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Abstract
Expert systems and GIS in combination with data and numerical models can facilitate the
construction of spatial decision support systems in problem domains where knowledge is
available but data are limited. In turn, a knowledge based decision support tool can reduce
the complexity of decision-making in water resources management (IWRM) by providing
decision makers with an easy access to up-to-date information, analysis tools and
uncertainty assessment. The research goal of this dissertation is to provide water
managers with a computational tool for decision support that combines different
information sources to structure the available knowledge on the water management
problem and to explore possible management alternatives for an Ecuadorian river basin.
The spatial decision support system (SDSS) has been designed in a modular architecture
including three major components: the graphical user interface (GUI), an expert model
and a data repository which encloses the knowledge and data bases within the system.
The data repository relates the data and knowledge bases (i.e. MySQL, PostgreSQL) with
the geo referenced objects (i.e. point, line and polygons) and the expert models embedded
in the system. Currently, users can consult spatial information, create and set up the
expert models, run the inferences, view and compare results from different scenarios
using a web browser by selecting areas (i.e. polygonal selection), clicking and typing. The
Bayesian Network technique has been applied for the construction of the expert model.
The focus is on the economic incentives that banana farmers have to apply pesticides on
their plantations. The problem is formulated as a representative banana farm model, in
which the most relevant production factors are considered and represented graphically as
causal variables of banana production. The spatial heterogeneity is addressed by setting
up the model parameters based on the differences in farm management behaviour per subbasin, for all sub-basins of the Chaguana river basin in which banana production is the
main land use. The expert model has been constructed, parameterized and validated using
expert knowledge, local information (i.e. datasets and agriculturist practices collected
from several banana farms inside the Chaguana river basin), and the predictions for the
concentration of the fungicide Propiconazole at the outlet provided by the AGNPS model
for different Propiconazole application scenarios to control Black Sigatoka in banana
plantations, under normal weather conditions (i.e. considering the seasonal variation
effect only).
7

The expert model has shown good performance for the prediction of the banana
production behaviour under different environmental and management conditions. Finally,
the Bayesian Network representation of the water quality component at the river basin
scale provides decision makers with general information about the expected
Propiconazole concentrations at outlet, once the fungicide is released over the banana
farms and washed into the rivers, for different weather conditions, application schedules
and sediment retention capacities.
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CHAPTER 1: General Introduction
Water is an important natural asset that supports life on earth, guaranteeing in this way
the survival and development of civilizations. Fresh water shortages and deteriorating
water quality have forced many countries in the world to recognize the need of „good
governance‟ for an effective management of water resources in a demand-oriented and
multi-sectoral approach. Inadequate water resource systems reflect failures in planning,
management and decision making [1]. Therefore, nowadays society urgently demands an
integrated management of their water resources.
According to Global Water Partnership (GWP), the Integrated Water Resources
Management (IWRM) is a process which promotes the coordinated development and
management of water, land and related resources, in order to maximize the resultant
economic and social welfare in an equitable manner without compromising the
sustainability of vital ecosystems [2]. In order to implement the IWRM process, some
technical (i.e. analysis of the properties of, and interactions among, the resources in the
region), economic (i.e. water as an economic good), and institutional (i.e. water
governance) aspects need to be carefully considered and possible courses of action
defined. The river basin is frequently chosen as the unit of analysis for the IWRM
approach.
Therefore, the implementation of the IWRM requires from water managers and planners a
good understanding of the system dynamics, which most of the time is hold by specialists
from different scientific fields. Since the management and science interchange is still
limited in many countries, proper mechanisms are needed to guarantee a continuous
information transfer to decision makers and water regulators.
The concept of a mismatch between science and management was claimed by the
UNESCO HELP Program (Hydrology for the Environment, Life and Policy program), as
a „paradigm lock‟ in which scientists are isolated by lack of proven applicability (or
utility) of their ideas to address real problems and water managers by legal and
professional precedence [3].
In Ecuador, the basic problem of the legal framework is a complex and disarticulated
organizational structure to administer water. National environmental and water authorities
bear most of the responsibilities for the management of water resources, although often
13

they do not have shown operational capacity to offer solutions to the problems (water and
soil pollution with effects on health and resources degradation). On the other hand, local
organizations have limited attributions and financial capacity to promote actions that
improve the governance of water resources (i.e. bottom-up approach). Most of the time
the organizations involved in water management issues work independently and without
any integrated plan [4].
Thus, the complex and poorly defined institutional arrangement for water management in
Ecuador, the very little coordination among the different organizations involved and the
lack of integrated plans complicate the implementation of the IWRM concept. Besides,
the limited expertise on technical aspects of the IWRM and the lack of information
systems for decision makers, impose restrictions to the diffusion of scientific information
to water managers [4].
In this context, the Escuela Superior Politécnica del Litoral (ESPOL) of Ecuador and the
Council of Flemish Universities (VLIR) of Belgium started a cooperation program for
scientific research development, in 1999. As part of this program, the research component
Environmental Management Systems in Aquaculture and Agriculture (EMSAA) was
created, to assess for better management practices that can lead to sustainable production
systems.
Initially, the research work was directed towards the determination of the environmental
impacts from the usage of pesticides in the Ecuadorian banana sector. Thereafter, when
the second phase of the program started in 2003, more efforts were placed to the
development of decision support tools that translate the acquired knowledge to water
managers. As a result, the present thesis research has focused on the development of an
expert system embedded in a spatial decision support system to assess the water
management process at the river basin scale.
1.1 Problem statement and need for decision support
The continental territory of Ecuador comprises 79 river basins, grouped in hydrographical
systems discharging into the Pacific Ocean or into the Amazon River. Although the total
renewable surface water resources of Ecuador have been estimated on 32,170 m3 per year
per capita according to UN/WWAP [5], their distribution is highly uneven. Most of the
population is settled in the mountain region and the Guayas hydrological system in the
Pacific Coastal lowlands. In contrast 80% of the available water supply in the country is
14

in the sparsely populated Amazon basin. Thus, while the sum of the average flow of all
rivers in Ecuador is 9315 m3/s, the consumptive use of water is about 2800 m3/s, that is,
30% of the total resources [6].
Agriculture is the sector that reports the highest water demand in the country. This
activity occupies approximately 2,500.000 ha of the national territories and involves
around 62% of the economically active rural population [7]. Different crops are cultivated
under intensive cropping systems that often require irrigation, fertilization and the
periodical application of pesticides. Some of these agrochemical products can reach rivers
through runoff, affecting the quality of water resources [8].
This in turn affects the quality of water courses for downstream water users. In Ecuador
the domestic use of water comes from surface water sources. Most large metropolitan
areas have good water supply systems; but a significant need for domestic water supply
exists in rural areas, where the populations often use the water from rivers for their daily
needs. This is specially the case along the coast and within the drought-stricken areas of
the Loja, Manabí, and El Oro provinces [6].
As pointed by Herrera et al., the current water management problem in Ecuador can be
explained in terms of an increasing population that exerts more pressure over the
environment, surpassing the capacity of the state and its organizations to offer solutions,
when policy makers and water managers do not have accurate information to elaborate
effective policies.
The integrated management of water resources requires from decision makers a clear
understanding of the problem at hand, the different stakeholders involved, the options for
sustainable solutions and the possible implications of their choices. The limited access to
information and new knowledge (e.g. data, models, decision support, etc.) can jeopardize
the effectiveness of undertaken water management strategies, when decision makers are
blind to the possible collateral effects and the achievement of the management objectives
is highly uncertain.
1.2 Research goal and objectives
The research goal of this dissertation is to provide water managers with a decision support
tool that integrates different aspects of the water management problem in an Ecuadorian
river basin, structuring the available knowledge based on different information sources to
15

explore possible management alternatives. In order to achieve the research goal different
objectives were defined. The objectives of this dissertation include:
1. To design a knowledge based spatial decision support system (SDSS) for water
managers that integrates the relevant information and analysis tools to support an
integrated water management process at a river basin scale through a web
graphical user interface.
2. To develop an expert model using the Bayesian Network (BN) approach to
integrate the information on agricultural management, from different locations in
the lowlands, with the water quality modeling output from the mathematical
model AGNPS, in order to represent the system in terms of causal relationships
and to handle explicitly model uncertainties.
3. To implement a preliminary prototype of the SDSS that includes the expert system
implementation as well as some of the most relevant system features (i.e. data
base management system, expert system, GIS and a web based graphical user
interface).
The expert model focuses on the interrelations that exist between the agricultural
practices for banana production and the water contamination with pesticides used in
banana farms. Pest control practices in other agriculture crops like cacao are not included
in the present analysis. Besides, Propiconazole is the only pesticide assessed.
Propiconazole is a fungicide that is applied over the leaves of the banana trees to control
Black Sigatoka. The alternatives considered in the scenario analysis for water quality
management are (1) two different schedules for the aerial application of Propiconazole
over the banana production region in the lowlands, and (2) the effect of different
Propiconazole retention capacity on the reduction of the concentration of Propiconazole
at the outlet.
The SDSS has been partially implemented based on the design and characteristics
provided in the present document. The implementation has been done through two
engineering theses from the computer sciences (FIEC, ESPOL), under the guidance of
Prof. Marcelo Loor and the author.
1.3 Approach
The present study can be divided in two major components, the expert model construction
and the design and partial implementation of the SDSS. The BN technique has been
16

applied for the construction of the expert model. The focus is on the economic incentives
banana farmers have to apply pesticides on their plantations. The problem is formulated
as a representative production model for a typical banana farm, in which the most
relevant production factors are considered and represented as causal variables of banana
production. The expected differences in the production model for the banana farms in the
basin lowlands are addressed by estimating the model parameters per sub-basin. It is
thought that those differences will be mainly based on the average size of the banana
farms within the sub-basin (i.e. small, medium and big size banana farms), and
consequently, on the economic capacity of farmers to invest, as it was pointed out by
Matamoros [8]. The expert model has been constructed, parameterized and validated
using expert knowledge, local information (i.e. datasets and agriculturist practices
collected from several banana farms inside the Chaguana river basin), and the predictions
for Propiconazole concentration at outlet provided by the AGNPS model for different
Propiconazole application management scenarios under normal weather conditions (i.e.
considering the seasonal variation effect only).
The SDSS has been designed in a modular architecture, with some of the modules being
already implemented. The SDSS is based on a web service architecture (i.e. thick server thin client approach), integrating different components into one software that can be
accessed through the graphical user interface (GUI) using a web browser. A SDSS
manager module controls the interaction between the GUI, the application modules (i.e.
GIS and expert models) and the data repository under users‟ requests. The data repository
relates the data and knowledge bases with the geo referenced objects (i.e. point, line and
polygons) and the expert models embedded in the system. Currently, users can consult the
spatial information available for the Chaguana river basin; create and set up an expert
model, run the inferences and compare results from different scenarios. All this can be
done using a standard web browser, by selecting areas (i.e. polygonal selection), clicking
and typing.
1.4 Benefits
The SDSS was conceived as a tool to assist water managers ruling the Chaguana river
basin. However, several different groups can also benefit from the present study. Firstly,
the SDSS provides the water managers (e.g. the Municipality of El Guabo) with an expert
model to evaluate the effects of different management scenarios on the banana production
17

at sub-basin scale and Propiconazole concentration at river basin outlet. Secondly, the
study provides banana farmers with formal criteria to exert a better control on the
application of pesticides on their plantations based on the environmental conditions
present. Thirdly, the SDSS prototype can be extended to other river basins facing similar
water management problems, with the possibility to add more functionality when
required.
In summary, the system may help water managers by providing them online access to
analysis tools that support the testing of water quality management alternatives, without
incurring in high costs of software and hardware maintenance and without the need of
highly specialized computational skills. The web based SDSS accelerates the knowledge
transfer from scientists to decision makers, but can also be used to support discussions
among water managers and different stakeholder groups to find solutions that suit them
all. This can improve the effectiveness of the undertaken water management actions,
since both the water managers and the community can participate in the decision making
process.
1.5 Thesis overview
The dissertation comprises five chapters. Chapter 1 covers the general introduction. In
chapter two, the reader will find a well documented and up to date review on decision
support systems and their application to environmental problems; together with the
application of the Bayesian Network technique for environmental modeling in order to
support cognitive integration and handle explicitly the model uncertainty. In chapter
three, the architectural design of the SDSS for the Chaguana river basin case study is
presented; the required features and the different components are described together with
a brief explanation of the implemented modules. In Chapter four, the methodology
followed for the construction of the Bayesian Network model for banana production at
sub-basin scale for intensive mono-cropping systems and its integration with the results
coming from the water quality model AGNPS at the river basin scale is presented. The
fifth chapter summarizes the main conclusions and the future work.
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CHAPTER 2: Decision support in natural
systems management
2.1 Introduction
Natural systems can be considered as a set of interacting or interdependent entities
forming an integrated whole that evolve via spontaneous and indeterminate processes [9].
In order to be able to manage natural system‟s responses to achieve specific outcomes,
humans need first to understand how the system performs under different conditions. This
is a challenge in which information plays a key role.
However, in developing countries, the limited knowledge on natural systems‟ dynamics
and the scarcity of relevant data to perform consistent studies jeopardize the success of
different management options. Policy makers ruling environmental systems often work
on limited information, considering mainly financial and political issues, which reduce
their chances to achieve an overall success (i.e. sustainable solutions). The results are
frequently ineffective with important environmental and/or socioeconomic drawbacks.
Decision analysis theory relies on procedures, methods and tools to identify, represent,
and formally assess the important aspects of a decision problem [10]. In this context,
Decision Support Systems (DSSs) are defined as instruments to support the decision
analysis process. They integrate different decision aids (e.g. databases, models, expert
knowledge, etc.) and package them in a way that decision makers can use them to assist
their decision making process [9, 11, 12, 13].
The methodology of decision analysis assists logical decisions in complex, dynamic, and
uncertain situations [14]. This is the case of environmental systems which hold
interrelated, complex, dynamic and randomness processes evolving at different time and
spatial scales [9].
Originally developed to support business managers, DSS have attracted much interest in
the field of environmental quality management [15]. DSSs developed for environmental
domains are called environmental decision support systems (EDSSs). They are meant to
help decision makers working in environmental issues (e.g. natural resources managers,
policy makers, etc.) to gain more insights about the problem at hand, assisting them to
find feasible solutions without replacing their judgment capacity.
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2.1.1 Problem definition and problem solving: two different approaches in
environmental decision making
As Simon stated [16], any decision process initiates with the problem formulation and
ends with the phase in which decision makers actually choose among different options or
possible solutions.
Decision Support Systems (DSSs) help to structure this process, integrating all relevant
information in a way that decision makers can access to, understand and interact with [9,
17, 18, 19, 20]. As stated by Witlox [21], the task of a DSS is to reduce the complexity of
decision-making and with it some of its uncertainty. Moreover, EDSS can assess possible
tradeoffs between conflicting objectives in a complex environmental problem.
Many DSSs have been developed to provide assistance in different areas (e.g. enterprise
management, environmental management). Some EDSSs have limited their scope to
situations where agreement has been reached among stakeholders on the objectives and
measures to solve the problem at hand, but the consequences of actions were not yet
clear, limiting their scope to support the selection of the best alternative against relevant
criteria (i.e. Multi-criteria Decision Analysis, MCDA).
However, many environmental problems present incomplete information that is also ill
structured, so the required solution can be defined only implicitly in terms of a number of
goals instead of choice from an explicit set of alternatives. In these situations, an
approach that supports problem structuring and goal definition is more effective than the
maximizing paradigm [22, 23].
According to Hersh [12], there are two main approaches to modelling decision making in
environmental management: (1) the application of the classical decision theory, which
concentrates on choice assessment; and (2) the application of the naturalistic decision
theory to assist problem structuring and goals definition. In the first approach the decision
maker is likely to select the best of a number of limited alternatives, while in the second
one he has the chance to improve the set of possible options by changing the problem
constraints.
Currently, the call is for more holistic EDSS approaches that support the problem
structuring phase through the inclusion of problem structuring methods (e.g. knowledge
base systems - KBS, soft system methodology - SSM, strategic option development and
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analysis, SODA) together with the more formal approaches for the analysis and selection
of feasible alternatives (e.g. model based systems, MCDA) [12, 21, 23].
2.2 Classification of Decision Support systems
As pointed by Gachet [24] and Turban et al. [13] there is no single classification for
decision support systems (DSSs), but several classifications exist based on different
perspectives. In the present review, some classifications considered as the most relevant
from the author‟s viewpoint are shown.
Rizzoli and Young [9] suggested that most of the developed EDSSs can be classified
either as (1) problem specific EDSSs, which are tailored to relatively narrow
environmental problems or domains; or as (2) situation and problem specific EDSSs,
which are tailored to a specific environmental problem in a given place. In the former
case the EDSS can be applicable to a wide range of different locations, while in the latest
a lot of effort is needed to customize the system for a different location.
Additionally, a general classification for DSSs has been proposed by Power [25] based on
the kind of information content supported by the applications. In the same line, Bruen has
recommended several categories for the DSSs applied to the river basin management
based on the solution capabilities that every application posses [19]. This last
categorization is up to some extent a specialization of the general classification proposed
by Power [25].
Figure 2.1 shows the comparison of the two categorizations highlighting their
equivalences. As it can be observed, the three first categories in each group are
equivalent. The spatial analysis based DSS or better known as GIS based DSS is a type of
data driven DSS. However, the Multi-criteria DSS category proposed by Bruen [19] is not
matching any of the last two categories proposed by Power [25]. Multi-criteria decision
support tools are able to compare alternative scenarios against relevant criteria. The
definition of the scenarios and criteria is generally coming from the DSSs users.
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According to Power, 2000

According to Bruen, 2002

Communication driven
DSS

Group DSS

Data driven DSS

Spatial Analysis based DSS

Model driven DSS

Integrated model based DSS

Knowledge driven DSS

Multi-criteria DSS

Document driven DSS

Figure 2.1. Comparison between two classifications for decision support systems.
On the other hand, Knowledge-Driven DSSs are able to provide specialized problem
solving expertise stored as facts, rules, procedures, or in similar structures; while
Document-Driven DSSs stand for tools that are able to retrieve and manipulate
unstructured information in a variety of electronic formats.
Currently and for most environmental applications, decision support systems present
characteristics that make them fit into one or more than one category, depending on the
decision support target.
2.2.1 Web based EDSS
The transfer of knowledge from environmental scientists and managers to decision
makers has been improved thanks to important advances in the communication of
information through Internet, GIS, simulation models and the integration of these
technologies into EDSS development [20, 26]. Internet has been recognized as a powerful
tool to communicate the information contained in a DSS to the general audience or to
different stakeholders at a time, facilitating negotiation process and conflict resolution.
Some EDSS applications have been developed to be accessed through the web using a
“thin-client” web browser like Internet Explorer or Netscape Navigator (see table 2.3 in
subsection 2.4.3). One of the aims is to facilitate the information access to important
22

stakeholder groups to reach consensus about possible solutions for a shared
environmental problem, helping in this way the successful implementation of different
management strategies.
The application of the thin client – thick server approach, in which the user performs
computations on the server side in real time, could be limited by a low-end internet
connection (low bit rate). This is specially the case when the internet service is provided
to client computers using telephone lines through dial up connections 1 . A possible
solution is to reduce the amount of data being transmitted to and from the server with a
more expert oriented approach [27].
Among the benefits, high security and consistency of data and models are guaranteed
since they reside in a server, being protected from manipulation and unauthorized
changes. Moreover, group decision support facilities may be included through the
implementation of group interaction shields and consensus building applications. It is also
possible to implement multi-level user profiles with system functionalities according to
every kind of user.
Yet, the thick client – thin server approach is the most commonly used for environmental
applications that are distributed under a license agreement. This approach requires from
the user to download to a personal computer (PC) the application from the server, which
acts as a central repository. A PC would be used as a platform to perform all
computations using programs and data transferred through the server.
Miller et al. [20] mentioned different issues in the application of information technology
for water management that needed to be considered when a decision support system is
constructed. Among them, interoperability, with different data sources, models and
platform systems from different users; accessibility of the application to the general
public or direct users; and security, because the information provided by different
stakeholders needs to be protected if the sources want it so, especially when internet is
used to access the system.

