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ABSTRACT

Ecosystem health assessment is an effective way to cope with water pollution, environmental deg-
radation and operation deterioration caused by human activities. Due to the complexity of water
environmental ecosystem and the uncertainty of indicators, fuzzy theory improved approach for
Multi-Hierarchy Fuzzy Comprehensive Evaluation (MHFCE) method is proposed in reservoir
assessment. In the traditional MHFCE, the importance scale and membership degree of indicators
are easily impacted by personal experience and subjective consideration, 0-1 scale is present in the
process of weights calculation which avoids linguistic uncertainty when making comparison. More-
over, trapezoidal membership function and triangular membership function are presented in the
process of fuzzy mapping in this method. A model application has been made in Lianhe Reservoir
in Dongjiang Basin, South China, and it is concluded that reservoir assessment value belongs to
the second lever of reservoir health. Overall, the improved MHFCE method provides better reser-
voir assessment to support reservoir management decisions with the decrease of uncertainty and

increase of robustness.
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1. Introduction

Throughout China, reservoir ecosystem has experi-
enced degradation to varying extents due to human activ-
ities, and become one of the most threatened ecosystems
[1,2]. Reservoir ecosystem health is influenced by multiple
ecological factors that need to be balanced [3]. Currently,
many reservoirs are suffering water pollution, environ-
mental degradation and operation deterioration. An
increasing number of studies have shown that ecosystem
health assessment is one of the vital tools for water resource
management and sustainable development of river basins
[4,5]. Considering nutrient and heavy metal contamination
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in reservoir, previous studies have focused on water quality
assessment and much legislation has been developed in
order to improve the water quality [6-10]. Also, flow regime
characteristics play an important role in ecosystem health
of reservoir, the relationships between flow and ecological
processes need to be understood to guide the operation of
dam and floodgates, and to achieve ecological restoration
and improvements in reservoir health [11,12]. Recently,
combination of rapid urbanization and climate change
poses the threat to ecosystem health assessment [13,14].
However, ecosystem health is a widespread problem
in river, lakes and reservoirs. Since the adoption of Euro-
pean Water Framework Directive (WFD) in Europe, much
progress has been made in studying the ecosystem health
of reservoir to provide scientific and technical support for
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water resource management [15-17]. Many ecological risk
assessment methodologies have been developed over the
last 20 years. Indicator species assessment is the method
which uses multiple biological quality elements to assess
ecological status of river, such as macrophytes, fish, dia-
toms, macro invertebrates [18,19]. Previously, researchers
often investigated the total number of species to assess the
river health [20,21]. However, sustainable management of
freshwater resources relies on the continuous monitoring of
species. Recently, a number of studies have used trait-based
metrics in reservoir ecosystem assessment to present the
higher sensitivity to human pressures [22,23]. These studies
show that biological responses detected the reservoir deg-
radation in ecosystem health assessment. At the same time,
integrated indices assessment has demonstrated as a useful
tool in environmental management and decision making of
reservoir assessment. A great number of multi-criteria deci-
sion analysis methods have been proposed for environmen-
tal and ecological issues, such as TOPSIS, AHP [24-26], they
help decision-maker to organize the problems better, and
carry out a more efficient and overall analysis. With the aim
of developing an overall strategy for protecting reservoir
ecosystem heath, integrated indices assessment should bal-
ance the ecosystem services, the continued destruction of
ecosystems, also the rapid increase in human activities. To
sum up, the methods of integrated indices assessment are
mainly divided into three categories: fuzzy comprehensive
method, integrated health index method, and integrated
index system method. However, it has been widely recog-
nized that uncertainty is still the main difficult in the proce-
dure of multi-criteria decision analysis methods.

