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ABSTRACT / This article presents the design of a fuzzy deci-
sion support system (DSS) for the assessment of alternative

strategies proposed for the restoration of Lake Koronia,
Greece. Fuzzy estimates for the critical characteristics of the
possible strategies, such as feasibility, environmental impact,
implementation time, and costs are evaluated and supplied to
the fuzzy DSS. Different weighting factors are assigned to the
critical characteristics and the proposed strategies are or-
dered with respect to the system responses. The best strate-
gies are selected and their expected impact on the ecosystem
is evaluated with the aid of a fuzzy model of the lake. Sensitiv-
ity analysis and simulation results have shown that the pro-
posed fuzzy DSS can serve as a valuable tool for the selection
and evaluation of appropriate management actions.

Decision theory is an axiomatic theory used for mak-
ing choices in uncertain conditions (Fischhoff and oth-
ers 1981). Davis (1988) defined a decision support
system (DSS) as a mechanism that facilitates complex
decision-making under uncertainty. However, many
complex decision-making problems have multiple ob-
jectives, and preference trade-offs between differing
degrees of achievement for each objective must be
taken into account (Jimenez and others, 2003).

Environmental decisions tend to have considerable
uncertainty associated with them. The full range of
possible outcomes might not be known and it might
not be possible to assess probabilities for the outcomes.
Additionally, some decisions might lead to irreversible
outcomes, and in many cases, there exist multiple de-
cision-makers and multiple objectives. For these rea-
sons there has been considerable application of the
DSS approach to environmental problems, particularly
in the water resource management area. Simonovic
(19964, Simonovic (1996b), for example, discussed the
issue of DSS for sustainable management of water re-
sources. A set of system evaluation criteria was identi-
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fied, namely environmental integrity, economic effi-
ciency, and equity. Gough and Ward (1996) developed
a DSS based on a “soft” system learning approach and
applied it to a case study of environmental decision-
making under uncertainty. Soncini-Sessa and others
(1999) presented a DSS for reservoir management.
Recio and others (1999) developed a DSS for the de-
termination of long-term political management of wa-
ter resources. Prato (1999) developed a Land and Wa-
ter Resource Management System (LWRMS) for
decision-making in the distribution of territorial and
aqueous resources between various competitive users.
More recently, Quinn and Hanna (2003) developed a
DSS for wetland management. The Global Information
System (GIS) technology has also been widely used in
water-quality management (e.g., Huang and Xia 2001;
He 2003).

Many researchers tried to deal with the uncertainties
that are inherent in environmental decision-making
through fuzzy, stochastic, and other inexact program-
ming approaches. Lee and Wen (1997), for example,
applied the technique of fuzzy goal programming to
water- quality management in river basins. Sasikumar
and others (1999) employed fuzzy optimization meth-
ods for planning the water-quality-management system
in a river basin. Zeleznikow and Nolan (2001) proposed
the use of soft computing for the design of a DSS in
uncertain domains. More recently, Chiou and Tzeng,
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(2002) presented a fuzzy integral technique in multi-
criteria decision-making problems.

The work presented in this article lies in the field of
environmental DSS. More specifically, this article pre-
sents the development and design of a fuzzy decision
support system for the assessment of alternative strate-
gies proposed for the restoration of a lake that is highly
affected by industrial and agricultural activities. Fuzzy
inference is used to represent the concepts of vague-
ness and uncertainty associated with the ecosystem.
However, the proposed DSS differs from other fuzzy
approaches in the sense that results from the fuzzy
inference are used to run a lake simulation model
(Ioannidou and others 2003) that is based both on
experts’ knowledge and available measurements.

Moreover, the proposed fuzzy inference system is
decomposed in a number of hierarchically intercon-
nected subsystems, thus avoiding the explosion in the
number or fuzzy rules [the “curse” of dimensionality
(Kosko 1997)]. A dynamic feedback path exists be-
tween the fuzzy subsystems, and the proposed model
captures the dynamic interactions between the environ-
mental stressors of the lake ecosystem.

The proposed fuzzy DSS allows the evaluation of
alternative strategies, as they are proposed in the spe-
cific management plans for the lake. The selection of
the best strategies is achieved based on a number of
specific criteria, and their performance is evaluated
with the aid of the fuzzy model of the lake. The results
obtained allow the effective redesign and adaptation of
the proposed strategies. Sensitivity analysis and simula-
tion results obtained for more than 20 proposed strat-
egies and their variations show that the proposed fuzzy
DSS can serve as a valuable tool for the selection and
evaluation of appropriate management actions.

Physicochemical Parameters for Lake Koronia

Lake Koronia is located 15 km northeast of the town
of Thessaloniki in the region of Macedonia in northern
Greece, at a latitude of 40°59' N and a longitude of
23°15"' E, and with a mean altitude of 75 m above sea
level. In the last 20 years, the lake has suffered from the
consequences of increased water diversion for irriga-
tion that led to a dramatic water-level decline and
increased pollutant loads, combined with reduced sur-
face runoff, that led to deterioration in water quality.
During the 1970s, the lake had an area of 47 km* and
a mean depth of 5 m; currently, it has an area of less
than 30 km? and a mean depth of less than 1 m. These
factors gave rise to the current hypertrophic condi-
tions, which cannot support fish and other living or-
ganisms. As a matter of fact, the water-level decline and

the deterioration in water quality led to the death of a
large number of fish, and fish production was mini-
mized in the summer of 1995. Fish production was kept
to minimum ever since (Piesold and others 1999).

Recent reports on the environmental rehabilitation
of the lake have shown that there is an accumulation of
inorganic salts in the lake, caused by the continuing
decrease in lake volume and by the continuing dis-
charge of high-salinity wastes from the textile industry
(Piesold and others 1999; Grammatikopoulou and oth-
ers 1996; Hellenic Ministry of Agriculture 2001). Simi-
larly, there is an accumulation of nonbiodegradable
organic substances originating from external sources
(i.e., the continuing discharge of chemical substances
from the textile and food industries, pesticides, and
fertilizers) and internal sources (i.e., the biological deg-
radation of organic matter in the lake) (Piesold and
others 1999; Hellenic Ministry of Agriculture 2001;
Tsiouris and others 2002). Due to the increased agri-
cultural activities, the concentration of nutrients and
organic matter exceeds the lake capacity for self-purifi-
cation and, therefore, anoxic conditions prevail in the
water column, particularly close to the bottom (Piesold
and others 1999, Tsiouris and others 2002). Regarding
the ability of the water to support fish life, several
parameters, such as the pH, free ammonia, and dis-
solved oxygen exceed by far the limits that will permit
fish and other aquatic organisms to survive (Piesold
and others 1999; Hellenic Ministry of Agriculture 2001;
Bobori and Economidis 1996).

