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Abstract

Many aquatic ecosystems suffer from anthropogenic disturbances, including the introduction of damaging levels of toxic
substances. The effects of disturbances include complex relations with various components involved in the systems, and
can include physical, chemical, and hydrological disruption depending of the contaminant. Decision Support Systems
(DSSs) are developed to help decision makers to deal with complex management crises, through the systematic structur-
ing and evaluation of decisions, and through providing easy-to-use and integrated tools for information elaboration and
display. We reviewed various DSSs developed for toxic substances in aquatic ecosystems, and suggested a conceptual
framework which is best suited to the management of such issues within Korea. It may assist stakeholders with their deci-

sion making process, and in the achievement of a consensus on water management solutions.
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INTRODUCTION

Historical water management often focused on water-
shed development and economic activities at the expense
of water quality (Heathcote 1998). However, continuous
urban development and increased human disturbance
affect water quality and quantity, as well as threaten hu-
man health and ecological status of our freshwater sys-
tems. Protection of aquatic ecosystems from the intro-
duction of hazardous materials is a major issue in natural
water resource management, and is essential to sustain
both human and ecological communities. Increasing in-
terests with regard to water quantity and quality has led
to the popularization of integrated approaches to water
management, which include all water-related impacts
(Achleitner et al. 2005).

One approach to water management is to aggregate
several models into an integrated computer program—a

Decision Support System (DSS)—that focuses on the in-
teraction between the users and the data, models, and the
facilities which are available (Davis et al. 1991, Andreu et
al. 1996, Fredericks et al. 1998). The general objective of
a DSS, regardless of frameworks, methodologies, or the
techniques which are used, is to provide timely informa-
tion which supports human decision makers—at all levels
of decision making (Loucks 1995), and such systems nec-
essarily require all relevant information for their success-
ful development (e.g., Eom and Lee 1990, Hodges 1991,
Loucks 1992, Walker 1993). The development of a DSS can
be of great benefit to the protection of environment and
water resources (Labadie et al. 1989, Loucks and da Costa
1991, Santos 1991, Allen et al. 1992).

It has been reported that water resource models and
DSSs do not provide satisfactory solutions in practice
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Fig. 1. Schematic diagrams of DPSIR framework for assessing toxic substances in aquatic ecosystems.

(Kim et al. 2007), although there are many contrasting
studies in this field. Only 10 to 20% of developed DSSs
are judged perform successfully (Organizational Aspects
of Information Technology Special Interest Group 1996),
indicating that the majority of DSSs have been developed
under academic environments and are limited in their
flexibility, or in their appreciation of a user’s experience or
situation (Mysiak 2005). In this study, we aimed to review
the development of DSSs for toxic substances in aquatic
ecosystems, and their characteristics, in order to provide
a conceptual framework suitable for application to Korea.

DEVELOPMENT OF DECISION SUPPORT
SYSTEMS

The use of computerized quantitative models to assist
in decision making and planning began in the 1960s (Ray-
mond 1966, Turban 1967), and a major historical turn-
ing point was the study of Scott Morton’s (1967), which
involved building, implementing and testing an interac-
tive model-driven management decision system (Power
2007). DSSs were originally developed for the business
and management fields, and were then expanded to vari-
ous other fields which required strategic decision making
and management of complex situations (Power 2009).

DSSs for the study of water resource problems began to
appear in the mid-1970s, and have been widely discussed
throughout literature since the mid-1980s (e.g., Stansbury
et al. 1991, Ford and Killen 1995, Dunn et al. 1996, Jamie-
son and Fedra 1996a, 1996b, Reitsma 1996, Arumugam
and Mohan 1997, Ito et al. 2001, Westphal et al. 2003).