1

Dial up connections using a modern modem (Modem 56k) can transfer data from the server to the client at

speeds up to 53 kbps. Because of the conversion on the analogue line, transmissions from the client modem
are still capable of only 33.6 kbps. [Online].
Available : http://www.cisco.com/en/US/docs/internetworking/technology/handbook/Dial_up.html
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2.3 EDSS architecture
There is not a general consensus about the number and sort of applications EDSS must
hold, neither about how the data flow must be arranged among components. These
depend mainly on the kind of decision problem that is being tackled, the decision makers‟
objectives, and sometimes on the available information. However, data bases, integrated
models, and a graphical user interface (GUI) are common components to most EDSSs.
In order to manage the data and information flow among the different DSS components,
Fredericks et al. suggested that a DSS must integrate the following interactive
subsystems: (1) model base management subsystems (MBMS), (2) data base management
subsystems (DBMS) and (3) dialogue generation and management subsystems (DGMS)
[28]. This provides the DSS with a modular design in which new components (e.g.
models, data bases and knowledge bases) can be added and maintained without affecting
the performance of the ones already implemented.
The data base should include all the required information, spatial and non spatial, to run
simulation and optimization models and statistical analysis inside the EDSS. The data
base management subsystem is the interface through which the data bases can be
accessed, edited, deleted or new data be added. Some EDSSs incorporate applications to
connect with external databases. There exist applications that lack the data base module.
In this case the user is required to prepare external data files in specific formats and enter
them into the system through the user interface.
Most EDSSs integrate different models in order to predict the behaviour of natural
systems. Such applications integrate simulation and optimization models with other
decision aids to provide decision makers with estimates on the variation of target
variables under different management scenarios or to find the management scenario that
produces the objective result for the variable in analysis.
Most of the time EDSSs will incorporate special features to represent geographical data
or to provide expert help. Mathematical models can be replaced by expert knowledge
bases, especially in cases where quantitative data is not enough for the application of
numerical models [9]. The model base management subsystem is responsible for the
integration of the internal models in a DSS, managing the information flow between them
through different interface protocols.
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The graphical user interface (GUI) is the interactive shield between the different DSS
modules and the user. It presents the system in a way that better adapts to the user. In
cases where different target groups are identified, different versions of a GUI can be
implemented for the same system in order to cover different users‟ requirements. In this
way every decision maker group will have access to a customized version of the system
focusing on their needs. This is known as a two-level approach in DSSs development [9].
Advanced users can employ the DSS as a modelling environment (i.e. edit and develop
new models and integrate them into the system), while more general users (e.g. managers
and stakeholders) have access to the DSS knowledge in a more easy and structured way.
This result in the translation of the relevant information in different formats, so DSSs can
be used as a common tool to support scientist, environmental managers, policy makers,
and general stakeholders consensus work. Some EDSS also include expert systems or
decision trees that guide the users into the exploration of possible solutions and the
analysis of results.
The level of complexity of the system depends on the intended user, varying from very
skilled users (e.g. environment scientist, system engineer) to environmental stakeholders
(e.g. landholder), and on the goal to achieve socio-economic and environmental
sustainability.
2.3.1 Geographic Information Systems (GIS), knowledge integration and
uncertainty assessment in EDSS
A set of desirable features for environmental decision support systems (EDSS) have been
proposed based on the general attributes of natural systems and on different users‟
categories. Knowledge acquisition and representation, models re-use and integration,
spatial data management, uncertainty and risk assessment, expert help, and a flexible
design are among the required features for EDSS [9, 12, 29, 30].
Geographic information Systems
GIS features in EDSSs are used as an instrument to explore and visualize ideas,
presenting the information in a spatial dimension, where the user can search for
alternative solutions more easily [31]. Thus, simulation models integrated into a GIS
environment provide the EDSS with time and space analysis capabilities to run scenario
analysis for policy making and planning [32].
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Thus, the inclusion of GIS in the EDSS architecture responds to a necessity for spatial
data manipulation in decision problems that include spatial analysis, being well accepted
among resource managers who are frequently familiar with map based reports [26].
EDSS often become SDSS by integrating functionalities or coupling with existing GIS
tools. The level of GIS integration into the EDSSs depends on the skills of the intended
users. As pointed by Matthies et al. [32] the inclusion of GIS functionalities into EDSSs
can improve the way in which decision makers interact with the provided information and
impact positively the decision making process.
However, the requirements of the DSS should drive the design and development of a GIS
and not vice versa [31]. This is because a geographic information system is mainly
designed to support spatial analysis, and as such, it can restrict the modelling capabilities
of a SDSS, as well as the possibility to include expert knowledge into the system.
Knowledge integration
Some authors have called for the creation of frameworks to articulate and integrate the
values and professional judgments of decision makers and experts with the existing data
to examine the overall implications of alternative courses of action [24, 33]. This
approach is especially useful when data is limited, but of enough quality to be combined
with other kind of relevant information (e.g. expert knowledge).
Some techniques from the Artificial Intelligence (AI) field have been developed to help
this process. Cortes et al. [34], in their review on Artificial Intelligence (AI) and
Environmental decision support systems, stated that the great contribution of AI
techniques to EDSS development has been the integration of several methods (e.g. rule
based reasoning, case based reasoning, fuzzy logic techniques, Bayesian or causal
networks), complementing the classical statistical and numerical models (e.g. simulation,
statistical analysis, optimization techniques). Consequently, the performance of EDSS can
be enhanced with the inclusion of knowledge based facilities and uncertainty assessment.
Witlox [21] and Zhou et al. [35] presented a review of EDSS methods applied in land-use
planning and energy related environmental studies (i.e. 1995-2005). In these two works,
expert or knowledge based systems and decision support systems (i.e. selection phase
assessment) are identified as parallel and complementary approaches, focusing each one
on a particular aspect of the decision-making process.
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Uncertainty assessment
In decision making, the uncertainty concept is related with the risks involved in taking
certain management decisions to reach specific outcomes. Given that most of the time
EDSS are based on simplified models of natural processes, uncertainty assessment
becomes an important part in the decision support process. A DSS which just predicts a
mean may give the user a false impression of being very precise [36].
According to the definition provided in the International Vocabulary of Metrology,
uncertainty can be defined as a non-negative parameter characterizing the dispersion of
the quantity values being attributed to a measurand, based on the information used [37].
The parameter may be, for example, a standard deviation called standard measurement
uncertainty (or a specified multiple of it), or the half-width of an interval, having a stated
coverage probability.
According to Mowrer [36] uncertainty implies a quantifiable inexactness in a point
estimate, while Walker et al. [38] define it in a more general way as any departure from
the unachievable ideal of complete determinism. Decision making in environmental
management problems can be greatly enhanced if the uncertainty in the scientific results
being used is explicitly stated and incorporated into the decision making process [30, 36].
Nevertheless, the uncertainty assessment component is often overlooked in the structural
design of many EDSSs.
The uncertainty of a result should not be confused with its accuracy, since these two
terms have different connotations. The accuracy represents the error or difference
between the measured/modelled value and the true value (unknown), while the
uncertainty represents the distribution (variance) of repeated estimates about their own
mean [36, 37].
Measurement uncertainty comprises, in general, many components. Some of these may be
evaluated by statistical methods from the statistical distribution of the quantity values
from series of measurements and can be characterized by standard deviations. The other
components may be evaluated by other means, but can also be characterized by standard
deviations, evaluated from probability density functions based on experience or other
information [36, 37].
From the modelling viewpoint, different sources of uncertainty can be identified. Walker
et al. [38] provide a common categorization of uncertainty for model-based decision
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support. Thus, among others uncertainty can be located in the input (i.e. data and external
driven forces), in the model structure (i.e. simplified representation of the real system)
and in the model parameters (e.g. calibrated parameters).
The application of statistical (e.g. Monte Carlo Analysis) and probability based methods
(e.g. Causal Networks) can assist the definition of the model uncertainty (i.e. input values,
model parameters and model outputs) in decision support [36].
2.3.2 Generic EDSS applications
Currently, there is a call for generic EDSS development platforms to deliver customized
prototypes (i.e. to satisfy particular decision problem requirements) through flexible
toolkit environments. Such a generic tool would archive interfaced applications (e.g.
models, GIS, DSS, Data management systems), making them available to new EDSS
projects in order to develop new applications at reasonable cost (i.e. in terms of time and
effort).
Although desirable, the generic integration of EDSS faces some challenges. One is the
limitation that the lack of interoperability between systems possesses for the development
of generic tools. This makes the process of linking different pieces of software together
very laborious, demanding heavy programming on data exchange and interface creation.
Denzer [39] makes a review on the current state of the art on generic integration of EDSS
at the same time that presents some examples of promising open EDSS applications.
Model integration and reuse encourage the inclusion of available models (e.g. dynamical,
numerical, statistical, etc.) representing different natural processes of a given system, to
build up stronger ones. A considerable research effort is done in the areas of model
integration and re-use, as a mean to deliver EDSS. Different visual simulation
environments and modelling languages allow for the implementation of different models,
which can be later integrated in an EDSS to be used by decision makers. Several
consistent reviews in the integration of legacy models and modelling systems have been
presented in the last decade [9, 32, 39].
Here in, four generic EDSS applications are presented as examples, with a short
description of their functions and main features.
Walker and Johnson developed the EDSS toolkit NRM tools [40]. This software tool
permits the development of customisable decision support tools for the management of
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natural resources. The toolkit is a front end that facilitates the linkage of a set of
functions, called primitives, through the use of control structures (e.g. if...then...else...) for
data access, analysis, synthesis and presentation. The system allows the creation and
inclusion of new primitives to perform new tasks.
Reed, Cuddy and Rizzoli developed an EDSS developer prototype, called the Open
Modelling Engine (OME) [41]. OME provides a generic framework for developing
spatial modelling systems that address single or multiple resource management issues at
catchment level. The prototype is an Object Oriented approach based on System Theory
concepts. It defines a decision problem based on Classes and Domain Objects (DO),
representing different parts of the catchment domain (e.g. streams, sources, sinks), and
the data sets and models related to them. OME possess a built-in parser that processes
each DO executing its associated model using the values stored in the data instances, and
performs data connections between DOs. The Windows version of the Catchment
Management Support System (i.e. WinCMSS) was implemented in OME, as a proof of
concept [42]. From this experience some design issues were identified and changes to the
OME architecture were proposed in order to improve the system run-times.
Liu and Stewart proposed an object oriented modelling approach of DSSs for Multicriteria Decision Making (MCDM) in natural resources management, in which all entities
of decision problems, decision elements, and system building components are represented
in the DSS model as classes [43]. This represents a more conceptual framework for DSS
development. Primary classes comprise classes of decision elements (i.e. key choices
made by decision makers) and classes of fundamental system building components (i.e.
material used to develop new DSS). The completed system is composed of a system
orientation component to help users with the operational part, and six subsystems: system
administration, problem understanding, problem structuring, evaluation, database and
user interface. This approach can support group decision making (i.e. several users, multilevel approach) through internet access. A DSS prototype for water resources planning
was developed using Java for coding.
Geonamica is an Object Oriented application framework to build DSS based on spatial
modelling [44]. It has been applied in the development of a decision support system for
the integrated management of the Elbe river basin [45, 46]. These applications comprise
three common components: a database, a model base and a user interface. Geonamica
provides a modelling framework based on Discrete Event System Specification (DEVS)
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formalism. It consists of model blocks, which are encapsulated parts of a model that can
communicate with each other and with the system through a standardized interface. Thus,
a model block contributes to the entire model with the variables it contains and the
procedures associated with it to compute the value of these variables. Geonamica
provides a rich class library of user interface components (e.g. map display and editing
tools, two dimensional graph editing component) and a dual system interface for
Windows to fulfil policy makers and expert user‟s objectives.
2.4 Environmental applications of Decision Support Systems
The range of environmental problems to which DSSs have been applied is wide and
varied, with land and water resources management tools at catchment-scale further
developed [32, 47]. In most cases, the tools include models to evaluate the impacts of
different human activities, e.g. agriculture, industry, urbanization, on the natural
environment. EDSSs have been applied to a variety of tasks, which include monitoring,
and data storage to prediction, diagnosis, decision analysis, control planning, remediation,
management, and communication with society [47].
As stated by Matthies et al. [32], recent developments show a continuum between
integrated assessment modelling and EDSS with varying levels of stakeholder
participation in both EDSS development and application. There is a general tendency
towards better utilization of interdisciplinary data, integration and visualization of
temporal and spatial results. Future developments appear directed towards better
representation of reality in models, improving user friendliness and use in a negotiation or
group discussion context.
The present review is not intended to be exhaustive but gives a general overview of
relevant works in the EDSS arena for the last fifteen years, describing (1) the nature and
problem context; (2) the EDSS architecture and the inclusion of different applications for
the problem definition and solving phases; and (3) some implementation features.
Authors and date of publication are common elements that can guide the reader across the
different tables.
2.4.1 Nature and problem context
Table 2.1 presents different DSSs applications for environmental management problems.
The majority of work included in Table 2.1 support different aspects of the water
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resources management process at different decision levels, with some EDSSs focusing on
decision problems at specific system components (e.g. EDSS for agriculture). Most of the
EDSS applications support less structured problems at managerial and policy levels,
including knowledge bases, simulation, optimization and/or consensus methods to choose
among alternatives (e.g. expert systems, MCDA, mathematical optimization models).
Some applications able to assess about possible courses of action at operational level are
also included in the present review (e.g. WWTP operation, water delivery for irrigation
and dam operation problems).
Some of the EDSS applications are context or case specific (e.g. Elbe-DSS, NAPRA
WWW, WATERMAN), while others are a proof of a more general concept, and able to
be applied to different water management cases facing a similar problem (e.g.
WaterWare, Mulino, WATERSHEDSS). In the latter case, some important features
included in the EDSSs` architecture allow users to upload new data (e.g. input data and
model parameters) and set up the system to obtain decision support for new site cases.
The model parameters can be adjusted using different applications that can be embedded
in the GUI making possible for decision makers dealing with similar problems in
different sites, to apply the same tools.
There exist some EDSSs with a flexible system architecture designed to support a multiobjective approach (e.g. WOODSS, WaterWare, MODSIM, and RiverWare). In this case,
specific protocols are implemented in the EDSS for the integration of new applications
into the system with little programming effort required.
The adoption of the river basin as the unit of analysis is observed in many of the referred
EDSS, except for EDSS tools that are required to assess processes occurring at a higher
spatial resolution, e.g. this can be the case of management problems at operational scale.
This strategy is part of an integrated framework to relate holistically the time, space,
multi-discipline, and stakeholder multi-dimensional character of water resources
management [48].
In water management decision making, this represents a step forward in the development
of more holistic approaches, in which water is considered as integral part of natural
ecosystems, a natural resource, and a social and economic good [12].
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Sustainable use of water
resources

River basin management
Water resource planning
and operational management
Catchment management
Problem specific

MULINO

Elbe-DSS

AQUATOOL

TCM-Manager

WATERSHEDSS Non point source water
quality problems
MODSIM DSS Conjunctive stream-aquifer
management
WOODSS
Environmental planning

Martens and DiBiase, 1996 [63]

Osmond et al., 1997 [64]

---

RiverWare

JavaAHP

Reynolds et al., 2000 [66];
Walker et al., 2007 [67]
Varma et al., 2000 [68]

Eschenbach et al., 2001 [69]

Zhu and Dale, 2001 [70]

Seffino et al., 1999 [65]

EMDS-USDA

Total maximum daily load
management

WARMF

Fredericks et al., 1998 [28]

Environmental assessment

RAISON

River basin

River basin

River basin

River basin

Ecological landscape
Problem specific
analysis
Sustainable forest
Problem specific
management
Multiobjective operation of Problem specific
reservoir systems
Environmental management ---

---

Problem specific

Problem specific

---

Jucar, Segura and Tagus river
basins, Spain
---

Elbe river basin, Germany

Several USA river basins, e.g.
Catawba River Basin, North
Caroline, and abroad
Assessment of river basin
management plans for several
European case studies

Water quality assessement in
Southern Ontario watersheds,
Canada

Thames river, England;
Lerma-Chapala basin, Mexico

http://www.riks.nl/projects/El
be-DSS
http://www.upv.es/aquatool/i
ndex_E.htm

http://www.netsymod.eu/mds
s/

http://www.epa.gov/athens/
wwqtsc/html/warmf.html

http://www.ec.gc.ca/inrenwri/Default.asp?lang=En&n
=AD64403E-1

http://www.ess.co.at/WATE
RWARE/

Web site

http://www.water.ncsu.edu/w
atershedss/
River basin Lower south Platte river basin, US http://modsim.engr.colostate.
edu/index.shtml
Medium and Agri-environmental planning
--small scale
Multiscale North Coast Watershed
http://www.institute.redlands
Assessment Program, US
.edu/emds/
Cell forest
----land in a GIS
River basin Colorado river
http://cadswes.colorado.edu/
riverware/
--Fitzroy basin of Queensland,
--Australia

Watershed

Catchment

Problem and Case River basin
specific
Problem specific River basin

Problem specific

Problem specific

Problem specific

Problem specific

River basin planning

WaterWare

Decision problem Spatial scale EDSS applications
context

Jamieson and Fedra, 1996 [49];
Fedra and Jamieson, 1996 [50];
Jamieson and Fedra, 1996 [51]
Lam and Swayne, 1994 [52];
Lam and Swayne, 1996 [53];
Leon et al., 2000 [54];
Young et al., 2000 [55]
Weintraub et al., 2001 [56];
Weintraub et al., 2001 [57];
Chen et al., 2004 [58]
La Jeunesse et al., 2003 [59];
Fassio et al., 2005 [60];
Mysiak et al., 2005 [61]; Giupponi,
2007 [62]
Matthies et al., 2006 [45];
Berlekamp et al., 2007 [46]
Andreu et al., 1996 [29]

Decision support on

EDSS name

Reference

Table 2.1. Decision support systems in environmental problem assessment.
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---

NAPRA WWW Water management

---

---

WATERMAN

---

---

DSS
WATERSHED
---

Forsman et al., 2003 [76]

Lim and Engel, 2003 [77]

Makropoulos et al., 2003 [78]

Jones and Taylor, 2004 [31]

Manos et al., 2004 [79]

Poch et al., 2004 [47]

Poch et al., 2004 [47]

Rao and Kumar, 2004 [80]

---

L-THIA

Engel et al., 2003 [75]

Uricchio et al., 2004 [82]

WPC-ES

Cheng et al., 2003 [74]

---

---

Bathurst et al., 2003 [73]

Salewickz and Nakayama, 2004
[27]
Sarangi et al., 2004 [81]

MAROS

Aziz et al., 2003 [72]

Watershed

---

Yellow river basin, China

---

Watershed

---

Watershed
and
Community
--Watershed

Problem and Case Farm
specific
Problem and Case River basin
specific

St Lucia watershed, Windward
Islands of the Caribbean
Municipality of Bisceglie, Italy

DSS Prototype: Ganges river

Tones watershed, India

Catalonia, Spain

Strymon river in the Southern
Balkans (Bulgaria, Greece and
Macedonia)
Catalonia, Spain

Prototype, UK

---

---

---

---

---

---

---

---

http://cobweb.ecn.purdue.ed
u/~napra/
---

---

https://engineering.purdue.e
du/mapserve/LTHIA7/

---

Upper aquifer at the Fort Lewis
http://www.gsiLogistics Center, Washington, US net.com/software/freesoftware/maros.html
Agri basin, Italy
---

Farm and
--catchment
Problem and Case Map unit ID USA
specific
Problem specific Urban
---

Selection of waste water
Problem and Case
treatment and disposal
specific
systems
for rural
Wastewater
plantcomunities Problem specific
supervision
Watershed management:
Problem specific
erosion control
Managing large international Problem and Case
rivers
specific
Soil and water conservation Problem specific
on agricultural watersheds
Groundwater pollution risk Problem specific
evaluation

River monitoring and
sustainable management

Farm management

Urban water management

122x122 m
cell

Problem and Case Cell grid
specific
Problem specific GIS cell

Problem specific

Decision problem Spatial scale EDSS applications
Web site
context
Problem specific
--Argentina, Egypt, Cuba, Thailand no longer supported

Hydrologic impact
Problem specific
evaluation of land use
changes
Reduction of nitrogen fluxes Problem specific

Municipal water pollution
control

Desertification mitigation

Irrigation scheme
management
Optimizing GW monitoring
plans

SIMIS-FAO

Mateos et al., 2002 [71]

Decision support on

EDSS name

Reference
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---

---

---

LUPAS

---

Muleta and Nicklow, 2005 [90]

Olsen, 2005 [91]

Pallottino et al., 2005 [92]

Recio et al., 2005 [93]

Roetter et al., 2005 [94]

Boitsidis et al., 2006 [95]

Lotov et al., 2005 [89]

Lant et al., 2005 [88]

Kaloudis et al., 2005 [87]

Low Flows 2000 Water resource assessment Problem and Case
specific
--Assessing wildfire
Problem specific
destruction index
--Agriculture policy
Problem specific
evaluation
--Water quality management Problem and Case
specific
--Watershed management
Problem specific

Holmes et al., 2005 [86]

Habitat quality and
rehabilitation potential of
urban rivers

Water system optimization
problem
Impacts of water restriction
policies in agriculture
Strategic land use planning

Rural water supply

Watershed

---

Regional
(Aquifer)
Problem and Case Regional,
specific
Agroecological
unit
Problem specific River
segment

Problem specific

United Kingdom

Prototype: Walnut Gulch
Experimental Watershed,
Arizona, US

Flumendoza-Campidano-Cixerri
system, Sardinia, Italy
Aquifer system 08.29, Mancha
Oriental, Spain
Haryana state, India; Kedah-Perlis
region, Malaysia; Ilocos Norte
province, Philippines; Cantho
province, Vietnam
Upper river Tame catchment, UK

Big Creek watershed, Southern
Illinois, US
Nilgiris district, South India

Oka river, Volga river basin

Managemen --t areas
Watershed Big Creek watershed, US

Watershed

Watershed

Problem and Case Village
specific
Problem specific
---

Problem specific

---

Duan, 2005 [85]

Economic analysis of
sediment control on
rangeland watershed

WHYGIS

---

http://www.irmla.alterra.nl/p_
frames_page.htm

---

---

---

---

---

---

http://www.hydrosolutions.c
o.uk/lowflows.html
---

---

Decision problem Spatial scale EDSS applications
Web site
context
Problem specific
--Rural agglomerations of the
--Government of the Principality of
Asturias, Spain
Problem specific Farm,
----catchment
Problem specific Watershed Prototype
---

Choi et al., 2005 [26]

Design of new wastewater
treatment systems in rural
areas
Irrigation and water policy
design
Watershed management

Decision support on

--DSIRR

EDSS name

Bazanni, 2005 [84]

Adenso-Díaz et al., 2005 [83]

Reference
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SEDAM

Goncalves et al., 2007 [99]

Irrigation management

Water resource management
negotiation analysis

---

FLUMAGIS

DESYRE

---

SIMBA

Volk et al., 2007 [102]

Carlon et al., 2008 [103]

Keipert et al., 2008 [104]

Tixier et al., 2008 [105]

---

Problem specific

---

Catchment

Watershed

Megasites,
raster cell
Environmental management Problem and Case Catchment
specific
Sustainable banana-based
Problem specific Field
cropping systems

Integrated hydroecological
management
Environmental remediation

Problem specific

Problem and Case River basin
specific
and farm

---

Morphological rehabilitation Problem and Case River
of watercourses
specific
segment

IDSS-C

Giordano et al., 2007 [98]

Water transfer assessment

Problem and Case River basin
specific
Problem and Case Regional
specific

Watershed management

---

Feng et al., 2007 [97]

Flood control

---

---

---

---

---

---

Web site

Farms in Guadelupe and
Martinique, French West Indies

http://agents.cirad.fr/index.ph
p/Philippe+TIXIER/The_SIM
BA_model

Upper Ems river basin, Northwest
www.flumagis.de/english
Germany
Subarea of a contaminated
--megasite in Porto Marghera, Italy
Australian watersheds
---

Germany

Prototype: Treated wastewater for
agricultural irrigation, Apulia
Region, Italy.
Huinong Irrigation District in
Ningxia, in the upper Yellow river
basin, China
Chaudiere river watershed,
Canadá
North Rhine-Westphalia,

South to North Water Transfer
Project, China

Red river, Vietnam and China

Decision problem Spatial scale EDSS applications
context

Sewilam et al., 2007 [101]

---

De Kort and Booij, 2007 [96]

Decision support on

Quilbé and Rousseau, 2007 [100] GIBSI

EDSS name

Reference

2.4.2 EDSSs’ architecture and components
Table 2.2 present the EDSSs with a description of their main system components (i.e.
database, models and GUI) and the different methods included in the problem definition
and solving phases. Moreover, the techniques applied for the problem representation
and/or the selection among alternatives are provided in every case.
From the architectural point of view, the majority of EDSSs present a modular
architecture, implementing the data and knowledge bases separately from the model base
and the GUI. This architecture permits that new data (e.g. input data and model
parameters) and knowledge can be added without the need to make structural changes in
the model base.
The inclusion of GIS functionalities is not common to all EDSSs presented here. It is
mainly implemented in tools that assess water management problems through the
application of spatial analysis models. For applications that include the GIS component,
specific functionalities are implemented in order to (1) let the user to visualize and/or
administer the information contained in the spatial databases through the GUI, or (2)
support the EDSS spatial analysis needs, or (3) both.
Most EDSSs include a set of relevant environmental models (e.g. physical, economical,
ecological models) integrated at the core of the application to simulate different scenarios
(i.e. scenario assessment). Besides, some EDSSs also support the selection among
alternatives phase, with different techniques being used (e.g. Multi-criteria analysis,
optimization methods). However, in most cases the EDSSs limit their scope to the
analysis of scenarios created by the user to explore for suitable solutions. In some cases,
the model based module has been replaced by a knowledge based component that
contains the relevant information to provide decision support in a specific problem
domain.
Respect to the methods included in the review, it can be noticed that knowledge based
methods together with simulation models, are mainly applied for the problem definition
and scenario assessment. Thereafter, Optimization and Multi-criteria analysis (MCA)
methods are applied to find a feasible solution for the problem at hand. However, there is
one case in which the Multi-criteria analysis was applied in order to reduce the amount of
alternatives to be explored using a scenario analysis approach.
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Novelty approaches for expert knowledge elicitation and transfer (e.g. scientific
workflows, state impact response framework, cognitive maps, etc) are also present.
Different approaches for uncertainty assessment have been undertaken. While some
EDSSs do not include an uncertainty assessment, there are EDSSs in which a special
effort is given to provide users with uncertainty measures for the main outputs. Among
other techniques, Bayesian Network and Fuzzy Logic techniques have been applied to
explicitly address the uncertainties underlying the models.
Finally, some applications were found common to many EDSS. This is first at all
happening because in most of the cases the main topic in discussion is water
management, but also because the technological needs are quite similar. Despite of it,
some novel approaches are being implemented which can contribute to better access
decision making in water management.
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YES

Weintraub et al., 2001 [56];
Weintraub et al., 2001 [57];
Chen et al., 2004 [58]

Andreu et al., 1996 [29]

YES

YES

YES

YES

Lam and Swayne, 1994 [52];
Lam and Swayne, 1996 [53];
Leon et al., 2000 [54];
Young et al., 2000 [55]

La Jeunesse et al., 2003 [59];
Fassio et al., 2005 [60];
Mysiak et al., 2005 [61];
Giupponi, 2007 [62]
Matthies et al., 2006 [45];
Berlekamp et al., 2007 [46]

YES

Jamieson and Fedra, 1996 [49];
Fedra and Jamieson, 1996 [50];
Jamieson and Fedra, 1996 [51]

Reference

Data Base
Component

Surface hydrology,
Hydrodynamic, non
point source
contaminant transport
model
Groundwater and
surface hydrology
Ruled based

Knowledge
based toolkit

Document
based

Network-flow and
Optimization
algorithms

Rule-based,
Fuzzy logic
neural network

Optimization
methods
generic
algorithm,
linear
programming

Model Base Component
Knowledge
Other
bases
Rule-based,
Network-flow
neural network algorithm

Problem definition

GW and surface
hydrology, point
source contaminant
transport model
Surface hydrology, non
point source
contaminant transport
model, river basin
ecology
Surface hydrology,
point and non point
source contaminant
transport model, lake
hydrodynamics, mass
balance
Driven force, Pressure,
State modelling
framework

Simulation models

Table 2.2. EDSSs architecture and methods.