The variation of these parameters for Lake Koronia
is shown in Figures la—1lc. Measurements were taken
from the Greek Ministry of Agriculture, the Ministry of
the Environment, and other surveys (Piesold and oth-
ers 1999; Grammatikopoulou and others 1996; Hel-
lenic Ministry of Agriculture 2001; Tsiouris and others
2002; Bobori and Economidis 1996). Parameter values
were normalized in order to be displayed on a common
chart (e.g., pH values were multiplied by a factor of
1000). Further analysis on the physicochemical param-
eters for Lake Koronia and on the feedback interac-
tions among dominant environmental stressors can be
found in Ioannidou and others (2003).

Fuzzy Inference Principles

Applicability of the optimization techniques to wa-
ter-quality management is affected by many factors.
First, the water-quality-management systems are com-
plex, and the number of factors and interrelationships
are hard to express as mathematical formulas. Also,
nonlinearities that exist in the system can hardly be
effectively reflected. Second, information for a number
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Figure 1. Variation of physicochemical parameters for Lake Koronia.

of system parameters is often unavailable so rough es-
timations have to be made. Several alternative strategies
have to be considered and evaluated in terms of many
different criteria, resulting in a vast body of data that
are often inaccurate or uncertain. Furthermore, hu-
man judgment of events might be significantly different
based on individuals’ subjective perceptions or person-
ality, even using the same words. Therefore, fuzziness is
considered to be applicable. Fuzzy inference can gen-
erate models that encapsulate both the knowledge pro-
vided by the experts as well as the available measure-
ments for a system. Fuzzy logic provides the means to
transform quantitative measurements of environmental
variables into fuzzy membership functions. If x repre-
sents the value of an environmental variable, then w(x)
is the corresponding membership in a set of acceptable
conditions and takes a value between 0 and 1. Thus, the
membership value denotes the degree that an object
belongs to a fuzzy set (Zadeh, 1965).

The relationship between an environmental variable
x and its membership value w(x) can have different
forms. In this article, both asymmetric and symmetric
membership functions were used for the implementa-

tion of the fuzzy sets. A parametric form of the sigmoid
function was used, defined as

1

e*a(x*c)

Sl a0 =1 (1)
where the parameters @ and ¢ determine its shape and
position. This function was used especially at the low
and high regions of the input/output variables, reflect-
ing the fact that some certainty exists when assessing
very low and very high values. Parameter modification
of the proposed sigmoid function allows for sharp
thresholds between the fuzzy sets. Additionally, a para-
metric form of the Normal distribution was also used
for the membership functions, defined as

—(x— )2

fx, 0,0 =¢ 2

(2)

with o being the standard deviation and ¢ a parame-
ter specifying the shape of the distribution (Math-
works 1999; Kosko 1997). Standard triangular and
trapezoidal membership functions were also used
and their forms can be defined using sets of straight-
line equations.
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Fuzzy variables are combined and formulated as
fuzzy relations or “rules.” The process of combining the
effects of several fuzzy rules is called fuzzy inference.
The Mamdani type of fuzzy inference (Mamdani 1974)
was used in the proposed DSS system and the related
subsystems. The Mamdani inference for N rules R,
R,..., ™ of two fuzzy variables A and B is defined as

RN = \/ ,R" fork=1—-N (3)
fork=1—-N
(4)

where R* denotes the kth rule (k is the rule index), x
takes values in fuzzy variable A, y takes values in fuzzy

pa(x, y) = /(i (%) A ()

variable in B, p,f(x) and pg*(y) are the membership
functions for the fuzzy sets of variables A and B, respec-
tively, for the kth rule, the symbol \/ denotes the max
operator, and the symbol /\ denotes the min operator.
More simply, the different antecedents of a rule are
connected with logical AND (corresponds to the min
operator), and the implication method used when im-
plying from the antecedents is based on the min oper-
ator, truncating the output set. Finally, the max opera-
tor (corresponding to logical OR) is used when the
different rules are aggregated (Mathworks 1999; Kosko
1997).

Because the combined effect of the rules is repre-
sented by a combined membership function, it is essen-
tial to devise a means of providing a single output value
from the fuzzy set. This process is called “defuzzifica-
tion” and, essentially, it is a way of producing quantita-
tive results from qualitative laws. The center of area
method (Kosko 1997; Altrock 1995) was chosen for the
output defuzzification. This method calculates the cen-
ter of the area (COA) of the combined output mem-
bership function ,(y) of a variable y, as follows:

f yi,(y) dy

Yooa = B
j w,(y) dy
S

where § denotes the range of y values covered by the
combined output surface [it is called the support of
1, (3) 1. The idea behind this method is that because the
output of the fuzzy inference is a geometrical aggrega-
tion of fuzzy sets, the geometrical center of the combi-
nation of these fuzzy sets takes into consideration even
the slightest contribution of each set. Thus, the COA
method, when combined with the Mamdani inference,
takes into consideration even the smallest influence of

(5)

a rule because this is accounted for in the combined
output area.

Development of the Hierarchical Fuzzy DSS

Design Objectives

The development of the proposed DSS was based on
the following principles: (1) restoration of the water
balance in the lake, (2) improvement of the water
quality, and (3) development of a sustainable environ-
ment around the lake. Any viable strategy selected by
the DSS must satisfy the following conditions: (1) The
water supply to the lake should be of a high quality, as
the lake has very limited self-purification capabilities,
(2) the water supplied to the lake through diversions of
water from other sources (rivers, springs, etc.) must not
have a negative effect on the environmental state of
these sources and must not affect the native population
counting on them, and (3) it must be environmentally
and financially self-sustained, allowing reusability of the
water resources. Strategies that are impractical or inflict
irreversible environmental damage must be excluded.
Moreover, some strategies should be excluded based on
expected benefit over cost criteria.

Environmental reports on the rehabilitation of the
ecosystem of Lake Koronia have shown that a water
level of 73 m above sea level (equivalent to a water
supply of 200 Mm? to the lake) is desired, whereas the
water quality should be suitable for cyprinoids (Piesold
and others 1999).

