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Abstract This paper describes the development of a participatory decisión support
system for water management in the Upper Guadiana basin in central Spain where
there has long been competition for groundwater resources between the agricultural
sector and the environment. In the last few decades the rapid development of
irrigation has led to the over-exploitation of the Mancha Occidental aquifer, the
main water source in the área; this in turn has led to the loss of ecologically
important wetlands. Against this background the River Basin Authority (RBA) has
designed a new water management plan aimed at reducing water consumption. The
objective of this paper is to evalúate the impact of these measures on both the
environment and the agricultural sector. To this end stakeholders have been invited
to actively particípate in the development of a decisión support system (DSS) based
on the combination of an agro-economic model and an object-oriented Bayesian
network. This DSS has been used to evalúate the trade-off between agriculture
and the environment for different management options at different scales. Results
indicate that achieving even a partial recovery of the aquifer water levéis will require
strict enforcement by the RBA of water restrictions on farmers combined with a
high offer price for the purchase of water rights. However, compliance with water
restrictions inevitably leads to losses in farm income, especially in small vineyard
farms, unless additional measures are taken to compénsate for those potential losses.
The purchase of water rights alone is insufficient to ensure the recovery of water
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levéis; accompanying measures included in the new regional management plan will
also need to be undertaken.
Keywords Bayesian networks • Groundwater management •
Stakeholder participation • Decisión support system

1 Introduction
1.1 Participatory Decisión Support Systems in IWRM
Competition for water resources is at the root oí many conflicts throughout the
world; such conflict is expected to intensify as resources decline and demand ulereases in years to come (Jury and Vaux 2007). Being the most arid country in the
European Union, water management is already one oí the major socio-economic,
environmental and institutional problems in Spain (Várela-Ortega 2010). Conflicts
caused by competition for water are frequent in the región and agriculture, which
is the main consumer of the resource, is a key component in the problem. Spain,
like many arid and semiarid countries, has responded in the past few decades to the
increase of water demand by encouraging intensive exploitation of the groundwater
resource. This development has traditionally been undertaken by individual farmers,
frequently in an uncontrolled manner, with minimum publie involvement (Llamas
and Martínez-Santos 2005). This has led to the over exploitation of aquifers, a situation that has been aggravated by a lack of coordination between water administrators
and water users (Fornés et al. 2005).
In the face of many conflicting interests and the uncertainty surrounding the
potential impaets of different strategies, water managers face the challenge of how
best to manage the resource. Where agriculture is main water consumer, mathematical economic models have often been used to assess the impaets of scenarios
or policies, using their capacity to link farmers' resource management decisions to
current and alternative production possibilities (Cittadini et al. 2008; Janssen and van
Ittersum 2007; Silva-Hidalgo et al. 2009). This type of model expresses the output
of the farming systems in terms of economic results and environmental impaets of
the farming activity and thus allows the ex-ante assessment of policies. They have
been specifically used to simúlate farmers' reactions to water policy scenarios and to
analyse their impact on agricultural production, rural livelihoods and water resources
(Alary and Deybe 2005; Gómez-Limón and Riesgo 2004).
However, an economic model is not enough in complex situations, where diff erent
stakeholders with diverse interests can be affected by management decisions. In
this context, a Decisión Support System (DSS) that enables decisión makers to
simultaneously evalúate the impaets of optional strategies over a wide range of
factors (economic, social and environmental) is required. Such a system benefits
from the participation of stakeholders in its design, especially when dealing with
complex issues; this is a move from a classical modelling approach to a more
participative methodology (Costanza and Ruth 1998; Van Asselt-Marjolein and
Rijkens-Klomp 2002; Vennix et al. 1996; Vennix 1999). The active involvement
of all relevant stakeholder groups can additionally help to foster a sense of ownership of the decisión making process (Gurung et al. 2006; Lynam et al. 2007).

