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Abstract Integrated water resources management is a paradigm that incorporates
technical, scientific, political, legislative and organizational aspects of a water system.
This study presents a methodology for undertaking an integrated analysis of water
systems supplied by groundwater. This methodology is here applied to examine the
water system of the Altiplano region in Murcia, where the water extraction from the
aquifers greatly exceeds recharge and the irrigated areas supplied by those aquifers
have a very high agrarian profitability. First, the hydrological problematic of the case
study was conceptualized. Then, a sectorial study on each aspect related to the water
management of the system was developed. As Bayesian Networks was the chosen
technique for the integrated analysis, the information obtained by the sectorial
studies was translated into specific variables, which together with the relations among
them, modelled the real situation. As from a hydrogeological point of view the
water system is comprised of four autonomous aquifers, a Bayesian Network for
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every aquifer was designed. This decision-support system enables us to evaluate the
impacts generated under diverse water management scenarios.

Keywords Groundwater resources · Sustainable groundwater management ·
Integrated water management · Bayesian networks · Aquifer overexploitation ·
Hydrological models

1 Introduction

Water management worldwide is facing great challenges, due to continual and
growing pressure on water systems. Since the concept of sustainability was set out by
the World Commission on Environment and Development (1987), in the Bruntland
Report, water has been recognized as a special component for the present and
future development of all living beings (Loukas et al. 2007). In Europe, the Water
Framework Directive (WFD) adopts this philosophy of sustainability and obliges
all Member States to draw up Water Basin Management Plans by late 2009, in
accordance with the principles of Integrated Water Resource Management (IWRM),
and with the express requirement of active public participation in the planning
process. WFD encourages the active involvement of stakeholders in environmental
decision making, whenever possible. In addition, the earlier in the decision making
process this involvement takes place, the better (Bromley 2005). Involvement by
stakeholders means that future decision taking will be better grounded and more
consensual, and that socioeconomic implications will be taken into account (Andreu
et al. 2006; Orr et al. 2007).

The main goals of this paper are to propose a methodology for making a partic-
ipatory integrated analysis of water systems supplied by groundwater, and to show
the application of this methodology in a region with a semiarid climate, where the
water deficit is extreme and water abstraction considerably exceeds recharge. The
term methodology refers here to the whole research process. The secondary goals
of this paper are to show the Bayesian Networks (BNs) model structure designed
as a Decision Support System (DSS) for this study, as well as the description and
simulation of the different water management scenarios, previously proposed. The
case in question is that of the Altiplano region in Murcia (SE Spain), which is
paradigmatic regarding the intensive use of groundwater, which is the sole water
source available to the population, and where agriculture comprises the main use
made of water.

The first stage of this methodology is to identify and conceptualize the hydrolog-
ical problematic of the case study. The second phase is the development of sectorial
studies such as hydrogeological or socio-economic, which undertake all the aspects
involved in the study. Then, according to these previous studies and under an IWRM
approach, the balance of positive and negative impacts associated with the intensive
use of groundwater should be assessed as part of an integrated system, enabling us to
simulate possible management scenarios on the basis of previously established goals.
According to this purpose, a multivariable integrated analysis technique based on
Bayes’ probabilistic theorem, which requires developing a specific Bayesian Network
(BN) is applied for this study. This networks model, ultimately, is a DSS that enables
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managers to determine scenarios that are appropriate to the hydrologic policies
considered for the area.

The structure of this paper develops the proposed methodology and it is shown as
follows: firstly, the approach of the intensive exploitation of aquifers in the context
of IWRM is exposed. Then, the hydrological problematic explanation of the case
study is presented. After that, the results of the sectorial studies are described.
Then, the building process of the DSS based on BNs technique as well as the water
management scenarios proposed for this study are described and simulated. Finally,
the main conclusions drawn from this study are presented.

2 Aquifer Over-exploitation and IWRM

Various terms have been used to define the point beyond which the extraction of
groundwater exceeds aquifer recharge, often leading to undesirable consequences.
A study of the Sun Belt in the USA and Mexico (Custodio 2002) coined the term
Mining Yield to describe the situation in which water abstraction greatly exceeds
recharge to the system and provokes a significant decrease in its reserves. In the
same study, the concept of Safe Yield was defined as that which could be extracted
indefinitely without producing undesirable results. Perennial Yield constitutes an
extension of this concept, accepting that, under diverse exploitation scenarios, the
Safe Yield may vary.