Thus, the proposed DSS assesses the restoration
strategies in terms of the following criteria:

1. Feasibility of a strategy, a measure related to the
practicality of its implementation

2. Environmental impact of a strategy to the nearby
resources, related to the competition among local
basins for sharing the available resources

3. Overall implementation time, a critical issue especially
when the lake is in a degraded environmental state

4. Owerall cost, including initial cost and maintenance
costs.

Strategies proposed for the restoration of the lake fall
into two broad categories: (1) water- level-restoration
strategies and (2) water-quality-improvement strategies.
The water supply from external natural sources is
planned to take place only during winter months, when
agricultural needs are limited. The water supplied to
the lake should be of premium quality on a continuing
basis and the danger of polluting the water during
transportation should be kept to a minimum. Finally, it
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Figure 2. Block diagram of the fuzzy DSS architecture.

must be mentioned that the improvement in water
quality is directly related to the increase of water vol-
ume in the lake.

The effect of environmental decisions on the ecosys-
tem manifests itself through the use indicators. For an
indicator to provide valuable information, it must be
related in a predictable way to both management ac-
tions and to some parts of the system that can influence
the sustainability of the system. Indicators should pro-
vide remedial responses (Cornforth 1999). Thus, the
criteria for selecting indicators were the following: (1)
Indicators must be sensitive and respond predictably to
variations in management, (2) indicators must corre-
late well with the ecosystem processes, and (3) indica-
tors must be simple in concept. It has been shown by
Ioannidou and others (2003) that fish reduction can
serve as an indicator of the ecosystem state and it also
satisfies the above-mentioned criteria. Additionally, wa-
ter-level decrease and industrial and agrochemical pol-
lution as related to the conductivity, pH, Chemical
Oxygen Demand (COD), Biochemical Oxygen De-
mand (BOD), and nitrates variation (shown in Figure
1) were used in the fuzzy model of Lake Koronia pre-
sented by Joannidou and others (2003). Because the

—

Feasibility Environmental Time Cost
I Impact | | |

Criteria evaluation

Database of the characteristics
of available strategies

same model is used in the proposed DSS in order to
assess the environmental state, the same indicators were
also adopted.

DSS Overview

A block diagram of the proposed DSS is shown in
Figure 2. The fuzzy model of the lake receives at its
inputs the external values for the indicators water-level
decrease, industrial pollution, and agrochemical pollu-
tion, based on the available measurements. More spe-
cifically, apart from the water-level decrease that is used
directly as a state variable, a fuzzy combination of the
variations in conductivity, pH, COD, and BOD was used
to determine the fuzzy sets for the state variable “indus-
trial pollution.” Additionally, a fuzzy combination of
the variations in nitrates, conductivity, pH, and water
losses was used to determine the fuzzy sets for the state
variable “agricultural activities” (Ioannidou and others
2003). The conductivity and pH are used as measures
of both industrial pollution and agricultural activities,
as they are very important factors. The lake model takes
into consideration both the available measurements as
well as the experts’ knowledge, formulated in a set of
fuzzy rules, and produces at its output an estimate of
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the fish production capabilities of the lake. The fish
reduction index is combined with the external inputs in
the fuzzy category selection block. The status of the index
combined with the external indicators provides two
outputs: the demand for a level management strategy
or a pollution management strategy. Thus, depending
on the status of the ecosystem, one category of strate-
gies might be more desirable than the other for imme-
diate application.

The database storing the characteristics of all available
strategies is used to evaluate each strategy with respect
to the criteria described in the previous section (i.e.,
feasibility, environmental impact, implementation
time, and cost). Additionally, the expected effect of a
strategy on the restoration of the water level or the
pollution level is reported. In this way, strategies aiming
at restoring the water level are discriminated from strat-
egies aiming at improving pollution. It must be noted
that some of these criteria might be inexact or of a fuzzy
nature.

Based on these criteria and the demand for the
appropriate category of strategies, the fuzzy strategy eval-
uator block assesses all possible strategies and assigns to
each one of them a degree of applicability under the
present ecosystem status. This information is fed to the
selection of best strategy and expected improvement block
through two signals: (1) degree of applicability for level
management strategies (DLM) and (2) degree of ap-
plicability for pollution management strategies (DPM).
This block orders all available strategies with respect to
their degree of applicability and selects the strategy that
provided the maximum response (both from level man-
agement and pollution management strategies). Each
strategy in the database is associated with three nor-
malised parameters that are estimates of the improve-
ment that is expected to be achieved, after the applica-
tion of the specific strategy (1) in the water level, (2) in
industrial pollution, and (3) in agrochemical pollution.
The improvement parameters refer to a specific time
period of application or to a repeated application of a
specific strategy for a succession of time steps. Thus, a
time delay appropriate for the chosen strategy is im-
posed on the improvement parameters, whose values
are subtracted from the external values, in the appro-
priate subtractor blocks (initially their values are set to
zero). The outputs of the subtractor blocks serve as the
new estimates of the ecosystem status and they are fed
to the fuzzy lake model block, as shown in Figure 2. This
block evaluates the new value for the fish reduction
index. The improvement achieved on the fish reduc-
tion index serves as a measure of the overall improve-
ment achieved after the application of the chosen strat-

egy.

For strategies requiring repeated application for a
succession of time steps, the procedure is repeated
along the feedback loop, until the final index is pro-
duced. The actual value for the time step is specified by
the time period required for the improvement param-
eters to take effect. As it will be shown in the last section
of the article, the simulation time steps for the pro-
posed case study are set to years. Moreover, depending
on the status of the ecosystem after the application of
the best strategy, the next best strategy can be applied
(e.g., a level management strategy followed by a pollu-
tion management strategy as the next best strategy). In
this case, the effects on the ecosystem are cumulative.

DSS Implementation

The fuzzy inference blocks shown in Figure 2 were
designed according to the fuzzy design principles de-
scribed by Equations 1-5. The fuzzy systems were im-
plemented in the well- established computational envi-
ronment of MatLab (Mathworks 1999) with the aid of
the Fuzzy Logic Toolbox. The fuzzy systems were inter-
connected together with the time delays, the database
of characteristics, the subtractors, and the selection of
best strategy block in MatLab’s Simulink Environment
(Mathworks 1999), which allows simulations and per-
formance comparisons to be made for the overall sys-
tem. The number of fuzzy membership functions for
each input and output variable of each fuzzy block, as
well as their shape, size, and degree of overlap were
investigated in several design attempts in order to sat-
isfy both the qualitative knowledge expressed by sets of
fuzzy rules, and the quantitative parameter variations. It
must be noted that zero threshold values (alpha values)
for determining the membership of a value to a fuzzy
set were used. Strategies are ranked relative to each
other, and by setting threshold values to zero, even the
slightest contribution of a proposed strategy is taken
into account. The most significant subsystems are pre-
sented in detail in the following subsections. The de-
sign for the rest of the blocks follows the same lines; it
is simpler and hence not shown.