Participation is, moreover, one of the pillars of the "Integrated Water Resource
Management" concept (Global Water Partnership 2000), which has been encouraged
in the development of sustainable management agendas to help cope with the
challenges posed by overexploited áreas. In Europe, this concept has been supported
by the Water Framework Directive (WFD), which represents a change in the way
that water resource issues are handled (Pahl-Wostl et al. 2008). With this IWRM
perspective, many authors recognise that participation needs to be an integral part
of the construction of the decisión making process (Sgobbi and Giupponi 2007).
Public participation is a requirement for IWRM and for many legal frameworks,
but it needs an adequate implementation strategy. Models provide a scientifically
based approach to predictions, but without the element of participation it is often
difficult to transfer the results to policy making (Borowski and Haré 2007). Some
examples of successful participatory DSSs that allow policy makers to compare
different management strategies are reported in Mysiak et al. (2005). In other
instances participatory decisión tools allow the integration of knowledge obtained
from formal methods (mathematical models) and from stakeholders and serve as a
platform to organize the debate (Giordano et al. 2007; De Kok et al. 2009).
Participatory modelling makes problem solving more straightforward and improves mutual understanding between science, policymakers and stakeholders
(Van Asselt-Marjolein and Rijkens-Klomp 2002; Winz et al. 2009). Some authors
have emphasized the importance of participation in the particular case of environmental decisión making (Antunes et al. 2006, Videira et al. 2009), highlighting the
need to be able to evalúate alternatives if the participatory tool is to be useful for
decisión making. Potential tools include visualization software, conceptual methods,
or quantitative methods (system dynamics) that facilítate problem structuring and
group decisión support. Another method able to structure participation and decisión
making makes use of Bayesian networks (BN). These are DSSs based on Bayes'
probability theory, especially suited to the simulation of systems in which uncertainty
is present due to imperfect or incomplete knowledge. They can be built with the
participation of stakeholders, and have long been applied in fields such as medicine
and artificial intelligence but only more recently in natural resources management
(Cain 2001; Cain et al. 2003; Martín de Santa Olalla et al. 2005, 2007; Molina
et al. 2009; Varis 1997). A key feature includes the ability to link different types of
information (Bromley et al. 2005, Jensen 2001). But the main advantages of BNs over
other tools are: (1) the graphical nature and visual simplicity of the technique, which
facilitates interaction with stakeholders who have different backgrounds (Bacon
et al. 2002, Batchelor and Cain 1999, Cain et al. 1999); (2) BNs explicitly take into
account and openly represent uncertainty in decisión making; and (3) they offer the
opportunity to couple networks with other types of model. In this context, the option
to link with economic models is particularly important.

1.2 Case Study
The Upper Guadiana basin covers an área of 18,900 km2, and is located in the central
plateau of Spain (see Fig. 1).
The área experiences low and irregular precipitation. Groundwater is the major
source of water supply, and agriculture is the main water user, accounting for
90-95% of total water consumption. However, the environmental demand is also

Fig. 1 Location of the Upper Guadiana basin. Source: modified from UNEP/DEWA/GRID-Europe
2007

crucial in the catchment, which contains wetlands declared as a Biosphere Reserve
by UNESCO, and protected by the RAMSAR convention because of their rich
biodiversity (De la Hera 2003).
Since the 1970s, irrigation has rapidly developed in response to several factors:
new techniques which increased irrigation profitability and diminished drilling costs,
national policies directed to irrigation development as a means of increasing wealth
and population stability, and the Common Agricultural Policies (CAP) including
coupled subsidies, which encouraged high added valué (and high water demanding)
crops (Várela-Ortega et al. 2003; Várela-Ortega 2007). Expansión of irrigation led
to rapid economic development of the región but a marked decline of groundwater levéis, leading to severe environmental damage (Rosell and Viladomiu 1997).
The damage included the desiccation of water courses, disappearance of wetlands
including the Mancha Húmeda Biosphere Reserve (UNESCO), deterioration of
groundwater quality, and particularly noteworthy the damage of the RAMSARprotected Tablas de Daimiel wetlands (Coleto et al. 2003; Martínez-Cortina and
Cruces 2005).
The National Water Law enacted in 1985 led to the declaration of the Mancha
Occidental aquifer overexploitation in 1989 and the consequent implementation of
annual Water Exploitation Plans limiting water abstraction to farmers, which has
generated considerable social opposition and a general lack of compliance. The
current situation is mired in uncertainty and confusión. There is conflict between
stakeholder groups, a high but unknown number of illegal wells are scattered
throughout the región and there is uncertainty regarding the real volume of groundwater abstracted from the aquifer. Among policies directed toward the reduction
of groundwater abstractions, only the European Agri-Environmental Programmes,
applied in the period 1993-1998, enjoyed any degree of success in raising the water
table, but at a high cost to the public sector. At present, the decoupling of CAP
subsidies and the cross-compliance requirements are leading to a trend towards
lower water intensive crops (Garrido and Várela-Ortega 2008; Várela-Ortega 2007).
In recent years, since the WFD carne into effect, European legislation has served