DSSs help decision makers in structuring and evalu-
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ating decisions, by providing easy-to-use and integrated
tools for information elaboration and display (Loucks
1995, Watkins and McKinney 1995, Jansen et al. 2002,
Shim et al. 2002, Lahmer 2004). The concept of DSS has
since been applied to various environmental fields in or-
der to help decision-makers to answer specific questions
by facilitating the use of various models and databases
in an interactive manner (Andreu et al. 1996). The main
functions of DSS are usually to provide appraisal of plan-
ning variants, to simulate scenarios with numerical mod-
eling, and then to aid the stakeholders’ judgment and the
achievement of a consensus on a management solution.
The DSS performs these functionalities (i.e., creation and
comparison of scenarios) by combining different model-
ing tools and participatory processes (Jansen et al. 2002).
A common functionality of DSS is also to interoperate dif-
ferent temporal and spatial scales (Dietrich et al. 2004).

The European Environment Agency (EAA) has devel-
oped a conceptual framework for water and river basin
management, named Driving forces, Pressure, State, Im-
pact, Response (DPSIR) (European Environmental Agen-
cy 1999). The DPSIR framework is useful for describing
the relationships between the origins and consequences
of environmental problems, and is also beneficial in the
investigation of the links between DPSIR elements (Fig.
1). The DPSIR framework has been instrumental in the
implementation of the European Water Framework Di-
rective (WFD) (European Union 2000), due to its ability of
identify and study the interactions between the environ-
ment (states and impacts) and human activities (driving
forces, pressures and responses) (Dietrich et al. 2004). An
example of the DPSIR framework for assessing toxic sub-
stances is shown in Fig. 1.
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Power (2007) categorized DSSs into six types following
a broad historical progress of DSS research: 1) Model-
driven DSSs emphasize access to, and manipulation of
optimization and/or simulation models. Simple quan-
titative models provide the most elementary level of
functionality. Model-driven DSSs use limited data and
parameters provided by decision makers to aid decision
makers in analyzing a situation, but in general, large da-
tabases are not needed for model-driven DSSs. 2) Data-
driven DSSs emphasize access to, and manipulation of a
time-series of internal data, and sometimes external and
real-time data. Simple file systems are accessed by query
and retrieval tools, providing the most elementary level
of functionality. 3) Communications-driven DSSs use
network and communications technologies to facilitate
decision-relevant collaboration and communication. 4)
Document-driven DSSs use computer storage and pro-
cessing technologies to provide document retrieval and
analysis. 5) Knowledge-driven DSSs can suggest or rec-
ommend actions to managers. These DSSs are person-
computer systems with specialized problem-solving ex-
pertise, consisting of both knowledge about a particular
domain and skills at solving some of these problems. 6)
Web-based DSSs were developed with the emergence of
the world-wide web and global internet, providing a tech-
nology platform for further extending the capabilities of
such systems, and the deployment of computerized deci-
sion support.

REVIEW ON EXISTING DECISION SUPPORT
SYSTEMS

The development of information and communication
sciences has led to the development of various DSSs for
aquatic ecosystem management, implementing assess-
ment and management concepts in Europe, USA, and
so on. They have adopted the legal requirements of the
relevant countries: for example, all the proposed themes
and functionalities of the European Union (EU) are usu-
ally related to the implementation of European legisla-
tion requirements, and particularly the EU WFD. Such
functionality provides for special attention to be paid to
regional water quality issues, and links between ecologi-
cal and socio-economic aspects (Agostini et al. 2006), and
as such, the majority of European systems have adopted
the DPSIR framework (European Environmental Agency
1999). Agostini et al. (2006) proposed a management
planning cycle in three stages: assessment, management,
and monitoring. The assessment stage has four phases:

characterization, classification, ecological state definition
and quality objectives definition. The monitoring stage
includes a surveillance monitoring, an investigative mon-
itoring and an operational monitoring.