Value
measurement
model

Multicriteria
analysis

Problem solving

YES

YES

YES

GIS based

Risk
assessment

Scenario
oriented
approach

NO

YES

State, Impact YES
and Response
framework

Consensus
based on
Cost/benefit
analysis

Scenario
analysis

Other

Probability
assessment

NO

NO

Statistical
assessment

Causal
networks

NO

Uncertainty
assessment

Graphical User Interface
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NO

YES

YES

YES

Varma et al., 2000 [68]

Eschenbach et al., 2001 [69]

Zhu and Dale, 2001 [70]

Mateos et al., 2002 [71]

YES

Seffino et al., 1999 [65]

YES

YES

Fredericks et al., 1998 [28]

Reynolds et al., 2000 [66];
Walker et al., 2007 [67]

YES

Osmond et al., 1997 [64]

Martens and DiBiase, 1996 [63] YES

Reference

Data Base
Component

Water balance models
with capacity
constraints

Physical: Mass balance,
waterflow; and
economy constraints

Process, resource
utilization and
ecosystem models

Surface and
groundwater hydrology

Object-Fuzzy
logic based
propositional
network
architecture

Ruled based

Spatially based
multicriteria
evaluation
Network-object
oriented algorithm

Scientific workflows

Network-flow
algorithm

Pollutant budget
spreadsheet

Problem definition
Knowledge
Other
bases
Ruled based

non point source
contaminant transport
model

Simulation models
Surface hydrology,
point and non point
source contaminant
transport models

Aspirationbased utility
functions
Preemptive
goal
programming

Network-flow
optimization
algorithm

Optimization
methods

Model Base Component

Analytical
Hierarchy
Process

Hierarchical
graphical
model
Scenario
analysis

Scenario
analysis

Case based

Best
management
practice
assessment
Scenario
analysis

Problem solving
Multicriteria Other
analysis
Scenario
analysis

YES

NO

NO

YES

YES

YES

NO

NO

NO

GIS based

Judgements'
inconsistency
ratio
NO

Postoptimization
simulation

DempsterShafer theory

Fuzzy logic

NO

NO

NO

Uncertainty
ranges

Uncertainty
assessment

Graphical User Interface
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YES

YES

Makropoulos et al., 2003 [78]

Jones and Taylor, 2004 [31]

YES

Engel et al., 2003 [75]

YES

YES

Cheng et al., 2003 [74]

Lim and Engel, 2003 [77]

YES

Bathurst et al., 2003 [73]

NO

NO

Aziz et al., 2003 [72]

Forsman et al., 2003 [76]

Data Base
Component

Reference

Land allocation based
on economics (gross
margin product)

Farm based economic
pollution model,
Nitrogen transport
models
Surface hydrology, non
point source
contaminant model,
weather generator

Surface hydrology,
contaminant transport,
vegetation growth and
socioeconomy models
Surface hydrology,
Ruled based
point source
contaminant transport,
water pollution loss
Surface hydrology, non
point source
contaminant transport

Simulation models

Meta-models or
emulators

Spatial
optimization
algorithm
based on
Heuristics

Scenario
analysis

BMP cost
estimation,
scenario
analysis
Scenario
analysis

Scenario
analysis,
diagnosis
analysis
Scenario
analysis

YES

YES

YES

YES

NO

NO

GIS based

land use
scenario
analysis

YES

NO

Risk
assessment

Probability
assessment

Probability
distributions,
uncertainty
ranges
NO

NO

Frecuency
distributions

Percentage of
information
loss

Uncertainty
assessment

Graphical User Interface

Simple and
Type 1 and 2 NO
order weighted fuzzy
average
inference
systems

Cost Effective
Sampling (CES)
methods

Problem solving
Optimization Multicriteria Other
methods
analysis
Delaunay and

Model Base Component
Problem definition
Knowledge
Other
bases
Linear regresion
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YES

YES

YES

YES

Uricchio et al., 2004 [82]

Adenso-Díaz et al., 2005 [83]

Bazanni, 2005 [84]

Poch et al., 2004 [47]

NO

YES

Poch et al., 2004 [47]

Salewickz and Nakayama, 2004
[27]
Sarangi et al., 2004 [81]

YES

Manos et al., 2004 [79]

YES

YES

Reference

Rao and Kumar, 2004 [80]

Data Base
Component

Water demand:
Mathematical
programming, short
term and long term
analysis

Soil erosion and
transport models
Water supply and
demand models
Sediment transport

numerical model

Water balance,
dynamic, stochastic
and space models,
stream flow

Simulation models

Rule based

Rule based,
case based
reasoning

Rule based

General algebraic
modelling system
(GAMS)

SINTACS approach,
Fuzzy multicriteria
analysis

Scenario analysis

Scenario analysis

Decision trees

Decision trees

Problem definition
Knowledge
Other
bases
Rule based
Neural networks

Spatially
constrained
searching
algorithms

Optimization
methods

Model Base Component

Dynamic
models,
Neural
Networks
Knowledge
base system
Scenario
analysis
Rule based
expert system
Pollution risk
assessment

Rule based

Multi-attribute Scenario
utility theory
analysis

Hierarchical
discriminant
table

Problem solving
Multicriteria
Other
analysis
Scenario
analysis

NO

YES

YES

NO

NO

YES

NO

NO

YES

GIS based

Statistical
assessment

NO

Fuzzy logic

NO

NO

NO

NO

NO

Probability
distributions

Uncertainty
assessment

Graphical User Interface
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NO

NO

YES

Lotov et al., 2005 [89]

Muleta and Nicklow, 2005 [90]

Olsen, 2005 [91]

Holmes et al., 2005 [86]

YES

YES

Duan, 2005 [85]

Lant et al., 2005 [88]

YES

Choi et al., 2005 [26]

YES

YES

Reference

Kaloudis et al., 2005 [87]

Data Base
Component

Water source yield

Integrated model:
influence matrix,
balance equations
Surface hydrology, non
point source pollution
transport

Surface hydrology, non
point source pollution
transport, crop yield

Long term surface
hydrology and non
point source pollution
transport model
Geospatial analysis,
Static and dynamic
Biophysical models
Surface hydrology
statistical model:
natural flow duration
curves for non gauged
stations

Simulation models

Artificial Neural
Network

Pareto frontier
visualization

Linear programming
model

Hierarchically- Support logic
structured
programming
rules

Strength
pareto
evolutionary
algorithm

Genetic
algorithms

Non linear
programming

Decision matrix:
Value
measurement
model

Scenario
analysis

Scenario
analysis

Scenario
analysis

Water use
scenarios

Scenario
analysis

Problem solving
Optimization Multicriteria
Other
methods
analysis
Scenario
analysis

Model Base Component
Problem definition
Knowledge
Other
bases

NO

NO

YES

YES

NO

YES

YES

YES

GIS based

NO

NO

NO

NO

Fuzzy logic,
evidential logic
mechanism

Probability
assessment

Uncertainty
ranges

NO

Uncertainty
assessment

Graphical User Interface
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NO

NO

NO

YES

Feng et al., 2007 [97]

Giordano et al., 2007 [98]

Goncalves et al., 2007 [99]

Quilbé and Rousseau, 2007
[100]

Roetter et al., 2005 [94]

YES

YES

Recio et al., 2005 [93]

De Kort and Booij, 2007 [96]

YES

Pallottino et al., 2005 [92]

NO

NO

Reference

Boitsidis et al., 2006 [95]

Data Base
Component

Water demand for
irrigation at different
spatial scales
Surface hydrology, non
point source pollution
transport, pathogen
transport

Surface hydrology,
Hydraulic and
socioeconomy
General equilibrium
model to assess impact
on the GDP
Problem structuring
methods: cognitive
maps

Decision trees

Problem definition
Knowledge
Simulation models
Other
bases
Scenario-tree, chance
Scenario
mathematical model
aggregation
rules
Hydrogeological finite
difference model,
econometric models for
crop prices, yield and
land allocation
Geospatial and
Expert
Statistical analysis,
judgement
crop models

Latin
Hypercube
Sampling

Semantic
distance, fuzzy
clustering
Weighted
summation
method

Interactive
multiple goal
linear
programming

Scenario
analysis,
benefit-cost
analysis

Scenario
analysis

Negotiation
module

Scenario
analysis

Scenario
modelling

Scenario
analysis

Dynamic
scenario
assessment

Problem solving
Optimization Multicriteria
Other
methods
analysis
Mathematical
Scenario
solver
analysis

Model Base Component

YES

NO

NO

NO

YES

NO

YES

NO

NO

GIS based

NO

NO

Fuzzy sets

NO

Frequency
histrograms

NO

NO

NO

Scenario
weights

Uncertainty
assessment

Graphical User Interface
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Data Base
Component

YES

YES

YES

NO

NO

Reference

Sewilam et al., 2007 [101]

Volk et al., 2007 [102]

Carlon et al., 2008 [103]

Keipert et al., 2008 [104]

Tixier et al., 2008 [105]

Water balance, matter Rule based
flux, economic linear
programming model
Simplified contaminant
transport model for
Groundwater
Simplified contaminant
transport model based
on risk indicators
Dynamic bio-physical Decision rule
and economic
process
submodels

Simulation models

Network flow
algorithm, fuzzy logic

Causal networks,
dynamic actor
network analysis
Calculation of risk
factors

Cost-Benefit
scenario
analysis
Optimization of Scenario
decision rules analysis

Ranking of
remediation
alternatives

Scenario
analysis

NO

NO

YES

YES

NO

Risk
probability
assessment
NO

NO

Scenario
uncertainty

Uncertainty
assessment

Graphical User Interface

Problem solving
GIS based
Optimization Multicriteria
Other
methods
analysis
Optimization
Rehabilitation NO
algorithm for
measuresbest measures
Scenarios
combination

Model Base Component
Problem definition
Knowledge
Other
bases
Rule based

2.4.3 EDSSs’ implementation features
Table 2.3 presents a description of some implementation features of the EDSSs. The
delivery platform for the EDSS (i.e. stand alone and web based EDSSs), and the capacity
of the tool to support the interaction of multiple users per session are indicated.
Most EDSSs have been developed as standalone applications to be run under different PC
platforms. Some EDSSs are commercial packages, but the majority is offered as beta
versions for research application only. A limited number of EDSSs can be accessed
through the internet, with WaterWare being the only commercial package of this kind.
The table 2.3 includes a description of the different decision maker categories supported
by the EDSSs. Although most of them provide support to decision makers at managerial
level (e.g. regulatory agencies, management authorities, environmental planners), there
are cases in which scientists and stakeholders are also included as target users.
This is mainly because most of the applications presented in table 2.3 have been
requested by National or Regional Authorities. Some of them are already supporting
policy making processes (e.g. AQUATOOL, LOWFLOWS 2000, and RiverWare),
facilitating the communication between stakeholder groups and authorities in order to
implement management plans at community level.
On the other hand, few EDSS applications are able to support group decision making and
consensus building process. These applications are implemented to support the
participation and discussion of different stakeholders through the web, or to provide
support as a common platform for offline discussion.
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Table 2.3. EDSS implementation features.
Decision support groups
Reference
Jamieson and Fedra, 1996 [49];
Fedra and Jamieson, 1996 [50];
Jamieson and Fedra, 1996 [51]
Lam and Swayne, 1994 [52];
Lam and Swayne, 1996 [53];
Leon et al., 2000 [54];
Young et al., 2000 [55]
Weintraub et al., 2001 [56];
Weintraub et al., 2001 [57];
Chen et al., 2004 [58]
La Jeunesse et al., 2003 [59];
Fassio et al., 2005 [60];
Mysiak et al., 2005 [61];
Giupponi, 2007 [62]
Matthies et al., 2006 [45];
Berlekamp et al., 2007 [46]
Andreu et al., 1996 [29]

Delivery Platform
Web based

Single decision Group decision
maker
makers
X

MS WINDOWS
95/98

X

Windows
95/98/ME/2000/XP

Seffino et al., 1999 [65]

Reynolds et al., 2000 [66];
Walker et al., 2007 [67]
Varma et al., 2000 [68]

Government agencies and
river basin commisions
Environmental
engineers/Scientists and
environmental managers

X

Environmental
Engineers/Scientists,
Regulatory Agencies
Management authorities

Windows XP

X

Windows
NT/2000/XP
ND

X

Advisory board and river
basin managers
River basin manager

X

Resource managers,
Academia

X

Watershed managers and
stakeholders
Aquifer managers and
experts

X

Environmental planners

Martens and DiBiase, 1996 [63] Windows 3.x.,
Windows 95,
Windows NT
Osmond et al., 1997 [64]
Web based
Fredericks et al., 1998 [28]

Decision makers

Open architecture,
Windows 3.1,
Windows 95, UNIX
Object oriented
application,
Windows 2.0
ND

Scientists, environmental
managers
Forest managers

ND

Eschenbach et al., 2001 [69]

ND

Zhu and Dale, 2001 [70]

Web based

X

Mateos et al., 2002 [71]

Microsoft developer
system
ND

X

Portability across
different computing
platforms
Microsoft Windows
TM

X

Policy makers and
stakeholders

X

Environmental Protection
Agency, experts and
environmental managers
Watershed managers,
hydrologist
Knowledge engineer and
water managers
Water managers

Aziz et al., 2003 [72]
Bathurst et al., 2003 [73]

Cheng et al., 2003 [74]

X

Engel et al., 2003 [75]

Web based

Forsman et al., 2003 [76]

ND

X

Lim and Engel, 2003 [77]

Web based

X

46

X

Tennessee Valley
Authorities, Water resource
engineers
Policy makers and
stakeholders
Irrigation Authorities,
Academia
Aquifer managers

Decision support groups
Reference

Delivery Platform

Makropoulos et al., 2003 [78]

ArcView by ESRI
and Matlab
ArcView by ESRI

X

Manos et al., 2004 [79]

Microsoft Windows
NT using Microsoft
Visual Basic

X

Poch et al., 2004 [47]

ND

X

Managers and stakeholders

Poch et al., 2004 [47]

ND

X

Granollers WWTP
operators and managers
Experts and watershed
managers
Policy makers and general
stakeholders
Government policy
planners, watershed
managers
Environmental resource
managers
Chief engineers

Jones and Taylor, 2004 [31]

Rao and Kumar, 2004 [80]

Single decision Group decision
maker
makers

X

ERDAS, Windows
environment
Salewickz and Nakayama, 2004 Web based
[27]
Sarangi et al., 2004 [81]
Visual Basic
(Version 6.0),
Windows 95TM
Uricchio et al., 2004 [82]
ND

X

Adenso-Díaz et al., 2005 [83]

X

Choi et al., 2005 [26]

Geomedia V3.0,
Visual basic
Open architecture,
Windows
application
Web based

Duan, 2005 [85]

Web based

X

Holmes et al., 2005 [86]

X

Kaloudis et al., 2005 [87]

Microsoft Visual
Basic
ND

Lant et al., 2005 [88]

ND

Lotov et al., 2005 [89]

Windows 98 /
Web based
ND

X

X

Recio et al., 2005 [93]

Microsoft Excel,
Visual Basic
programming
HP-UNIX, PCLINUX
Visual Basic

Roetter et al., 2005 [94]

Web based

X

Boitsidis et al., 2006 [95]

ND

De Kort and Booij, 2007 [96]

ND

Feng et al., 2007 [97]

ND

Bazanni, 2005 [84]

Muleta and Nicklow, 2005 [90]
Olsen, 2005 [91]

Pallottino et al., 2005 [92]

X
X

X

Decision makers
Water authorities, decision
maker and expert facilitator
Farm manager at the
University of Central
Lancashire
Government agencies, river
basin commisions

X

Policy makers, stakeholders
and managers

X

Watershed managers and
stakeholders
Watershed managers

X

X

Environment Agency of
England and Wales
Experts and forest
managers
Policy makers and
managers
Water managers and
stakeholders
Water managers and policy
makers
Organizations at village
level

X

Water resource manager

X

X

Eastern La Mancha Central
Irrigation board authorities
Scientist, managers and
local stakeholders
Environmental managers

X

Policy makers

X

Water authorities
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Decision support groups
Reference

Delivery Platform

Giordano et al., 2007 [98]

Web based

Goncalves et al., 2007 [99]

ND

X

Quilbé and Rousseau, 2007
[100]
Sewilam et al., 2007 [101]

ND

X

ND

X

Volk et al., 2007 [102]

ND

X

Carlon et al., 2008 [103]

X

Keipert et al., 2008 [104]

ArcGIS ESRI
platform
ND

Tixier et al., 2008 [105]

Stella software

X

Single decision Group decision
maker
makers
X

X

Decision makers
Water managers and
stakeholders
Division Authority
Watershed managers and
stakeholders
Decision makers at
Ministerial level, local and
regional authorities
Catchment authorities
Regional managers and
experts
Australian government:
managers and authorities
Farmers and researchers

ND: Not defined in the text

2.4.4 EDSS applications in water management
In order to make an objective analysis about the development trend of EDSS applications
for water management problems, it is important to know how representative the sample
included in the present review is. In a recent search exercise done using the ISI Web of
Knowledge a total of 118 articles in scientific journals including the decision support
system and water management keywords were reported between 1995 and 2010.
Despite of the limited amount of works presented here, the sample is considered
representative because it includes reference works (e.g. WaterWare, Mulino,
AQUATOOL, RiverWare, etc) that have been studied, adapted and reused in different
water management cases, and novelty approaches that intent to overcome the limitations
found.
What kind of assessment performs better to improve the effectiveness of decision makers‟
actions in water management problems?

It is recognized that access to relevant

information helps to better structure a decision, but the way in which information is
presented and solutions found can have an effect on their successful implementation. As
an example, Salewicz and Nakayama [27] stated that more integrative approaches than
mathematical optimization are needed in water management problems to deal with the
natural system complexity, the lack of complete data and uncertainty problem.
The analysis will focus on three main points: (1) the kind of solution assessment, (2) the
way information is integrated, and (3) the use of generic applications.
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Referring to the kind of solution given in different EDSSs presented here, it can be
observed that a general tendency exists to structure the available information, through the
use of environmental models and expert systems, including or not the identification of an
optimal solution. Most of the applications focus on representing accurately the different
natural processes occurring in a system to offer a scenario based assessment, with few of
them including optimal or MCA to structure the decision or selection process.
This tendency recognizes simulation as a better approach than optimization for
environmental management, because it can help decision makers to develop a better
understanding of the interdependencies among different system´s components and may
lead to the identification of outcomes, which are considered better tradeoffs than prespecified optima [106]. On the other hand, scientists need to put considerable effort
turning research results into practical tools for water managers that include the
uncertainty assessment of integrated models and their outputs [30, 106].
The issues that arise in river basins tend to be interrelated, especially when a problem has
offsite or downstream effects, and often they are conflicting, so that one needs to integrate
their assessment and management. Some EDSS applications give special attention to the
integration of scales, disciplines and different groups‟ interests in one decision model.
Bayesian Networks and Systems analysis methods can be used as integrative frameworks.
Different authors have stated that the integration of the biophysical process and
economical models into a more general decision support system is essential for a better
water resources management [107, 108]. The selection of solutions in most cases is based
on economical, environmental and/or user perception criteria, although some applications
limit themselves to financial based assessments.
In general, there is a tendency to develop more powerful EDSS that integrates most of the
required features to better assess decision making in different environmental applications.
This includes the inclusion of facilities to manage different types of information and
better integrate the time and spatial scales to applications that process the information and
provides a more integrated view of the problem to decision makers.
However, the use of generic applications is limited in the present sample. Only two EDSS
applications built up using DSSs generic applications are reported in the literature [42, 45,
46]. The OME and Geonamica software were applied to construct DSSs that support the
environmental management process at river basin scale.
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2.5 Modelling environmental systems
Modelling natural processes imply to capture most of the complex relations involved,
reducing as much as possible the uncertainty in doing it so. Environmental management
objectives increase the pressure on modelling, because more integrated and transparent
models are required for a more holistic representation of the target system (e.g. river
basin) for decision makers. As an example, policy making for the sustainable use of
natural resources is one of the processes that could be benefitted from the existence of
such a model.
Boulanger and Bréchet published an analysis of some candidate models for sustainable
development policy-making [109]. They applied Multi-attribute utility theory (MAUT) to
rank six modelling approaches frequently used in socio-economic policy-making, against
five methodological criteria: an interdisciplinary approach, uncertainty management, a
long-range or intergenerational point of view, glocality (global-local perspective) and
participation.
The results showed that (1) Multi-Agent simulation, (2) models based on General System
Theory, and (3) Bayesian Networks, were the most suitable modelling approaches. The
authors conclude that these findings respond to the potential of the methods for cognitive
integration and in the specific case of Bayesian Networks, to its capability of uncertainty
management.
Due to the strength of the technique to support cognitive integration and handle explicitly
the model uncertainty, Bayesian Networks (BN) will be further examined in the following
paragraphs.
As stated by Uusitalo, a BN model is able to represent explicitly the system complexity in
terms of variables and their causal-effect relations, in a descriptive way [110]. Moreover,
the probabilistic representation of interactions among variables allows for the estimation
of risks and uncertainties better than models that only account for expected values. The
technique is able to combine different sources of knowledge (i.e. expert/practical
knowledge and information contained in datasets), and since BNs are solved analytically,
it can provide fast responses to queries once the model is compiled [111].
In a decision making context, Bayesian Networks can be used (1) for modelling, when
they are used to describe the system being studied; (2) for aiding decision making, when
they include decision and utility nodes, and are employed as a decision support system
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(i.e. Influence Diagram) and (3) as a visualization tool to summarize simply the outcomes
of more complex models [112]. Moreover, BN has been proposed as a framework for
optimization and parameter estimation in environmental models [113], and as a metamodel to join multiple environmental assessment models [114].
Following, a brief review of the technique‟s fundamental concepts will be given,
including the description of some approaches that help with the parameterization of
Bayesian Network models.
In the same line, some applications of this modelling technique to environmental
problems will be presented together with a short analysis of the impact of the method in
the water management arena.
2.5.1 Bayesian Networks technique
Heckerman defines a Bayesian Network (BN) as a graphical model that encodes
probabilistic relationships among variables of interest [115]. In this context a BN consist
of a qualitative part, represented by a directed acyclic graph (DAG), with nodes (i.e.
model variables) and causal links among nodes; and a quantitative part defined by local
probabilities for each model variable.
Each node in a network is defined by a finite set of mutually exclusive values, called
states. States stand for all possible values each variable can take. The absence of a link
between two nodes indicates conditional independence between variables; conversely, a
link between two nodes stands for causal dependence. A node which does not have any
parents represents an input variable (i.e. control node) and is associated with a marginal
probability distribution.
The state of every dependent node is defined by a conditional probability table (CPT),
which specifies the belief of that node being in a particular state given the states of those
nodes which affect it directly (i.e. parent nodes). Each CPT in a Bayesian Network model
stands for a complete specification of the probabilistic relation among a child and its
parent nodes, making it powerful enough to represent any kind of interaction [116]. For a
more detailed description of the method, the reader is referred to Heckerman [115].
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Conditional Probability Table (CPT)
X2