to reinforce national regulations and may ultimately lead to a reduced social cost
(Várela-Ortega 2007).
In January 2008 (C.H.G. 2007a) a Special Plan for the Upper Guadiana basin
(SPUG) was passed, with a 5,500 M€ budget. The aim was to help recover the levéis
and quality oí groundwater bodies and improve the health oí related ecosystems,
while at the same time maintaining the viability oí the local economy. The main
feature oí this plan is the purchase oí water rights from farmers by the River Basin
Authority. The purchase oí water rights, together with a series oí accompanying measures, is intended to reduce aquifer water abstraction from 624 to 200 Mm3 year -1 .
Hopes of a definitive solution for water problems in the basin, rest with the SPUG.
1.3 Objectives of the Research
The objective of this research is to construct a decisión support system (DSS) for
groundwater management with the active involvement of stakeholders. This DSS is
designed to identify sustainable socio-economic and environmental strategies for the
Upper Guadiana región and to provide a platform for stakeholder participation for
water management in the basin.

2 Methodology
2.1 General Methodological Scheme
The participatory DSS designed for water management decisión making in the Upper
Guadiana has two main components:
An object-oriented Bayesian network, which represents the water management
system and allows diff erent management options to be tested.
An agro-economic model, which reproduces farmers' behaviour when diff erent
policies are applied.
The first step in the economic analysis of the basin was the selection of a
statistically based typology of farms in the área described in terms of size and crop
type. Then, an agro-economic model was constructed at the farm level with the
outputs from this model providing input to BNs also built at farm level. Individual
networks representing each farm type were then aggregated into an object-oriented
Bayesian network, which was used to assess the impacts of the whole system on the
aquifer (see Fig. 2).
For the development of the DSS, we employed the stakeholder group selected during the NeWater project1 (representatives of the Irrigation Communities,
Farmers' Associations, environmentalists, Guadiana River Basin Authority (RBA),
Castilla la Mancha Agricultural Council, and other independent groups). Information from the group was obtained from a set of meetings held during the course of
the NeWater project between 2005 and 2007 (Martínez-Santos et al. 2007).
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Fig. 2 Methodological scheme of the research

Following these meetings a participatory process was organized with the specific
aim of developing the Bayesian networks, as shown in Table 1:
Stakeholders were thus involved throughout the DSS modelling process. The
specific steps followed for the DSS development are explained in the following
sections.
2.2 Agro-Economic Models
A non-linear mathematical programming model written in the General Algebraic
Modeling System (GAMS) and built at the farm scale was constructed incorporating
the previously defined farm typologies. The model represents farmers' behaviour
by maximizing a utility function (U) subject to technical, economic and policy
constraints (g), and including a risk component that takes into account the effect
of climate (crop yields) and market uncertainties (crop prices). The utility function
is defined by a gross margin (Z) and a risk vector (R) that includes climate as well as
market price variability:
U= Z-R

•<7(Z),

Table 1 Stakeholder meetings included in the participatory process for the development of the
Bayesian networks in the Upper Guadiana basin
Date

Format of meetings

Content

May 2007

Methodology explanation
Definition of variables

January 2008

2 Group meetings:
(1) Farmers + Agriculture Dept.
of Regional Government
(2) Environmental NGOs + water
Administration (River Basin Authority)
Individual interviews