Fuzzy Model of the Lake

The fuzzy model of the lake assesses the combined
effect of the positive feedback interactions among the
most significant stressors (i.e., industrial pollution, pes-
ticide, and nutrient usage due to agricultural activities,
and water-level decrease due to irrigation works) on the
reduction of fish production in the lake. Stressor inter-
actions might be of an augmenting or a diminishing
type and the existence of positive feedback loops
among them is a critical issue, as it might lead the



ecosystem to a nonreversible state (Ioannidou and oth-
ers 2003).

The proposed model was based on a set of fuzzy
rules that express the experts’ knowledge and on avail-
able measurements for the physicochemical parameters
of the lake, which are shown in Figure 1. Its operation
was successfully verified for a variety of environmental
conditions, including critical states for the lake. This
model is used in the proposed fuzzy DSS, within the
bounds of the data it has been trained for and its
generalization capabilities (Ioannidou and others
2003), in order to provide an estimate for the fish
reduction index and to assess the improvement result-
ing after the application of a strategy, as shown in
Figure 2. A more detailed analysis on the fuzzy model of
the lake and its operation can be found in Ioannidou
and others (2003).

Fuzzy Strategy Evaluator

The fuzzy strategy evaluator takes at its inputs the
values for the criteria feasibility, environmental impact,
implementation time, and cost, as they are evaluated at
the output of the database of the characteristics of available
strategies block and combines them with the demand
that exists for a level or pollution management strategy
(as these demands are produced at the output of the
Juzzy category selection block). For each of the available
strategies, its expected effects on water and pollution
level are also fed to the fuzzy strategy evaluator, serving
as rough estimates of the suitability of the strategy for
water-level restoration and pollution-level restoration,
respectively, as shown in Figure 2. Thus, the proposed
block receives eight inputs and produces two outputs
(DLM, DPM). In this sense, its design can be consid-
ered quite complex. Assuming that only a moderate
number of fuzzy sets is used for each input (e.g., five),
this would result in a combinatorial explosion in the
number of fuzzy rules, that is a total of 58 = 390,625
possible rules would be required [the “curse” of dimen-
sionality in fuzzy design (Kosko 1997)]. The design of
such a huge fuzzy inference system would be extremely
tedious and the extreme partition of the knowledge
space into hundreds of thousands of rules (most of
them being of insignificant value or even impossible to
occur in reality) would no longer directly reflect the
experts’ knowledge about the system. Moreover, such a
system would be slow in execution speed and requiring
a very large storage space.

In order to overcome these difficulties, the proposed
fuzzy block was hierarchically decomposed into the five
interconnected fuzzy subblocks FS1-FS5 shown in Fig-
ure 3. The FS1 system receives at its inputs the demand
Jor level management strategy, as calculated by the fuzzy
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category selection block, and the effect on the water level
that a proposed strategy is expected to have. The fuzzy
sets and rules for this block were derived according to
the following considerations: If there exists a high de-
mand for a level management strategy and, at the same
time, a specific strategy chosen from the database is
expected to have a large positive effect on water level,
then this block produces a very high output. If, on the
other hand, the current demand for a level manage-
ment strategy is low or the expected effect of a specific
strategy on water level is low, then the output of this
block is also low (needless to point out that if both
demand and expected effect are low, the output is very
low). The FS3 system is almost identical to FSI, but
applied to a demand for pollution management strategy and
to an expected effect of a specific strategy on pollution
levels. Thus, the effect on water level and the effect on
pollution level signals are used to discriminate between
level management and pollution management strate-
gies, respectively.

The FS2 block receives at its inputs the rest of the
strategy evaluation criteria (i.e., feasibility, environmen-
tal impact, implementation time, and cost). Each strat-
egy is evaluated with respect to these criteria, and strat-
egies that are more feasible than others pose smaller
environmental risk and can be implemented quickly
and with a small cost produce a higher value at the
system output. The number and form of the fuzzy sets
for each input and the output of the FS2 block were
varied in a number of alternative design attempts, in
order to produce the desired performance. The input/
output fuzzy sets are shown in Figure 4. Additionally, a
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Table 1. Characteristic fuzzy rule examples for the FS2 block
Rule Environmental Implementation
no. Feasibility impact time Cost Output
1. IF very_small AND negative_big AND  very_small AND  very_small THEN  very_small
17.  IF very_small AND  negative_medium AND  very_small AND  very_small THEN  small
33.  IF very_small AND  negative_small AND  very_small AND  very_small THEN  small
65. IF very_small AND  positive_small AND  very_small AND  very_small THEN  medium
97. IF very_small AND  positive_big AND  very_small AND  very_small THEN  medium_large
130. IF small AND  negative_medium AND  very_small AND  small THEN medium
150. IF small AND  negative_small AND  small AND  small THEN  medium
166. IF small AND  zero AND  small AND  small THEN  medium_large
263. IF medium AND  negative_small AND  small AND  medium THEN  medium_large
386. IF large AND  zero AND  very_small AND  small THEN  very_large
402. IF large AND  positive_small AND  very_small AND  small THEN  very_large
433. IF large AND  positive_big AND  very_small ~AND  very_small THEN  max
434. IF large AND  positive_big AND  very_small AND  small THEN  max
443. IF large AND  positive_big AND  medium AND  medium THEN  very_large
448. IF large AND  positive_big AND  large AND  large THEN large

priority scheme was implemented with the fuzzy rules
so that the criteria are weighted from a higher to a
lower significance, in the order feasibility, environmen-
tal impact, implementation time, and cost. In this
sense, strategies that are more practical and feasible or
pose a smaller environmental risk produce higher out-
put values than strategies that are fast to implement or
they cost less even though they are not as feasible or
they are associated with greater environmental risks.
This approach is in absolute accordance to the experts’
suggestions presented in the management plans (Pie-
sold and others 1999). An overall number of 448 rules
were implemented by the authors for the fuzzy infer-
ence system, by combining the input fuzzy sets for the
respective criteria and after adopting the experts’ sug-
gestions and priority scheme, as proposed in the man-
agement plans and research reports. Some characteris-
tic rules are shown in Table 1.

The FS4 fuzzy subsystem combines the outputs of
the FS1 and FS2 subsystems in order to produce the
degree of applicability for level management strategies
(DLM). Its design requirements are much simpler than
those for the FS2, and the fuzzy rules were formed by
taking into consideration the fact that a high FS1 out-
put (high demand and high effect on water level) when
combined with a high FS2 output (a strategy that scores
high values with respect to the criteria) should produce
a high DLM signal (and the converse).

The design of the FS5 fuzzy subsystem is almost
identical to the FS4, combining the outputs of the
FS2 and FS3 subsystems and producing the degree of
applicability for pollution management strategies
(DLM).