This paper presents the analyses undertaken to assess
ecosystem health of Lianhe Reservoir in Dongjiang
Basin, South China using fuzzy theory. Firstly, we iden-
tified the ecological risk by the P-S-R conceptual model
to establish a comprehensive index system for reservoir
health assessment. Then the comprehensive assessment
method of reservoir ecosystem health, including fuzzy set
and Analytic Hierarchy Process (AHP), was developed
through determining the weight sets of indicators and the
membership degree. Finally, a model application was made
in Lianhe Reservoir to assess ecosystem health.
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2. Methodology

Multi-hierarchy fuzzy comprehensive evaluation
(MHEFCE) is an advanced method integrating fuzzy theory
and analytic hierarchy process (AHP) relationship for the
multi-criteria decision-making problem. Based on the risk
identification of ecosystem health assessment, the weights
of risk indexes are improved by applying fuzzy-analytic
hierarchy process (FAHP), while the comprehensive risk
assessment value is calculated based on fuzzy comprehen-
sive evaluation (FCE).

2.1. Risk identification of ecosystem health assessment

The indicators of reservoir health assessment are referred
tonatural and social factors based on the concept of health eco-
system which means non-disease, stable, sustainable, self-re-
coverable and self-adjustable. Reservoir with multi-benefits
of flooding, irrigation, electricity and urban water supply,
is one of the efficient method to better use water resource
under the background of spatio-temporal difference. The res-
ervoir health assessment is consist of multi-dimensions, such
as dam safety, water quality, hydrology, ecology and social
function, so, 12 indicators are selected in this study (Table 1).
This index system is consisted of three layers, i.e., the first
Object layer is the comprehensive index of ecological health
assessment (A); the second is the Items layer, including pres-
sure system (B1), State system (B2) and response system (B3);
and the third is the Indicators layer (C1, C2, C3,...... C12), by
which the multi-hierarchy system of analytic hierarchy pro-
cess is determined. We divided the comprehensive index of
ecological health assessment into five levers, including Very
healthy (I), Healthy (II), Sub-healthy (III), Unhealthy (IV),
and Sick (V). Each evaluation indicator is divided into five
statuses, which corresponds to the assessment comprehen-
sive index levers.

2.2. Determining weights by FAHP

Fuzzy-analysis hierarchy process (FAHP) is a sys-
tematized and hierarchical technique for complex deci-
sion-making. It is an improved model of AHP [27], and

Table 1
Comprehensive index system of reservoir health assessment
Object layer Items layer Indicators layer Unit @) 10 (I1I) Iv) V)
The comprehensive Bl Probability of flood control (C1) 1 >095 095 0.7 0.6 <0.6
index of ecological Water resource utilization rate (C2) % >30 30 20 10 <10
Zgﬂth assessment Hydro-project quality coefficient (C3) 1 <0.1 0.1 0.3 0.5 >0.5
Dam safety coefficient (C4) 1 >1.3 1.3 125 12 <12
B2 Reservoir vegetation rate (C5) Y% >35 35 20 15 <15
Biodiversity index (C6) 1 >3 3 1.5 0.5 <0.5
Probability of water storage (C7) % 50 40 30 20 10
Variation of discharge inflow (C8) % <10 20 30 40 50
Reservoir nutrition index (C9) 1 0-20 20-50 50-60 60-80 80-100
Reservoir water quality index (C10) 1 <01 0.2 04 0.75 1.0
B3 Water quality of water supply rate (C11) % 100 75 60 25 0
Amount of available water supply (C12) m?® >1500 1500 750 300 <300
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has been extensively used in many research fields [28-30].
The main process of FAHP is to determine the relative
importance using fuzzy sets through pairwise comparison
on the basis of the assessment index system, and to establish
comparison matrix andcalculate the relative weights with
mathematical method layer to layer, finally to obtain the
comprehensive index value in the object layer. The proposed
FAHP procedure of reservoir health assessment is described
as follows.

Based on the assessment index system in Table 1, the
comparison matrix X  is given below:

nxn

Xl Xz ves Xn

X1 x, ox,

ann = XZ x21 ]‘ o x2n
Xn xnl an o 1

where x, (i = 1, 2...m) represents pairwise relationship of X,
and X in the same layer.