Examples of this situation include the central and SW areas of the USA and
Mexico. Overexploitation in California was already estimated at about 5 × 10 million
of m3/year in the mid 1950s. In Mexico DF, ground subsidence of up to 7 m has
been recorded, caused by the intensive exploitation of groundwater; the ratio of
groundwater use to recharge has been estimated at 1.6 for a total abstraction rate
of 40 m3/s (Downs et al. 2000). In Libya, groundwater (which here is virtually
non-renewable) is piped from the central and southern parts of the country to the
Mediterranean coastal area, 500–900 km away. Similar cases of intensive exploitation
of aquifers occur China, India and in some parts of Brazil and in Mediterranean areas
such as the city of Venice, where excessive pumping has led to severe subsidence
(Carbognin et al. 1984), and the Gaza Strip. In Spain, intensive exploitation affects
77 aquifers, and currently amounts to some 700 million of m3/year (Custodio 2002).
Most of these cases are in SE Spain, where numerous aquifers have been affected
by the intensive exploitation of groundwater for several decades. For example, in the
areas of Alto and Medio Vinalopó (Alicante) and in the Altiplano in Murcia, various
aquifers (Jumilla-Villena, Ascoy-Sopalmo, Serral-Salinas, etc.) have been severely
affected. In Spain, aquifer over-exploitation is a term that has had legal repercussions
since it was incorporated into the Water Act of 1985. More recently, the scientific
community has employed the expression “intensive exploitation” to describe cases
in which a significant proportion of the interannual renewable resource is extracted
from an aquifer, appreciably affecting its hydrogeologic regime, producing changes in
the river-aquifer or wetland-aquifer relation, and/or causing significant political, legal
or socioeconomic impacts. Under this definition, it is obvious that the impacts caused
may be of diverse natures and affect different aspects of the environment. Therefore,
in order to understand the process completely, it must be analyzed in an integrated
way. However, relatively few studies under the IWRM paradigm have been made
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of water systems that are partially or entirely based on the use of groundwater, but
nevertheless integral analysis of their functioning and management is both necessary
and possible. At a recent scientific–technical meeting (ISGWAS 2006), one study
defined the main features that should be present in an integrated analysis of water
management (Llamas et al. 2006), while another described indicators that should
be taken into account in evaluating these aspects in groundwater systems (Vrba
et al. 2006). A particular case of a groundwater-based system is that in which over-
exploitation of aquifers takes place. This is usually associated with areas in which
precipitation is scarce and where, moreover, conditions are favourable for human
settlement and subsequent development.

The concept of IWRM arose from the principles of good water management,
which have been addressed at numerous international conferences, such as the
United Nations Conference in Mar del Plata (UNDP 1977), the International Con-
ference on Water and Environment in Dublin (WMO 1992), and the Earth Summit
in Rio de Janeiro (UNDP 1992). The development of IWRM implies the need to
carry out multi-disciplinary studies to consider all the aspects related to the question
of water management, with the fundamental goal of shifting this management in the
direction of sustainability. The IWRM represents an excellent approach for analysis,
as it incorporates the technical, scientific, political, legislative and organizational
dimensions presented by a water system and, thus, all the aspects involved in its
management and functioning. There exist many definitions of IWRM, and each one
takes a different approach. Perhaps the first principle to be born in mind is that
such management must be interdisciplinary. “Effective water management combines
economic concepts and methods with engineering and hydrologic expertise” (Heinz
et al. 2007, p. 1121). Thus, it is not sufficient to assess the impact generated on
a particular aspect or to consider one management strategy alone, but rather any
impact that is produced on any aspect (whether environmental, socioeconomic,
political, legal or whatever) related to this type of management must be taken into
account. Secondly, when proceeding to management analysis, it is necessary to have
participation by the stakeholders in the water situation, so that they can have the
opportunity to identify the issues that are most important to them; even though
this may give rise to conflicts and opposing opinions, the process is enriched by it
and consensus solutions may be found. The concept of integration means that the
impact produced by a given type of management or by a specific decision is not
limited to water availability, but may also span related aspects of the resource and its
medium. In this sense, it has been remarked that “Watersheds are natural integrators
of streamflow and, as a result, of stream pollutants and other human impacts” (Ames
2002) and that “Many watershed management problems require holistic, integrated
solutions” (Prato and Fulcher 1998).

3 Case Study

SE Spain is characterized by a mild Mediterranean climate. Over history, various
civilizations have settled there, and have based their development, to a large extent,
on agriculture, although nowadays tourism is a strong competitor. The highest
demand for water, for both activities, occurs in the summer months, when availability
is lowest. In general, current demand amply exceeds available supplies, and water is
an issue of paramount importance.
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The present study is focused particularly on the Altiplano area, in Murcia (SE
Spain), which includes the towns of Jumilla and Yecla, with a joint population of
some 58,000, distributed over an area of 1,579 km2; the population density, thus, is
relatively low. The Altiplano area is bounded to the east by the Alto and Medio
Vinalopó (which belong to the province of Alicante), to the south by the Oriental
and Vega Alta de Segura (in Murcia), and to the north by the province of Albacete.

The main economic activity in the area is agriculture, which is characterized
by its high profitability, partly due to the effective marketing of its products. The
most profitable crops are non-citric fruits and table grape wines. From a hydrologic
standpoint, the area has no permanent surface water courses, and the only available
water is that obtained from exploitation of four aquifers called Ascoy-Sopalmo,
Cingla, Jumilla-Villena and Serral-Salinas, which all extend beyond the boundaries
of this area and of the hydrographic region. Only the two first names of these
groundwater reserves belong exclusively to the Segura River Basin Agency. The
others are shared with the Júcar River Basin Agency, and moreover extend into the
Alicante province (Fig. 1). Finally, note that the Altiplano region has not formed part
of the large hydraulic projects that have been carried out in SE Spain, such as the
Tajo-Segura water-transfer scheme and the Taibilla Canals Consortium, the latter
being dedicated exclusively to supervising the supply of domestic water for human
consumption (Fig. 2).

Fig. 1 Study area
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� Fig. 2 Main hydraulics infrastructures

The first actions to extract groundwater in the area were taken in the late
nineteenth century. However, large scale exploitation began in the mid twentieth
century with the joint actions of various public agencies that had been set up in the
1940s with the object of benefiting areas of high agricultural interest. In the early
1970s a further boost was given to the use of groundwater in the area with the
increase in demand for agricultural products and also for water to supply the coastal
zone. In addition, private initiatives boomed during the 1970s and various companies
began to irrigate large areas of land, using groundwater to do so. Some users of
groundwater began to form associations, and the early land cooperatives provided
the inspiration for the present-day agrarian associations Under the modern Spanish
Water Act of 1985, these irrigation bodies could to choose between converting their
private rights into public ones or to continue as private concerns. However, nowadays
most of the water rights are still private and the amount of legal water rights for
aquifers abstraction is much more than their renewable groundwater resources.