X1

x11

X1
X2

Y

Y

x21

x12
x22

x21

x22

y1 P(y1\x11,x21) P(y1\x11,x22) P(y1\x12,x21) P(y1\x12,x22)
y2 P(y2\x11,x21) P(y2\x11,x22) P(y2\x12,x21) P(y2\x12,x22)

Directed acyclic graph

Figure 2.2. Bayesian Network model of three binary nodes and the corresponding table
of conditional probabilities.
According to Díez and Druzdzel, the number of parameters in a CPT of a child node will
grow exponentially with the number of states and corresponding parent nodes in the
Bayesian Network model [117]. This makes consultation from experts or learning from
databases an overwhelming task. Moreover, under small data sets, many CPT entries
could be estimated based on few records, increasing the model uncertainty. One
approximation to reduce the number of parameters to be set up in a Bayesian model is to
assume independence of causal influence (ICI) among the parents of a child node. This
approach is known as canonical modelling and will be explained in detail in the following
paragraphs.
Canonical models
Canonical models provide a logarithmic reduction in the number of parameters for
estimating CPTs in a Bayesian network, which virtually makes construction of large
models for real-life problems feasible [118]. Canonical models can be applied to simplify
the parameterization work in Bayesian models, when the influence of each parent node in
the child node can be considered independent of that of the other parents.
Different Canonical models exist. Among them are Noisy-OR, Noisy-AND, Noisy-MIN
and Noisy-MAX. In the Noisy-OR gate, one causal factor being present or active (i.e.
parent node) is enough to produce an impact on the child node to which it affects.
Conversely, in a Noisy-AND gate, all parent nodes need to be present or active in order to
influence the child node. The Noisy-MAX and Noisy-MIN are extensions of the Noisy-
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OR and Noisy-AND canonical models for multi-valued variables (i.e. nodes with more
than two states).
From these, Noisy-OR and Noisy-MAX have been commonly applied to real life
problems, e.g. expert systems for medical diagnosis problems, while Noisy-AND and
Noisy-MIN do not record any practical application. This can be explained considering
that the Noisy-AND or Noisy-MIN approaches require the definition of conditional
probability distributions taking into account all causal factors necessary to produce an
effect, which is difficult to obtain from datasets (i.e. large amount of information will be
needed) and difficult to be handled by experts.
The Noisy-OR model has proved good approximations in medical application models
[119, 120]. Moreover, some theoretical works have proved the strength of the method for
estimating CPTs in Bayesian models [121, 122, 123]. Henrion [124] and Díez [125] have
presented different parameterizations for Noisy-OR/MAX nodes.
However, Bayesian Networks that model real-world domains can include different
canonical relations, which means that a significant number of dependent nodes interact
through OR/MAX-models, a few through AND/MIN models and the rest of the nodes do
not correspond to any canonical model, which implies that their CPT must be explicitly
given [117].
For some model domains causal-effect relationships can be better approximated by the
Noisy-AND approach than by the Noisy-OR. Díez and Druzdzel proposed the application
of the De Morgan´s law for logical operators to model Noisy-AND nodes as Noisy-OR
ones [117]. This implies the negation of the input nodes (i.e. alternative nodes‟ state) plus
the negation of the output node. In this way, the limitation in the application of the NoisyAND approach can be overcome. Figure 2.3 presents this conceptualization.
Several efficient algorithms exist to update probabilities in BNs. Pearl developed a
message-passing scheme that updates the probability distributions for each node in a BN
in response to observations of one or more variables [126, 127]. Varis extended Pearl´s
methodology into a generalized belief network approach [128].
On the other hand, an efficient algorithm that first transforms a Bayesian network into a
tree where each node in the tree corresponds to a subset of variables in the original graph
has been proposed [129, 130, 131]. The algorithm then exploits several mathematical
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properties of this tree to perform probabilistic inference. Other solutions based on
stochastic sampling have also been implemented.
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NEG
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AND
Figure 2.3. AND/OR duality for Noisy modelling in Bayesian Networks.
2.5.2 The construction process of Bayesian Network models
Several guidelines for the construction of Bayesian Networks have been proposed by
different authors. Cain recommends a series of steps for using BN to support the planning
and management of development programs in the water sector and beyond [132].
In the same line, but under a wider framework, Castelletti and Soncini-Sessa [112]
propose a participatory and integrated modelling framework for water resources projects.
The procedure consists of nine steps that start with a reconnaissance of the system and the
identification of project goals and concludes with the submission of a set of reasonable
alternatives to decision makers for the final political decision.
On the other hand, the approaches suggested by Ames et al. [133] and Henriksen et al.
[134] give more emphasis to the activities that need to be performed for the construction
and validation of the BN model. Figure 2.5 schematizes the approach proposed by Ames
et al. [133].
Important attention is given in all modelling paradigms to the selection of variables to
represent ideas and the selection of appropriate states for each variable. It is
recommended that model variables and their states are validated by stakeholders and
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experts, and whenever is possible using local datasets, especially when discrete states
need to be defined [111].

Problem Definition

Model Inference

1. Identify management endpoints
2. Identify management alternatives
3. Identify critical intermediate and
exogenous variables
4. Establish discretization states for
variables
5. Plan for use of probabilistic
results

1.
2.
3.
4.
5.

Observed data
Dynamic simulation model
Expert elicitation
Stakeholder surveys
Uninformed equal odds

Model Validation
1. Independent information
2. Sensitivity analysis
3. Adaptive management

Figure 2.4. Generalized approach for the development of a Bayesian Network model.
Another important point is related with the construction of BNs under the participatory
approach. Bromley et al. suggested that workshops should be arranged in small groups of
representative stakeholders [116].
2.5.3 Bayesian Network development software
There are several software packages in the market to build and deliver Bayesian
Networks. Some of them are powerful commercial applications as is the case of HuginTM
and NeticaTM, while others hold a General Public License (GPL) and can be downloaded
for free with limited user capabilities or improved performance. Table 2.4 presents some
BN development environments together with their license type and running platforms.
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http://www.openbugs.info/w/

Platform independent
Open source
Copyrighted by the Decision
Systems Laboratory Platform independent
Pittsburgh University
Copyrighted to AR group
Platform independent
UCLA

NeticaTM
Microsoft Bayesian
Network

Hugin

TM

SamIam

Genie & Smile

OpenBUGS

End user license agreement

Comercial package

Platform independent
Windows and
Macintosh OSX
Windows 98, 2000 and
XP

http://leo.ugr.es/elvira/
http://www.snn.ru.nl/nijmegen/index.php?option=
com_content&view=article&id=89&Itemid=212

Platform independent
Open source
Comercial and non comercial
Platform independent
use

Elvira

Comercial package

http://www.cis.uoguelph.ca/~yxiang/ww3/

Platform independent

Copyrighted by Dr. Y. Xiang

Webweavr-III

http://www.norsys.com/
http://research.microsoft.com/enus/um/redmond/groups/adapt/msbnx/

http://www.hugin.com/

http://reasoning.cs.ucla.edu/samiam/index.php

http://genie.sis.pitt.edu/about.html

http://www.cs.cmu.edu/~javabayes/index.html

Platform independent

BayesBuilder tool

http://bnj.sourceforge.net/

Platform independent

Website

Open source

Platform

JavaBayes

License
BN software
Bayesian Network tools
Open source
in Java (BNJ)

Table 2.4. Bayesian Network development software.

2.5.4 Environmental modelling applications
Some Bayesian Network applications to model environmental and water related
management problems have been reported in the scientific literature and are presented in
table 2.5. Additionally, Castelletti and Soncini-Sessa present other Bayesian Network
modelling applications for water resources management [135].
The application of the technique has permitted the construction of environmental models
based on expert knowledge [136, 137, 138], and/or from data and numerical models,
through the application of data analysis and learning techniques [116, 133, 139]. As it can
be observed, the integration of GIS features in a BN model is still limited, with only one
application using the technique to process spatial information [140].
Some BN models have been constructed following the participatory approach proposed
by Castelletti and Soncini-Sessa [112] and Cain [132] described before, in order to
examine possible socio, economic and environmental responses to different policies and
development scenarios [141, 142]. For some water management applications, Bayesian
Networks have reported better performance than the traditional rule based expert systems
[140, 143].
Although several water and land resources management problems, including agricultural
and ecological systems, have been modelled using Bayesian Networks, few works have
considered the inclusion of the environmental model in a decision support framework.
Kristensen and Rasmussen are the first ones to propose formally the inclusion of a BN
model in a decision support system for growing malting barley (non permanent cultivar)
without the use of pesticides [145]. The main aim is to inform the farmers about different
management practices that could reduce the use of pesticides in their plantations, without
affecting their production rates. This is done through a scenario analysis approach. This
work demonstrates the potential of the BN technique to support decision making in an
environmental and agricultural management framework.
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Integrated water resources
planning at catchment scale
Ecological impact assessment of
salinity management

Bromley et al., 2005 [116]

Sadoddin et al., 2005 [139]

Water quality management at
river basin scale

Ames et al., 2005 [133]

Borsuk et al., 2004 [147]

NO

NO

NO

Agricultural management at river YES
basin scale
Eutrophication modelling
YES

Cain et al., 2003 [146]

NO

Modelling watershed
management options

YES

YES

YES

YES

YES

Knowledge
based
YES

Swayne, 2002 [111]

Kristensen and Rasmussen, 2002
[145]

Bacon et al., 2002 [141]

Sangüesa and Burrell, 2000 [143]

Batchelor and Cain, 1999 [144]

Two water management case
studies
Monitoring and control of waste
water treatment plants (WWTP)
Social learning for sustainable
rural land use
Growing malting barley without
the use of pesticides

EIA: Climate Change impacts on
surface water bodies
Desertification risk assessment

Varis and Kuikka, 1997 [138]

Stassopoulou and Kittler, 1998 [140]

Environmental application

Reference

Spatial datasets, statistical
analysis, ecological
indicators

Field and scientific data

Field and scientific data,
multivariate regression
models
Field data, water quality
simulation model, costbenefit analysis

Multiple Attribute Value
Function
Field and scientific data,
statistical models,
mathematical relations
Hydrological sediment
transport model,
Montecarlo simulation
NO

Datasets

Analytic equations and
spatial data
Field data

NO

Other information sources

Table 2.5. Bayesian Network applications for environmental modelling.

YES

NO

NO

NO

NO

YES

NO

NO

NO

NO

YES

GIS
application
NO

NO

YES

NO

YES

NO

Participatory
approach
NO

YES

YES

NO

Little river catchment, New NO
South Wales, Australia

Loddon catchment, UK

East Canyon watershed,
Northern Utah-USA

Neuse river estuary, North NO
Carolina-USA

Sri Lanka

Stratford Avon Watershed NO

Denmark

Poland, Eastern Europe

Girona Urban WWTP

Zimbabwe and Mauritius

Mediterranean region

Southern Finland

Area of application
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Ecological risk assessment
Sustainability of coastal lakes

Adaptive water management

Water quality modelling for load
reduction under uncertainty

Ticehurst et al., 2007 [151]

Carmona and Varela, 2008 [152]

Liu et al., 2008 [153]

NO

NO

YES

YES

Knowledge
elicitation
Integrated management of aquatic YES
resources: Bayfish model
Groundwater contamination
YES
management
Multi-objective modelling
NO

Environmental application

Pollino et al., 2007 [150]

Dorner et al., 2007 [149]

Henriksen et al., 2007 [134]

Baran et al., 2006 [148]

Reference

NO

NO

NO

GIS
application
NO

Field and scientific data,
NO
simulation models,
statistical analysis
Economic mathematical
NO
programming model, field
and scientific data
Field data, distributedNO
source model, Markov chain
Monte Carlo

Scientific data, non point
source pollution model,
Montecarlo simulation, net
revenue model
Field data sets

Field data sets

Field data sets

Other information sources

YES

NO

Hun-Taizi river system,
Northeastern China

NO

Upper Guadiana basin,
YES
Castilla-La Mancha-Spain

Goulburn catchment,
Victoria-Australia
Cudgen lake, New South
Wales-Australia

Participatory
approach
Inland coastal zone of Bac YES
Lieu province, Vietnam
Havelse well field,
YES
Denmark
Southern Ontario, Canada NO

Area of application

2.5.5 Pros and cons of the technique for the modelling of water management
problems
Bayesian Networks (BN) permits the consideration of multiple factors simultaneously in
a structured way, facilitating the understanding of the way in which the model operates
and the underlying assumptions, which will inevitably lead to a more confidence in the
model results [18]. Environmental managers and stakeholders involved in water resources
management can use the BN approach for a participatory development of management
strategies [154]. Moreover, as stated by Swayne, if different parties to a dispute in a
negotiation can work on the structure of a model, and agree on that structure, it is difficult
to argue with results that are derived from well-founded data and methods [111].
The method can be used to learn causal relationships, to gain understanding about a
problem domain and to predict the consequences of interventions, supporting in this way
the policy making process and the participation of different stakeholder groups involved
[148, 151, 154, 155, 156].
BN is a type of model that provides simplified semantics, useful when knowledge about
the system to be modelled is poor or unstructured. Moreover, the explicit representation
of uncertainty is particularly important in environmental fields such as water resource
management where the data are often uncertain and scarce [116, 145].
However, it could loss some of its strength when the system being considered is dynamic
or includes recursive decisions (e.g. a regulation policy). This is mainly because Bayesian
Networks cannot handle cyclic processes, which limit its application to the components of
a water system that have unstructured knowledge, system variables with a low number of
values, and absence of dynamics [110, 157, 158].
In terms of model building, BNs provide a great dose of flexibility – models can be
obtained from data using theoretically sound learning techniques, built completely from
experts‟ knowledge, or a combination of both [121]. However, the reliability of
probability values obtained directly from datasets depends on factors like the period of
time covered by observations, measurement errors, etc. [143]. Capturing and representing
local knowledge is sometimes the best possible way to obtain information, and to
structure a decision problem [23].
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2.6 Conclusion
Along the present chapter important concepts and characteristics required for the
development of EDSSs have been considered and discussed. Thereafter, some
environmental applications found in the scientific literature have been reported and
compared in order to find similar development patterns.
From this review, it has been found that many EDSS applications focus on the problem
definition phase, with many model based systems being implemented to support water
resources management problems. Most of the model-based EDSSs are standalone
applications, with embedded Databases and GIS functionalities. The inclusion of methods
to assess the problem solving phase is still limited. In some cases, expert systems replace
or complement numerical models, providing information from additional knowledge
bases (i.e. rule based systems, case based reasoning).
The diversity of approaches found in the scientific literature for the construction of
EDSSs especially for water management problems, highlight the challenges that
developers have to face in order to deliver DSS tools that fulfil the information
requirements from users, based on the currently available data and knowledge. As part of
the process, new methods emerge and are applied in order to include as many information
sources as possible, combining formal and empirical knowledge through novel
approaches.
In this context, the Bayesian Network technique has been introduced as an approach that
can overcome the limitation imposed by incomplete scientific information and field data
to model environmental systems. The technique can combine qualitative and quantitative
information from different disciplines and sources (i.e. formal and empirical knowledge)
to model the system based on key environmental variables and their causal interrelations,
making feasible the construction of integrated models. Moreover, Bayesian Networks
explicitly address the model uncertainty, which represent a plus for decision support.
Consequently, the use of novel approaches as Bayesian Networks can make a difference
for the development of EDSS applications, when the available information is limited and
dispersed. The early involvement of local stakeholders and specialists in a participatory
modelling approach can provide the resource managers with new insights about the
problem at hand in order to identify feasible solutions. This in turn create incentives for
the implementation of web based EDSSs that provide reliable information to multiple
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users about the possible effect of different management actions in order to reach
consensus and negotiate for effective solutions to the environmental problem being faced.
Despite of the potential that novelty approaches could have to overcome the limitations of
incomplete information in the development of new EDSS, few applications are reported
in Latin-American countries in the present sample (e.g. WaterWare application for a
Mexican river basin).
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CHAPTER 3: Decision Support System for the
Chaguana river basin
3.1. Introduction
The increase of human population and the consequent pressure on natural resources from
economical activities is affecting the quality of fresh water resources along their way to
the oceans, limiting the availability of water for downstream users. The efforts for water
resources management attempt to overcome the water scarcity problems to satisfy
multiple demands, varying spatially and along the time.
The river basin has become the unit of analysis for the integrated management of water
resources (IWRM), because it embraces all water dimensions inside its physical
boundaries [48]. However, the integrated analysis of water related problems could not be
performed without computational help, due to the complexity of the analysis and the large
amount of information that needs to be integrated. Decision Support Systems can
facilitate this integration and processing analysis, providing users with the relevant
criteria to come up with solutions or to choose among proposed alternatives.
As it was described in Chapter two, several EDSSs for water management related
problems have been developed in recent decades around the world. In most cases, the
EDSSs integrate coupled numerical models to represent different interlinked natural
processes, permitting the user to analyze several management scenarios to evaluate their
impact on water resources management objectives. Some EDSSs also include the phase
of selection among alternatives, applying MCDA or optimization approaches. Expert
systems have been used as an alternative for EDSS implementation in cases where
knowledge was available, but data was lacking and not large enough to implement
numerical models.
In the present chapter, the structural design and partial implementation of a decision
support system for the Chaguana river basin is described. The main objective is to
provide information to water managers about the implications that the use of pesticides
have for the intensive production of banana and the quality of fresh water bodies in the
lowlands. GIS, an expert system and numerical model tools are integrated to structure all
relevant information and support decision making for water management.
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3.2 Developing an EDSS for water management in the Chaguana river basin
Several authors have proposed some strategies to develop effective decision support
systems for water management problems based mainly on their acquired experience [9,
12, 19, 45, and 159].
Among those are the works of De Kok and Wind [22] and Poch et al. [47]. According to
the former, EDSSs fall inside consistency oriented activities for water management
control, being implemented only after stakeholders have agreed on the management
objectives and alternatives for a problem at hand; and used to explore the consequences of
those alternatives. The EDSS delivery process comprises five important steps: (1) the
problem formulation; (2) the identification of management alternatives; (3) the
forecasting of future contexts / scenario formulation; (4) the building of models to predict
consequences; and (5) the ranking and comparing of alternatives.
Since any water management process has been institutionalized for the Chaguana river
basin yet [4], the problem formulation has been undertaken as part of the EDSS
development process. As a result, the research work has considered an early involvement
of target stakeholder groups, including a group of external specialists (i.e. scientific
experts), in order to formulate the management problem, the modelling objectives and to
explore different solution alternatives.
The research work concentrates around the first four phases of the EDSS delivery process
referred by De Kok and Wind [22], to provide a scenario analysis tool. The EDSS
features and the complexity of the internal models have been defined based on the
potential users needs and on the available information (i.e. formal and empirical
knowledge). Figure 3.1 depicts the workflow that corresponds to the development of a
spatial decision support system (SDSS) for the Chaguana river basin. The term “spatial”
accounts for the GIS features that have been included into the system design, and partially
implemented, in order to facilitate the management of the spatial information required by
the different applications. This approach is based on the work proposed by Poch et al.
[47]. As a first step, the management problem is formulated. Following, the management
objectives and alternatives are defined based on several interviews maintained with
specialists and stakeholders‟ representatives.

64

COLLECTING DATA

//

KNOWLEDGE ACQUISITION

DATA AND COGNITIVE ANALYSIS
Statistical Analysis

Expert Model

SPATIAL DECISION SUPPORT SYSTEM

COMPUTER SCIENTISTS

IMPLEMENTATION and INTEGRATION OF APPLICATIONS

//

AI / STATISTICAL / NUMERICAL MODELS SELECTION
Bayesian networks / Simulation models

KNOWLEDGE ENGINEER

WATER MANAGEMENT PROBLEM ANALYSIS

Figure 3.1. Flow diagram depicting the development steps of the SDSS for the Chaguana
river basin.
All the subsequent steps followed in the SDSS development (i.e. collecting information
and implementing models) are based on these initial definitions.
3.2.1 The Chaguana river basin
The Chaguana river basin is located in the Southern Coastal side of Ecuador, inside the El
Oro province (figure 3.2). Its territory is mainly under the jurisdiction of the El Guabo
Municipality, which encloses around eighty percent of the basin extension together with
most of its rural population. This hydrological system discharges into the Pagua river
basin flowing to the Pacific Ocean. Its topography records a difference in elevation of
around 3000 m. inside an area of 320 km2 (i.e. the maximum elevation is 3267 m.a.s.l.
and the minimum is 1 m.a.s.l. near the basin outlet) [8].
The main economical activity within the basin is banana farming for export. This
perennial crop represents the major land use in the basin. The banana plantations inside
the Chaguana basin are intensive mono-cropping systems of small (up to 30 ha), medium
(30-100 ha) and big size (larger than100 ha). Although only 6% of the farms in the basin
have an area larger than 100 ha, they cover almost 50% of the productive land and
employ an important portion of the basin´s population.
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Figure 3.2. The Chaguana river basin (modified from [8]).