To make a quantitative comparison, numerical value
criteria of comparison matrix are proposed to use the most
popular Satty scale of 1-9. However, experts’ preferences
are always uncertain and it is a difficult work to give a
quantitative comparison from 1 to 9 because of the fuzzy
description of scale value. Some improved scale criteria
have been extensively studied, 0-1 scale is one of the conve-
nient methods avoiding linguistic uncertainty when mak-
ing comparison, it is much easier for people to show the
message whether A or B is more important (Table 2).

The procedure of 0-1 scale is to identify the importance
between two indicators, then the quantitative comparisons
is converted into 1-9 scale by Eq. (1) indirectly. Table 3 gives
the rules of 0-1 scale conversion into 1-9 scale.

Table 2
0-1 scale
Scale value Meaning
0 X; is less important than X,
0.5 X, and X; are of equal importance
1 X, is more important than X,

Table 3
Conversion between 0-1 scale and 1-9 scale

N —1)
_—, rl>1//
n
xij: 1, rl:r] (1)
{9<r,—r,->]‘l
[ , rl<1//
n

n
where r = inji =1,2,..n
i=1

When constructing comparison matrix, people make
a quantitative decision of importance between two indi-
cators, the inconsistency of the experts’ preference may
exist. Consistency index (CI) and consistency ratio (CR) are
defined to estimate the consistency of pairwise comparisons.

A — 1
CI — max (2)
n-1

where A is the maximum eigenvalue of comparison
matrix, 7 is the dimension of the comparison matrix.

Cl
CR=—> 6)

where Rl is the mean random consistency index (Table 4).

The closer CR to zero, the greater the consistency is. If
CR less than 0.10, the consistency is acceptable, otherwise,
it is compulsive to redo comparisons and the comparison
matrix should be revised.

Supposing W = (w, w, w, ...w ) is the weight set of
indicators, 0 < w,< 1, ¥ wi =1, to solve characteristic vectors
of comparison matrix by the following equation,

XVIXW : W = Z’max : W (4)

Normalization is applied on the characteristic vectors
W, and weight set w is calculated.

2.3. Determining membership degree by fuzzy theory

Since the fuzzy sets theory was first introduced [31],
the concept of membership degree is proposed and it is
described by a numeral value in the interval [0,1]. When
membership U(x) is near “1”, it is said that there is a high

Table 4
Relationship between dimension and RI

Scale ) Dimension RI

1 0-1 1 0

2 1-2 2 0

3 2-3 3 0.58
4 3-4 4 0.90
5 4-5 5 1.12
6 5-6 6 1.24
7 6-7 7 1.32
8 7-8 8 1.41
9 8-9 9 1.45




M. Zhong et al. / Desalination and Water Treatment 125 (2018) 164-170 167

possibility that element “x” belongs to set “U”; when the
membership U(x) is close to “0”, there is a low possibility
that element “x” belongs to set “U”.

H(x):x = iy, (x)

According to characteristics of reservoir health
assessment, 12 indicators in assessment index system
are quantitative, trapezoidal membership function and
triangular membership function are present in this study.
When indicator value increases, the assessment result is
more satisfied, left semi-trapezoidal membership function
is adopted; conversely, right semi-trapezoidal membership
is adopted.

2.4. Calculation of assessment result by FCE

Fuzzy comprehensive evaluation (FCE) assesses the risk
layer by layer [Eq. (5)], the correction indicator in the k-th
layer is considered as the membership degree of the k-1
layer.

where W, (i = 1, 2...k) is weight vector, R (i=1, 2...k) is
membership degree matrix, S is the assessment result.