Here we reviewed selected DSSs developed for the
management of river basin pollution incidents. The
AQUATOOL developed in Spain is a generalized DSS
(http://upv.es/aquatool), and its main functionality is
the simulation of operational management. Initially, it
was designed for the planning stage of decision-making
in complex basins comprising multiple reservoirs, aqui-
fers and demand centers. Later, the system was expanded
to incorporate modules for the operational management
stage of decision-making. AQUATOOL is currently being
used by several river basin agencies in Spain as a standard
tool, not only to develop their Basin Hydrological Plans,
but also to manage to their water resources in an effective
way. The structure of AQUATOOL is based on the separa-
tion of components and functions of a water body, lead-
ing to a highly flexible design, implementation, and op-
eration of the system. The Windows-based DSS consists
of modules for basin management simulation and opti-
mization, modeling of water flows in aquifers, risk assess-
ments, and analysis and reporting.

Generally, DSSs have two main functionalities: inte-
gration capabilities and evaluation of management sce-
narios. The main objective of systems is the management
of the river of interest, and thus, many systems integrate
models for ecological assessment with socio-economic
evaluation, by producing possible management scenar-
ios (Agostini et al. 2006). For example, Havel River DSS
(http://www.havelmanagement.net/Havel-eng), which
was developed in Germany, provides a representation
of the actual state of the river by using eco-hydrological
models, and a cost-benefit analysis for socio-economic
evaluation. A multi-criteria analysis (MCA) is also used
to evaluate future water resource management policies at
the regional level (Lahmer 2004).

The management and rehabilitation of contaminated
sites are complex processes, encompassing environmen-
tal, technological, and socioeconomic aspects. In order
to facilitate this complex decision process, MCA plays a
key-role in helping both experts and decision maker, and
its importance in the overall decision making process is
universally accepted, especially in the consideration of
environmental pollution incidents (Giove et al. 2007).
Havel River DSS enables stakeholders, decision makers,
and the relevant authorities to evaluate management op-
tions and to assess the effects of man-made changes on
water quantity and quality (Lahmer 2004).

http://jefb.org
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MCA is also used in the Multi-sectoral, Integrated and
Operational Decision Support System (MULINO DSS)
for Sustainable Use of Water Resources at the Catch-
ment Scale) (http://siti.feem.it/mulino). Based on MU-
LINO (Giupponi 2007), mDSS (http://www.netsymod.
eu/mdss) was developed to assist decision makers in the
management of environmental problems. It can help us-
ers, such as disciplinary experts, policy/decision makers,
other stakeholders, 1) to better understand the problem at
hand, 2) to explore possible decision options, also within
the contexts of alternative scenarios, 3) to facilitate public
participation, 4) to resolve conflicts related to alternative
opinions of the correct course of action to be taken, and
5) to extend collaboration with and within different stake-
holder groups. The mDSS is one of the tools for the imple-
mentation of the methodological framework NetSyMoD
(http://www.netsymod.eu), standing for “Network analy-
sis—Creative system modelling—Decision support.” The
processes have been formalized and described in many
different ways, with probably only one main common
feature, consisting of their cyclic form. Target users of
NetSyMoD are researchers and policy/decision makers
who aim to find particular information about research
projects. Fig. 2 shows how such NetSyMoD processes can
be formalized as an interactive process with the focus, as
the sequence of 6 main phases: Actors analysis—Prob-
lem analysis—Creative system modelling—DSS design—
Analysis of options—Action and monitoring.

The integration of different information is important
in DSSs such as Better Assessment Science Integrating
point and Non point Sources (BASINS) developed in USA
(http://www.epa.gov/OST/BASINS) and DEcision Sup-
port sYstem REhabilitation (DESYRE) developed in Italy
(http://www.veneziaricerche.it/en/progetti/progetto/
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items/DESYRE.html). BASINS includes a database of
cartographic data (e.g., hydrographic boundaries, net-
work of major highways, administrative boundaries) and
environmental data (e.g., soil information, drainage net-
works, land use, etc), and other data (Agostini et al. 2006).
It assesses large amounts of point source and non-point
source data, and allows the user to assess water quality
at selected stream sites or throughout the entire water-
shed (U.S. Environmental Protection Agency 2004). The
GIS-based software DESYRE integrates environmental
and technological databases, risk assessment models,
and multi criteria procedures (Critto et al. 2006). It al-
lows active participation of both experts and stakeholders
(Giove et al. 2007). DESYRE initially provides assessment
modules for experts composed of risk assessors, socio-
economists, and technology engineers. The experts are
supported from site characterization to socio-economic
valuation and technology evaluation. DESYRE was also
designed to provide tools for comparing alternative re-
mediation scenarios (Carlon et al. 2007).