Only el Guabo, which encloses most of the banana production land, contributes with a
labour force of seventy seven percent of its active population to the agriculture sector [8,
160].
Figure 3.2 shows the banana production land (mainly intensive mono-cropping farms)
divided in three sub-basins: the Chaguana and Zapote sub-basins (depicted by the pink
and light green polygons), which form the Chaguana hydrological system; and Las Juntas
canal (depicted by the yellow polygon), which is the influence area of an artificial canal
irrigating, through flood irrigation, small and medium size banana farms [8].
Water regime
The water regime in the Chaguana river basin is mainly influenced by the annual climate
variability, with two marked periods, the rainy and dry seasons. The rainy season, taking
place between December and April every year, is characterized by high atmospheric
temperatures and heavy rainfall, which increase the atmospheric humidity. During the dry
season, sporadic rainfall events take place, with minimum water volumes going into the
system and an important drop in atmospheric temperatures that slowdown the speed rate
of many biophysical processes, including agriculture.
According to Matamoros [8], the wettest month in the Chaguana basin during an average
year is February, with an expected monthly precipitation of 205 mm, and a standard
deviation of 36.5 mm. On the other hand, August becomes the driest month, with an
expected monthly precipitation of 25.2 mm and a standard deviation of 7.1 mm.
The recurrent El Niño Southern Oscillation (ENSO)2 event can attenuate or intensify the
annual rainfall patterns in the river basin causing floods and droughts in the lowlands
during exceptional years. Some conflicts have been reported among banana farmers in the
lowlands during drought periods, because rivers are dammed by upstream users in order
to pump water for irrigation limiting the available water volume for downstream users
[8].
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Water uses and conflicts
The water demand inside the Chaguana river basin is driven by the two main water users:
(1) the farmers and (2) the rural human settlements (i.e. urban and rural populations). The
ecological water demand is not considered in practice.
A portion of the Chaguana river basin extension in the highlands is part of a protected
forest area (i.e. Mollopongo-Molleturo mountain range)3. Despite of it, land concessions
for mining activities have been granted during the last decades 4, with a great portion of
the natural humid forest being cleared without control by the local population to convert
the land into cultivated grass for extensive stockbreeding.
Agroforestry farmers have settled in the foothills to counteract this trend and preserve the
natural biodiversity, producing at the same time, as part of some agricultural associations,
organic agricultural products as banana and cacao for export. Organic and conventional
farmers have blocked the development of mining activities in the highlands, arguing that
the contamination of rivers would affect the economy of the agricultural activities
performed downstream. Up to now, only the extraction of river bed material in the
lowlands is allowed.
The El Oro province includes inside its territory at least twenty two percent of the total
cultivated banana land in the country, being the crop with the highest extension within the
province [7]. By 1994, fifty five percent of the river basin area was dedicated to
agriculture, mainly banana Cavendish cultivars for export under intensive mono-cropping
systems in the lowlands. The production of banana in Ecuador under intensive cropping
systems, depends on irrigation, adequate drainage infrastructure, fertilizing and the aerial
fumigation of farms with pesticides to control the black Sigatoka disease, affecting
plantations since 1992 [161]. Nevertheless, the application of certain pesticides can cause
high water pollution of rivers [8, 162].
On the other hand, the population inside the Chaguana river basin is mainly rural and
sparse, with few small villages and towns settled near the basin outlet. Most human
settlements do not possess sanitation; with some of them having limited access to pipeline
water. By 2001, sixteen percent of the houses in the Chaguana basin, located near the
3

Registro Oficial: Año 3, No.545. Acuerdo 0069. Quito, 14 de Marzo de 1978. Ecuador.
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Ministerio de Minas. Sub-Secretaría de Minas - Dirección Nacional de Minería. Catastro Minero [Online].

Available: http://www.mineriaecuador.com/
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Chaguana river basin outlet, were still consuming water from contaminated rivers and
canals [160]. This situation causes negative effects on the population health, but also
affects other water uses. As an example, it was known from word of mouth that some
banana farmers (i.e. owning big size farms) near the basin outlet were pumping
groundwater to wash the fruit before packing, due to the presence of Escherichia coli
found in surface water; increasing in this way their operational costs.
Near the basin outlet, aquaculture and artisanal fishery activities coexist.
Water actors
In Ecuador, water resources are a national good of public use; their custody is inalienable
to the State, which is the only responsible for the management of water resources.
However, as it was stated in the general introduction, the basic problem of the legal
framework for water management in Ecuador is a complex and disarticulated
organizational structure to administer water resources [6].
In the Chaguana river basin, as for many other river basins in the country, the
management competence of water resources is split among different governmental
institutions. Thus, water governance is exerted by different institutions at national level,
e.g. National Water Authority and different Ministries, and by local governments, e.g. El
Oro Provincial Council, El Guabo and Pasaje Municipalities.
On the other hand, different stakeholders groups have been identified. From the
production sector: autonomous farmers (owning medium and big size farms); agricultural
associations, comprising mainly small organic and conventional farmers; livestock
husbandry farmers in the highlands; artisanal fishermen; and the exporters. From the rural
settlements: the representatives of cooperatives and towns settled in the lowlands.
3.2.2 Problem formulation
High concentrations of pesticides were detected in water samples taken in several
sampling sites along lowland rivers, as part of a previous scientific research that modelled
the fate of pesticides inside the Chaguana river basin. A water quality problem was
identified, since the recorded concentrations were exceeding the European maximum
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residue levels in water for human consumption 5 . Thus, Propiconazole 6 concentrations
were recorded and modelled. Banana farms were identified as the main pesticide source
[8].
The main concern from these findings was that most rural populations in the lowlands
were still using water from rivers for their daily needs, being exposed in this way to
pesticides´ effects. However, little was known about possible human pathologies in rural
populations that could be associated with the consumption of the contaminated water. At
the time this research was settled, no formal studies were available that related the main
health disorders among the rural populations with the pesticides contamination of air and
water. From word of mouth of community representatives, allergic and respiratory
problems, abortions and hepatic problems were identified as the main health problems in
their communities, which partially coincide in importance with the official statistics
[160].
Several meetings were organized with the Municipal government (i.e. the Major of El
Guabo), the banana farmers and the representatives of small communities settled near the
basin outlet in order to clarify their perceptions about the identified problem (see figure
3.3). Besides, other interviews were maintained with professionals of different fields of
expertise (i.e. Phytopatology, Hydrology, Agroforesty, Economy and Climate) in order to
elucidate possible scenarios and management alternatives.
The Major of El Guabo was aware of the risks that the aerial application of pesticides on
banana plantations represented for the local population 7 , but less conscious about its
negative impacts in the water quality of rivers. However, he recognized that the aerial
application of pesticides was needed in order to keep the current banana production rates,
which in turn affect positively the local and national economy. Banana farmers supported
this view, justifying the aerial application of different pesticides on their farms to control
the acuteness of the black Sigatoka disease and to maintain a sustainable banana
5

According to the revised drinking water directive of the European Commission (EC), EC 98/83,

concentrations of individual pesticides and the sum of all pesticides should not exceed 0.1 and 0.5 µg/L
respectively.
6

Propiconazole is a Triazole fungicide (systemic pesticide), which is applied on banana plantations inside

the Chaguana river basin to control the black Sigatoka infection.
7

Several cases of the Down syndrome were reported in 2000, when the Municipality opened a school for

children with special needs in El Guabo (i.e. around eighty children were initially inscribed).
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production rate. This in turn implied job opportunities for the rural population, impacting
in a positive manner the local economy.

Figure 3.3. Interviews with the representatives of rural populations and with the
managers of the banana farms.
The representatives of rural communities partially confirmed these views, since they
recognized that some agricultural practices contaminate the rivers (i.e. plastic garbage,
high turbidity and oil residues in water). However, they blamed local authorities for not
having access to potable water. Tendales was the only town with access to pipe water,
which is pumped from a well since 1998. However, the local population claimed that the
water quality is not good for human consumption.

Figure 3.4. The Chaguana river near the basin outlet.
From the interviews held with the different actors, it was confirmed that the different
stakeholders were partially aware of the contamination problems caused by the use of
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pesticides in intensive banana production systems; however, since most of them were
benefit from this agriculture activity, they were not strongly against the fumigations.
3.2.3 Definition of the water management objectives and information requirements
Since there was no institution ruling the water management control in the Chaguana river
basin at the time this research was settled, the SDSS has been developed for a
hypothetical water manager. The El Guabo Municipality, the bigger geopolitical ruler in
the basin, was taken as a reference of the interests of the hypothetical SDSS user.
Based on the available scientific information for the Chaguana river basin and on the
information provided for the local stakeholders groups, two main objectives were defined:
1. Decrease of pesticide concentration peaks at the outlet
2. Maintain banana yield at sustainable levels to benefit socioeconomic factors such
as employment ratio
Hydrological and pollutant transport models will be required in order to simulate different
scenarios and test different management alternatives to control the pollution of water with
pesticides coming from banana plantations. Besides, information about the impact that
different management alternatives could have on banana yield is necessary in order to
identify feasible and sustainable solutions.
3.2.4 Analysis of the required functionalities
The current features of the SDSS for the Chaguana river basin have been defined based
on the identified environmental problem (i.e. water contamination with pesticides coming
from the banana production process) and on the information requirements from potential
users (i.e. water managers and stakeholders), as recommended in the literature [9].
Given the changes in the national legal framework that are taking place since 2007, which
include a change of the current water law8, it has been assumed in the present research
that authorities, at local or national levels, as well as civil representations of stakeholder
groups, could exert the function of water regulators. As a manager, the water regulator

8

A new Constitution for the Republic of Ecuador was approved in 2008. Consequently, several National

Laws are being changed, which includes the Water Legal framework.
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can lack the scientific background needed to come up with solutions, but posses a general
knowledge of the problem at hand and of the objectives that need to be achieved.
In order to develop a SDSS tool that can be accessed and used by different water
managers in the Chaguana river basin to explore different solutions, the project has
considered to reduce to a minimum the knowledge required from users in periphery
domains, such a GIS, to utilize modelling tools and obtain useful information. Thus, the
SDSS for the Chaguana river basin has been designed to provide decision makers with
computational applications, including simulation models and expert systems that can be
accessed through a graphical user interface using the internet. In this way, all the
information in the SDSS is stored in a server preserving data and models integrity and
keeping up to date information available to users.
The proposed tool would retrieve spatial information to the water managers based on a
scenario analysis approach, in which SDSS users interact with the models implemented in
the SDSS through the GUI. Consequently, the user could evaluate the impact of different
management alternatives to control the high pesticide concentrations in lowland rivers,
while depicting the most probable state for the banana production per sub basin. The GIS
application integrated into the SDSS will permit a direct visualization and management of
spatial information to perform spatial queries and retrieve information using maps.
The web interface of the SDSS has been designed considering two different kind of user
access: (1) manager access, for advanced users holding system administrative rights, who
among other things administer the application and validate new data being uploading into
the system; and (2) user access, for general users, who can consult information and
perform scenario analysis using the implemented applications.
One of the factors considered along the project was the high costs implied in the use of
commercial software packages to implement the SDSS tool. This could jeopardize the
success of the project, because the costs of licenses maintenance will have to be
transferred to the final users, which could constraint the SDSS use. This was the
motivation behind the use of open source software (e.g. Linux, Map Server) to implement
the SDSS, avoiding licensing restrictions and guaranteeing the financial sustainability of
the project in the long term.
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3.3 System architecture
The spatial decision support system (SDSS) for the Chaguana river basin was designed
and partially implemented in the framework of the VLIR-ESPOL inter-university
cooperation program under the EMSAA research component.
The SDSS has been conceived as an open system comprising different components or
modules, which are integrated using different coupling mechanisms. The software system
consists of standards to ensure compatibility among components and shared tools for
displaying results. The SDSS is being implemented using open source software which
guaranties the possibility of future updates and continuing development.
The approach suggested by Jones and Taylor [31] for a Spatial Decision Support System
(SDSS) has been used here as a reference for the design of the Chaguana SDSS, given the
required functionalities. The general SDSS architecture is shown in figure 3.5.
The SDSS for the Chaguana basin includes (1) the web based graphical user interface
(GUI); (2) a SDSS manager to administer the three application modules: (a) an expert
system, (b) the water quality model, and (c) the geographical information system (GIS);
and (3) a repository for data and knowledge management, which interacts with the
relational databases through the database management systems (RDBMS).

DSS User

SDSS WEB BASED GUI

SDSS
SDSS MANAGER

GIS

EXPERT SYSTEM
WATER QUALITY
MODEL
DATA AND KNOWLEDGE
REPOSITORY

Figure 3.5. Structural design of the SDSS proposed for the Chaguana river basin.
Currently, around seventy percent of the initial functionalities considered for the SDSS
for the Chaguana river basin are implemented. The three main system components are
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depicted in Figure 3.5. These are: (1) the data and knowledge repository, (2) the
modelling and GIS applications embedded in the system, and (3) the graphical user
interface (GUI). The data and knowledge repository are implemented and currently hold
the information required to run the expert system for the Chaguana river basin and the
water quality model.
On the other hand, the pending work for the total implementation of the SDSS is related
with the modelling components, and with the GUI. The expert system functionalities are
embedded in the web based SDSS, but the water quality model is not coupled (depicted
by a dash arrow in figure 3.5), since the software used to model the pesticide fate in rivers
inside the Chaguana river basin is a standalone application.
In the case of the GUI, a very preliminary version has been implemented, which allows
the users to access the SDSS through a web browser. Once the user is inside the SDSS
environment, he can load and visualize the spatial information stored in the system; create
and parameterize expert models, run inferences and compare results at sub-basin level.
However, more work need to be done in order to improve the way in which model results
are presented to the users (e.g. printing model outputs in maps, printing reports) and to
provide user help. Thereafter, the SDSS has to be presented to the potential users in order
to obtain feedback.
3.3.1 Hardware and software standards
Most applications inside the SDSS have been implemented using the Java programming
language and open source software. Thus, the components that are currently available
have been implemented using NetBeans, an integrated development environment (IDE)
for Java [163]. The designed software has been conceived to run into a server under the
Kubuntu operating system [164] (i.e. Linux based operating system) to be distributed
through the internet as a thin client - thick server application. The applied database
engines are MySql [165] and PostgreSQL [166], relational and object-relational database
management systems. PostGIS spatially enables the PostgreSQL server, allowing it to be
used as a backend spatial database for the geographic information system application
[167]. The open source developer environment Map Server [168] has been customized for
the GIS functions implemented in the SDSS for the Chaguana river basin.
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3.3.2 Design features
The SDSS for the Chaguana basin includes facilities for the graphical representation of a
given system based on causal relations among variables. The most important contribution
of this feature is the participation of SDSS users in the model construction phase. This
participation could contribute for the acceptance of the model results by different
stakeholder groups, once they agree with the logic behind [111].
This feature includes the system representation using acyclic graphs, which comprise
nodes and arrows that stand for the system‟s variables and their causal interrelations. The
drawing tool permits the SDSS users create the structure as a white box model (i.e.
attained to physical meaning) without the need to go through mathematical complex
settings, using the prior knowledge about causal relations among variables.
Another interesting feature in the design is the management of versions in the SDSS,
which permit the comparison of multiple results in a project and the creation of different
SDSS‟s projects to make the application transferable to other study cases. Up to now, the
system is able to hold only one project, but it can be easily extended to hold multiple
projects in future versions.
3.4 SDSS Components
The system architecture for the Chaguana SDSS is embedded in a client-server model.
The graphical user interface permits the users to interact with the embedded GIS
environment and through this with the information contained in the expert system and the
repository for data and knowledge contents.
The online interaction with the modelling applications considered in the original design is
limited to the expert system and the GIS. The AGNPS model (standalone application for
windows) should be run offline, providing the expert system with numerical information
to set up different management scenarios. In this way, non expert users can create and run
scenarios and test possible management actions in order to visualize the system
responses, without the complexity of the water quality model set up [8].
3.4.1 The repository for numerical data and knowledge content
One of the requirements of the SDSS for the Chaguana river basin has been the creation
of a data and knowledge repository module that manages all the information contained
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within the system. Besides the databases and database management systems contained in
a SDSS, a repository mediates between the domain and data mapping layers, achieving a
clean separation and one-way dependency between the domain and data mapping layers.
Thus, through the repository module, any client application inside the SDSS could submit
an information requirement to the repository and the appropriate operations with the
databases or elsewhere will be carried out behind the scenes.
This information includes, but is not limited to the spatial and scalar input-output datasets
for the pollutant transport model (e.g. rainfall, pesticide application schedule, land use,
soil type, pesticide concentration, water flow, etc.), and the knowledge bases of the expert
system (i.e. acyclic graphs, conditional probability tables).
The repository module manages the spatial and non spatial geo referenced data and
knowledge and can make this information available to the user, previous requirement
from the GUI. Since different type of information has been involved it was necessary to
work with database engines and an interfacing application to satisfy the several needs.
The MySQL and PostgreSQL database management systems (SQL stands for structured
query language) were chosen for their strength in managing procedures and spatial
information respectively. The PostGIS software was implemented on the top of
PostgreSQL to add support for the information management of geo-referenced entities.
MySQL is a relational database management system that runs as a server providing multiuser access to a number of databases. It operates under the GPL for different platforms
(e.g. Microsoft Windows, Linux and Mac OS). On the other hand, PostgreSQL is a
powerful open source object-relational database system, which runs on all major
operating systems (e.g. Microsoft Windows, Linux and UNIX).
3.4.2 The hydrology and water quality modelling application
The Agricultural non-point source pollution model (AGNPS) applied in a previous
research work to predict the fate of pesticides in lowland rivers of the Chaguana basin [8],
has been incorporated into the SDSS. The Chaguana river basin has been subdivided into
78 non overlapping sub-basins that are enclosed into the Chaguana, Zapote and Las
Juntas sub-basins, covering all the different combinations of land use and soil type being
present [8]. The model has been calibrated for the Chaguana basin, being able to estimate
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the water flow, sediment yield and Propiconazole concentration per sub-basin in the
lowlands, on daily basis.
The AGNPS is based on the AnnAGNPS pollutant loading model developed by the
Natural resources conservation service of the United States Department of Agriculture
(USDA) [169]. The AnnAGNPS contains all the model logic enclosed to an execution file
(AnnAGNPS.exe) implemented for a Windows environment. This model was included as
a standalone application, because the solution algorithm behind the execution file is not
open.
The AnnAGNPS runs on a sub-basin basis, reading spatially distributed input data from
plain files, and providing results as time series (i.e. daily basis), per sub-basin outlet, in
plain files also (e.g. AnnAGNPS.evn). Consequently, the AGNPS results for a variable of
interest can be visualized on a given date for the entire river basin using maps; or be
graphically represented along the time, for any sub-basin outlet of interest.
Some programming work was performed in order to structure the information contained
in the input and output files, creating a database (DB) model that connects these
information with the applications inside the web based SDSS, as can be observed in
figure 3.6.

GRAPHICAL USER INTERFACE

INPUT
FILE

CONTROLLERS

AnnAGNPS
OBJECTS - CLASSES

POSTGIS

OUTPUT
FILE

MYSQL
WINE

OPERATING SYSTEM - GNU/LINUX

Figure 3.6. The architecture of the stand alone application for the AGNPS model.
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In the water quality model, MySQL and PostGIS are linked through control applications,
which read the information of the model input variables for every region within the basin
stored in the PostgreSQL and MySQL databases and transform it to plane text files to be
read by the mathematical model.
Thereafter, this definition is stored in the system DB as a new version of the model
together with the model results for the water flow and contaminant concentration. This
last step is done in order to permit the model users to compare different model
arrangements and outputs coming from those.
3.4.3 Expert system module
The presence of an expert system module in the SDSS for the Chaguana river basin
responds to: (1) the need to include all non structured information influencing the
pollution problem, (2) the use of well-founded methods to structure the information in an
intuitive way for the user, (3) the need to involve experts and stakeholder groups in the
model building process to overcome data limitation and to achieve model acceptance, and
(4) the need to keep track of model uncertainties.
In the present application the Bayesian Network approach has been chosen as the expert
system module because of its capacity to model a system based on the best information
available, stating explicitly the model uncertainties. This module integrates the system
information in a graphical model, using different sources (i.e. knowledge, data and
models) to set up the model parameters.
All required functionalities have been implemented inside the web based application to
create and manage different Bayesian Network models. Thus, the user can create a
directed acyclic graph (DAG), defining the model variables as nodes with their respective
states, and their causal interrelations. Besides, the marginal probability distributions and
the conditional probability tables, i.e. for independent and child nodes, can be manually
entered by the user for all nodes.
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Figure 3.7. The inference environment for BN models inside the web based SDSS.
Once the BN model has been parameterized, different scenarios can be analyzed by
entering evidences into the model nodes (i.e. assigning a probability of 1 to a node state).
These evidences are propagated through the entire Bayesian Network model, using the
inference algorithm proposed by Varis [128]; updating in this way, the state of all nodes
in the model (see figure 3.7).
The module has been designed to support the creation and parameterization of several BN
models. Thus, several instances of the application can be created and integrated into
working projects (e.g. the Chaguana river basin). Each instance of the application is
related to one DAG that accounts for the structure of the BN model. As a result, each subbasin will be linked to one instance of the Bayesian Network model, accounting for a
different parameterization of the same DAG (see figure 3.8). In case that a working
project requires to define more than one DAG, each DAG will be assumed to be part of
an independent working project, that can be instantiated and integrated with other
working projects from the same area of influence. Thereafter, multiple inferences of the
BN model per sub-basin can be performed and the results compared for scenario analysis.
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Working project: Chaguana_Agriculture

MODEL INSTANTIATION
PER SUB-BASIN

BN MODEL

Figure 3.8. BN model instantiation inside the web based SDSS for the Chaguana river
basin.
Up to now, the module has been tested only for one working project (i.e. water quality
problem in the Chaguana river basin caused by the use of pesticides in agriculture).
Therefore, only one DAG has been created and instantiated for the Chaguana, Zapote and
Las Juntas sub-basins, inside the banana production area.
The module supports the creation of several nodes with multiple states and parents;
however, the solution algorithm currently implemented deals only with binary nodes, and
in the case of child nodes with a maximum of five parent nodes per child.
3.4.4 GIS module
The GIS module currently implemented in the SDSS for the Chaguana river basin has
been conceived as an important feature to provide the user with an easy-to-use
environment to interact with the modelling applications of the SDSS (i.e. expert system
and pollution model) and with the spatial information managed through the repository.
The Map Server open source development environment has been selected to implement
gradually several GIS functions, based on the capabilities required for the management of
spatial information.
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Specific GIS functions have been implemented into the web based system, as well as for
the stand alone application (i.e. AGNPS). In the former case, the GIS environment is
directly accessed through the graphical user interface, enabling the users to query and
display the information stored in the data repository for all existing sub-basins. Moreover,
a more specialized functionality also permits the characterization of a BN model per subbasin, through the instantiation and parameterization of a DAG. This is done using some
GIS functions embedded in the GUI. In this sense, the GIS component acts as the
interactive shield between the user and the expert system.
On the other hand, the GIS functions embedded into the stand alone application permit
the users to interactively read, query and edit the model parameters stored in the database,
for all existing sub-basins, in order to set up different scenarios (e.g. different weather
conditions) or management schedules (e.g. pesticide application schedule) per sub-basin
(see figure 3.6) and run the AnnAGNPS model. The model outputs (e.g. pesticide
concentration) can be visualized in tabular form, per sub-basin and for a given date. The
visualization of the results into maps for the entire river basin has not been implemented
yet.
3.4.5 Current SDSS coupling
As it was stated before, the SDSS for the Chaguana basin consists of different integrated
modules (i.e. GUI, several applications, data and knowledge repository). A manager
module has been included in the SDSS design, capable of coordinating the interaction
between the different application modules and the GUI.
The same principle has been applied for the management of the data and knowledge flow
inside the SDSS. A repository has been included in the SDSS architectural design to
mediate between the domain and data mapping layers. The repository controls the
information flow between the data mapping layers and the application modules through
the use of in build processes.
The current state of the integration of the different SDSS modules is depicted in figure
3.9. As it can be observed, the GIS, Bayesian Network and AGNPS modules have been
implemented for the Chaguana SDSS, being integrated through the databases. The
different GUIs (i.e. stand alone and web based applications) obey to the limitation of the
AGNPS model to be integrated into the web application.
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Figure 3.9. Current state of the web based SDSS integration.
The GUI for the web application integrates the BN and GIS modules to query and display
the information stored in the databases through maps, and to instantiate the BN model for
every sub-basin. On the other hand, the AGNPS holds a standalone interface, which also
includes GIS functions for an interactive definition of input data per sub-basin. The
AGNPS is run offline and the predicted concentrations of Propiconazole are used to
parameterize the water quality component of the BN model. These two parallel
applications are integrated through the DBMSs.
In this way, the AGNPS can feed the expert system with information to represent the
regular behavioural patterns of the concentration of the pesticide at a given sub-basin
outlet (i.e. at the river basin outlet up to the moment) for different scenarios. Currently,
this step needs to be performed by the user; however, an automation of the process is
already being considered.
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3.4.6 The graphical user interface (GUI)
The interaction of users with the SDSS is done through the GUI. As it was indicated in
the previous section, two different GUIs have been implemented for the current SDSS
version. Both GUIs are operational, but have limited capabilities.
Each GUI presents a multiuser configuration, with two main categories being supported:
manager and user. The manager has system administrator rights and can be considered an
expert user; while the user accesses the system through a more intuitive GUI
configuration for an easy interaction with the internal models in order to analyze the
impact of different scenarios on target variables (e.g. banana production and
Propiconazole concentration at outlet). The access into the system is controlled by a login
and a password, provided to every registered user.
Currently, the web based SDSS is stored in a server, at ESPOL, and can be remotely
accessed through the GUI, using the Firefox web browser (see figure 3.10).