3. Study region and data sources

As a demonstration, we applied the method to Lianhe
Reservoir in Dongjiang Basin which is one of the main trib-
utary of Pearl River. Lianhe Reservoir (Fig. 1), with the nor-
mal storage of 6.083x10” m? mean water depth of 30.1 m
and catchment area of 110.8 m? is responsible for drinking

water supply to Huizhou, Guangdong Province. It also
plays the roles of agricultural irrigation and hydro power,
yet a challenge is faced in ecosystem health of Lianhe Reser-
voir due to human activities. Among the 12 indexes, C1 was
obtained from design materials, C2 and C7 were obtained
from historic data, C3 and C4 were obtained from field
survey, C5, C6, C8, C9, C10, C11 and C12 are obtained from
measure data.

4. Results and discussion

Step 1. Calculation of weight. To perform the pair-wise
comparisons, the questionnaire had been done by decision-
makers. The comparison matrix established on the 0-1
scale, then converted to Satty’s comparison matrix. The
weight vectors are calculated by Eq. (4) (Table 5).

Step 2. Determination of membership degrees. Quanti-
tative indicators and qualitative indicators are involved in
this comprehensive index system of reservoir system assess-
ment. Because of their special characteristics, we adopted
different methods to obtain their membership degrees
respectively. Quantitative indicators, such as C1, C2, C5,
Ce, C7, C9, C10, C11, C12, whose membership functions
can be determined by fuzzy theory. In this paper, we using
semi-trapezoidal membership function to describe the
minimum lever and maximum lever, and using triangular
membership function to describe the medium levers. Other-
wise, the membership degrees of qualitative indicators can
be determined by expert judgment. In order to ensure that
results are more reliable, we select experts according to the
following: firstly, the selected experts should be associated
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Fig. 1. Map of study region.
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Table 5
Summary of the measured weights
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Items layer Indicators Valuesof  Very Healthy Sub- Unhealthy Sick (V)
layer Lianhe healthy (I)  (II) healthy Iv)
Reservoir (I1I)
B1 0.3333 C1 0.1136 0.997 0.1880 0.8120 0 0 0
Cc2 0.0472 25 0 0.5000 0.5000 0 0
C3 0.4196 qualitative  0.0400 0.8680 0.0920 0 0
C4 0.4196 qualitative  0.3850 0.6150 0 0 0
B2 0.3333 C5 0.1478 33 0 0.8667 0.1333 0 0
C6 0.0799 2.1 0 0.4000 0.6000 0 0
c7 0.2685 43 1.0000 0 0 0 0
C8 0.4149 qualitative 0 0.5500 0.4500 0 0
9 0.0445 23 04737 0.5263 0 0 0
C10 0.0445 0.28 0 0.6000 0.4000 0 0
B3 0.3333 C1 0.8333 73 0 0.8667 0.1333 0 0
C12 0.1667 672 0 0 0.8267 0.1733 0
Table 6
Membership degrees of C3 by expert judgments
Expertjudgments  Very healthy (I) Healthy (II) Sub-healthy (III) Unhealthy (IV) Sick (V)
Decision-maker 1 0.08 092 0 0 0
Decision-maker 2 0 0.89 0.11 0 0
Decision-maker 3 0.03 097 0 0 0
Decision-maker 4 0.09 091 0 0 0
Decision-maker 5 0 0.88 0.12 0 0
Normalized value  0.04 0.868 0.092 0 0
Table 7
Assessment results of Lianhe Reservoir
Object layer Very healthy (I) Healthy (II) Sub-healthy (III) Unhealthy (IV)  Sick (V) Status
S 0.1631 0.6328 0.1944 0.0096 0 Healthy

with reservoir ecosystem healthy. Secondly, they should
participate in the government officials. Third, in order to
enhance the efficiency, the number of the experts should
be limited. Consequently, five decision-makers were ques-
tioned. They individually give the scores of the risk levels,
and the scores are then normalized to obtain the final value
of the membership degrees (Table 6).

Step 3. Calculation of final results. In ecosystem health
assessment, our goal is to evaluate the health status through
analysis. By using Eq. (5), FCE is performed, and the
assessment result of Lianhe Reservoir is obtained in Table 7
and Fig. 2. According to the maximum membership degree
principle, the second level “healthy (II)” is the ecosystem
health assessment result of Lianhe Reservoir which has the
maximum membership degree of 0.6328. It can be concluded
that Lianhe Reservoir is a healthy reservoir according to our
ecosystem assessment.