February 2008

Plenary meeting

April 2008
Plenary meeting
November 2008 Plenary meeting

Development of preliminary network
Definition of states of variables
Definition of CPTs
Validation of the BN
Completion of CPTs
Validation of preliminary results
Presentation of final results

where
Z = gross margin
<fi = risk aversión coefficient
a (Z) = sum oí standard deviations oí the gross margin as a result oí the variability
oí crop prices and yields
U is maximized subject a series oí constraints g(x) e S\, x e S2, where "x" is the
vector oí the decision-making variables or vector oí the activities defined by a given
crop-growing área and by an associated production technique, irrigation method and
soil type. The specific constraints taken into account in our model are as follows:
Surface constraint: sum oí surface per crop, technique and type oí soil < surface
available in the farm. Irrigated surface and rain-fed surface are considered
separately.
Soil constraint: sum of surface per crop and technique for each type of soil <
máximum surface available in the farm for that type of soil
Labour constraint: total labor needs per period = family labour available for the
farm + hired labour in each period
Water constraint: crop irrigation water needs < water allotment assigned to the
farm x water application technical coefficient.
Policy constraints: máximum and minimum set-aside surface defined as a percentage of the CAP supported crops in both irrigated and rain-fed área.
The technical coefficients and parameters (crop prices, yields, prices of inputs,
quantity of inputs for each crop and technique...) were obtained from fieldwork
carried out in the área of study during 2007 and 2008. The model was calibrated
using the risk aversión coefficient as a calibration parameter, then comparing it to
historie data related to crop distribution, land and labour in the área.
Once calibrated, the economic model was used to evalúate the impact, in terms of
economic results, water use and cropping patterns, of the joint application of several
agricultural and water policies in the Upper Guadiana basin. Results were then used
as input for the BNs.
2.3 Bayesian Networks
BNs are composed of a group of interrelated variables, linked in an aeyelie structure,
which define the system under study (Ames et al. 2005; Cain 2001; Jensen and
Nielsen 2007). Each variable is characterized by the 'states' it can adopt, which
can be defined as numeric valúes, intervals, qualitative estimations or Boolean
functions. Next, relationships between the diff erent variables are established in terms
of probabilistic dependencies. For each variable, a conditional probability table
(CPT) has to be defined, showing the probability distribution of that variable through
its diff erent states, given the states of its parent variables. The information about
conditional probabilities can be obtained from various sources: direct measurements,
mathematical models, or if no other data are available, expert opinión.
If we consider three nodes A, B and C, where A and B are conditionally independent, and C is conditionally dependent on A and B, this would be represented as
shown in Fig. 3.

Fig. 3 Example of a simple
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If A, B and C have two possible states each, then the BN model would require
estimates of the marginal probabilities P(A = ai), P(A = a2), P(B = bi), P(B =
b2) and the specification of the CPT representing the conditional probabilities for
variable C:
P (C = ci/A = ai, B = bi), P (C = c,/A = a,, B = b 2 ),
P (C = ci/A = a2, B = bi), P (C = c,/A = a2, B = b 2 ),
P (C = c2/A = al, B = bi), P (C = c2/A = a,, B = b 2 ),
P (C = c2/A = a2, B = bi), P (C = c2/A = a2, B = b 2 ).
When these probabilities are estimated, propagation of information through the
BN is possible and can be used to assess the consequences of decisions or observed conditions ('evidence'). Once constructed, BNs can be used to identify
the state of sub-groups of variables given the states of other variables on which
the sub-group is dependant (parents), through the process called "probabilistic
inference". The mathematical basis of this process is Bayes' Rule: P(al,bl/cl) =
P(cl/al,bl)-P(al,bl)/P(cl)
These calculations can be done using specialised commercial software such as
Hugin Researcher (Hugin Expert A/S 2008).
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Fig. 5 Connection between economic model and Bayesian network

In our research, each type of farm is represented by a sepárate BN. All have the
same structure but diff erent valúes in the CPTs. The input for the CPTs was obtained
from several sources: statistics and reports, stakeholder opinions, models, etc. The
building process followed the guidelines set out in the EU project MERIT (Bromley
2005). Figure 4 shows the individual BN corresponding to the farm scale.
The connection between the economic model and the BN is made through the
relationship between the four following variables: water availability, agricultural
policy, selection of the cropping pattern andfarm income. These relationships are
established for each farm type and it is based on those specified in the economic
model. Results from model simulations are used to fill some of the CPTs in the BN,
as shown in Fig. 5.
The BNs developed at farm level are aggregated using an Object-Oriented
network approach (Bangs0 and Wuillemin 2000; Koller and Pfeffer 1997). Although
there are no known examples of this type of construction in natural resources
management, it has been chosen because it provides the opportunity to represent
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Fig. 6 Schematic representation of the aggregated, object-oriented Bayesian network of the Upper
Guadiana basin