Figure 3.10. Web based graphical user interface of the SDSS for the Chaguana river
basin case.
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The visualization and query of information per sub-basin, the creation and management
of DAGs and the BN model parameterization per sub-basin, and the scenario analysis
using the BN model in the inference environment implemented for the expert system
module, are among the present GUI capabilities. Despite of it, the GUI still lacks an
easier configuration that guides the user through the application in a more intuitive way,
providing appropriate user help and hiding some internal processes that are currently
reported.
As an example, figure 3.11 shows a diagram with the interactions recorded between the
modules inside the web application, to parameterize an acyclic Bayesian Network (BN)
model stored in the system repository.

Manager
module

GUI
Set up the BN
model for the
sub-basin

Expert
system

GIS

Data and knowledge
repository

Define subbasin

Request BN
model
Retrieve BN model
Request values
from the user

Assign values
from the user

Request CPT values for child nodes

Transmit CPT values for child nodes

Save BN
Information
Update BN
model

Retrieve BN
model for
inference mode

Retrieve the updated BN model

Figure 3.11. Interaction between different modules inside the SDSS in order to
parameterize a BN model for a selected sub-basin.
The vertical dashed lines represent the time, while the white rectangles indicate the time
period in which a given module plays an interacting role with another module. The
arrows account for the direction in which a given requirement is posted. The information
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requirements are depicted together with every arrow. The black arrows represent the
interaction between two SDSS components or modules.
As it can be observed, the manager module and the repository administer the dataflow
inside the application, acting as internal interfaces between the application modules (i.e.
expert system and GIS), the GUI and the databases. In the current version, the user has to
enter manually the value of the parameters for every CPT in a BN model per sub-basin,
through the GUI. However, the implementation of algorithms (e.g. canonical models) to
parameterize the BN models inside the application, with expert help and/or directly from
datasets, is considered for future versions.
In the case of the AGNPS model, a graphical user interface (GUI) has been implemented
to run the standalone application inside a Linux or a Windows environment;
independently of the web application. However, both applications are connected through
a common definition of their spatial databases (see figure 3.12).

Figure 3.12. The GUI for the stand alone AGNPS application.
The stand alone application for the AGNPS contains at its core a reference input file that
can be edited in order to create different scenarios. Every time the input file is modified,
the information on the new definition is saved into the database, and a plain text is created
in order to run the AGNPS model for that specific scenario. Up to the moment, the daily
results of some output variables of interest (e.g. water volume, mass of dissolved and
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attached pesticide) are reported in a tabular format and recorded in the database per subbasin outlet.
3.5. Conclusion
As pointed by Miller et al. [20], the difficulty in developing DSSs is not a lack of
available simulation models but rather making these models available to decision makers.
In the present chapter the design of a web based spatial decision support system for the
Chaguana river basin has been presented. The proposed tool comprises several integrated
modular applications that provide water managers with an intuitive access to a logical
modelling framework through a graphical user interface that can be accessed from a web
browser. The SDSS is able to retrieve spatial information to the users based on a scenario
analysis approach, in which SDSS users interact with the models implemented in the
SDSS through the GUI.
Currently, the main application modules are implemented, but a general integration of the
different components has not been achieved yet. Since the current modules in the SDSS
have been implemented using open source software, a fully integrated version could be
developed in the future. The use of open source software and the modular design also
provide the SDSS with enough flexibility to be adapted to new functional requirements.
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CHAPTER 4: A Bayesian Network approach for
environmental assessment in the Chaguana river
basin
4.1 Introduction
Agriculture has become the largest user of freshwater resources around the world and a
major cause of degradation of surface and groundwater bodies through erosion and
chemical runoff. According to a publication of the Food and Agriculture Organization of
the United Nations (FAO), agriculture has been identified as the leading cause of water
quality impairment of rivers and lakes in many places around the world; with sediment,
nutrients and pesticides as the primary agricultural pollutants [170].
In Ecuador, the cultivation of bananas for export under intensive cropping systems
represents a very important economical activity, both in terms of land use and national
income. Banana production relies on periodical aerial fumigations of pesticides to control
a leaf fungal disease called black Sigatoka that affects banana plantations. Some of these
pesticides reach rivers through surface runoff or can be spread over directly, affecting
negatively water quality parameters and consequently the availability of safe water for
rural populations [171, 172].
While during the last decade a lot of research has been directed towards an in depth
understanding of banana and black Sigatoka interactions [173, 174] in one hand, and
water quality modelling in the other, less effort has been given to integrate these
knowledge sources and to make it accessible to water managers and policy makers.
Although, some models and assessment tools for the production of banana exist [175,
176, 177], the need for novel and more performing integrative approaches for water
resources management persists.
In the present work, the available knowledge on banana intensive mono-cropping systems
is obtained from local farmers and experts, structured and integrated into water quality
management decisions for rivers inside the Chaguana river basin in Ecuador. The novel
approach uses a Bayesian Network to model banana intensive mono-cropping systems.
The model includes also the impact of chemical control on black Sigatoka and thus on
increased production. The mathematical model AGNPS is used to simulate concentrations
of the fungicide Propiconazole at the river basin outlet for different pesticide application
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schedules, using rainfall data recorded in local farms. This information is represented in a
Bayesian Network model for the assessment of pesticide concentrations at the basin outlet
under different management scenarios.
4.2 Integrated modelling assessment
A conceptual model of the contamination problem in the Chaguana river basin was
elaborated considering previous findings on different aspects of the system dynamics [4,
8]. The conceptualization of the problem is the first step in the development of an
integrated model that could provide an assessment about possible water management
solutions.
A scheme of the problem at hand is presented in figure 4.1. It symbolizes the economical
incentives that farmers have to control black Sigatoka by pesticide application over their
plantations, and the negative effect this practice has on water quality of rivers inside the
basin. This general model presents a clear representation of the tradeoffs encountered
between crop management and environmental aspects.

Crop
Yield

Water
Quality
(-)
(-)

Export
Price

(+)

(+)

Agricultural
Practices:
Pest Control

(+)
Economical
revenue

(+)
(-)

Environmental
risks:
Human health

Production
Costs

(+) positive influence
(-) negative influence

Figure 4.1. Conceptual model of the water quality problem in the Chaguana river basin.
Although the water quality problem was partially assessed in a previous work [8], by
modelling the fate of a pesticide along the rivers of the Chaguana river basin, the need to
integrate this information to economically based scenarios of agricultural management in
intensive banana mono-cropping systems inside the river basin persists. However, this
represents a challenge since the access to field information is still limited.
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Therefore, integrative modelling approaches that include uncertainty assessment
capabilities are specially required. In this context, Bayesian Networks become a suitable
tool for decision-making, because they perform cognitive integration and capturing of
uncertainty at the same time, through an intuitive graphical model that helps to translate
knowledge and beliefs into workable statements [109].
4.2.1 The banana production paradox
Banana is a perennial crop that is either grown under intensive mono-cropping systems or
in association with other crops. In the Chaguana river basin, as in many other river basins
across the country, the production of the fruit depends on intensive mono-cropping
systems of big size farms. Figure 4.2 shows the banana production land inside the
Chaguana basin. As it was indicated before (section 3.2.1), most of the banana production
land inside the river basin belongs to big farmers.

Figure 4.2. Intensive mono-cropping system of banana production.
Despite of the good climatic conditions for banana production in Ecuador, these intensive
mono-cropping systems are very sensitive to pest infestation. The fungal disease, black
Sigatoka, affects banana plantations in Ecuador since 1992 [161]. This disease causes
black spots on banana leaves (see figure 4.3), and severe attacks can reduce considerably
the photosynthetic active leaf area and, eventually, the bunch weight. Although the
infection significantly reduces yield, the greatest loss can occur due to the premature
ripening of the fruit, which considerably depreciates its export marketability [174, 178].
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Figure 4.3. Banana leaf infected with black Sigatoka.
Banana farmers can monitor the evolution of the black Sigatoka disease in their
plantations through the use of a forecasting system [179]. The method is based on the
early detection of new attacks by continuous monitoring the state of evolution of the
disease (SED) in plantations. This methodology is being already applied in banana farms
holding international certifications (e.g. EUREPGAP9, Fair-trade10) inside the Chaguana
river basin to control the disease.
The SED is calculated every week in each farm based on field inspections of the five
youngest leaves of selected plants in a plot. Additionally, they record the youngest fully
open leaf with more than 10 spots (YLS) to monitor the intensity of the disease. Based on
this information and other data recorded in the field, farmers decide to apply pesticides on
their plantations through aerial fumigation. As the costs of aerial fumigation are high, the
application of fungicides is more affordable by big farmers than by small producers [8].
Although highly effective, chemical control of black Sigatoka presents some challenges.
Indeed, there is the risk of developing resistance to fungicides by the fungal pathogen. To
avoid this, farmers alternate different kinds of fungicides. In Chaguana, protectant
fungicides are most frequently applied on plantations to prevent the infection of the
youngest leaves. However, once the symptoms have reached the first five youngest leaves
of the monitored plants, banana farmers are forced to applied systemic fungicides in order
to stop the spread of the disease in the plantation.

9

http://www.eurepgap.org/Languages/English/about.html

10

http://www.fairtrade.net/
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The fumigation must be done at the right moment to reduce the disease´s virulence in
plantations. In the Chaguana basin, usually there is one week delay between the decision
to apply a fungicide and its actual spraying. This logistic aspect is included in the pest
management strategy. Specific climatic conditions required for aerial spraying also limit
the „window‟ that farmers can spray pesticides over their plantations [178]. In addition
fumigation is done, when possible, early in the morning or late in the afternoon, when
there is no rain or wind.
Chemical control needs to be accompanied by well executed crop management practices.
Infected leaves of banana plants inside the plantation have to be removed in order to
reduce the black Sigatoka inoculum. Some scientific findings also suggest that organic
fertilization can reduce the black Sigatoka infection in banana plants [180], but its use is
still limited to organic farming. Humidity is a very important factor that has to be well
managed inside the banana plantations, especially during the rainy season when the
atmospheric temperatures are high. These are the best conditions for bananas to grow, but
the environment is also ideal for the spread of the black Sigatoka inoculum.
Humidity conditions in banana plantations can be managed by proper weed control, by
reducing the plantation density and with good irrigation and drainage infrastructure. In
the Chaguana river basin, different kind of irrigation systems coexist, i.e. surface
irrigation, sprinkler, foliar and sub foliar systems; the surface irrigation is still practiced
by small farmers. Almost all banana plantations have drainage systems in place (i.e. main,
secondary and tertiary canals) using artificial and natural drainage (by gravity). The
banana farmers located near the basin outlet use artificial drainage mainly.
Since banana production for export is the principal economical activity within the basin,
water managers will need to consider carefully the production dynamic in order to exert a
sustainable water management control.
4.2.2 General definitions for the modelling assessment
The banana production land inside the Chaguana river basin is enclosed by three subbasins: Chaguana, Zapote and Las Juntas (see figure 3.2). This natural subdivision is used
here to define management regions for banana production in the lowlands. Thus, the
banana production region in Las Juntas is defined as BR1; the region in Chaguana is
defined as BR2; and the region in Zapote is defined as BR3.
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Figure 4.4. Banana farms inside the three management sub-basins of the banana production land in the Chaguana river basin.

The sub-basins of Chaguana and Las Juntas discharge into the Chaguana river, which
joins the Zapote river downstream, before reaching the basin outlet.
As it can be observed in figure 4.4, banana farms differ significantly in size within every
management region. This can have an effect in the way in which agricultural practices are
performed, especially for the use of pesticides. Thus, Las Juntas mainly comprises small
and medium size banana farms, while the Zapote and Chaguana sub-basins include
mostly big size banana farms. Since the economy of small producers could limit the use
of pesticides in their plantations, a major use of pesticides is expected in the BR2 and
BR3 regions.
In order to model the intensive banana mono-cropping systems inside the Chaguana river
basin, the Bayesian Network technique is applied, considering the water management
objectives defined in section 3.2.3.
Propiconazole concentration peaks in rivers are mainly expected during the rainy season,
when heavy rainfall events generate runoff that will transport the pesticide attached to soil
particles into the rivers [8]. Therefore, some management interventions of interest to be
investigated are: (1) the variation of the annual Propiconazole fumigation schedule, both
spatially and temporally, to reduce high peaks of concentration at the outlet, especially
during rainfall periods; and (2) variation in the capture efficiency of the sediment load
entering to the lowland rivers.
4.2.2.1 Data acquisition
The Municipal Government agreed with the modelling objectives and helped to organize
meetings with village‟s representatives and some banana farmers, to accomplish the
process. From the interviews with three delegations of rural settlements near the basin
outlet the limited access to good water quality was identified as the main problem (i.e.
only one village had access to pipe water of bad quality at that time).
For the gathering of field information on banana production inside the Chaguana basin,
banana farmers were approached through the Municipal Government. The majority of
owners of big size farms were living outside the Chaguana basin and spent limited time
there, being difficult to get in contact with them. Some farmers living inside the
Chaguana basin were reluctant to share information on the management and production of
their banana farms, while others were very collaborative. The owners of small farms
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could be directly interviewed. In the case of big banana farms, the managers were
interviewed, providing the information required for the present modelling exercise.
Despite the efforts to get in contact with a representative number of banana farmers inside
the Chaguana basin, only seven farmers could be interviewed; one of them owing five big
size farms. Table 4.1 shows a description of the twelve banana farms included in the
evaluation.
Table 4.1. A description of the banana farms participating in the study.
No.

Farm

Area (ha)

1
2
3
4
5
6
7
8
9
10
11
12

BF1
BF2
BF3
BF4
BF5
BF6
BF7
BF8
BF9
BF10
BF11
BF12

135
128
111
94
120
24
990
245
18
<1
7
3

Plantation density
(plants/ha)
1400
1400
1400
1350
1350
1350
1400
1400
1400
-

Influencing
Chaguana river
Chaguana river
Chaguana river
Chaguana river
Chaguana river
Chaguana river
Zapote river
Chaguana river
Zapote river
Las Juntas canal
Las Juntas canal
Las Juntas canal

Participation
Interviews and records
Interviews and records
Interviews and records
Interviews and records
Interviews and records
Interviews and records
Interviews
Interviews
Interviews
Interviews
Interviews
Interviews

From these farms, only six could participate with records: BF1, BF2, BF3, BF4, BF5, and
BF6. Their records incorporated several variables of interest, i.e. rainfall, pest control and
production records. Almost all farms are located inside the Chaguana management region
BR2.
The six farms participating with data records belong to the same owner, but are
technically managed by two different persons. They all hold the EUREPGAP certification
and are required to keep minimum quality standards for crop production. Consequently,
they are managed in a technical way and include irrigation and drainage infrastructures,
as many other big size farms inside the Chaguana basin.
Due to difficulties to get access to more data sources (i.e. more banana farmers that were
willing to collaborate with data) it was decided to work on this sample to build up the
probabilistic causal model for banana production and extrapolate these preliminary results
to the other two regions (i.e. BR1 and BR3), until new information from local banana
farms becomes available to adjust the model.
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This was done considering that at least 50% of the banana production land inside the
Chaguana basin comprises big size farms (i.e. with more than 100 ha), which are evenly
distributed among regions near the basin outlet. These plantations are technically
managed, and therefore, are expected to report a higher production rate per week than the
small ones, mainly concentrated in the banana region 1 (BR1). One important factor is the
economical capacity that big farmers have to keep spreading pesticides on periodical
basis in order to control black Sigatoka inside their plantations. This practice keeps good
production rates during the wet season, but also contributes the most to the water quality
problem of rivers in the lowlands, due to the presence of high pesticide concentrations
[8].
Several separated interviews were maintained with big and small farmers, to obtain a
general representation of the banana production system, identifying relevant production
variables and the cause-effect relations among them. Both conceptual models were found
consistent. In the interviews, farmers were asked to list the most relevant variables for
banana production and black Sigatoka control, together with their interrelations. Table 4.2
shows the variables affecting production and pest control.
Table 4.2. Relevant factors influencing production and black Sigatoka control, as
identified in twelve banana farms participating in the study.
Banana production

Black Sigatoka control

Irrigation

Type of Irrigation

Drainage

Drainage

Atmospheric temperature

Atmospheric temperature

Rainfall

Atmospheric humidity

Fertilization

Fertilization

Crop husbandry

Crop husbandry: leaf elimination
and weed control

Plantation density

Plantation density

Soil type

Pesticides fumigation period

Black Sigatoka control

4.2.2.2 Data analysis
Only data coming from BF1, BF2, BF3, BF4 and BF5 farms were used in the banana
production model development for banana region two (BR2), because BF6 was found to
be an experimental farm (i.e. 28 ha), and could not be included. Datasets included weekly
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records of ten variables monitored in field for six years i.e. from January 2003 up to
December 2008.
However, some data sets were incomplete; any of the participating farms had production
records in 2003 and in the specific case of BF5, production records were also missing
after 2006. In the same way, the data sets for the other variables were available for all
years except in 2005 and for some variables the records were not periodic or not
continuous in time (i.e. fertilization and irrigation).
Due to the mismatch in time series of different variables, it was decided to include the
available records from six variables of interest (i.e. five causal variables of banana
production and production itself) that had continuous records for 2004, 2006, 2007 and
2008 years. These variables are described in Table 4.3.
Although these datasets can provide useful information to construct the production model,
it is important to consider that the observations are based on a weekly monitoring for a
maximum of four years. Therefore the amount of available information is limited to fifty
two values per variable per year.
Table 4.3. Description of the available datasets recorded in five banana farms inside BR2.
Variable

Unit

Mean

SD

Range

Time series

Foliar emission (FE)

leaves/week

1.0

0.1

0.7 – 1.3

2003-2008,
except 2005

Cumulative rainfall (R)

mm/week

20

36.3

0 – 346.7

2003-2008,
except 2005

329.4

83.4

173.6 – 669.2

2003-2008,
except 2005

State of evolution of black
Sigatoka disease (SED)
Youngest leaf with black
Sigatoka symptoms (YLS)

leaf number

7.2

0.4

6.0 – 8.7

2003-2008,
except 2005

Fumigation period (FP)

days

18.1

3.3

12 - 27

2003-2008,
except 2005

Banana production (BP)

boxes/ha/ week

30.1

7.1

14.0 – 61.4

2003-2008,
except 2003

The fumigation of pesticides over the plantations presented a variable period of
occurrence, because pesticides are applied to prevent the evolution of Black Sigatoka
disease monitored in field using SED and YLS indicators. During the rainy season the
fumigations generally take place every two weeks, while in the dry season they mainly
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occur every three weeks. Thus, the recorded period during pesticide fumigations result a
good variable to trace back its influence on the evolution of black Sigatoka and
consequently on the state of the banana production in farms.
For modelling purposes, the foliar emission was taken as a proxy variable for the
atmospheric temperature. There is evidence that the monthly air temperature, the day
length, the age of planting, the plant density and the cultivar stature influence the foliar
emission rate of the banana plants for different cultivars in the tropical and subtropical
areas [181].
The farms participating in the present study are well established banana farms, with more
than six years of continuous fruit production, and with a constant plantation density.
Consequently, the influence of the time of planting and the plant density on the foliar
emission rate, are neglected. Additionally, the effect that different plant statures could
have on the overall foliar emission rate in a week has also been ignored because it is
difficult to trace it back for an entire plantation.
Since in Ecuador the day length variation along the year is small (i.e. one hour at most
between the rainy and dry season), changes in the atmospheric temperature are expected
to cause major changes in foliar emission. Consequently, foliar emission and cumulative
rainfall become the variables that account for the influence of weather conditions on the
banana production in the studied farms.
Box plots of the six recorded variables from five different banana farms are shown in
figure 4.5. The lower and upper quartiles (blue boxes); the median (red solid line inside
each box), with notches representing the parameter uncertainty at 5% significance level;
the sample minimum and maximum thresholds (slash lines extending from each end of
the boxes); and the outliers (red crosses) are properly described per farm, per variable.
Overlapping of notches between boxes can be observed in all variables, confirming
similar medians, especially for BF1, BF2 and BF3 farms, which are located next to each
other and managed by the same person. For the variable fumigation period, these three
farms presented the same fumigation schedule (i.e. the three farms were fumigated at
once), therefore only one box plot, common to all farms, was obtained.
The variation along time of the banana production and foliar emission values, respect to
their mean, is shown in figure 4.6. It can be observed that the fluctuations of banana
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production respect to its mean coincide with the variation of foliar emission values, for
the two seasonal climatic patterns (i.e. wet and dry seasons).
The time variation of the evolution of black Sigatoka in all farms together with recorded
pesticide fumigation events is shown in figure 4.7. As it can be noticed, every fumigation
event follows a peak in the state of evolution of the disease (SED) index, when its value is
over 300.

Figure 4.5. Box plots of six variables weekly recorded in five different banana farms,
inside BR2.
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Figure 4.6. Banana production (red solid line) versus foliar emission (black shaded line)
per week per farm for five years of records.