The main purpose of this study is to determine whether
reservoir ecosystem is healthy, and which health level it is

in. Lianhe reservoir is in the level of healthy, however there
is the probability of 0.1944 in the level of sub-healthy, and
0.1631 in the level of very healthy. In addition to the res-
ervoir ecosystem, the sub-system can also be assessed by
P-S-R concept model. Regarding the membership degrees
in items layer, we infer that Pressure system, statement
system, and response system are all in the second level of
reservoir health ecosystem. The weight of hydro-project
quality coefficient and dam safety coefficient are obviously
high in pressure system, which indicates they play the more
important role. Similarly, probability of water storage and
variation of discharge inflow are the main indicators in state
system, it is water quality of water supply rate in response
system. We determine that maximum membership degree
of three indicators (water resource utilization rate, biodi-
cersity index, Amount of available water supply) are in the
level of sub-healthy, which are 0.5, 0.6, 0.8267 respectively,
lower than the overall assessment result of Lianhe Reser-
voir. It is a scientific suggestion for decision-maker to pay
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Fig. 2. Assessment result of Lianhe Reservoir.

more attention on these three indicators, so that the ecosys-
tem health of Lianhe Reservoir will be improved.

Moreover, the process of ecosystem health assess-
ment involves multiple indexes with obvious uncertain
characteristics, this method focus on the uncertainty of
indicators, included the quantitative and the qualitative.
Multi-hierarchy comprehensive assessment has an inno-
vation in determining of weight and membership degree
by fuzzy sets. A comprehensive index system has been
constructed to set up the comparison matrix. Consider-
ing the uncertainty in quantitative comparison, we estab-
lished the pair-wise relationship layer by layer and ran
the synthesis model of Fuzzy theory and AHP on the 0-1
scale as an improved Satty’s scale. Meanwhile, it is prop-
erly to identify the importance of assessment indicators,
and to improve reliability of the weight vectors. Due to
the different operation status of reservoir, the pair-wise
comparisons will be revised, and the weight sets of indica-
tors could be different. By demonstrating the membership
degrees in indicators layer, the probability of indicators in
five different health levels is showed, which reduces the
uncertainty of indicators and improves the robustness of
assessment results.

5. Conclusion

Using multi-hierarchy fuzzy comprehensive evalu-
ation (MHFCE) method, the ecosystem health of Lianhe

Reservoir in Dongjiang River was evaluated. Appropriate
indexes, careful pair comparisons, and membership analy-
sis are important for ecosystem health assessment. The fol-
lowing conclusions have been drawn in this study:

(1) MHECE is a powerful technique to solve multi-hier-
archy decision-making problems. At each hierarchy,
the assessment can be regarded as a multi-indexes
determination process, the weight vector in the
upper hierarchy is initially provided by the iteration
process of FCE in the lower hierarchy. More than
one participant in the membership degree determi-
nation process makes ecosystem health assessment
to be treated as a group decision-making problem.
Combining expert knowledge, data investigation
and mathematic procedure, MHFCE also leads to
the improvement of the quality of the group decision
made.

(2) The proposed procedure for multi-hierarchy group
decision-making can be applied to support eco-
system health assessment, a case study of Lianhe
Reservoir in China is used to demonstrate that the
approach is feasible and efficient in practice. This
method has been recently developed to use in a fuzzy
decision process, furthermore, it can be adopted to
various applications in water resource management.

Acknowledgments:

The research was financially supported by Project of
the National Natural Science Youth Foundation of China
(Grant No0.51709286), the Natural Science Youth Founda-
tion of Guangdong Province (Grant No. 2017A030310065),
the National Natural Science Foundation of China (Grant
No0.51779279, Grant No. 41611140112).