FLUMAGIS (http://www.flumagis.de), developed in
Germany, has a powerful visualization functionality,
through using 2D and 3D-geodata from a GIS environ-
ment (Moltgen and Rinke 2004). FLUMAGIS is intended
for the interdisciplinary development of methods and DV-
tools in support of the planning and management of river
basins. Editing virtual environments makes it possible to
elaborate future planning and management scenarios on
the basis of an interdisciplinary data and knowledge plat-
form, in accordance with the EG-WRRL. Furthermore the
integration of GIS services, micro- and meso-scale simu-
lation models, and the derivation of ontology based mea-
sures are incorporated into the software.

DSS-ERAMANIA was developed in Italy for integrated
ecological risk assessment of contaminated sites accord-
ing to the Weight of Evidence and the Triad approaches,
and consisted of two modules: Comparative Test Tables
and Integrated Ecological Risk Indexes (Giove et al. 2007).
The former aims to compare the different tests or Triad
LoEs (Lines of Evidence) belonging to three investigated
experimental areas (chemistry/bioavailability, ecology
and ecotoxicology), and to guide the expert/decision
maker in the choice of the most suitable set of tests to be
applied to the case study (Semenzin et al. 2007). The latter
module provides qualitative and quantitative tools which
allow for assessment of terrestrial ecosystem impairment
by integrating the heterogeneous information obtained
by the LoEs application (Giove et al. 2007). It includes
the integrated effect index, the ecosystem impairment
matrix, and the global ecosystem impairment evaluation
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matrix (Semenzin et al. 2007).

Modelkey DSS (http://www.modelkey.org) describes
general phases and objectives of the assessment and
management of river basins. The system ranks toxicants
in the river basins with respect to the risk they pose to
the ecosystem, or verifies the effects of management
measures to improve the ecological status (Agostini et al.
2006). Early warning strategies on the basis of sub-lethal
effects in vitro and in vivo are provided by the combina-
tion of fractionation and analytical tools for the effect-di-
rected analysis of key toxicants. Integrated assessment of
the exposure and effects of a given pollutant on biofilms,
invertebrates and fish communities, linking chemical
analysis in water, sediment and at the community level,
influence this analysis in a manner which is designed to
provide data and conceptual understanding of the risk
arising from toxicants (Brack et al. 2005). Therefore, Mod-
elkey DSS is mainly an assessment system, and it provides
support to specific phases of the decision making frame-
work (Agostini et al. 2006). For data evaluation, Modelkey
DSS provides a database of environmental and socio-eco-
nomic data, which can also be mapped in a GIS environ-
ment and is therefore useful for the spatial characteriza-
tion of hot spots. The results of the integrated assessment
phase, in the form of integrated indices and site-specific
risk indices, feed into the management phase that mainly
concerns the development of the River Basin Manage-
ment Plans (Agostini et al. 2006).

The Total Maximum Daily Load (TMDL) program was
established under the U.S. Clean Water Act (CWA), fo-
cusing on the identification and restoration of polluted
surface water bodies, including rivers and streams (U.S.
Environmental Protection Agency 1991), and it has been
used extensively by the U.S. EPA and state environmental
agencies in implementing the CWA, by establishing maxi-
mum pollution limits for industrial wastewater discharg-
es (Wikipedia 2012). Development of TMDL is a signifi-
cant undertaking in watershed management, and TMDL
implementation planning is critical in accomplishing
watershed management objectives (Clark 2002). Chen et
al. (1999) developed a DSS to calculate TMDLs in the Ca-
tawba River Basin, which extends from North Carolina to
South Carolina. Lee (2006) developed TMDL Calculation
and Allocation Decision Support System (TCADSS) to
provide an automatic capability to calculate and allocate
the pollutant loads for watershed TMDL management. In
the system, the phosphorus TMDL development for Echo
Reservoir was presented as a case study to demonstrate
how TCADSS could be used to calculate phosphorus
loads, analyze the relative pollutant contribution, and al-

locate responsibility of load reduction under three differ-
ent allocation methods using cost-effectiveness analysis
for nine sub-watersheds.

