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ABSTRACT

Water is a fragile natural resource and yet reliable access to water is a key factor for social and economic
development in Mediterranean countries. Groundwater resources are essential to maintain a stable water
supply to growing cities and part of the most efficient farming areas of the region. This paper reviews and
evaluates the dynamics of Mediterranean water resources focusing on the socio-economic and
technological dimensions, and the role of groundwater in the mitigation of drought and water scarcity
risks. The region is undergoing rapid social and environmental changes and all indicators point to an
increase in environmental and water scarcity problems with negative implications towards current and
future sustainability. Recent changes in agricultural land use and irrigation, tourism development,
demography and lifestyle, and trade stress water resources with recurrent and increased frequency.
Pressures and impacts of water scarcity often result in conflicts and with an apparent lack of policy
response towards sustainable management, due to the complex institutional organization. While there is
wide recognition in the region of the threats that prevent more sustainable groundwater management, the
economic forces push for further use intensification. More open agricultural trade, rather than easing the
pressure, will exacerbate it because of the opportunities opened to produce more Mediterranean products
and market them to Europe. The adoption of new technologies will improve the extraction and use of
groundwater, providing a living for millions of households, but affordable extraction of brackish or
wastewater may add further pressure to maintain adequate extraction rates, even if water quality
deteriorates or piezometric levels deepen. The historical cooperation in the region, further developed by
the Euro-Mediterranean agreements, reinforced by the development and interchange of technology, and
cooperation in the strategic use of groundwater resources, stand as the base for meeting some of the
challenges. Nevertheless groundwater’s flow of services is seriously threatened in areas suffering from
poverty, in the most water stressful regions (including some European ones), and in countries where weak
water institutions limit adaptive management. 
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1. GROUNDWATER: A CONTRIBUTOR TO DEVELOPMENT IN THE MEDITERRANEAN

Water is a fragile natural resource, and yet reliable access to water is a key factor for social and economic
development in Mediterranean countries. The region is undergoing rapid social and environmental changes
and all indicators point to an increase in environmental and water scarcity problems with negative
implications towards current and future sustainability. Recent changes in agricultural land use and
irrigation, tourism development, demography and lifestyle, and trade stress water resources with recurrent
and increased frequency. These social pressures on water resources highlight the challenge of managing
water resources in a sustainable way. Pressures and impacts of water scarcity often result in conflicts and
with an apparent lack of policy response towards sustainable management, due to the complex
institutional organization (Garrote et al., 2005; Iglesias et al., 2005a; Iglesias and Moneo, 2005; Garrido
and Llamas, 2005).

Groundwater resources stand out as an attractive, reliable, and easily accessible source of water to millions
of farmers and thousands of cities. Increasing access to groundwater plays a key role in alleviating poverty,
stabilising populations and reducing the need for farmers to migrate when drought threatens agricultural
livelihoods (Moench et al., 2003). Nevertheless, daunting management problems threaten the
conservation of numerous aquifer units throughout the region.

This paper evaluates the dynamics of Mediterranean water resources focusing on the socio-economic and
technological dimensions. It also looks at the role of groundwater for economic development and for the
mitigation of droughts and water scarcity risks. The region may face some of the water scarcity challenges
thought cooperation, technological development, and strategic use of groundwater resources.
Nevertheless groundwater’s flow of services is seriously threatened in areas suffering from poverty and in
the most water stressful regions (including some European ones). We show that the technological divide
between North and South is rapidly narrowing in areas like desalinisation, irrigation, and food production.
Technology adoption, added to the availability of agricultural land, agricultural trade liberalisation and the
existence of large rural sectors in need of increase incomes, will increase the pressure on the Region’s
groundwater resources. Some of the strategic values of groundwater and its sustainability may result
impaired unless strong institutions enforce good management practices. Lastly, strengthened regional
cooperative, a better understanding of the resource’s dynamics and social dimension, and more efficient
monitoring systems give hope for easing the present pressures on groundwater in the next decades.

2. SOCIAL AND ECOLOGICAL DRIVING FORCES AND PRESSURES 

2.1. Background

Mediterranean countries (Figure 1) are diverse from the point of view of socio-economic development,
climate, water availability and infrastructure, and the social and ecological pressures on water resources
(Tables 1 and 2). These differences result in a large range of water inflows and outflows to the
Mediterranean basin and across countries (Figure 2). In most cases, rainfall and water resources are
limited, scarce, and difficult to predict from year to year. The average annual potential water availability per
capita considering the total freshwater resources in southern Mediterranean countries is less than 1000
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m3 per capita and year (Table 2). In addition, real available water resources are always less than potential
water resources in all cases. For example in Spain real available water resources are less than half of the
total freshwater resources and the potential use of surface water under natural regime is only 7% (Iglesias
et al., 2005b).