Results and Discussion

Computer Simulations

In order to investigate the performance of the pro-
posed DSS a series of computer-generated strategies
were used, each one associated with different criteria
values. A code number is assigned to each strategy and
the variation in the respective criteria values produces
the corresponding variation in the DLM and DPM val-
ues, as shown in Figure 5.

Strategies 1-11, for example, display the DPM vari-
ation for a gradual increase in feasibility (ranging from
0 to 100, in steps of 10) and for very small and fixed
values in the environmental impact, implementation
time, and cost criteria. Clearly, DPM increases as the
feasibility of a strategy increases. Similarly, strategies
12-21 display the DPM variation for a gradual increase
in environmental impact (ranging from —100 to +100
in steps of 20) and the rest of the criteria are set to fixed
and small values. Strategies 22-24 correspond to an
increase in implementation time (in steps of 30),
whereas strategies 25-27 correspond to an increase in
cost (again in steps of 30), the rest of the criteria are
fixed to low values. Because the increase in implemen-
tation time and cost has a negative impact on the
suitability of a strategy, these variations account for the
drop in the DPM output. Strategies 28-37 correspond
to a simultaneous increase in feasibility and environ-
mental impact while keeping implementation time and
cost to 2 minimum, thus producing high DPM outputs.
The same situation is repeated in strategies 38-47,
strategies 4857, and strategies 58-67, but for increas-
ingly higher implementation time and cost values. The
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Figure 5. Fuzzy DSS results for a series of computer-generated strategies.

gradual increase in implementation time and cost ac- Sensitivity Analysis
counts for t'he lower mhaximum values achieved for the Proper uncertainty assessment is essential to allow
corresponding sets of strategies. decision-makers to judge whether the model results are
sufficiently accurate to support decision-making (Salo-
ranta and others, 2003). A series of sensitivity analyses

were performed in order to assess uncertainties relating

Although for strategies 1-78 the variation in the
DLM values shown in Figure 5 is qualitatively similar to
that of the DPM values, the maximum DLM levels
attained are quite lower. This is due to the fact that the
signals demand for level management strategy (at the output
of the fuzzy category selection block) and effect on water
level (at the output of the criteria evaluation block) are

to the proposed DSS parameter values and to the qual-
ity of input data. The system’s response to variations of
the input parameters was examined for a set of ran-

o ; domly generated strategies, evenly covering the range
set to minimum values whereas, signals demand for pol-

lution management strategy and effect on pollution level are
both set to one-third of the theoretical maximum value

of input criteria and output values. The sensitivity de-
gree Sy is defined as follows:

(signals vary from 0 to 100). Moreover, the variation of _ AY/Y
the criteria values for strategies 79-156 follows the YTUAX/X
same patterns as in strategies 1-78, but signals demand
Jor pollution management sirategy and effect on pollution level
are both set to the value 90. Signals demand for level
management strategy and effect on water level are both set to
the value 60. This fact accounts for the higher DPM and
DLM values and the steeper slopes obtained for this set

(6)

where Y denotes an output state (the response to a
particular strategy) and X represents one of the criteria
that affect the system; AYand AX denote increments of
output state Yand criterion X, respectively, and Sy is the
sensitivity degree of state Y to criterion X. For n output
states (Y}, Ys,..., ¥,

s n,

. . . corresponding to different strate-
of strategies. Thus, a maximum output response is ob- . TTesp 5 -
gies), the general sensitivity degree to criterion X can

tained when there exists a high demand for a category be defined as follows (Guo and others, 2001):

of strategies, the expected effect of a particular strategy
in that category is high, and, at the same time, feasibility 1.
and environmental impact values are high while imple- S=— E Sy; (7)
mentation time and cost are kept low. "



Table 2.  Sensitivity analysis results

Criterion Sensitivity degree
Feasibility 0.22
Environmental impact 0.15
Implementation time 0.1
Overall cost 0.04

The sensitivity degrees for the criteria feasibility, envi-
ronmental impact, implementation time, and cost were
calculated according to Equation 7 by inducing a vari-
ation of =5% in the values of a specific criterion, for all
of the computer-generated strategies, while keeping
the values of the rest of the criteria constant. The
procedure was repeated for each criterion in turn.
Table 2 displays the result of the sensitivity analysis for
the above-mentioned criteria. It is indicated that the
proposed DSS responds to all criteria with a low degree
of sensitivity. Moreover, the sensitivity-degree values to
all criteria reflect the relative importance of the criteria
in the order feasibility, environmental impact, imple-
mentation time, and cost, as it was adopted in the
construction of the fuzzy rules.

Furthermore, the impact of the simultaneous varia-
tion of input criteria on the ranking of strategies has to
be investigated (Jimenez and others, 2003). Strategies
were ranked according to the DPM and DLM values,
and random variations were simultaneously added to
the input criteria values. The magnitude of the random
variations (normalized, uniform noise added around
central values) was increased up to the 10% of the
criteria values, in multiple simulation runs. The num-
ber of strategies that are ordered in a different rank, as
a result of the addition of noise, serves as an indication
of the impact of the criteria variations on the ranking of
alternative strategies. Figure 6 displays the percentage
of strategies ordered in a different rank, for various
amounts of noise, ranging from 0 to = 10% around the
criteria values. Thus, if the criteria values for a strategy
were varied simultaneously within an interval of +3%,
no differences in ranking were observed and the pro-
posed DSS is quite robust. As the noise interval in-
creases to =5%, some strategies are ordered in a dif-
ferent rank, whereas for a larger noise interval, the
number of these strategies increases significantly, as a
result of the combined variation of all criteria.

Case Study: Application of the DSS to Lake Koronia

The proposed DSS was applied to a number of strat-
egies that have been suggested for the rehabilitation of
Lake Koronia in the management plans (Piesold and
others 1999) and research reports (Tsiouris and others
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Figure 6. Percentage of strategies ordered in a different
rank, for various amounts of noise.

2002; Grammatikopoulou and others 1996). These
strategies fall within two main categories: (1) strategies
aiming at restoring water levels in the lake and (2)
strategies aiming at improving the pollution levels.
Each category comprises of 10 strategies and they are
briefly described as follows:

Strategies for the restoration of water levels:

1.  Water diversion from the Aksios River: This strategy
would be quite difficult to implement because the
flow of the Aksios River is controlled by dams that
lie outside the Greek borders. Moreover, waters are
of unreliable quality containing heavy loads of nu-
trients.