Due to all the previous circumstances these aquifers have been severely affected.
In some of them, piezometric levels have fallen by up to 200 m over a period of
30 years. This has raised the cost of water extraction, and has had negative effects on
the environment, although it must also be recognized that this intensive exploitation
has produced positive effects, too, by increasing agricultural income, which in turn
has enabled demographic stability or increase in some zones, as well as other socio-
economic benefits.

In recent years, some measures have been implemented in an attempt to alleviate
the water problems faced in the region. These measures are grouped generically
under Act 10/2001, of 5 July, as part of the National Hydrologic Plan, and by Royal
Decree-Act 2/2004, of 18 June, which declared it a matter of national, urgent and
priority interest to take steps to provide the Altiplano with water resources. The main
action undertaken is the connection of the domestic water supply systems of Jumilla
and Yecla to the Taibilla Canals Consortium, via a conduit through the Talave-
Cenajo system, thus providing access to domestic water from the Tajo-Segura water-
transfer (Fig. 2). These actions are aimed at satisfying domestic water demand and
alleviating the situation of over-exploitation of aquifers, although the possibilities
of positive action to return the aquifers to their original condition have yet to be
addressed, let alone any time scale or estimation of the costs and benefits involved.

4 Results from Sectorial Studies

Once the problematic is well identified, an exhaustive analysis of the aspects related
to the intensive exploitation of groundwater in the area is necessary. The aspects
considered can be grouped as economic, social, hydrologic, environmental, legal,
institutional and political (although some of these are clearly difficult to quantify).

The socioeconomic study includes an analysis of the uses and demands for water,
and their repercussions on the local society and economy. For water demand, the
relevant data in the hydrologic plans for the Segura catchment area (CHS 1997) and
the Júcar catchment area (CHJ 1997), as well as the own information collected for
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Fig. 3 Main areas irrigated and main populations related with “Altiplano” groundwater bodies

this research were considered. These plans define a series of Agrarian Demand Units
(UDA). Figure 3 shows the spatial distribution of irrigated crops and of the urban
areas that are partially or totally supplied with water from the aquifers in the study
area. Table 1 shows the irrigable areas under analysis and their water demands. In
the case of the Segura catchment area, gross water demand for irrigation of the areas
supplied mainly from the four aquifers is 135 million of m3/year, for some 30,000 ha.
The crops irrigated are non-citric fruits (apricots, peaches, pears), which occupy 35%
of the surface area but represent 58% of water requirements (Fig. 4). It is striking that
wine grapes occupy 25% of the surface area but only comprise 7% of water demand.
The Júcar catchment area, on the other hand, contains large areas of irrigated crops
in the Alto and Medio Vinalopó, and in Campo de Alicante (over 40,000 ha, in all),
with water requirements of some 155 million of m3/year—these are partially met
from the Jumilla-Villena and Serral-Salinas groundwater (Table 1). Most of these
crops are outside the boundaries of the Altiplano area, which has a total surface area
of irrigated land of about 18,000 ha (55% in Yecla and 45% in Jumilla).

Despite the great depth at which the groundwater is located, extraction costs do
not exceed 15% of total agricultural costs, and in the case of fruit crops, this falls



Aquifers Overexploitation in SE Spain

Table 1 Water demand related with the groundwater mass analysed (made from CHS 1997 and
CHJ 1997)

Demand unit Total demand Part satisfied by the studied water
(mill m3/year) masses (mill m3/year)

Yecla-Corral Rubio Irrigations 24.8 11.9 C (32%), J-V (16%), others (52%)
Jumilla Irrigations 14.7 12.3 C (63%), J-V (21%), others (16%)
Irrigations on Ascoy-Sopalmo aquifer 30.8 30.8 A-S (100%)
Ascoy-Sopalmo aquifer Irrigations on

Sinclinal de Calasparra 18.7 18.7 A-S (100%)
Serral-Salinas Aquifer Irrigations 9.6 9.6 S-S (100%)
Ascoy-Sopalmo aquifer Irrigations on

Fortuna-Abanilla-Molina 22.1 22.1 A-S (100%)
Jumilla-Yecla water supply 5.5 5.5 C (100%)
Vinalopó-Alacantí Exploitation System 155 29.5 J-V (10–15%), S-S (4%)

281.2 140.4

C Cingla aquifer, J − V Jumilla-Villena aquifer, S − S Serral-Salinas aquifer, A − S Ascoy-Sopalmo
aquifer

to 10%. The average extraction cost is currently 0.17 C/m3, including investment
in infrastructure. These values rise slightly with lower piezometric levels, but it is
difficult to put a precise value on this increase, as it is strongly influenced by electricity
consumption, the price of which is established by direct negotiation between each
user and the electricity company (approximately 0.06–0.10 C/kwh). Thus, the cost of
groundwater is not a limiting factor to agricultural profitability in the zone, and the
biggest real problem resides in the scarce availability of water and in the exhaustion
of reserves.