Figure 4.7. SED values (solid line) per week and fumigation events (crosses, +) along
time, per farm.
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Some phase shifts were expected between production and its causal variables, because in
agriculture a delay exists from the time in which a stimulus is input into the system up to
the moment the effect can be observed in terms of production. To assess this, the cross
correlation method was applied, comparing production with each control variable (i.e.
rainfall, foliar emission, state of evolution of black Sigatoka (SED), youngest leaf with
black Sigatoka symptoms (YLS) for every banana farm, using three years of continuous
records (i.e. 2006-2008). The results showed the highest correlation for all variables when
there was no phase shift. Figure 4.8 illustrates the results for BF1.
1
Production vs. Foliar emission
0.5

Normalized cross correlation

0
1
Production vs. Cumulative rainfall
0.5
0
1
Production vs. B.S. evolutive state
0.5
0
1
Production vs. Youngest leave with symptoms
0.5
0

0

52

104

157

Time's phase shift (weeks)

Figure 4.8. Cross correlation between production and four influencing variables for BF1.
Because of the dynamic nature of the banana production system, a frequency response
function was estimated between production and each influencing factor for all farms, to
determine the system‟s phase shifts in the frequency domain. The frequency response is
the measure of any system's output spectrum (i.e. banana production) in response to an
input signal (i.e. control variable). This is very common in engineering applications,
where both input and output signals have parametric representations.
However, the results did not show any phase shifts between production and its control
variables. Due to the lack of objective criteria to establish the system‟s phase shifts, it was
decided to continue the modelling exercise considering data for all control variables at the
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same time step as production. Table 4.4 shows the correlation matrix between variables
after datasets coming from different farms were merged (see table 4.3 for abbreviations).
Table 4.4. Spearman correlations between variables.

FE
R
SED
YLS
FP
BP

FE
1
0.28
0.05*
0.02*
-0.46
0.44

R

SED

YLS

FP

BP

1
-0.02*
-0.01*
-0.35
0.22

1
-0.08
0.14
-0.03*

1
0.05*
-0.01*

1
-0.26

1

*not significant at p<0.05

Spearman correlations were estimated per each pair of variables to quantify their
interrelation. From table 4.4, it can be observed that significant correlations were found
between foliar emission and rainfall as well as between these two variables and banana
production and fumigation period. However, the black Sigatoka indices (i.e. SED and
YLS) did not show any significant correlation with production, foliar emission and
rainfall.
Since the correlations between production and other variables were small, it was decided
to perform linear modelling to assess how much of the production data was explained by
the causal variables of which data exists.
For this exercise the data sets from BF1, BF2, BF3, BF4 and BF5 were merged, including
production, foliar emission, rainfall, SED and YLS variables. Further, all variables were
normalized. The linear model obtained for the banana production reported a goodness of
fit (R2) equal to 0.22 at 0.05 confidence level. A Student test showed that foliar emission,
rainfall and SED were the most contributing factors at a 0.05 level of significance.
4.3 Expert model development
The Bayesian Network technique is applied here to model the intensive mono-cropping
systems for banana production inside the Chaguana river basin, considering the most
relevant environmental and management factors; as well as, to represent and integrate the
results provided by the AGNPS model for Propiconazole concentration at the river basin
outlet.
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4.3.1 Modelling intensive mono-cropping systems for banana production inside the
Chaguana river basin
4.3.1.1 Model structure
Based on knowledge elicited from experts and banana farmers, and on the preliminary
findings from the statistical analysis, a Bayesian model for banana production was
constructed. Figure 4.9 shows the Bayesian model for banana production. The dashed
polygons represent nodes with limited or no available records, while closed polygons
represent nodes with records in datasets. Black arrows indicate the causal influence of
parent nodes on child nodes.

Irrigation

Fertilization

Soil
texture

Drainage
infrastructure

Irrigation
& Drainage

Rainfall

Foliar
emission

Banana
Production

Weather

Black Sigatoka
Infection

Fumigation
period

Crop husbandry

State of evolution
of the disease

Youngest leaf with
symptoms

Figure 4.9. Bayesian Network model of banana production under intensive monocropping systems in the Chaguana river basin.
The nodes in the BN model represent the system variables, with their causal relations
depicted by black arrows. The BN model for banana production was kept as simple as
possible due to two main reasons: (1) the model application was intended to support
decisions at the managerial level; therefore a general representation of the system was
preferred; and (2) due to limitations in the available information to validate a more
detailed model. Therefore, each node in the BN model for banana production was
discretized into two states. The definition of these states was performed considering the
criteria provided by banana farmers through interviews.
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Table 4.5. Threshold values for the discretization of the model variables´ data sets.
Variable

Unit

Empirical
value

Mean
value

Cumulative rainfall (R)

mm/week

16

20.0

Foliar emission (FE)

leaves/week

1

1.0

250 - 300

329.4

State of evolution of the disease (SED)
Youngest leaf with symptoms (YLS)

leaf number

7

7.2

Fumigation period (FP)

days

14 - 21

18.1

Banana production (BP)

boxes/ha/week

25

30.1

In order to characterize the states of the nodes in the Bayesian Network model for banana
production, the data sets from the five banana farms were combined (i.e. BF1-BF5) and
discretized for every model variable. There is a trade-off, however, as the discretization
can only capture rough characteristics of the original distribution [110]. Thus, the
thresholds for the discretization of the variables´ datasets were initially taken from the
criteria given by the farmers. Besides, a more formal discretization was proposed using
the mean value. Thereafter, The Spearman correlations between variables were calculated
after discretizing the variables´ data sets according to the empirical and mean values (see
table 4.6).
Table 4.6. Spearman correlations for the original dataset (upper bold value), after
discretization applying an empirical threshold (left value) and the mean (right value).
FE
1

R

SED

YLS

FP

BP

FE
1

0.28
0.27
0.42
0.05*
SED -0.01* -0.01*
0.02*
-0.07
YLS -0.09
-0.46
-0.37
-0.43
FP
0.44
0.22
0.37
BP
R

-0.02*
-0.09 -0.05*
-0.01*
0.00* -0.01*
-0.35
-0.29 -0.31
0.22
0.13 0.26

1
1
-0.08
-0.08 -0.06*
0.05*
1
0.14
0.18
0.21 0.04* 0.06*
-0.03*
-0.01*
-0.26
-0.07 -0.02* 0.00* -0.06* -0.24 -0.25

*not significant at p<0.05
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It can be observed that the criterion that keeps the correlations closest to the original ones
is the mean value. Since the threshold values of the different criteria are close, the mean
was selected as a more confident value to discretize the variables data sets. Table 4.7
shows the names of the nodes, their definitions as well as the states definition.
Table 4.7. Description of the nodes´ states in the Bayesian Network model for banana
production.
Node name

Definition

States

Irrigation

water supply in mm for
weeks with no rainfall

Good: 16 mm/week
Bad: less than 16 mm/week

Drainage
infrastructure

Density of drainage canals
according to plantation
needs for heavy rainfall
events

Good: distance between drainage canals of third order
is 6 m
Bad: distance between drainage canals of third order
is more than 6 m

Soil texture

Main soil texture in the
plantation

Good: sand, clay and silt present in the same
proportion
Bad: 80% of sand or 60% of clay

Rainfall

Cumulative
week

High: 20 mm/week or more
Low: less than 20 mm/week

Foliar emission

Average foliar emission per
week

High: 1.03 leaves per week or more
Low: Less than 1.03 leaves per week

Irrigation
Drainage

Account for an irrigation
and drainage balance

Good: good water supply and good drainage
Bad: good water supply and poor drainage or bad
water supply even when drainage is good

Fertilization

N, P and K nutrients applied
periodically based on soil
requirements

Good: complete amount of fertilizers applied
frequently
Bad: deficit in fertilizer application or complete
amount but after long periods

Weather

Accounts for the seasonal
climatic variation

Wet: high atmospheric temperatures and periodic
rainfall events
Dry: low atmospheric temperatures and almost no
rainfall events

Crop husbandry

Agricultural practices in
plantation: leaf elimination,
weed control, among others

Well done: all practices are applied effectively
Poor: one or more than one practice is performed
poorly

Fumigation period

Period
for
pesticide
fumigation along the year

Long: applications every 18 days or more
Short: less than 18 days

State of evolution
of the disease

Index for disease spreading
control

High: value equal or higher than 329.4
Low: value lower than 329.4

Youngest
leaf
with symptoms

Leaf number with black
Sigatoka spots

Old: Leaf 7 or older
Young: Leaf younger than 7

Black
Sigatoka
infection

Accounts
for
spreading state

Acute: High BS index or symptoms in young leaves
Control: low BS index

and

rainfall

per

disease
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Consequently, all the variables in the banana production model were discretized based on
the numerical definitions provided in table 4.7.
4.3.1.2 Quantifying probabilistic relations
After the definition of the structural model, the next step was to assess the conditional
probability tables (CPTs) for the six dependent variables of the production model (i.e.
irrigation and drainage, fertilization, weather, fumigation period, black Sigatoka
infection and banana production). Two approaches were followed for modelling: (1)
define the CPTs based on data sets and (2) define the CPTs based on expert knowledge.
Among the dependent variables, weather accounted for the variation of environmental
factors such as rainfall and atmospheric temperature (represented by foliar emission),
translating this information to the production node. In the tropics this variability is
characterized by a rainy and a dry period. During the dry season, rainfall decreases
substantially and the plants can be exposed to water stress. Under this scenario foliar
emission will be lowered due to drying soil conditions [173]. It was decided to test which
component (i.e. the climatic vs. the physiological factor) was playing a major role to
define production. For this, the discretized data sets of rainfall, foliar emission and
banana production were combined separately with two different discretizations for
weather.
The first one based on climatic variability classified the data sets in terms of rainy (i.e.
December to April) and dry (i.e. May to November) episodes. The second one divided the
data sets based on the potential physiological plantation response (see figure 4.10).

60
Dry period

Boxes / ha / week

Rainy period

40

20
Peak period

Decay period

0
2006

2007

2008

Figure 4.10. Banana production for BF1 from 2006 to 2008.
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In the latter case the production peaks recorded during the rainy and dry episodes
respectively were considered as boundaries to define periods, i.e. Peak: going from the
highest peak in the dry period to the highest one in the following rainy period; Decay:
going from the highest peak of the rainy period to the highest one in the following dry
period.
Thereafter, the conditional probability tables were obtained by calculating the relative
occurrence of each state of the influenced node (i.e. banana production) for each
combination of the parent nodes (i.e. weather) in the existing data (i.e. in BF1, BF2, BF3,
BF4, and BF5, for 2004, 2006, 2007 and 2008). Thus, two conditional probability tables
for production were obtained after combining the data sets under the two different
discretizations, considering weather as the only causal variable of the banana production
node.
Table 4.8. Conditional probability tables for the banana production node based on two
different definitions for the influencing variable.

Physiological pattern
peak
decay
good
0.44
0.49
low

0.56

0.51

Climatic pattern
wet
dry
0.74
0.28
0.26

0.72

The analysis showed that banana production was better defined by weather when it
represented the annual climatic variability. The CPT for banana production based on the
physiological response pattern was not informative at all. Based on these findings the
conditional probability table for the weather node was defined based on the relative
occurrence of each of its states, for each combination of the parent nodes (i.e. rainfall and
foliar emission) in the available records (i.e. BF1, BF2, BF3, BF4, and BF5; 2004, 2006,
2007 and 2008) (see table 4.9).
Table 4.9. CPT for the weather node.

Foliar emission
Rainfall
wet

high
high
0.92

high
low
0.67

low
high
0.09

low
low
0.05

dry

0.08

0.33

0.91

0.95
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Next the conditional probability table for the fumigation period node was built based on
available records for fumigation events and weather conditions (i.e. BF1, BF2, BF3, BF4,
and BF5; 2004, 2006, 2007 and 2008). It was known beforehand that banana farmers
applied pesticides more often during the wet season than in the dry season, due to the
high humidity recorded in plantations in the former season. The parameterization of the
CPT for this node was done following the same procedure performed for the
parameterization of the weather node.
The CPTs for the Irrigation and drainage and for the fertilization nodes were obtained
directly from the expert, based on his experience working in the tropics. This was also the
case for the parameterization of the black Sigatoka infection node.
Although YLS is an indicator variable used to monitor the intensity of black Sigatoka in
the banana farms, SED is the variable actually used to predict the evolution of the disease
and therefore influences the pesticide fumigation decision more significantly. Due to
limited availability of records for the model validation phase (i.e. splitting the data for the
states of the YLS and SED nodes caused a significantly shortage in records per scenario),
it was decided to take out the YLS node from the Network and define the CPT for the
black Sigatoka infection node based on SED and the fumigation period variables only.
The CPT for the black Sigatoka infection node was defined entirely by the expert,
because SED values already included the influence of chemical control with pesticides.
However, these records were later used in the validation phase.
Tables 4.10, 4.11, 4.12 and 4.13 show the conditional probability tables for these child
nodes.
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good
1
0

good

poor
0.8
0.2

high
good
1
0

poor
poor
0.8
0.2

good
1
0

good

poor
0.8
0.2

good
good
0.9
0.1

poor
poor
0
1

high

good
1
0

Fumigation
period
control
acute

SED
short
0.9
0.1

long
0
1

short

1
0

1
0

high

long

low

Table 4.13. CPT for black Sigatoka infection node.

Rainfall
Irrigation
Drainage
Soil texture
good
poor

Table 4.12. CPT for the irrigation and drainage node.

Rainfall
Irrigation
Soil texture
good
poor

Table 4.11. CPT for the fertilization node.

good
poor
0.8
0.2

poor
poor
poor
good
0
0.9
1
0.1

good
poor
good
0.8
1
0.2
0

low
poor
poor
0
1

4.10.

good
1
0

good
poor
0.8
0.2

CPT

poor

Weather
long
short

wet
0.34
0.66

dry
0.77
0.23

the

good
poor
good
0
0
1
1

for

low

fumigation period node.

Table

good
poor
good
0.9
1
0.1
0

good
0
1

good
0
1

poor
poor
poor
0
1

4.3.1.3 Modelling the banana production variable
The banana production node ended with five parent nodes in the final BN model shown
in figure 4.9 (i.e. weather, black Sigatoka infection, fertilization, irrigation and drainage
and crop husbandry). Four of them are dependent nodes, defined by the CPTs previously
defined (see tables from 4.9 to 4.13); while the crop husbandry node is an independent
node, defined by a marginal probability distribution.
The CPT for the banana production node was built up based on expert knowledge.
However, since the amount of parameters to assess became large (i.e. 25=32), it was
decided to approximate the CPT applying canonical models to reduce parameter
uncertainty.
The canonical models Noisy-OR and Noisy-AND were applied to model banana
production, considering independent influence of parent nodes on banana production.
However, some prior knowledge about the banana production system allows the expert to
set up some constraints:
To impact positively on production, the parent variables must be in the following
states: high rainfall, high foliar emission, good fertilization, good crop husbandry,
control black Sigatoka infection, good irrigation and drainage.
All causal variables have to be in a positive state to have a good impact on
production.
Based on this, it was decided to use different approaches in order to apply both canonical
models. In the case of Noisy-OR the assessment was done for the low state of the banana
production node (i.e. one parent node being in a negative state will affect production
negatively), while for Noisy-AND the good state was assessed.
The expert defined the canonical parameters in each case by answering the following
questions:
Noisy-OR: Considering the output of ten continuous weeks, how many weeks will
record a low production given that the causal node A is in a negative state?
Noisy-AND: Considering the output of ten continuous weeks, how many weeks
will record a good production given that all causal nodes are in a positive state
except node A?
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These numbers were later transformed to probabilities dividing them by ten (i.e. the total
number of cases considered). Tables 4.14 and 4.15 present the input parameters for each
canonical model. The leak probability in each case accounts for the probability of having
the effect on the banana production node even when any of the causal variables is in a
favourable state (i.e. background event).
Table 4.14. Input parameters for the Noisy-OR gate.

Parent
State
low
good

Weather
dry
0.72
0.28

Black
Sigatoka Irrigation and
Crop
Infection
drainage Fertilization husbandry
acute
poor
poor
poor
0.8
0.7
0.6
0.8
0.2
0.3
0.4
0.2

Leak
0.1
0.9

Table 4.15. Input parameters for the Noisy-AND gate.

Parent
State
low
good

Weather
dry
0.8
0.2

Black
Sigatoka Irrigation and
Crop
Infection
drainage Fertilization husbandry
acute
poor
poor
poor
0.2
0.3
0.4
0.2
0.8
0.7
0.6
0.8

Leak
0.1
0.9

Afterwards, the Bayesian Network model for the banana production node was completely
implemented (i.e. all causal nodes, links and CPTs were defined) in Genie11, a software
offered by the Decision Systems Laboratory of the Pittsburgh University. The
computation of the full CPTs for the Noisy-OR and Noisy-AND models of banana
production was done using the solution algorithms available in the program, after
providing the models‟ parameters. The De Morgan‟s law rules for the logical operators or
and and were applied in order to derive the conditional probability table for the NoisyAND model, using a Noisy-OR representation [117].
The resultant CPT from the Noisy-OR approach showed an overestimation of the
negative influence of parent nodes being in a negative state. Few entries (i.e. combination
of parents‟ states) presented high probability for good production, while most of them
11

Genie is a standalone application for the development of graphical decision-theoretic models, as Bayesian

networks. [Online]. Available: http://genie.sis.pitt.edu/
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predicted low production as the most probable state. In the case of Noisy-AND, the
resultant CPT was more counterbalanced, and provided a more accurate description of
reality.
4.3.2 Water quality modelling
The AGNPS model previously calibrated for the Chaguana river basin was run for the
period 2006-2008 to produce daily synthetic data of Propiconazole concentrations at the
river basin outlet for two different annual fumigation schedules. Daily rainfall records
from five different farms were spatially averaged for the period 2006-2008 to obtain one
data set of daily records that was used as model input. This procedure was followed given
that the distance between the two furthest farms involved in the study was about six
kilometres (see figure 4.4).
The two annual fumigation schedules for the aerial application of Propiconazole on the
banana plantations in the Chaguana river basin were defined based on the operational
capacity of the fumigation companies in the area of study, and on the fumigation records
provided by the banana farmers participating in the study.
According to the information given by one of the two main companies supplying the
fumigation service to the banana plantations inside the Chaguana basin, each company
could serve up to 4000 ha of banana plantations per week (i.e. 180 ha/airplane/day; three
airplanes per company). Since the banana production area inside the Chaguana river basin
comprises around 8000 ha, it is possible to assume that the entire surface can be covered
in one week period by both fumigation companies, given that both are operating in the
area at the same time. This scenario can be considered as an extreme case and will be
used in the present work as the worst situation expected to happen inside the area of study
for the aerial application of Propiconazole.
Hence, the first schedule (schedule 1) considered Propiconazole fumigation events
covering the entire banana production region in one week period and taking place every
three months on average. The dates for the Propiconazole aerial application were defined
according to the annual fumigation schedules of the farms participating in this study for
the years 2006, 2007 and 2008.
On the other hand, the second annual schedule considered a more evenly distributed
Propiconazole application within the basin. Under this scenario (schedule 2), each month
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one of the three banana production regions (i.e. BR1, BR2 y BR3) is fumigated with
Propiconazole. Each banana region is covered in one week period every three months on
average. The dates for the Propiconazole aerial application were the same defined for the
schedule 1. Figure 4.11 and 4.12 show the modelled Propiconazole concentrations versus
their corresponding daily rainfall values for the two different fumigation schedules.
Although the concentration peaks predicted by the AGNPS were considerable reduced
under the second fumigation schedule, they remain higher than the European maximum
residue levels in water for human consumption (0.5 ppb for total amount of pesticides and
0.1 ppb for one pesticide) [8].
Scientific findings suggest that most of the Propiconazole coming from runoff is attached
to the sediment fraction higher than 2 μm in size [182]. Therefore, the modelled
Propiconazole concentrations for the previous fumigation schedules were reduced
systematically, assuming that some sediment control measurements were taking place in
the lowlands of the Chaguana river basin, each one with a different Propiconazole
retention capacity.
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Figure 4.11. Daily rainfall and modelled Propiconazole concentrations at the outlet for
fumigation schedule 1.
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Figure 4.12. Daily rainfall and modelled Propiconazole concentrations at the outlet for
fumigation schedule 2.
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Consequently, four scenarios were developed for every of the proposed annual fumigation
schedules for Propiconazole. The first scenario none considered that no action was taken
place and worked based on the model‟s initial results; the second scenario low assumed a
retention capacity of 30% of the attached pesticide (i.e. Propiconazole attached to
sediment particles, with a size greater than 2 μm). The third and fourth scenarios half and
high assumed a 50% and 70% retention capacity respectively. Figure 4.13 shows the
reductions in the Propiconazole concentration for the four scenarios of Propiconazole
retention based on the second annual fumigation schedule.
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Figure 4.13. Propiconazole concentrations at the outlet for four scenarios of
Propiconazole retention capacity, for the annual fumigation schedule 2.
4.3.2.1 Representing Propiconazole concentrations in Bayesian Networks
In order to represent the different scenarios for Propiconazole concentration control in a
Bayesian model, the parent nodes affecting the Propiconazole concentration at the outlet
were defined as: (1) weather; (2) annual Propiconazole application schedule (two
schedules accounting for different spatial and temporal arrangements); and (3)
Propiconazole retention capacity. The Bayesian Network model shown in figure 4.14
captures the effect that the different weather states and management scenarios can have
on the concentration of Propiconazole at the outlet in the Chaguana river basin.
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Figure 4.14. Bayesian Network model for the Propiconazole concentration at the river
basin outlet.
Weather, the causal node of the banana production model, was assigned as a causal node
of the Propiconazole concentration at the outlet node. This was done considering that the
rainfall events that cause Propiconazole concentration peaks, occur mostly during the
rainy season, with weather capturing the seasonal variation of the weather conditions
inside the Chaguana river basin.
The Propiconazole retention capacity node accounts for actions being taken in the
Chaguana river basin to reduce significantly the load of Propiconazole into the lowland
rivers, after the pesticide has been released into the environment. The definition and
establishment of a buffer zone along the river banks with riparian vegetation, and/or the
construction of artificial wetlands to reduce the sediment load are among the possible
actions that can be taken. However, the suitability assessment of the application of these
possible actions inside the Chaguana river basin is out of the scope of the present
research.
The scenarios on the Propiconazole retention capacities and the two different
arrangements for the Propiconazole fumigation schedules in the lowlands are the only
management actions being tested here in order to reduce the Propiconazole concentration
peaks at the outlet.
Subsequently, the nodes were discretized and the data sets used to train the Bayesian
model. The node Propiconazole concentration at the outlet was discretized in two states,
according to the European maximum residue levels in water for human consumption. The
states of the parent nodes were defined in order to represent the different management
scenarios proposed. Table 4.16 shows the description of the corresponding nodes with
their states.
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In order to parameterize the conditional probability table (CPT) for the child node in the
present model (i.e. Propiconazole concentration at the outlet), the daily Propiconazole
concentrations predicted by the AGNPS model for two different annual fumigation
schedules were rescaled to weekly values (i.e. average value per week). The maximum
concentration value per week was obtained and put aside with its corresponding values
for the weather, annual Propiconazole application schedule and Propiconazole retention
capacity variables.
Table 4.16. Definition of nodes for the water quality BN model.
Node name
Weather

Definition
Accounts for the seasonal
climatic variation

Propiconazole
annual application
schedule

Fumigation planning of
Propiconazole across the
river basin along the year

Propiconazole
retention capacity

Accounts for the effect of
the application of different
sediment
retention
measurements
in
the
lowlands
Maximum
pesticide
concentration
value
predicted in one week at
the outlet

Propiconazole
concentration at the
outlet

State
Wet: high atmospheric temperatures and periodic
rainfall events
Dry: low atmospheric temperatures and almost
no rainfall events
schedule 1: all banana production regions are
fumigated with Propiconazole in one week period
every three months
schedule 2: each month only one of the three
banana production regions is fumigated with
Propiconazole. Every banana region is fumigated
every three months.
None: 0% retention
Low: 30% retention
Medium: 50% retention
High: 70% retention
High: the maximum pesticide concentration is
higher than 0.1 ppb
Low: the maximum pesticide concentration is
equal or lower than 0.1 ppb

Thereafter, the values of Propiconazole concentration at the outlet, and those of the
parent nodes, were discretized using the definitions provided in table 4.16. The same
procedure applied to parameterize the CPT for the weather and fumigation period nodes
in the Bayesian Network model for banana production, was followed here in order to
populate the CPT for the Propiconazole concentration at the outlet node. Table 4.17
shows the conditional probability table obtained.
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high
0.95
0.05

half
0.95
0.05

low
0.95
0.05

high none
0.95
0.05

0.95
0.05

half
0.95
0.05

low
0.95
0.05

high none
0.95
0.05

0.45
0.55

half
0.45
0.55

low
0.45
0.55

0.45
0.55

0.52
0.48

0.47
0.53

0.45

0.55

0.44

0.56

low

high

schedule 2

high none

schedule 1

half

schedule 2

dry

low

schedule 1

wet

Propiconazole
none
retention
capacity

Annual
fumigation
schedule

Weather

Table 4.17. CPT for the child node Propiconazole concentration at the outlet.