References

[1] J. Xu, Q. Wei, X. Huang, X. Zhu, G. Li, Evaluation of human
thermal comfort near urban water body during summer,
Build. Environ., 45(4) (2010) 1072-1080.

[2] Y.Che, K. Yang, T. Chen, Q. Xu, Assessing a riverfront rehabil-
itation project using the comprehensive index of public acces-
sibility, Ecol. Eng., 4 (2012) 80-87.

[3] MUT. Southerland, G.M. Rogers, M.J. Kline, R.P. Morgan, D.M.
Boward, PF. Kazyak, R]J. Klauda, S.A. Stranko, Improving
biological indicators to better assess the condition of streams,
Ecol. Indic., 7(4) (2007) 751-767.

Table 8
Membership degrees in items layer
Membership Items layer Very healthy (I) Healthy (II) Sub-healthy (III) Unhealthy (IV)  Sick (V)
degrees
R S1 0.1997 0.7381 0.0622 0 0
S2 0.2896 04384 0.2721 0 0
S3 0 0.7222 0.2489 0.0289 0




170

(4]

(6]
(7]

(8]

(%]

[10]

(11]

(12]

[13]

(14]

(15]

16]

M. Zhong et al. / Desalination and Water Treatment 125 (2018) 164-170

W. Iwona, I. Katarzyna, K. Edyta, M.B. Joanna, J. Tomasz, B.
Agnieszka, WF. Adrianna, F. Piotr, R. Sebastian, K. Zbigniew,
Z. Maciej, Ecohydrological system solutions to enhance eco-
system services: the Pilica River Demonstration Project, Eco-
hydrol. Hydrobiol., 9(1) (2009) 13-39.

O.R. Timothy, E. Paul, Water quality change and habitat poten-
tial in riparian ecosystems, Ecohydrol. Hydrobiol., 13(3) (2013)
192-200.

CW. Martin, Heavy metal storage in near channel sediments of
the Lahn River, Germany, Geomorphology, 61(3) (2004) 275-285.
J. Liu, Y. Li, B. Zhang, ].L. Cao, Z.G. Cao, J. Domagalski, Ecolog-
ical risk of heavy metals in sediments of the Luan River source
water, Ecotoxicology, 18(6) (2009) 748-758.

R. Reza, G. Singh, Heavy metal contamination and its index-
ing approach for river water, Int. . Environ. Sci. Technol., 7(4)
(2010) 785-792.

H.Z. Yuan, ]. Shen, E.F. Liu, ]J. Wang, X.H. Meng, Assessment
of nutrients and heavy metals enrichment in surface sediments
from Taihu Lake, a eutrophic shallow lake in China, Environ.
Geochem. Health., 33(1) (2011) 67-81.

V. Memet, S. Bulent, Assessment of nutrient and heavy metal
contamination in surface water and sediments of the upper
Tigris River, Turkey, Catena, 92 (2012) 1-10.

AH. Arthington, RJ. Naiman, M.E. Mcclain, C. Nilsson, Preserv-
ing the biodiversity and ecological services of rivers: new chal-
lenges and research opportunities, Freshw. Biol,, 55 (2010) 1-16.
Y. Zhang, A.H. Arthington, S.E. Bunn, S. Mackay, J. Xia, M.
Kennard, Classification of flow regimes for environmental
flow assessment in regulated rivers: the Huai River basin,
China. River Res. Appl., 28 (2011) 989-1005.

DT. Niels, TM. Seid, LM.G. Peter, B. Pieter, Water quality
assessment of streams and wetlands in a fast growing East
African city, Water, 8(4) (2016) 10.3390/w8040123.

K. Pankaj, M. Yoshifumi, K.M. Bingaya, Current assessment
and future outlook for water resources considering climate
change and a population burst: a case study of ciliwung River,
Jakarta City, Indonesia, Water, 9(6) (2017) 10.3390/w9060410.

