sensitive areas evaluation

The evaluation results show that highly and extreme highly sensitive areas account for 49% 
of the town, indicating that the township, though with excellent ecological resources, faces 
a tough problem on how to deal with the contradiction between ecological protection and 
urban construction during its development. It is time that planning and strict management 
should be established to protect the ecological environment and to avoid damage to the 
whole ecosystem.

For this reason, we define the areas of which the evaluation result is extremely sensitive 
or highly sensitive as ecologically sensitive parts in Taogang Town and include them in the 
scope of basic ecological areas. Meanwhile, assessment results are applied to the Master 
Planning of Taogang Town, mainly in the Land Suitability Evaluation and delineation of 
the Four Districts (i.e. prohibited-construction areas, restricted areas for construction, areas 
suitable for development and constructed areas).

In the Land Suitability Evaluation, the assessment results of Urban Eco-ESAs are 
involved as an important factor. And in the delineation of the four districts, the extremely 
sensitive areas and the highly sensitive areas are included in the prohibited-construction 
areas, the moderately sensitive areas are included in the restricted areas for construction, 
while a few moderately sensitive areas with great development value, as well as mildly 
sensitive areas and non-sensitive areas are clarified as the areas suitable for development.

5  Conclusion

This paper reconsiders the rationality of the quantitative synthesized assessment method of 
ESAs. By analyzing and comparing, we would argue the traditional synthesized evaluation 
method of Boolean OR shows extremely strong bottleneck effect, and on the other hand, 
the method of WLC cannot reflect ecological bottleneck effect of certain factors. There-
fore, based on selective local encouraging variable weights combination (VWC) method, 
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we propose an Urban Eco-ESAs synthesized assessment method giving finely controlled 
priority to bottleneck factors.

It is our argument that the effect of ecological bottleneck effect should not be ignored, 
however should be finely controlled as well. Firstly, only some of the factors are bottleneck 
factors, it depends on the eco-environment of the study area. Secondly, different bottle-
neck factors may have different bottleneck positions, the lower the bottleneck position is, 
the easier the bottleneck effect will be activated. Thirdly, during the process of multi-fac-
tor synthesization, the activated bottleneck effect should have the priority to be remained 
while the mutual compensation of all the factors should still be considered.

To fulfil this principle, the paper proposes a specialized VWC model, which can assign 
variable weight factors (i.e. bottleneck factors) and their variable weight thresholds (i.e. 
bottleneck positions) to represent finely controlled bottleneck effects. And accordingly, the 
index system of our assessment method adds two more parameters, bottleneck factors, and 
their bottleneck positions. This method can dynamically increase the weight of bottleneck 
factors according to its configuration, thereby highlighting the restriction role of ecological 
bottleneck factors, while retains the comprehensive effect of multiple ecological factors, 
thus making the evaluation results more reasonable.

Furthermore, Taogang Town has been used as an example to deliver an empirical 
research, confirming the effectiveness and feasibility of the method and model. Accord-
ing to our research, we suggest that the model should be further improved, especially the 
reasonable range of the Weight Change α. The establishment of the Index System of Urban 
Eco-ESAs Assessment is a complex and huge systematic project which should be further 
studied on ecological level. Besides the proposed VWC Assessment Method from this 
research can also be applied to Land Suitability Assessment, Environmental Landscape 
Evaluation, and similar evaluation existing bottleneck factors and buckets effect.
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