Fruit crops are the most profitable in the area, as their productivity is very high
(30–35 tonnes/ha year); despite high relative costs, recent years have been good in
this respect, with the exception of peaches, which have produced significant losses
due to low market prices. The average net margin for fruit crops in the area has been

Fig. 4 Net water demand per crop versus net crop distribution
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estimated at 8,000 C/ha. The yield of table grapes is comparable to that of the fruit
crops, and grapes are currently profitable due to high market prices. In the case of
wine grapes, yields are much lower (7 tonnes/ha year) and these crops are currently
loss-making.

Urban and industrial demand met from the water supply system totals some 5
million of m3/year, satisfying the needs of over 60,000 inhabitants of the Altiplano
area (Table 2). In addition, about 13 million of m3/year are currently extracted to
partially meet the urban and industrial demands of urban areas in the Vinalopó-
Alacantí system, which belongs to the Júcar catchment area (Table 2). The fact
that groundwater comprises the sole source of supply has obvious socioeconomic
repercussions and is a factor in urban development.

As regards our study of the hydrologic and hydrogeologic aspects of the area,
the investigation was focused, for every aquifer, on the hydrometeorologic analysis
needed to assess aquifer recharge, on quantifying pumped abstraction and on calcu-
lating the consumption of water reserves. The mean precipitation in the zone is about
300 mm/year, with a severe interannual variation (in some cases over 100%), and
occasionally intense rainfall that can exceed 100 mm/day. Recharge was evaluated
from daily hydrometeorologic records from over 30 years, using Visual Balance
(Samper et al. 1999) water balance code. As a result, an estimation of the mean
renewable water reserves in the aquifers studied is 35 million of m3/year, these being
derived exclusively from the infiltration of precipitation onto permeable outcrops
(Table 3). The application of these methods reveals the scarcity of existing data
for calibrating the models, together with calculation problems and uncertainties
concerning the evaluation of the recharge, due among other reasons to our lack of
knowledge about the natural regime of the aquifers.

Pumped abstraction can only be estimated indirectly, as very few boreholes are
fitted with volumetric control meters. In this study, the volume and rate of water
abstraction is estimated by studying bibliographic records and from field surveys of
the main water users. At present, there are about 125 active boreholes and their
average rate of exploitation over the last 10 years amounts to some 147 million
of m3/year (Fig. 5). However, the number of boreholes actually drilled in the area
may be up to four times higher, without counting those that have been replaced or
deepened; thus, the total financial investment made has been very significant.

The water balances calculated from the above data are clearly deficitary (Table 3),
which is evidenced as a notable consumption of water reserves (−111 million of
m3/year and an accumulated drawdown exceeding 3,000 million of m3). The rates
of descent of the piezometric levels have exceeded 10 m/year in some sectors of the
aquifers, these figures being amongst the highest in Spain. Figure 6 shows compara-
tive falls in water levels since 1980, when the aquifers were already obviously over-
exploited. A significant part of recent hydrogeological research in this field has been
focused on extending our knowledge of available reserves and of the impact that
would be caused by their exhaustion. For instance, aquifers compartmentalisation is
another overexploitation impact (Fig. 6).

As concerns environmental aspects, the study area contains five areas that are pro-
tected at a European level, being classified as HCI (Habitats of Community Interest)
and included in the 2000 Nature Network; specifically, these are Sierra del Carche,
Sierra de Salinas, Sierra Serral, Sierra del Buey and Sierra Enmedio. Moreover,
environmental protection measures of a regional nature have been established for
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Fig. 5 Exploitation reconstruction comparative of the water masses. 1 Cingla, 2 Jumilla-Villena, 3
Ascoy-Sopalmo, 4 Serral-Salinas

the Sierra del Carche Natural Park and the Sierra de Salinas Natural Landscape. To
the best of our knowledge, there are no specific references in the literature to studies
of the effects of intensive exploitation on the aquifers in these protected areas. The

Fig. 6 Comparative drawdown of the water masses. 1 Cingla, 2 Jumilla-Villena, 3 Ascoy-Sopalmo,
4a Serral-Salinas (occidental sector), 4b Serral-Salinas (oriental sector)
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most important negative environmental impact arising from intensive exploitation is
doubtless the loss of the springs and wetlands associated with these aquifers. With
respect to the wetlands, there are historical references to small lakes in endorreic
subbasins in Villena and Salinas, with some of their inflow accounted for by discharge
from the Jumilla-Villena and Serral-Salinas aquifers, respectively. Various studies
have remarked upon the loss of numerous wetlands in SE Spain during the twentieth
century, with negative impacts related to changes in the migratory routes of birds.

From a legal standpoint, all the aquifers in the study area have been granted
exploitation rights well above the level of natural renewable resources, which means
that over-exploitation is not only a fact, but one that is legally sanctioned. This
situation dates back to the current Water Act, which was passed in 1985, and by
which most of the water resources in the study area are registered as “Temporarily
Private Waters”. This means they enjoy administrative protection for 50 years and
the preferential right to be classified as “Public Waters” at the end of this period.
Moreover, most users do not actually consume the maximum yields permitted by
law, because their needs are met with less; hence, they could, in fact, increase the
volume of pumped output and remain within the law. It seems evident that any
attempt to restore the aquifer system will require a review and restructuring of the
present water rights system. Another relevant aspect is that these water reserves have
been declared at extreme risk of not fulfilling the environmental goals set out in the
European Union Water Framework Directive, as concerns their quantitative and
qualitative conditions.