repetitive structures in the same model and to analyse the system at different scales
simultaneously. The aggregation process identifies common variables for all the farm
types and uses them as inputs for each individual BN, and then aggregates some oí
the results in a joint output network, as shown in Fig. 6.
This structure enables the impact of different management actions on the economy of each farm type to be evaluated and, at the same time, the joint impact of all
farm types on the aquifer. The advantage of the object oriented network in this case
is to allow the simultaneous analysis of impacts at different scales, which is extremely
useful in our context.
The overall process is not linear, but there must be feedback loops when new
evidence appears during construction of the model.

3 Simulation Scenarios
When completed, the Bayesian network can be used to test different water management and climate scenarios to examine what happens to the two variables that
have been selected as indicators of management performance namely, farm income
and aquifer recovery. Scenarios are simulated by fixing the states of relevant input
variables, which then genérate a distribution of probabilities for the child variables
selected as indicators. The object of the exercise is to evalúate the trade-off between
water for food and water for nature, the two main elements in the competition for
water resources in the case study. Simulations allow us to identify the way in which
farm income and groundwater levéis respond to changes in factors considered to be
responsible for overexploitation in the región: the types of policy implemented and
the degree of compliance of the farmers with those policies. Among the policies considered are those included in the regional water management plan (C.H.G. 2007a).
The main policy tool in this regional plan is the purchase of water rights at different
price levéis by the RBA from irrigators; but there are also some complementary
measures shown in Table 2.
With respect to the CAP, we have simulated the impact of partially decoupled
subsidies, which is the policy currently being implemented. Simulations have been
made using the Water Abstraction Plan for the current year (C.H.G. 2007b).
To simúlate different scenarios the states of input variables have been fixed, and
the response of output variables (aquifer recovery and farm income) noted. Different
scenarios tend to give rise to opposite responses in the two main output variables; as
income increases, so aquifer recovery declines. In this way the trade off between the
two factors can easily be evaluated for different scenarios. It is important to note
that fixed input variables are common for all farm types in the basin, that is, their

Table 2 Expected water savings through the implementation of accompanying measures with a
direct effect on water consumption
Reforestation
Programme of agrarian measures
Planning and monitoring
Total accompanying measures

Vol. recovered (Mm 3 )

Surface affected (ha)

108.8
50.0
48.0
158.8

68,000
10,000

78,000

valúes are fixed in the master network within the Object Oriented Bayesian Network
(OOBN) general structure, while for the output variables we have two cases:
Farm income is specific to a farm type and is not aggregated, as we are interested
in noting the differential impacts of scenarios for each type of farm. Results have
to be checked for each "class" of the OOBN.
On the contrary, the Aquifer recovery is a regional variable, and it is the result of
the aggregated effect of the different types of farms. Consequently, results will
be taken from the final aggregation in the OOBN.
In the simulations, the following variables have been selected as input variables:
(1) Policies implemented: purchase of water rights from farmers by the RBA,
simulating several offer prices, and
(2) The enforcement capacity of the RBA to make farmers comply with water
restrictions.
Finally, after the simulations, we separately calculated the effect of the accompanying
measures included in the SPUG, in order to find out the final probability for the
aquifer recovery.

4 Results and Discussion
The results of BN simulations are presented as probability distributions extracted
from the output variables. In Table 3, two input variables, Enforcement capacity
and Offer price of water rights is shown. Each variable has two possible states: for
example, Enforcement capacity has the states 'high capacity', and 'low capacity'.
For each combination of states for these two variables the probability distribution
for three output variables, % purchase, Farm income, and Aquifer recovery is given.
These distributions are shown as the likelihood (in percentage) of each variable
being in any particular state. For example, when Enforcement capacity is in the 'Low
capacity' state and Offer price of water rights is in the 'Low prices' state, then the

Table 3 Results of Bayesian network simulations: % purchase of water rights, distribution of farm
income and probability of aquifer recovery as a result of the diff erent levéis of prices paid by the
RBA for the water rights and diff erent levéis of the enforcement capacity of the RBA to make
farmers comply with water restrictions

% Purchase
Farm income
(average)