2. Water diversion from the Strymon River: Irrigation sys-
tems based on water from the Strymon River al-
ready exist in the Strymon valley. Moreover, there
exist plans for water diversion from the Strymon
River for the restoration of Lake Doirani (which
lies to the north of Lake Koronia). Thus, this strat-
egy would exert additional strain to the valley’s
resources, resulting in negative environmental im-
pact. Finally, the river flow is also controlled by
dams that lie outside the Greek borders and waters
are of unreliable quality.

3. Water diversion from the Aliakmon River: It has been
estimated that water divergence of up to 4% of the
mean river flow during winter will not have any
negative impact on the ecology of the river (a large
portion of the water overflow in Aliakon’s reservoir
during winter is wasted in the sea). Additionally,
there already exist water channels covering part of
the distance between the river and Lake Koronia,
and the construction of the rest of the channels is
quite feasible. Water quality is of high standards
because there are no domestic or industrial sewage



256

10.

P. Tzionas and others

discharging in the river (very small amounts of
asbestos are present, but they can be removed).
Water supply from the wastewater processing unit of the
town of Thessaloniki: This strategy requires water
desalination and thus, costs are raised. Addition-
ally, water quality is unreliable.
Water diversion from the Laggadiki and Scholari torrents:
Torrent Laggadiki is already supplying Lake Koro-
nia with water and the construction of a channel
would probably have a negative environmental im-
pact. Torrent Scholari is already feeding the nearby
Lake Volvi with water and the full diversion of its
waters would have negative environmental impact
for that lake. As a compromise, the partial water
diversion at a rate of 10-15 Mm? /year would pro-
vide a quite feasible solution, easy to implement
and of low cost. Additionally, any negative environ-
mental impacts would be reversible by the partial
(or full) diversion of water flow.
Rainfall water diversion from the village of Asvestochori:
This requires the construction of a series of regu-
lating dams. Additionally, the construction of a
huge reservoir is required and this would have a
negative environmental impact. Even if the dams
and reservoir were constructed, operational prob-
lems would arise.
Water drained from Lake Volvi: This strategy would
result in the reduction of water storage in Lake
Volvi, as it is expected to increase hydraulic and
environmental stresses. Moreover, the negative en-
vironmental impacts would not be easily reversible.
Water drained from the deep aquifer: The deep aquifer
is already stressed due to heavy water pumping for
irrigation purposes. It is expected that this strategy
would have a negative environmental impact. Be-
cause there do not exist specific data and studies on
that matter, the strategy would be very hard to
implement. It is also expected to have a negative
impact on the quality of water, because the quality
of the shallow aquifer is continuously deteriorating.
Maintenance and restoration of irrigation networks: Ex-
isting irrigation networks are unreliable. Water
consumption can be reduced by adopting new
techniques such as microirrigation techniques
(e.g., by water drops). These techniques are also
expected to reduce pollution from agrochemicals.
Limitation in the number of water pumps and drills
through a state regulatory policy: Although this strat-
egy has a low cost of implementation, it is associ-
ated with high management overheads. It would
result in a reduction in the consumption of water
for irrigation purposes, but it also requires some
policy decisions to be taken at the government

level (e.g., for periodic rests in

cultivation).

support

Strategies for the improvement of pollution levels:

11.

12.

13.

14.

15.

16.

Installation of a water sewage treatment Unit for the
town of Lagadas: This unit would have a direct
positive effect on the ecosystem of the lake. It calls
for immediate and urgent implementation. Such
a treatment unit should be also capable of pro-
cessing domestic sewage from neighboring vil-
lages and from the meat and dairy industries. If
installations are extended so that the unit could
also process industrial sewage, an improvement of
20-25% in water quality is expected in the imme-
diate future.

Restoration of the sewerage system of Lagadas: The
complete renewal of the sewerage system is pro-
posed. The new sewerage system should also serve
the nearby industries. This strategy can be com-
bined with the construction of a waste-treatment
lagoon, as proposed next.

Waste treatment in a waste maturing lagoon: This is an
inexpensive strategy that can be combined with
others, such as the construction of a sewage treat-
ment unit and the restoration of the sewerage
system.

Collection and treatment of water sewage from commu-
nities with population of more than 2000: This is an
inexpensive and feasible strategy. It is in accor-
dance with the European Union regulations for
wetlands and, thus, it can be funded.

Extension of the water sewage treatment unit of Lagadas
in order to process industrial sewage: Connecting the
industries to the proposed sewage unit would re-
sult in an increase in the processed water flow to
Lake Koronia. In any case, the industries are un-
der the obligation to treat their sewage, according
to European Union regulations. However, it is
quite difficult to estimate the required capacity of
such a unit. Moreover, water sewages from the
industries are of heterogeneous composition. This
strategy can be combined with the waste maturing
lagoon strategy and it is expected to lead to a
25-30% reduction of pollutant loads.

Installation of industrial sewage-treatment equipment in
each industrial unit: This strategy requires consid-
erable improvement of the installations and inter-
nal operation of the industrial units. Installation,
maintenance, and operational costs for active car-
bon filters are considerable. Moreover, extra costs
are associated with the installation of specific in-
strumentation equipment (measuring COD, salin-
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Table 3. Criteria values and expected improvement for level and pollution management strategies

Expected
Overall Expected Expected improvement
Environmen- cost improvement improvement in
Effect Effect on Feasibility tal impact Implementa- MECU  in water in industrial ~ agrochemical
Strategy on water pollution (low- (negative to  tion time (Million inflow pollution pollution
No. level level difficult)  positive) (months) Euro) (Mmg/year) (% /year) (%/year)
1 90 5 60 —40 52 16 15 3 3
2 90 5 50 —50 37 13.5 15 3 3
3 90 5 60 60 33 17.3 15 3 3
4 90 5 10 —30 36 25 15 3 3
5 70 5 60 0 7 1.8 12 3 3
6 50 2 10 —20 23 6.5 1 1 1
7 90 5 60 =70 26 6.2 15 3 3
8 90 5 10 —80 9 0.2 15 3 3
9 60 3 10 20 36 10 4 1 3
10 60 3 10 10 36 0.3 5 1 2
11 0 90 80 80 24 2 0 25 0
12 0 80 50 50 48 20 0 10 0
13 0 80 50 50 15 2 0 8 0
14 0 60 30 20 48 20 0 5 0
15 0 90 80 80 48 2 0 30 0
16 0 90 50 80 30 10 0 30 0
17 0 80 10 80 60 20 0 10 0
18 0 60 30 30 24 20 0 0 5
19 0 60 10 0 24 20 0 0 5
20 0 60 30 0 24 10 0 0 5
ity, etc.). Thus, this strategy calls for governmental Table 4. Relative ranking of strategies for two
funding. If this strategy is implemented, a 25-30%  environmental states: water-level decrease = 90%,
improvemen[ in pollutant loads discharging to industrial pOllutIOﬂ = 20%, agI’OChemlcal pOllutIOI’] =
Lake Koronia is expected. 20%; water-level decrease = 20%, industrial pollution
17.  Relocation of the industries in the industrial park: This = 90%, agrochemical pollution = 90%
strategy is feasible only for new industries, if ap- Level management Pollution management
propriate financial incentives are provided. It  strategies strategies
would be quite expensive to relocate already ex- Rank Strategy No. Rank Strategy No.
isting units. ] 3 ! 1
18.  Reduction in the use of fL.yrtzllzers fznd ;bestzcz.des: This 9 5 9 15
strategy would result in considerable improve- 3 i 3 18
ment in water quality, because pollutants are car- 4 1 4 16
ried to the lake through surface-water runoff. 5 2 5 12
Farmers would also benefit by the reduction in the S i (75 ;g
associated costs. This strategy would require the 8 9 8 17
appropriate training of the farmers and, addition- 9 10 9 14
ally, financial incentives must be provided. 10 6 10 19
19.  Removal of the sediment from the bottom of the lake: A
partial (or even full) removal of the bottom sedi-
ment using mechanical scraping off or chemical
methods is suggested. It is expected to result in  20. Aquatic vegetation management and reintroduction of