With respect to the institutional dimensions of the question, part of the problem
resides in the difficulty involved in managing water resources that are manifestly
scarce. As the Ascoy-Sopalmo and Jumilla-Villena aquifers are the only ones offi-
cially classified as over-exploited, since December 1986 and July 1987, respectively,
these aquifers have Users’ Management Boards, but their actions are constrained
by the limited means available to them. The other two aquifers in the area have
not officially been declared over-exploited, and therefore have no specific managing
body. Nevertheless, the fact of the water problem has led to a growing ambition for
collective action to address the situation.

Intensive exploitation of the aquifers in the area has led to severe political conflicts
between local towns and districts (regarding demands for water for irrigation, on
the one hand, and for urban supply to the coastal zone, on the other), between
Autonomous Communities (regions) in Spain and with the national Government.
Furthermore, the water issue is at the centre of daily political debate, and numerous
pressure groups and lobbies of all kinds seek to make their voices heard. A positive
political impact was felt initially, as water exploitation produced apparent benefits,
but the present situation is clearly unsustainable and there is now a certain degree of
consensus as to the need to resolve the problem by regulating supply and demand, al-
though this consensus does not yet go beyond very general aspects of the question. In
establishing new water policies for the area, it is necessary to analyze the possibilities
of obtaining new water supplies from beyond the local area, in order to maintain the
“created wealth”, as well as recycling, reducing demand, desalination, increasing the
consumption of reserves, etc. All of these options will have important repercussions
on the development model adopted, and it will be necessary to determine the local
population’s capacity to adapt. These possibilities will shape future action strategies,
to be assessed as appropriate via the Decision Support Strategy.
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5 DSS Based on a Bayesian Networks’ Model

The BNs model construction was assessed in all the phases by a stakeholders’
involvement which had the participation of regional and local Water Boards involved
in the study area, together with agricultural organizations, suppliers, research bodies
and representative ecological groups. The data obtained from these stakeholders was
obtained by interviews, surveys and questionnaires in the field. This information,
together with the results of the sectorial studies, was included in the DSS and proved
to be highly useful, providing genuine information input on the problem.

5.1 Justification of the BNs’ Election as a Method for the IWRM

Evaluating different management options for a system that comprises elements of a
diverse nature is always a complex matter, and thus what is needed is a variety of
suitable tools and techniques. Two groups of techniques that are especially suitable
for implementing IWRM are Models and DSS (Bromley 2005). Models are simplified
descriptions of a real system that simplify calculation and prediction. Many models
have been designed to provide the integration of aspects concerning the hydrology
of a given water system, such as surface flow patterns, groundwater flow, vegetable
cover, etc. Examples of such models include MODFLOW (McDonald and Harbaugh
1988) and MIKE SHE (Refsgaard and Storm 1995). However, although these models
are highly useful for studying water resources and impacts on the environment, in
most cases they are not designed to address and integrate widely-varying aspects
such as the socioeconomic, legal and cultural issues related to water management.
Nevertheless, two processes for IWRM have been implemented by means of models,
and these are capable of integrating a wider range of aspects than are traditional
models, namely Adaptive Environmental Assessment and Management (AEAM)
(Ames 2002), and the Shared Vision model (Loucks 1995; Palmer 1999). These
models typically contain social, economic and environmental impacts as well as
hydrologic and hydraulic analyses (Ames 2002).

DSS complement models and are considered, at present, the best means of ap-
proaching an integrated analysis of water management. Such systems are constituted
of machines that think and reason as would do a human being who is expert in the
field (Stevens 1984). These systems are provided with data from many diverse sources
of information, including field survey data, experimental results and even those
obtained from traditional models. There are many types of Environmental DSS,
including mathematical models, influence diagrams, decision trees, multi-criteria
analysis and spreadsheets. Cain (2001) identified numerous types of DSS and their
corresponding commercial software. DSS can be either stochastic or deterministic,
depending on whether or not, respectively, they deal with processes containing
a degree of uncertainty. Stochastic DSS are further divided depending on how
uncertainty is dealt with, and include methods such as Certainty factors (Buchanan
and Shortlife 1984), Evidence theory (Sapher 1976) and Probabilistic methods.

The BNs technique or method is used to analyze stochastic processes in which
uncertainty is addressed via probability. According to Cain (2001), a BN can be
defined as follows: “Some nodes that represent random variables that interact with
others. These interactions are expressed like connections between variables. The
outcome must be acyclic structures”. BNs have been used as a DSS for some time, in
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fields such as medicine, road safety and artificial intelligence. However, they have had
only limited, and recent, application in environmental systems. Bayesian Networks
are based on the concept of conditional probability. The mathematical basis for the
technique is the Bayes Theorem by which when two variables X and Y are defined
such that P(x) > 0 for all x, and P(y) > 0 for all y, then the following expression is
valid:
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In practice, the Bayes Theorem is used to determine the a posteriori probability of
a certain variable of interest, given a set of findings, taking a finding as the assignation
of a value to a variable on the basis of a datum (a measurement, an observation, etc.).
The a posteriori probability is the probability of a variable or subset of variables,
given the evidence e. This is termed the conditional probability P(x/e).

A Bayesian Network consists of three main elements: firstly a set of variables
that represent the factors relevant to a particular environmental system or problem;
secondly, the links between these variables; and finally, the conditional probability
tables (CPTs) behind each node, which are used to calculate the state of the node.
The first two elements form a Bayesian Diagram and the addition of the third forms
a full network.