Aquifer
recovery

Enforcement capacity

Low capacity

Offer price of water rights

Low prices

High prices

High capacity
Low prices

High prices

Yes
No
<300
300-500
500-700
700-900
>900
Before 2027
Between 2027-2050
Later/never

5.4
94.6
5.9
4.1
12.9
17.5
59.6
12.0
7.1
80.9

50.9
49.1
4.8
7.6
9.3
13.8
64.5
49.3
8.5
42.2

29.8
70.2
6.2
12.6
19.4
21.1
40.7
36.2
13.7
50.1

68.9
31.1
4.0
13.7
12.1
14.4
55.8
64.0
10.0
26.0

probability of the output variable % Purchase being in its 'Yes' state is 5.4% and in
the'No'state 94.6%.
Results show that the highest probability of attaining recovery of the aquifer level
before 2027 is when the price paid for the water rights is high and the capacity of
enforcement of the RBA is also high.
With respect to income for the average farm, the model shows reductions of
between 5 and 10% when the enforcement capacity of the RBA is high, compared
to the income with a low capacity of enforcement. However, variations in income
distribution are not the same for all farm types, as shown in Fig. 7.
The results show that farm type Fl (small size, monoculture of vineyard) is the
most affected by the increase of the enforcement capacity, while income for the larger
farms is more affected by the price of water rights.
Table 4 shows the results for the aquifer recovery for the different levéis of
enforcement capacity of the RBA and offer prices for the purchase of water rights,
when accompanying measures are applied to 75-100% of the expected level of
implementation,.
Compared to results obtained with the application of the purchase of water rights
alone, the probability of attaining the aquifer recovery is higher if accompanying

INCOMEBYFARM TYPE
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Income (€/ha):
.900

«700-900

INCOMEBYFARMTYPE
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Income (€/ha):
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Income (€/ha):
>900 «700-900

«700-900
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INCOME BY FARM TYPE
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Income (€/ha):
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Fig. 7 Income distribution per farm type, as a function of the capacity of enforcement of the RBA to
make farmers comply with water restrictions and the prices paid by the RBA for the water rights. F\
are small, vineyard farms; F2 are medium-size farms with 100% annual crops; F3 are medium-size
farms with vineyard and FA are big farms

Table 4 Probabilities to achieve the aquifer recovery when accompanying measures are attained in
a75-100%ofexpected
Enforcement capacity

Low capacity

Offer price of water rights

Low prices

High prices

High capacity
Low prices

High prices

Before 2027
Between 2027-2050
Later/never

20.1
8.8
71.1

58.5
7.6
33.9

50.7
11.4
37.9

74.6
7.8
17.7

measures are also applied, increasing the probability of recovery before 2027 in about
10% for every combination Offer price of water rights-Capacity of enforcement and
diminishing the probability of never recovering the aquifer level in approximately
the same percentage (see Table 4 for comparison).

5 Conclusions
In a conflict situation where agriculture and nature compete for scarce water
resources, the development of a DSS combining economic models and Bayesian
networks have allowed the effects of water management decisions at diff erent scales
to be evaluated taking into account the impact on the agricultural system and the on
the environment at a regional level.
Bayesian networks have been shown to meet the requirements of the Water
Framework Directive by: (1) Simultaneously being able to take into account all
aspects of water use in the basin including the hydrological, socio-economic and
environmental dimensions, (2) Being able to actively involve users and stakeholders
in the decisión making process, to increase public participation, and to foster social
learning.
Object-oriented models have the additional advantage of being able to incorpórate impacts at diff erent scales. In our example it proved possible to evalúate the
impact of each individual type of farm in isolation, but also on the joint effects of all
types of farms at the regional level.
BN simulations have shown that the capacity of enforcement of the RBA to make
farmers comply with water restrictions is a key element in water level recovery. It
is not possible to achieve a reasonable probability for recovery of the aquifer if any
one of two factors is missing: 1) high level of prices offered for the water rights,
and 2) high capacity of enforcement of the RBA. In addition, the implementation of
accompanying measures of the SPUG is necessary to achieve a high probability of
recovery for the aquifer level, which cannot be achieved with the purchase of water
rights alone.
The compliance with water restrictions inevitably leads to some loss in farm
income, which is especially important for small vineyard farms. This could be avoided
by additional measures to encourage quality production or improve marketing.
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