S. Birk, W. Bonne, A. Borja, S. Brucet, A. Courrat, S. Poikane,
A. Solimini, WV. Bund, N. Zampoukas, D. Hering, Three hun-
dred ways to assess Europe’s surface waters: an almost com-
plete overview of biological methods to implement the Water
Framework Directive, Ecol. Indic., 18 (2012) 31-41.

Y. Reyjol, C. Argillier, W. Bounne, A. Borja, A.D. Buijse, A.C.
Cardoso, M. Daufresne, M. Kernan, M.T. Ferreira, S. Poikane,
N. Prat, A. Solheim, S. Stroffek, U.P. Philippe, B. Villeneuve,
WJV. Bund, Assessing the ecological status in the context of the
European Water Framework Directive: Where do we go now?
Sci. Total Environ., 497-498 (2014) 332-344.

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[28]

[29]

[30]

[31]

(32]

J. Xia, L. Lin, L. Nehal, Development of a GIS-based decision
support system for diagnosis of river system health and resto-
ration, Water, 6(10) (2014) 3136-3151.

C. Lecointe, M. Coste, J. Prygiel, Omnidia: software for tax-
onomy calculation of diatom indices and inventories manage-
ment, Hydrobiology, 269 (1993) 509-513.

M. Potapova, D.F. Charles, Diatom metrics for monitoring
eutrophication in rivers of the United States, Ecol. Indic, 7(1)
(2007) 48-70.

J. Bohmer, C. Rawer-Jost, A. Zenker, C. Meier, C.K. Feld, R. Biss,
D. Hering, Assessing streams in Germany with benthic inver-
tebrates: development of a multi metric invertebrate based
assessment system, Limnologica, 34(4) (2004) 416-432.

E. Aghaarabi, F. Aminravan, R. Sadiq, M. Hoorfar, M.J.
Rodriguez, H. Najjaran, Comparative study of fuzzy eviden-
tial reasoning and fuzzy rule-based approaches: an illustra-
tion for water quality assessment in distribution networks,
Stoch. Environ. Res. Risk Assess, 28(3) (2014) 655-679.

A. Schafer-Kloiber, W. Graf, A. Lorenz, O. Moog, The AQEM/
STAR taxalist-a pan-European macro-invertebrate ecological
database and taxa inventory, Hydrobiologia., 566(1) (2006)
325-342.

M.A. Beketov, M. Liess, An indicator for effects of organic
toxicants on lotic invertebrate communities: independence of
confounding environmental factors over an extensive river
continuum, Environ. Pollut., 156(3) (2008) 980-987.

H.S. Shih, H]J. Shyur, E.S. Lee, An extension of TOPSIS for
group decision making, Math. Comput. Model, 45 (2007) 801-
813.

AL. Yang, GH. Huang, X.S. Qin, Y.R. Fan, Evaluation of
remedial options for a benzene-contaminated site through a
simulation-based fuzzy-MCDA approach, J. Hazard. Mater.,
213-214 (2012) 421-433.

X.B.Xu, G.S. Yang, Y. Tan, Ecological risk assessment of ecosys-
tem services in the Taihu lake basin of China from 1985 to 2020,
Sci. Total Environ., 554-555 (2016) 7-16.

T.L. Satty, The analytic hierarchy process, New York, McGraw
Hill Company, 1980.

B. Gulcin, C. Gizem, G. Sezin, Strategic analysis of healthcare
service quality using fuzzy AHP methodology, Expert Syst.
Appl., 38(8) (2011) 9407-9424.

G. Bruno, E. Esposito, A. Genovese, R. Passaro, AHP-based
approaches for supplier evaluation: problems and perspec-
tives, J. Purch. Supply Manag., 18(3) (2012) 159-172.

D. Jovana, V. Milica, AHP-based group decision making
approach to supplier selection of irrigation equipment, Water
Resour., 41(6) (2014) 782-791.

L.Z. Zadeh, Fuzyy sets, Inf. Control., 8(3) (1965) 338-353.