The use of BNs presents a series of advantages over that of other Environmental
DSS. Firstly, the BN is a representation of all knowledge of the system that is
relevant to the decision. The BN shows the model composition on the basis of
the active participation of stakeholders, in the sense of the structure they perceive
and of the definitions of the variables and the relations between them. In the BN
process, not all stakeholders may agree that the model is correct, but they will at
least understand the model relationships and elements that are presumed. Secondly,
the use of BNs has the further advantage of representing uncertainty in a simple
way, and this is an attractive feature, as the use of complicated mathematical models
discourages managers when such policies are to be implemented. In addition, the
methodology may be applied flexibly, both as concerns the scope of the study
(watershed, aquifer, etc.) and its structure. This aspect means it is highly useful for
addressing and modelling problems that lack a clearly-defined structure, which is the
case of environmental issues. This modular structure of a BN means that the analysis
can be collapsed or expanded as needed to span all the relevant variables. Finally, the
mathematical structure underlying the BN graph lends itself to sensitivity analysis.
A sensitivity analysis can be used to determine which variables in the system have
the greatest impact on the outcomes of interest. Although other IWRM approaches
may support sensitivity analyses, the BN approach enables us to distinguish system
uncertainties from model uncertainties by computing the uncertainty about the
probability estimates (Ames 2002).

Very few prior studies have been made of the integrated analysis of water man-
agement incorporating BN technique. Perhaps the most important one is the Neuse
Estuary Bayesian Ecological Response Network (Neu-BERN). This was created by
Borsuk and Reckhow (2000) to model algal growth, fish kills and human effects on
water quality in the Neuse Estuary in North Carolina. Another study was developed
by Varis and Kuikka (1996) at the Finnish Environment Institute, where BNs are
currently being used to analyze the impact of buffer zones on water protection and
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biodiversity. Kuikka and Varis (1997) also used BNs to examine the uncertainties
associated with the impact of climate change on Finnish watersheds. A review of the
use of BNs in various studies has been carried out by Ames (2002). Few studies of
this kind have been performed in Spain; the first one is a study of integrated water
management in the Mancha Oriental catchment area, in which diverse scenarios were
examined considering water management in this area, which is severely affected
by over-exploitation (Domínguez 2004). Currently, in Spain, it is being develop-
ing a BNs application focused on La Mancha Occidental catchment area, within
the NeWater European project (GOCE 511179). This work is being carried out by
Madrid Complutense University, the Geological Survey of Spain (IGME) and the
Madrid Polytechnic University (Henriksen et al. 2007; Zorrilla et al. 2007).

5.2 DSS Based on BNs

BNs construction follows a set procedure. Firstly the variables that describe and
impact upon the system are identified. For that, the information generated by the
previous studies (sectorial studies) is subsequently translated into these specific
variables (Tables 4 and 5). Secondly, the relationships among these variables are
defined; and finally the Conditional Probability Tables (CPTs) are completed based
on the best data available. The time scale of the network is 1 year, so that all variables
and data are defined accordingly.

The system comprises four independent groundwater bodies. Thus, it would be
excessively complex, to incorporate all aquifers within one network. Moreover,
the use of averaged hydrologic variables to represent all aquifers would does not
make sense. For this reason, a BN has been designed specifically for each aquifer
(Fig. 7). Every aquifer also has a related and specific irrigated area that does not
necessarily coincide with the area of the aquifer. Although each aquifer differs
hydrogeologically, they all possess the same socio-economic variables. Because they
are common to each aquifer these socio-economic variables can be identified in each
aquifer-network as an interface (output) node and connected to a final network
(fifth) where the same nodes appear and where they can be analysed together. This
final network is used to assess the impact of the socio-economic conditions in all four
aquifers combined. In effect it describes the average social and economic behaviour
of the whole system (Fig. 8).

The BN used to describe each aquifer is divided into two main sections; one
part dealing with the hydrology/hydrogeology; the other with social and economic
conditions (Fig. 7). Obviously, the aquifers are not identical, which means that the
configuration of each one is slightly different to reflect the specific circumstances
of each aquifer. Figure 7 and Table 4 show the aquifer-network full version which
includes all 32 variables, though not all 32 appear in each and every aquifer-network.

The variables are divided into five groups according to their function in the net-
work (Table 4). The groups are: (1) Parent nodes: these are not subject to the states
of other nodes; in this study most parents represent proposed strategies that may
or may not be implemented; (2) Intervention actions: these are actions that follow
from the strategies selected through the parent nodes; (3) Intermediate variables:
represent simulation of the intermediate processes that take place between action
and objective; (4) Partial objectives: are intermediate objectives that contribute
toward final objectives; (5) Final objectives: represent the variables that are of key
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Table 4 Extended list of variables included in the aquifer-network

Group Name Explanation

1. Parents Climate change % Annual rainfall reduction
WDRC (coercive tools) % Reduction of agriculture water

demand applying coercive tools
WDRV (incentive tools) % Reduction of agriculture water

demand applying incentive tools
External irrigation water resource
income TJV Million m3/y

External irrigation water resource
income desalinitation Million m3/y

Purchase of WR Offer price Euros/ha
External domestic water resource
income JV transfer Boolean (Y/N)

External domestic water resource
income TS transfer Boolean (Y/N)

Reduction in water concession
or quotas % Reduction in total water quotas

assigned
Sale land offer price (Rustic) Euros/ha

2. Interventions developer Price of external irrigation water
resource Euros/m3

External irrigation water resource
income or availability Million m3/y

Purchase of water right % Water rights sold by the farmers
Sale of land for tourist activities % Irrigated crop area sold
Income from sale land Euros/ha