improvements in water quality because the pol-
luted sediment at the bottom delays the restora-
tion of the ecosystem. Implementation costs are
quite high.

fish population: This strategy calls for harvesting of
old vegetation and introduction of new species
that can reduce the amounts of phosphorus and
heavy metals from the lake sediment (such as reed
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Table 5. Fuzzy DSS results for two environmental states

Water-level Industrial Agrochemical Fish

decrease % pollution % pollution % reduction % Strategy
Case (initial /final) (initial /final) (initial/final) (initial /final) selected
a 90/45 20/11 20/11 73.03/43.48 3
b 20/20 90/15 90/90 96.61/58.60 11

beds). The reintroduction of fish population is
not a feasible solution at present, due to the de-
teriorating quality of water and the decline in
water levels.

Table 3 presents the criteria values assigned to each
strategy, according to fuzzy estimations based on man-
agement plans and measured values. For example, a
relatively low feasibility value is assigned to strategies
that are difficult to implement, according to the above
discussion, whereas strategies that can be implemented
easily are assigned a relatively high feasibility value.
Moreover, the expected improvement in water flow and
industrial and agrochemical pollution associated with
each strategy, as expressed in the management plans, is
used to generate the new fish production index, after
its application. The criteria values for each strategy
were stored in the database of characteristics. It must be
pointed out that the values for criteria implementation
time and overall cost shown in Table 3 are mean arith-
metic values provided by the experts in the manage-
ment plans and research reports (Piesold and others
1999) and the fuzzy ranges for the fuzzy sets were
normalized in the interval [0-100], as shown in Figure
4. Thus, values for these two criteria are directly con-
verted to single arithmetic values. The corresponding
ranges for the fuzzy sets of criteria feasibility and envi-
ronmental impact are determined after comparing the
available strategies relatively to each other. The normal-
ized range for feasibility lies in the interval [0-100]
(from hardest to implement to easiest to implement
strategy) and the normalized range for environmental
impact lies in the interval [—100.0 + 100] (from large
negative environmental impact to large positive envi-
ronmental impact). Because the evaluation of these two
criteria is provided by the experts in relative linguistic
terms (as recorded in the management plans and re-
search reports and depicted by appropriate fuzzy sets),
a defuzzification step is required in order to produce a
single arithmetic value from the appropriate fuzzy
range.

The proposed fuzzy DSS was applied to a variety of
environmental conditions and two characteristic cases
are as follows: (1) when water level decrease has

reached 90% of the maximum recorded value shown in
Figure 1, whereas industrial and agrochemical pollu-
tion levels have reached only 20% of their maximum
recorded values in Figure 1, and (2) water-level de-
crease at 20% and industrial and agrochemical pollu-
tion levels at 90% of their maximum recorded values.
The ranking of strategies, as produced by the fuzzy DSS,
is shown in Table 4 In the first case, the water-level
management strategies produced considerably higher
output values than the pollution management strate-
gies. In the second case, pollution management strate-
gies produced much higher output values, as was ex-
pected.

The best water level management strategy chosen in
the first case was strategy number 3, (i.e., water diver-
sion from the Aliakmon river). The application of this
strategy over a period of three simulation periods (each
period corresponds to a year) resulted in a consider-
able improvement for the fish reduction index, as
shown in Table 5 In the second case, the best pollution
management strategy chosen was strategy number 11,
installation of a water sewage treatment unit in Laga-
das, and its application for three simulation periods (3
years) again resulted in considerable improvement for
the fish reduction index, as shown in Table 5 In this
case, the next best strategy is strategy number 15 (i.e.,
extension of the water sewage treatment unit of Laga-
das in order to process industrial sewage, which basi-
cally is an extension of the best strategy chosen).

Thus, in both cases of environmental conditions, the
proposed fuzzy DSS selected that strategy from the
appropriate category of strategies that is more feasible
to implement, is associated with the best environmental
impact, is fast to implement, and is relatively inexpen-
sive.

The fuzzy DSS presented in this article is capable of
encompassing the concepts of vagueness and uncer-
tainty associated with the ecosystem. One of its basic
contributions is that it employs fuzzy inference for the
generation of simulation models based both on the
expert’s knowledge and available measurements. Addi-
tionally, the fuzzy inference system is more flexible,
compared to other approaches, because it can be de-



composed into a number of hierarchically intercon-
nected subsystems. In this sense, first the explosion in
the number of rules is avoided and second, the hierar-
chical modules can be replaced by appropriate mod-
ules if, for example, the DSS is to be applied to a
different area. Moreover, the fuzzy DSS presented in
this article supports continuous looping and iteration
of information, it supports both arithmetic and fuzzy
data, and it was shown that it is quite robust in the
presence of noise. Finally, simulation results allow the
effective redesign and adaptation of a proposed strat-
egy. After a strategy is evaluated and ranked with re-
spect to the rest of the available strategies, it can then
be redesigned if required (e.g., by increasing its positive
environmental impact or by speeding up the expected
implementation time, so that it becomes more compet-
itive).

Conclusions

This article presented the development and design
of a fuzzy decision support system for the assessment of
alternative strategies proposed for the restoration of a
lake that is highly affected by industrial and agricultural
activities. Modeling, monitoring, and decision-making
in the proposed DSS constitute a continuous, interre-
lated, and recursive system. Fuzzy inference is used to
represent uncertainties associated with the model and
criteria evaluation. The performance of the system was
evaluated both for a large number of computer-gener-
ated strategies and for a number of specific strategies
proposed for the restoration of Lake Koronia. A series
of sensitivity analyses have shown that the proposed
DSS is robust in the presence of noise.