Figure 1. Mediterranean countries 

Figure 2. Mediterranean basin inflows and outflows in each country. Source: Plan Bleu (www.planbleu.org/)
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Another marked different across countries, with implications for the appearance of alternative water
sources, is the consumption of electricity in per capita terms. On average it amounts to 1.5 kwh per person
and day in Morocco, 2 in Algeria, and 3 kwh in Tunisia; and about five to ten times greater in Europe. Yet
among the Mediterranean countries, Morocco is by far the less energy efficient country in term of GDP
measured at PPP per kg oil equivalent. Increasing energy production is thus a necessity for all these
countries to enable more rapid economic growth and better material well being.

2.2 Socio-economic pressures 

The pressures to achieve sustainable water management in Mediterranean countries arise from water
scarcity in some areas, the inequitable distribution of resources across economic sectors or social groups,
or a combination of both in the most stressed regions. Economic instruments contribute to the design of
effective management options but alone are ineffective (Garrido and Calatrava, 2005). Social and
ecological water needs are included in all major water resource management plans, but meeting these
needs is often a challenge, especially in situations where the current water use is unsustainable (Baron et
al., 2002).

Current pressures on water resources in Mediterranean countries are derived from population dynamics,
economic and social development, and technological trends. Population growth in many southern
Mediterranean countries is the major factor affecting water resources (Table 1). In 2003 the population
growth rate was above 1.5% in Algeria, Libya, Morocco, Israel, Egypt, and Turkey, although in all of them
growth rates have diminished since 1999. Yet, about 2 million new people are added to these societies
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Source of data: FAO, 2005; World Bank, 2005

Table 1. Socio economic indicators: Population, GNI per capita, agricultural value added and energy use in selected
Mediterranean countries



every year. Population growth will further reduce per capita water availability, with direct and indirectly
effects on groundwater. Urban consumption will keep growing and food needs will add further pressure
on available resources. In fact, per capita available resources have gone down between 1993 and 2007 by
12 % in Algeria, 15% in Egypt, 15% in Libya, 12% in Morocco, 19% in Syria, 8% in Tunisia, and 10% in
Turkey.

(a)The values refer to both regulated and unregulated water. Real available water resources in all cases are a fraction of these values.
(b)These values include transboundary water. See also Wolfe, 1999.
(c) A proportion of these values is included in the total renewable water resources.
Source of data: AQUASTAT, 2005

2.3. Water quality problems

A common problem of aquifers in the Mediterranean region is the degradation of the groundwater quality
due to multiple stresses: excessive pumping in relation to average natural recharge, return flow from
irrigation water with intense use of agrochemicals, leakage from urban areas (land fills, septic tanks,
sewers, mine tailings, among others; Barraque, 1998; Fornes et al., 2005). In addition, drought episodes
contribute to the degradation of groundwater quality (Iglesias and Moneo, 2005; Iglesias et al., 2005a).
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Table 2 Water resource indicators: Total freshwater resources, available resources, use, and water availability in
selected Mediterranean countries 



Many aquifer systems contain vast quantities of brackish water with limited possibilities for exploitation in
urban or agricultural supply systems, imposing added stress to those aquifers with water of higher quality.
Brackish water desalinisation plants in Egypt confirm the potential of this technological solution (Allam et
al., 2003).

Saline intrusion is always an important concern in coastal aquifers, especially in the Mediterranean, where
tourism development in the coasts has resulted in over-pumping to meet peak seasonal demands. The
intensity of the problem depends on the amount of the abstraction, in relation to the natural groundwater
recharge, but also on the well field location and design, and on the geometry and hydrogeological
parameters of the pumped aquifer (Fornes et al., 2005). New technologies are being developed for the
prevention of saline intrusion and offer an optimistic scenario for the future. Artificial local recharge is
considered as an effective technology in counteracting sea water encroachement and groundwater
depletion. For example, the Korba coastal aquifer of the touristic region of Cap Bon (Tunisia) is pumped by
over 7,000 wells, extracting around 50 hm3/year. Over the last four decades the water table has
dramatically decreased and concentrations of salt have increased to peak values of 5 to 8 g/l (Panicini et
al., 2001). Artificial local recharge was applied during the last decade near one of the costal well clusters
as a constant rate of 3 hm3/yr, resulting in substantial decrease of the salinity level in the central costal
portion of the aquifer.