3. Intermediate nodes Rainfall Annual average rainfall (mm/year)
Natural recharge Million m3/y
Irrigation water need after rainfall Million m3/y
Water irrigated abstraction 1 Million m3/y
Water irrigated abstraction 2 Million m3/y
Water irrigated abstraction 3 Million m3/y
Water domestic abstraction Binary (current abstraction/none)
Water abstraction Million m3/y
Annual water budget Million m3/y
Crop distribution % Crop surface
Market trend Trend of crops prices in the last

5 years
Variable costs % Increasing above Retail Price

Index (RPI) RPI: 4.5%
4. Partial objectives Total income from alternative

activities Euros/ha
Agricultural net profit Euros/ha

5. Final objectives Total income Euros/ha
Natural discharge recovery Years
Total number of agricultural

direct employment Number of employments/ha
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Table 5 List of variables included in the final network

Group Name Explanation

Intermediate nodes Total Income 1 Euros/ha
Total number of agricultural

direct employment 1 Number of employments/ha
Total Income 2 Euros/ha
Total number of agricultural

direct employment 2 Number of employments/ha
Overall objectives Total Income Euros/ha

Total number of agricultural
direct employment Number of employments/ha

Fig. 7 Structure of Aquifer-Bayesian Network. 1 Hydrological part; 2 socioeconomic part

Fig. 8 Structure of the final network
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importance to the system; the states of these variables that are of most concern to
stakeholders. Finally, the ‘interface’ variables in the system are “Total Income” and
“Total Number of Agricultural Direct Employment”. These variables connect to the
fifth network that describes the overall socio-economic conditions in the combined
area of the region irrigated by all four aquifers. The variables for this final network
are shown in Table 5.

The CPTs for hydrogeological variables were entered automatically via the
Learning Wizard module, which is included into the Hugin Expert System that is
the software used for building the BNs model. These hydrogeological CPTs were
entered using data obtained from groundwater models constructed for each aquifer.
For socioeconomic variables the CPTs were completed using an own agro economic
simulation model constructed for each irrigated area.

5.3 Description and Simulation of Water Management Scenarios

The effects of making a real water management by considering different scenarios,
are evaluated and compared with respect to the “business as usual alternative
(BAU)”, which is assumed to be the scenario one under current conditions, as
described by data available in 2007–2008. The second scenario is made up of
individual interventions based on actions carried out in other neighbour basins. The
states and also the probability distribution of every intervention are introduced in
the BNs as real information from the stakeholders. The third scenario is the water
balance equilibrium included as a WFD’s requirement. For this, the DSS is forced to
evaluate the impacts generated on the socioeconomic variables of the system.

5.3.1 First Scenario: Business as Usual (BAU)

This scenario represents the case in which there would not be any water management
intervention. Thus, the groundwater exploitation would keep on the same way and
the piezometric levels would continue go down till the physic exhaustion of the
aquifers. Under these conditions the Ascoy-Sopalmo aquifer has a 0% probability
of recovery to its natural state, the Serral-Salinas has a 3.3%; the Jumilla-Villena
aquifer has 8.8% chance of total recovery within a period of 100 and 200 years, and
Cingla aquifer has 0.74% probability. On the other hand, the network shows that for
the Ascoy-Sopalmo’s irrigated area there is a 20% chance of net profit falling within
5,000–10,000 euros ha−1; for Serral-Salinas there is a 100% chance of net profit falling
within 1,000–5,000 euros ha−1 and there is a 30% chance that the rate of employment
rate will be less than 0.1 employees per hectare per year. For the Jumilla-Villena’s
area the agricultural net profit is 100% likely to fall within the range 1,000 and 5,000
euros ha−1. Finally, for the area supplied by the Cingla aquifer the agricultural net
profit has a 90% chance of falling between 1,000 and 5,000 euros ha−1. For the overall
economic behaviour of the system, the total income is most likely to fall between
1,000 and 5,000 euros ha−1 (82.49%) and there is a 94.4% possibility of obtaining
between 0.1 to 0.3 number of agricultural employments per hectare and per year.

5.3.2 Second Scenario: Individual Water Management Interventions

The existing hydrological unsustainability of these aquifers means the only way to
recuperate them to their natural state is through the application of water manage-
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ment interventions. At the moment almost no interventions are being made, so
the imposition of any action will lead at least to some modification of the present
situation. The probability functions of the interventions, introduced into the BNs
are the results of the stakeholders’ contributions made through questionnaires and
surveys. The results are shown in a numerical way for this scenario and the third one,
in order to facilitate the understanding of the impact generated by every intervention.
The following actions will be considered:

(a) External water resource income (EWRI)

This action is proposed to deal with the problem from the supply side, taking
irrigation and domestic supply as separate issues. For irrigation concerns, there are
two approaches. The first is by external water transfer from the Jucar-Vinalopo,
with water being applied to aquifers that have some surface area in the Jucar Basin
(Serral-Salinas and Jumilla-Villena). Nevertheless, the cost of this intervention is
estimated in 1 million of C/year, and the impact on the whole system will not be
very important in terms of alleviating overexploitation (20 million of m3/year). The
second way is the application of desalinated water to all aquifers. The amount of
water that can actually be transferred into the water system depends to a large
extent on its price. But the price paid for the water also depends upon the amount
being purchased; the more purchased the cheaper the unit rate. This actuation will
have an impact on the entire system of 43 million of m3/year in terms of palliating
overexploitation, with a total cost of 14 million C/year.