DISCUSSION AND CONCLUSION

Various DSSs have been developed with diverse objec-
tives. Contemporary DSSs have several attributes (Power
2009): 1) multiple, remote users can collaborate in real-
time using rich media, 2) users can access DSS applica-
tions anywhere and anytime, 3) users have fast access
to historical data stored in very large datasets, 4) users
can view data and results visually with excellent graphs
and charts, and 5) users can receive real-time data when
needed.

The Ministry of Environment, Korea, has planned
“The Korea National Environmental Health Action Plan
toward 10 years (KNEHAP-10) (2006-2015)” in order to
better protect the environment (Ministry of Environ-
ment, Korea 2009). It is the nation’s fundamental policy
for the improvement of water environments including
rivers, lakes, and coastal water system. This governmental
plan is central to the nation’s future water environmen-
tal management, as are the guidelines for regional envi-
ronment management offices and local governments to
make water quality management policy. Therefore, it is
timely, necessary, and important to develop and to install
a DSS for sustainable aquatic ecosystem management.
The review on the characteristics of DSSs revealed that
the DPSIR framework was implemented in the majority
of the European DSSs, and that different DSSs have dif-
ferent objectives and structures. Most DSSs are based on
the river basin level, indicating that aquatic ecosystem
management should be conducted at basin level. Tools
and models have also changed into integrated manage-
ment systems which consider all effects, including socio-
economic, physical, and chemical changes in aquatic
ecosystem. Recently, GIS and MCA were commonly used
to analyze the conditions of aquatic ecosystems more ac-
curate and promptly, and many online systems have been
developed.

The process of decision making is a combination of
consideration of a system (e.g., river), the decision mak-
er, and the problem at hand, and it also should consider
the gap between the actual-state and the desired-state of
affairs (Salewicz and Nakayama 2004). Therefore, these
three factors should be deliberately considered in the
development of a DSS, and should be used to determine
the correct course of action within complicated systems.

http://jefb.org
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Although new DSSs are continuously being developed,
incorporating the latest technologies, there is a critical el-
ement of functionality and appropriateness which can be
absent from such systems (Loucks 1995).

It is critical to incorporate the environmental hazard
ratings of harmful chemical substances within such a
system. There remains, however, the task of establish-
ing a system for the relative comparison of all toxic sub-
stances. The examination of all environmental criteria is
necessary for the effective implementation and opera-
tion of the integrated environmental management policy.
Furthermore, it is necessary to reduce the risk of harmful
chemical substances and to control them safely. Espe-
cially, for the adherence to Integrated Pollution Preven-
tion and Control (IPPC) for harmful chemical substances,
every action should be taken to safeguard aquatic ecosys-
tems by determining the characteristics and the locations
of emission sources and ecological resources, and the ef-
fects of emission (Korea Environment Institute 2004).

In this study, we evaluated the characteristics of con-
temporary DSSs for the management of aquatic ecosys-
tems. Various DSSs have been developed with different
objectives and different tools, and the development of
technology and social requirements were reflected in the
development of DSSs. In Korea, there is currently both
motive and incentive for the development of an integrat-
ed DSS for aquatic ecosystem management. Moreover, it
is important to develop an individual DSS for site-specific
management and national monitoring systems. In the
development of DSSs, the factors chosen by researchers
and policy makers should be aimed at narrowing the gap
between stakeholder opinions, as well as establishing fea-
sible policy for the protection of out waterways.
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