Salt and nitrate pollution are exacerbated low irrigation efficiencies coupled to an inadequate
management of nitrogen fertilization (Rijsberman, 2003). Thus, higher irrigation efficiencies, optimized
nitrogen fertilization and the reuse for irrigation of the low-salt, high-nitrate drainage waters are key
management strategies for a better control of the off-site pollution irrigated agriculture.

2.4. Shared aquifers 

Figure 3 provides a snapshot of the characteristics of groundwater resources around the Region. Overall,
most of the aquifers share the properties of having low recharges or complex hydrological structures. The
Worldwide Hydrogeological Mapping and Assessment Programme (WHYMAP) a joint programme of a
consortium lead by UNESCO. The WebMapping Application aims at visualizing hydrogeological information
collected within the project at a global scale, but the databases also include more regional or country level
additional information on hydrogeological resources.

3. AGRICULTURAL DEVELOPMENT

Water for agriculture to irrigate crops remains the main consumptive use of water in the Mediterranean
region (Figure 4). Agricultural activities have increased in all countries except Libya, whereas it has gone
down in Europe by about 25% in the last decade. Nevertheless, agricultural population decreased in ten
northern countries but remained stable in the southern countries. Food production accounts for 10 to 24%
of all the economy value added. Yet this comes from low capital utilization, as shown by the extremely low
utilization of fertilizer (Table 3). This implies that, although most water resources is preferentially allocated
to the farm sector, there is very little water and land productivity, except in Egypt and Lebanon. Agricultural
production in Mediterranean countries relies strongly on international markets for cereals, oil products and
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sugar. Except Turkey, all countries agricultural balance is strongly negative. Yet, except Turkey all countries
have managed to increase their food production ratio, despite strong population growth.
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Figure 3. Shared aquifers in the Mediterranean region. Source: WHYMAP Project, UNESCO

Figure 4 Water use for irrigation and irrigated agricultural areas in selected Mediterranean countries.
Source of data: FAO, 2005



Source of data: FAO, 2005; World Bank, 2005

The land-holding structure (Table 4) is skewed towards small farms, most of them smaller than 5 ha (1 ha
in Egypt). The land-holding structure supports an adult population of 20 million. In France and Spain, there
are 857,620 and 736,000 people living on agriculture, of which less than half are considered full time
producers.

Source: FAO (2005)

The evolution of irrigation in all Mediterranean countries has been remarkable over the last half century,
but northern and southern Mediterranean countries differ in relation to the rate of expansion of irrigated
land and irrigation technology (Table 5 and Figure 5). Other water demanding sectors have also
experienced significant growth within the region. Spain, for instance, has experienced a tourist and second-
home boom all across the Mediterranean littoral. While Spain presently has 275 golf courses, a 75 more
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Table 3 Agricultural indicators: water use, irrigated area, fertilizer use and agricultural trade

Table 4 Land holding structure in selected Mediterranean countries based on Census data



are on project only along the Mediterranean cost, representing a demand increase of about 30 m.c.m. The
expansion of cities, tourist resorts and irrigated agriculture will certainly be limited by the availability of
water resources and of energy as well, particularly in the Southern countries.

Table 5 Characteristics of irrigation technology in Mediterranean countries

* Data shown for all countries except Turkey correspond to the 1998-2002 period; for Turkey data correspond to the 1993-97 period;
**Of Equipped for irrigation of Full control irrigable areas
Source: FAO (2005)
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Figure 5 Irrigated areas in Mediterranean countries. Source of data: FAO, 2005



The fact that groundwater generates wealth for Mediterranean farmers is beyond dispute. Therefore, social
demand for its use is very large and results in unsustainable overexploitation. This is especially clear in
Spain (Fornés et al. 2005; Llamas and Martínez-Santos, 2005). Groundwater, as a strategic resource during
drought periods, is facing difficulties, and evidence points that this strategic resource has reached the limits
in southern Mediterranean countries. All data show that the technological revolution makes groundwater
easily available to many farmers and therefore farmers use groundwater with an immediate benefit.
Southern Mediterranean countries have small agricultural area per person, but large amounts of land
available. Groundwater combined with technological revolution and rural poverty result in tremendous
pressure for groundwater and tendency to overexploitation. In the long run, due to population increase in
Southern Mediterranean countries, there may irreversible damage to many hydrogeologic units. In this
case, drought and water scarcity crises will have extremely large implications.