Environmental management plans must be contin-
uously revised in order to meet new environmental
conditions. The proposed DSS is flexible in the sense
that it can be easily redesigned and adapted to cover
the requirements of new management plans and to
evaluate strategies under changing criteria values, or
even using different sets of criteria.

Some of the limitations in the use of the proposed
DSS come from the quality of the input data, the level
of expertise reflected in the fuzzy rules, and the gener-
alization capabilities of the lake model. Moreover, the
evaluation of the criteria values can, in some cases, be
associated with low confidence intervals, or criteria val-
ues might not be available for certain strategies. Finally,
the use of the proposed DSS is based on the model of
the lake that maps the specific anthropogenic stressors
and their interactions. If it were to be applied to a
different ecosystem, then a new lake model would be
required in order to model the new stressors and inter-
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actions. It could also be possible that, depending on the
criticality of the ecosystem state, the inclusion of addi-
tional criteria might be required. One of the advan-
tages of the proposed DSS is that its hierarchical struc-
ture can easily accommodate such changes.

References

Altrock, C von 1995. Fuzzy logic and neurofuzzy applications
explained. Prentice-Hall PTR, Englewood Cliffs, New
Jersey.

Bobori, D. C., and P. S. Economidis. 1996. The effect of size,
sex and season on the accumulation of heavy metals in
perch (perca fluviatilis, pisces: percidae) in lake Koronia
(Macedonia, Greece). Toxicological and Environmental Chem-
istry 57:103-121.

Chiou, H. K., and G. H. Tzeng. 2002. Fuzzy multiple-criteria
decision-making approach for industrial green engineer-
ing. Environmental Management 30:816—-830.

Cornforth, I. S. 1999. Selecting indicators for assessing sus-
tainable land management. Journal of Environmental Manage-
ment 56:173-179.

Davis, M. W. 1988. Applied decision support. Prentice-Hall,
Englewood Cliffs, New Jersey.

Fischhoff, B., S. Lichtenstein, P. Slovic, S. L. Derby, and R. L.
Keeney. 1981. Acceptable risk. Cambridge University Press,
Cambridge.

Gough, J. D., and J. C. Ward. 1996. Environmental decision-
making and lake management. jJournal of Environmental
Management 48:1-15.

Grammatikopoulou, N., D. Kechagias, and G. Economidis.
1996. A rescue plan for Lake Koronia. Environmental Re-
port. Greek Ministry of the Environment (in Greek), Ath-
ens, Greece.

Guo, H. C,, L. Liu, G. H. Huang, G. A. Fuller, R. Zou, and Y. Y.
Yin. 2001. A system dynamics approach for regional envi-
ronmental planning and management: A study for the Lake
Erhai Basin. Journal of Environmental Management 61:93-111.

He, C. 2003. Integration of geographical information systems
and simulation model for water shed management. Environ-
mental Modelling and Software 18:809—-813.

Hellenic Ministry of Agriculture. 2001. Water quality charac-
teristics for the lakes and rivers of Greece, available at
WWww.minagric.gr.

Huang, G. H., and J. Xia. 2001. Barriers to sustainable water-
quality management. Journal of Environmental Management
61:1-23.

Ioannidou, I., St. Paraskevopoulos, and P. Tzionas. 2003.
Fuzzy modeling of interactions among environmental stres-
sors in the ecosystem of Lake Koronia, Greece. Environmen-
tal Management. 32: 624—638.

Jimenez, A., S. Rios-Insua, and A. Mateos. 2003. A decision
support system for multiattribute utility evaluation based on
imprecise assignments. Decision Support Systems 36:65—79.

Kosko, B. 1997. Fuzzy engineering. Prentice-Hall Interna-
tional, London.

Lee, C. S., and C. G. Wen. 1997. Fuzzy goal programming



260

P. Tzionas and others

approach for water-quality management in a river basin.
Fuzzy Sets and Systems 89:181-192.

Mamdani, E. H. 1974. Applications of fuzzy algorithms for
control of simple dynamic plants. Proceedings of IEE
121:1585-1588.

Mathworks Inc. 1999. Fuzzy logic toolbox — For use with
MATLAB®, ver. 5.3. The Mathworks Inc., Massachuetts,
USA.

Piesold, K., G. Karavokiris, Anelixi and Agrisystems S. A. 1999.
Environmental rehabilitation of Lake Koronia, Greece. Fi-
nal Report. European Commission Directorate General
XVI, Regional Policy and Cohesion.

Prato, T. 1999. Multiple attribute decision analysis for ecosys-
tem management. Ecological Economics 30:207-222.

Quinn, N. W. T,, and W. M. Hanna. 2003. A decision support
system for adaptive real-time management of seasonal wet-
lands in California. Environmental Modelling and Software
18:503-511.

Recio, B., F. Rubio, J. Lomban, and J. Ibanez. 1999. An econo-
metric irrigated crop allocation model for analysing the
impact of water restriction policies. Agricultural Water Man-
agement 42:47-63.

Saloranta, T. M., ]J. Kamari, S. Rekolainen, and O. Malve.
2003. Benchmark criteria: A tool for selecting appropriate

models in the field of water management. Environmental
Management, 32: 322-333.

Sasikumar, K., P. Mujumdar, A. Kumar, and V. K. Minocha.
1999. Fuzzy optimisation model for water-quality manage-
ment of a river system. Journal of Water Resources Planning and
Management 125:179-187.

Simonovic, S. P. 1996a. Decision support system for sustain-
able management of water resources: 1. General principles.
Water International 21:223-232.

Simonovic, S. P. 1996b. Decision support system for sustain-
able management of water resources: 2. Case studies. Water
International 21:233-244.

Soncini-Sessa, R., V. Luca, and W. Enrico. 1999. TwolLe: A
software tool for planning and management of water reser-
voir networks. Hydrological Science Journal 44:619—-632.

Tsiouris, S. E., A. P. Mamolos, K. L. Kalburtji, and N. Barbay-
iannis. 2002. Fertilizer management in watersheds of two
Ramsar wetlands and effects on quality of inflowing water.
Environmental Management 29:610-619.

Zadeh, L. A. 1965. Fuzzy sets. Information Control 8:338-353.

Zeleznikow, J., and J. R. Nolan. 2001. Using soft computing to
build real world intelligent decision support systems in
uncertain domains. Decision Support Systems 31:263-285.