To manage with the problem of supplying domestic water two strategies have been
investigated. The first is to use water imported from the Jucar-Vinalopo Transfer and
to use this in aquifers that lie partly in the Jucar Basin (Serral-Salinas and Jumilla-
Villena). The second scenario is to bring in water from the Tajo-Segura Transfer,
and utilise the import in all the aquifers. In this case the variable is binary (i.e. Yes
or No). The impact for palliating the hydric deficit is estimated only in 18 million of
m3/year for the whole system.

(b) Purchase of water rights (PWR)

The success of the intervention depends on the offer price for the amount of water
right (euro/m3) being acceptable to farmers. In reality, farmers are very reluctant to
sell their water rights and thus need to be compensated by an extremely good offer
price. Thus, the impact of this intervention will not either be very important and it is
estimated in 9 million of m3/year with a cost of 16 million of C/year.

(c) Water demand reduction (WDR)

This scenario approaches the problem from the demand, rather than the supply side.
According to the Segura Basin Agency, the amount of water used by farmers for
irrigation is close to the optimum suggesting that a reduction in supply is not possible
without causing a significant decrease in crop production. Nevertheless, despite
this assertion, some scope for water demand reduction exists through improved
agricultural management. Water demand reduction is evaluated in two ways: first
by coercive actions such as fines and taxes, and second through incentive means in
the form of awareness and sensitization campaigns. Reduction of demand through
the second approach is likely to be much less than the first; this is reflected by the
results of the network. In this evaluation, both ways are measured at the same time.
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The impact of this intervention is estimated in 45 million of m3/year for alleviating
the hydric deficit with a cost of 47 million of C/year.

5.3.3 Third Scenario: Equilibrium in Water Budget

This final scenario is proposed in order to check the consequences or impacts
generated in all the aspects, in the case of all the water balances of all aquifers were
in equilibrium. This scenario is reached when the recharge and the abstraction of
the aquifers are equals. This situation is very interesting to be analyzed in order
to simulate a scenario that the WFD requires as a compulsory alternative to reach.
This scenario can be reached by two different ways. The first one is by purchase of
water rights and the second one is by import of external water resources (in this case
desalinated water). Obviously, the value of the economic impacts generated by every
way are very different and it is also different the economic valuation method. Thus,
the impact of purchasing water rights is estimated in 120 million of C/year measured
in terms of “lost profits”, and the impact of importing external water is 35 million of
C/year measured in terms of “loss of Agricultural Net Margin”.

6 Discussion and Conclusion

This paper proposes a methodology for tackling studies about integrated ground-
water management. This methodology is aimed to be applied in any water system
supplied by groundwater and it is made up of various stages. It is important to
considerer that each case study will have its specific features but it will be always
necessary to follow these stages. In this research, it was applied in a real problem of
intensive exploitation of groundwater on an area of SE Spain. The election of the
technique or method for the integrated analysis was the BNs due to various reasons.
Bayesian Network technique is implemented as a DSS integrating all the variables
involved in water management in the study area. The proposed BNs model enables
us to structure the problem, and can be extrapolated, with minor modifications, to
other study cases.

The results from the sectorial studies allow us to understand much better the
functioning of the whole water system from many points of view (hydrogeological,
socioeconomic, legal, etc). Thus, it is interesting to note that the current cost of
extracting groundwater (about 0.17 C/m3) is some three–four times lower than the
price of desalinated water (as supplied at sea level), which is one reason why farmers
will continue making use of groundwater while reserves hold out. On the other hand,
prices currently being quoted for water obtained from the Júcar-Vinalopó transfer
scheme are around 0.21 C/m3. Thus, prices for new sources of water tend to be
higher than the present cost of extracting groundwater, and so if incentives are not
provided for a policy of substitution it is unlikely that management alternatives will
find favour. Moreover, it is foreseeable that decreases in piezometric levels will not
significantly increase water extraction costs, as other factors are more influential,
such as the direct negotiation of conditions with the electricity supply company.
Agricultural profitability, at present, is not threatened by the cost of water, but rather
by market prices for crops, which tend to be highly unstable from 1 year to the next.
Furthermore, the fact that a total reduction in reserves of some 3,000 million of m3

has already occurred means that the timescale for restoring the levels of a natural
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regime within the aquifers, if pumping ceased entirely is very extensive; it would
require some 25 years for the Cingla aquifer, 47 years for Jumilla-Villena, 83 years
for Serral-Salinas and 256 years for Ascoy-Sopalmo.

A real water management in the area is proposed through three scenarios. The
first one assumes the continuity of the present situation, which would lead to the
physical exhaustion of water reserves in the aquifers and would have a negative
influence on the development model for the region. Every intervention included
in the second scenario would also imply a change in the productive system, and
requires us to assess the adaptive capabilities of the local population. Finally, in the
third scenario, the requirement of reaching the equilibrium of water balances of the
aquifers will generate very strong impacts on the different socioeconomic variables.
Thus, the WFD’s deadline for getting the good qualitative and quantitative status of
water for 2015 is impossible to carry out by then, not even with the two extensions
(year 2024).

The present study has highlighted certain key factors to understanding the reality
that the intensive exploitation of groundwater generates both positive and negative
impacts, which need to be considered in an integrated way. Moreover, the analysis
and employment of aquifers bearing in mind a historical perspective may justify their
intensive exploitation for a specific period of time, so that subsequently, with the
wealth thus generated, and with the productive system in a more mature condition,
the benefits obtained may be reinvested to restore the aquifers to their original state.
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