As it can be observed, the calculated parameters for the BN model are mainly mapping
the predicted values from the AGNPS model for the two different weather conditions
being considered. During the dry season, almost no concentration peaks of Propiconazole
are predicted by the AGNPS, since those events are expected to occur mainly during wet
conditions (i.e. high frequency of rainfall events). This is well captured by the BN
representation. However, during wet conditions the probability distributions are almost
not informative, indicating that both states of Propiconazole concentration at outlet are
equally probable.
4.3.3 Overall Bayesian Network model
Figure 4.15 shows the BN model for the Chaguana river basin case, for two objective
variables, banana production and Propiconazole concentration at outlet. As it can be
observed, the two model components are connected through the weather node, which
accounts for the effect of the seasonal climatic variability. It was not possible to connect
the fumigation period node to Propiconazole concentration at the outlet because the
former did not represent the period for Propiconazole application, but the general period
for the application of different kind of pesticides. Instead the annual Propiconazole
application schedule node was included with two different application scenarios.

Irrigation

Fertilization
Propiconazole
annual application
schedule

Soil texture

Drainage
infrastructure

Irrigation &
Drainage

Rainfall

Banana
production

Weather

Black Sigatoka
infection

Fumigation
period

Foliar
emission

Propiconazole
concentration at
the outlet

Crop husbandry
Propiconazole
retention capacity

State of evolution
of the disease

Figure 4.15. Bayesian Network model for the Chaguana river basin.
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As it was mentioned earlier the youngest leaf with symptoms node, parent node of black
Sigatoka infection, was excluded from the final Bayesian network due to limitations in the
amount of information available for the validation of the model.
4.3.4 Expert model validation
The validation of the BN model was only performed for the objective node banana
production. A “true” CPT for this node was estimated from the records provided by the
five banana farms participating in the study. The “true” CPT was calculated from the
existing number of cases in the records, considering the relative occurrence of each state
of banana production for every combination of the influencing nodes on weekly basis, at
the same time step. A confidence interval (probability range) has been determined, which
accounts for the uncertainty in the estimation of the “true” probability distribution for the
banana production for different scenarios using the datasets. Table 4.18 shows the
estimated CPT for the banana production node. The last row presents the number of
cases recorded in the dataset for each scenario.
As it can be noticed, the assessed scenarios correspond to those for which records exist.
Foliar emission (FE) and cumulative rainfall (R) account for the effect of weather on
banana production, as well as the fumigation period (FP) and the state of evolution of the
disease (SED) account for the effect of the node black Sigatoka infection on banana
production (see table 4.18). For the other causal variables of banana production, i.e.
irrigation and drainage, fertilization and crop husbandry, it was assumed that all causal
factors affecting them were always in their positive states, except for those affecting
weather, given that all banana farms were constantly monitored and technically managed.
It is important to consider that the datasets used to estimate the “true” CPT is a small
sample of fifty two cases per year, resulting in a higher uncertainty for the estimation of
the probability distribution of banana production; especially for the scenarios that record a
small number of cases (e.g. G, J, O). Hence, the use of a longer dataset would be advised
in order to reduce the uncertainty of the estimates.
Since two CPTs were modelled for the banana production node (i.e. one CPT estimated
through the Noisy-OR gate and another coming from the Noisy-AND assumption), the
performance of each model output was confronted with the „true‟ CPT for the banana
production node for each scenario with records.
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The Hellinger‟s distance was used to assess how close both modelling paradigms
predicted the banana production behaviour under each scenario [183]. The validation
procedure was done for all possible scenarios –parent combinations in which cases exist
for both states of the banana production node- given the “true” and the two modelled
CPTs for banana production. Here, the Hellinger´s distance is used to quantify the
similarity between each modelled CPT –using the Noisy-OR and Noisy-AND canonical
models- and the “true” distribution estimated from the datasets.
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Scenario
Cases

Weather

FE
R
Black SED
Sigatoka
FP
Banana good
production low
Probability range

husbandry nodes.

low

high

low
low

A
59

B
20

C
4

D
0

E
48

F
48

G
10

H
2

I
0

J
9

K
0

L
0

M
27

N
124

O
9

P
4

high
low
high
low
high
low
high
low
short long short long short long short long short long short long short long short long
0.76 0.70 0.25
0.79 0.38 0.70
0.44
0.19 0.30 0.11
0.24 0.30 0.75
0.21 0.63 0.30
0.56
0.81 0.70 0.89
0.01 0.02 0.12
0.01 0.01 0.05
0.05
0.02 0.00 0.05

high

high

Table 4.18. CPT for banana production obtained using datasets for a positive state of the irrigation and drainage, fertilization and crop

The Hellinger´s distance between two probability distributions F and G is given by:

Where the i sub index accounts for all discrete values of the F and G distributions. The
Hellinger´s distance was chosen in one hand because of its sensitivity to differences in
small probabilities (this is the case when two probability distributions present very close
probability values); and on the other hand, because it does not pose difficulties to handle
zero probabilities [123].
Thus, the distances between the “true” and the modelled CPTs for the banana production
node were calculated as the sum of the distances between the corresponding probability
distributions in the CPTs weighted by the joint probability distribution over the parents of
the banana production node. Thus, every Hellinger‟s distance was weighted by the
amount of available cases in datasets per modelled scenario. Figure 4.16 shows the
banana production model performance for the two modelling approaches using the
canonical models Noisy-OR and Noisy-AND.
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Figure 4.16. Hellinger´s distance between the “true” CPT and the two modelled CPTs for
the Banana production node for different scenarios.
The predicted probability distribution for banana production was overestimated for the
Noisy-OR approach for the scenarios in which the fumigation period was long and SED
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values were high. This result showed that the Noisy-AND approximation worked better to
model the expected behaviour of the banana production node in the BN model. This is
because in reality banana production is the result of all important factors playing
simultaneously a role. This is captured better by the Noisy-AND approach.
For the objective node Propiconazole concentration at the outlet this procedure was not
followed because the Bayesian Network was just translating the AGNPS model results
based on different arrangements of some input variables, keeping the mathematical model
parameters unchanged.
4.3.5 Sensitivity analysis
Sensitivity analysis is a technique to systematically study the effects of variations on the
parameters of a mathematical model on its predictions. For a Bayesian Network,
sensitivity analysis provides the study of the effects of variations on the estimates of the
network‟s parameters on one or more posterior probabilities of interest. As such, the
sensitivity analysis allows for identifying network parameters that are highly influential,
and should therefore be estimated with the highest accuracy [184].
Sensitivity to findings and sensitivity to parameters were performed to the Bayesian
Network model that relates banana production factors to Propiconazole concentration
predictions at the outlet. A description of the applied methodology is given in Woodberry
et al. [185] and some applications can be found in [133] and [150].
For the sensitivity to findings, the probability of each parent node of banana production
was altered over the probability space (i.e. introducing the evidence that the referred
parent state is in one or in the other state) keeping the other nodes fixed, and changes in
the probability of having good production were observed graphically. The same was done
for the node Propiconazole concentration at the outlet for the low concentration state.
Figures 4.17 and 4.18 present the results of the procedure for the target nodes.
In figures 4.17 and 4.18, nodes are listed from the most influential (top) to the least
influential ones (bottom). In the former figure the bars represent the range in variation
observed in the banana production node, when the values of the nodes on the y-axis are
varied from 0 to 1; while in the latest figure, the bars represent the range in variation
observed in Propiconazole concentration at the outlet node, when the values of the nodes
on the y-axis are varied from 0 to 1.
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The results show the expert‟s belief on weather being the most influencing variable on the
banana production node, in one hand; and the low probability of occurrence of
Propiconazole concentration peaks at the basin outlet, on the other. This is because the
weather definition in the dataset contains more weeks being dry than wet, therefore the
weather definition is most probably for a dry state, for which the banana production is
low and the peaks of concentration of the pesticide rarely occur. Therefore, the mean
probability value of banana production before entering any evidence into the BN model is
0.33, while the probability for the concentration of Propiconazole at the outlet is about
0.74.
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Figure 4.17. Sensitivity of the mean probability for good banana production.
This is confirmed by the banana production trends observed in the datasets, with
production values dropping dramatically in periods when the weather is dry. In the same
line, Foliar Emission, the second most influencing factor in the BN model, responds to
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seasonal changes in atmospheric temperature, which in turn defines more precisely the
weather state affecting in this way the banana production node.

P (Propiconazole concentration at outlet = low)
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Figure 4.18. Sensitivity of the mean probability for low Propiconazole concentration at
the outlet.
In the sensitivity analysis of the water quality component, representing the AGNPS
output for the node Propiconazole concentration at outlet, it is observed that the BN
model responds mainly to changes in the weather conditions as well, which also applies
for the parent nodes of weather, i.e. foliar emission and cumulative rainfall, as defined in
the BN model for banana production. The node Propiconazole concentration at outlet
presents a low sensitivity to the application of different management actions (scenarios)
to reduce the Propiconazole load into the rivers.
For the BN model sensitivity to parameters, the one way sensitivity analysis was applied
to the banana production node, varying the node‟s input parameters one at a time,
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keeping all others fixed. This analysis was performed for the parameters of the canonical
Noisy-AND model that were estimated by the expert. Therefore, the changes in the
parameter‟ values were performed keeping their significant meaning. The probability of
having good banana production was recorded and is graphically shown in figures 4.19,
4.20 and 4.21 for the seven most probable scenarios. These scenarios are the ones
described in table 4.18 (section 4.3.4).
When changing the probability distribution given by the expert for banana production –
with all parent nodes except weather being in their positive states- steeper changes were
observed on banana production probabilities during dry scenarios than in wet ones. The
contrary occurred when changing the probability distribution given by the expert for
banana production –with all parent nodes except Irrigation and Drainage being in their
positive states. This was also the case when changes were made on the probability
distribution of banana production, given that all parent nodes except Fertilization or
Crop husbandry were in their positive states. On the other hand, when changing the
probability distribution given by the expert for banana production –with all parent nodes
except black Sigatoka infection being in their positive state- the steepest changes were
observed during scenarios of severe infection attacks with long fumigation periods taking
place. Despite of the small changes in the model parameters, the modelled probability
distributions for the banana production node were always in accordance with the
expected behaviour in different scenarios. Therefore, the model was found to be robust to
small deviation in the model parameters given by the expert.
As for the validation phase, this step was not performed for the node Propiconazole
concentration at the outlet because the true parameters of the mathematical model are not
being represented in the Bayesian Network.
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Figure 4.19. Effect of a small variation in the value of the model parameter “probability
of having a low production given that the weather is dry” on the probability of having
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good banana production following the Noisy-AND approach.
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Figure 4.20. Effect of a small variation in the value of the model parameter “probability
of having a low production given that black Sigatoka is acute” on the probability of
having good banana production following to the Noisy-AND approach.

129

P(banana production = good)

1
A

0.8

B
E

0.6

F
0.4

J
M

0.2

N
0
0.2

0.3

0.4

P(banana production = low \ Irr&Drain = poor)
P(banana production = low \ fertilization = poor)
P(banana production = low \ crop husbandry = poor)

Figure 4.21. Effect of a small variation in the value of three different model parameters
on the probability of having good banana production following the Noisy-AND
approach.
4.4 Conclusions
In the present chapter, the construction and validation of a Bayesian Network model to be
used at the core of a knowledge based spatial decision support system for the water
management in the Chaguana river basin, has been shown. Based on expert and local
knowledge and on the availability of field records, it was possible to construct and
validate an expert model for the production of banana under intensive mono-cropping
systems in the Chaguana river basin that follows the expected trends depicted in datasets.
The validation analysis showed that the expert system predicts very well the probability
of having good or low banana production, when the Noisy-AND approach is applied. On
the other hand, the Noisy-OR assumption was found inapplicable for perennial
agricultural systems as is the case for the production of bananas. The superiority of the
former approach could be explained by the synergy of the natural system where two or
more influencing factors working together produce a result not obtainable by any of them
independently. Despite of it, the sensitivity analysis to findings showed that the
probability distribution for the banana production node was mostly influenced by
changes in the state definition of the weather and foliar emission nodes, dominant nodes
of the banana production model. On the other hand, the sensitivity analysis to parameters
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showed the robustness of the model to small deviation in the model parameters given by
the expert for the seven most common scenarios.
A Bayesian Network was also constructed to represent the expected state of
Propiconazole concentration at the outlet for different scenarios, linking it to the banana
production model in one integrative expert model. The model was constructed based on
scenario information provided by two different weather conditions under the application
of different management alternatives, and on the predicted Propiconazole concentrations
obtained from the AGNPS model, previously calibrated for the Chaguana river basin.
This BN representation provides water managers with a general view about the conditions
expected for the Propiconazole concentration at outlet during wet and dry weather
conditions.
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CHAPTER 5: Concluding Remarks
The present dissertation deals with the development of a decision support (DSS) tool for
the management of water resources inside the Chaguana river basin, in Ecuador, where
banana production is the major economic activity, and the leaf disease, black Sigatoka, is
controlled with the aerial fumigation of Propiconazole, among other pesticides, causing
water pollution. The main goal of the thesis is to structure the available knowledge,
integrating different aspects of the environmental problem, in order to supply relevant
information to water managers.
In the present document, two main outcomes have been reported: (1) the construction of
an expert model that integrates some of the economic and environmental aspects of the
water management problem inside the Chaguana river basin; and (2) the architectural
design and partial implementation of a spatial decision support system (SDSS) that holds
the information and the modelling applications required.
In the first case, a formal approach to represent the economic incentives of local banana
farmers to spray pesticides on their plantations was developed in order to complement the
information provided by a previous water quality assessment for the fate of pesticides into
rivers. An expert system approach was chosen to model the production of banana inside
the basin, given the limitations of field information and the availability of expert and
empirical knowledge in the area. However, the unsynchronized behaviour of banana
plantations presented a challenge for the modelling of intensive mono-cropping systems,
with no integral models available (i.e. models that are able to represent the overall
behaviour of banana production in plantations, based on the main influencing variables).
The Bayesian Network technique was applied to construct the expert model for the
production of banana in intensive mono-cropping systems, including the most relevant
factors and information from different sources (i.e. datasets, expert knowledge and field
experience). Most model parameters of the BN model were obtained from an expert in
banana physiology, except for two child nodes (i.e. weather and fumigation period), since
numerical records existed for their CPT definition. Despite of the advantages of the
method to overcome data limitation problems, the direct collection of information from
an expert can bias the model and increase the uncertainty in the results. This is especially
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the case of nodes in a BN model, being influenced by several parents, for which a large
number of parameters in the CPT needs to be parameterized.
In order to reduce the uncertainty in the model parameterization, all nodes in the BN
model were defined as binary nodes (i.e. two states only), and canonical models were
applied in order to reduce the number of parameters provided by the expert to populate
the CPT of nodes having more than four influencing parents. This was the case for the
banana production node in the BN model, which integrated the effect of different
agriculture management and environmental factors. The Noisy-AND canonical approach
provided the best CPT approximation, as shown in the model validation phase.
In order to integrate the banana production model with the water quality assessment
previously performed, the results for the Propiconazole concentration at the outlet,
obtained from a mathematical model (AGNPS) were represented in a Bayesian Network.
The linking factor was the weather conditions defined for the banana production model,
since the water quality assessment only included one pesticide and weather was a
determining factor in the occurrence of concentration peaks. The BN was only used here
to map the modelling results from the AGNPS for different scenarios. The obtained
results should be considered with caution since the AGNPS model has not been validated
yet for scenario analysis.
Field information (i.e. collected records for banana production) was analyzed to estimate
the true probability distributions for banana production under different weather and
agricultural management conditions in order to use this information in the validation of
the BN model. The frequency of occurrence of different cases (i.e. record of each state of
the influenced node for each combination of the parent nodes) recorded in the datasets
was calculated without considering a natural delay between the occurrence of a causal
factor and its effect on banana production. This was done because, despite of all efforts, it
was not possible to determine any phase shift between banana production and its
influencing variables, based on the weekly production records provided by banana
farmers. Possibly this unexpected behaviour is due to the fact that the agricultural system
being modelled is perennial, with a production process that is continuous and difficult to
trace back because of the unsynchronized behaviour of banana plants.
Since the Bayesian Network model for banana production was validated with limited
information in terms of available datasets from local farms, some scenarios (i.e. less
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frequent ones) recorded limited cases, increasing the uncertainty in the parameter
assessment. The validation procedure considered this limitation, weighting the distances
between the corresponding probability distributions in the CPTs by the joint probability
distribution over the parents of the banana production node. On the other hand, only the
annual climate variability has been considered in the definition of the weather conditions
for the scenario assessment; therefore the effect of exceptional weather conditions is out
of the scope of the model.
For the second output, the SDSS architecture has been designed based on the average
features required by the potential SDSS users (i.e. water manager and stakeholders). The
available information in terms of spatial data and knowledge has been integrated in one
computational tool that can be accessed through a web browser, facilitating the system
release to different users. The implementation of GIS, databases and modelling
functionalities (i.e. Bayesian Network modelling facilities) make the system transferable
to other case studies (e.g. other river basins than Chaguana with different environmental
problems), potentiating the participatory modelling approach and negotiation process
between managers and stakeholders. The SDSS implementation using open source
software provides the system with flexibility to grow and assures the economical
sustainability of the project in the long term.
In the end, it is clear that the present approach does not provide a solution to all water
management issues inside the Chaguana river basin. Instead the efforts have been
concentrated to complement the available knowledge, contributing with new insights
about the economic aspects of the environmental problem. The approach results are
advisable for the present case study since no formal information is currently available to
water managers in order to rule properly the integrated water management process. The
present work has demonstrated how expert systems can provide a feasible way to
overcome the data scarcity problem, through the use of empirical and expert knowledge,
while new datasets become available to implement better models.
In this context, the SDSS for the Chaguana river basin has been designed to support the
management process of water resources, by providing regulators with an expert model
(BN model) that integrates relevant information on the main factors influencing the
agricultural production and water quality issues. The SDSS can perform scenario analysis
to evaluate the effectiveness of different management actions in order to improve the
water quality of rivers in the lowlands of the basin. The information is presented to
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regulators in terms of probability distributions for each model variable, stating explicitly
the model uncertainties. Additionally, the SDSS allows the regulators to perform scenario
analysis using the BN integrated model, from causes to effects and the opposite, to
delineate possible ways of actions.
The current version of the SDSS can be applied to other river basins with a similar land
use distribution, in order to provide managers with a similar case to get some insights
about the possible solutions. However, if a scenario assessment is required, the different
model parameters will have to be adjusted using local datasets.
Finally, the SDSS can be customized to evaluate other kind of water quality problems
(caused by industry, mining, urbanization, etc.), since the functionalities for the creation
of new working projects and BN models (DAGs) are fully integrated within the GUI of
the web based SDSS.
5.1 Contributions of the thesis
Although BNs have been widely applied for environmental and participatory modelling,
as reviewed in chapter two, few works have explored the application of this technique for
decision support in water management, integrating the water quality problems together
with agricultural practices that originate them. Moreover, in the case of banana
plantations, few works have succeeded to model the unsynchronized behaviour of the
fruit production under intensive mono-cropping systems.
The present work have succeeded integrating the agricultural and environmental
components of the water quality problem in the Chaguana basin through the use of a BN
model, in addition to the partial implementation of a DSS tool that integrates the different
applications and the required information.
Other contributions of the present thesis can be summarized as follows:
The development of an expert model for the prediction of the most probable state
of banana production in intensive mono-cropping systems under different
agriculture management and seasonal weather conditions in the Chaguana river
basin, using the Bayesian Network technique.
The application of canonical models to reduce the uncertainty in the
parameterization of large CPTs in a BN model, when the parameters are obtained
from an expert.
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The integration of the expert banana production model with the predictions of
Propiconazole concentration at outlet provided by the AGNPS model, through
weather scenarios of seasonal variation inside the BN framework.
The structural design and partial implementation of a knowledge based SDSS tool,
accessible through the internet that contains the information and required
applications to run a scenario modelling approach.
5.2 Future work
Currently, the expert model has been validated for a limited number of banana farms,
located in a small region inside a sub-basin (i.e. Chaguana sub-basin). The remaining
work in this area is related with the validation of the expert model using datasets from
representative banana farms from the other sub-basins in the Chaguana. Especially for
farms having a small average size, since the agricultural management practices and their
effect on production are presumed to differ from the performance shown by big size
intensive mono-cropping systems.
For the SDSS tool, some programming work remains in order to extend the system
capability to administer more than one working project (i.e. more than one site problem).
Further work for the implementation of the final user GUI is needed in order to deliver a
full operative version containing appropriate user help and some shields that can cover
some of the internal processing currently reported. Moreover, GIS functionalities that
permit a direct management of the data content in the SDSS directly from the web GUI
(e.g. create new data fields, add new information, edit information) are also required.
Given that the AGNPS cannot be integrated as a web product, the further implementation
of a hydrological and pollution transport simulation module embedded in the SDSS can
be advised. The potential users should be consulted in order to identify the complexity of
the model needed, based on the users‟ information requirements. This could imply new
GIS functional requirements in order to provide the users with pre and post processing
modelling facilities.
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A BAYESIAN MODEL TO CONSTRUCT A KNOWLEDGE BASED
SPATIAL DECISION SUPPORT SYSTEM FOR THE CHAGUANA
RIVER BASIN

Indira Y. Nolivos Alvarez

The present doctoral thesis explores the information challenges that
environmental resources managers face in developing countries.
The natural environment is the result of several complex processes that are
currently being studied by the scientific community in order to improve our
understanding of the world. While this occurs, decision managers have to
deal with difficulties to find their way to achieve sustainable solutions for the
problems that society encounters. The situation gets worse when the
information they need to facilitate the process is not available.
This is exactly the case in developing countries, where the information is
often limited and split among several sources. Then, what to do? Well, the
present research has investigated a possibility to overcome the information
problem by capturing empirical and expert knowledge and transferring the
information to decision managers in an intuitive way, making use of the state
of the art information technology.
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