In terms of trade, virtual water has been a hot issue since the concept was suggested by Allan in 1996
(Allan, 1997). It is instructive to review the extent to which virtual water is becoming a major process in
Algeria, Egypt, Libya, Morocco, Syria, Tunisia and Turkey. Clearly, if traded water embedded in food
communities is increasing, this would be an indication that water is being allocated according to some
rationality. The rationale for virtual water trading has been promoted by many authors (Allan, 1997; Qadir
et al. 2003; Yang and Zehnder, 2002).

Table 6 reports data on our calculations of the virtual water trade occurred in 2002, using FAO data on
food imports and exports and the values of Barthelemy et al. (1993), used also by Zimmer and Renault
(2003). Data shows the importance of virtual trade in all countries, and critical in Egypt, Algeria, Tunis and
Morocco.

Source: Own calculations based on data from FAO, 2005.

In the case of Algeria its virtual water balance is almost equivalent to total internal renewable resources.
Tunisia, Libya and Turkey have lower food per capita production in 2002 than in the FAO reporting period
1979-81, but their agricultural trade has increased by more than 100%.

This suggests that all the mentioned countries are importing massive amounts of water embedded in food
commodities, essentially cereals and animal feed. The case of Algeria is noteworthy as it is importing 365
m3/per person and year, which amounts to 90% of the per capita fresh water availability. This is estimate
is close to that evaluated by Yang and Zehnder (2002) of 335 m3/per person and year.
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The notion of virtual water trade has been expanded to include industrial goods in addition to farm goods
(Llamas, 2000). But in our view, the notion of virtual water does not permit a direct application to industrial
goods. The main reasons are that industrial goods have very little embedded water value and generally
they are driven by other factors’ constraints, mostly capital, know-how and social/human capital that deter
foreign investments. Wichelns (2004) provide a detailed discussion of how virtual water trade does not fit
with the notion of comparative advantage. He mentions the omission of technology, other factors’
constraints and the fact that water allocation may not obey to opportunity costs that reflect relative
scarcity.

For instance, Spanish and Italian regions subject to water scarcity export highly valued commodities
because their climates, capital availability and farmers’ social capital allow for large food exports to the
rest of Europe. Egypt exports almost 1 billion of m3 embedded in price and cotton, perhaps because it has
abundant salty waters that can be used for rice production.And in the case of Syria its virtual trade balance
is negative because its primary exports are sheep and goats, which according to Barthelemy et al. (1993),
has 13500 m3 embedded in one metric ton of meat. All these examples suggest that the concept of virtual
trade has more value as a means to raise politicians’ and water experts’ awareness than as theoretical
construct to analyse a countries’ water policy.

4  TECHNOLOGICAL DEVELOPMENT

Technological development in water reuse and irrigation is driving the current trends in groundwater use.
Once these new technologies are used spreadly they may likely exacerbate the pressures on water resource
availability and quality.

Recent availability of reuse and desalinisation technologies at market rates and wide scale continues to be
developing at a fast rate. Yet, in the last years we have seem significant efficiency gains in the process of
desalting brackish and sea waters. Most recent estimates put the cost rate at 0.22 Û/m3 and 0.48 Û/m3.
Spain has tripled its desalinisation capacity from 400 mcm per year in 1994 to 1500 in 2004, and has plans
to add 1000 mcm in the following years (Farina, 2005).

Libya embarked in 1964 in a process of developing desalinisation capacity in order to substitute exhausted
mining aquifers with fresh production (Abufayed and El-Ghuel 2001). In 2001, Libya had capacity desalt
0.6 mcm/day that represented about 20% of the total fresh water available to the country.

Fresh groundwater resources in Egypt contribute to some 20% of the total potential of water resources in
Egypt. Yet the country’s aquifers are abundant with brackish water, which can also be desalted for
agriculture (salt tolerant crops) and fisheries (shrimp farms) or for supplying potable water at an affordable
cost (Allam et al., 2003). With reverse osmosis technologies, the conversion rate is now at 3.6 kwh per cm.
However this large efficiency may be, an average Moroccan supplied with desalted water the energy bill
would need to pay would be equivalent to 33% of her per capita electricity consumption. Thus, at present
rates and disposable income, desalinisation technology is simply not affordable for most of the Southern
Mediterranean countries.
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In Jordan results show a more optimistic future of desalinisation in the Middle East. Their calculations show
that brackish groundwater collected from the Zarqa basin, Jordan can be made ready for consumption at
0.26Û/m3 (Afonso et al. 2004). Examples of potential applications of the use of brackish waters in several
regions of Morocco are also reported (Saadi and Ouazzani 2004).

Wastewater from the uptakes from the Sea of Galilee (Lake Kinneret) is usually non-utilized because the
high salt content (around 2000 mg/l chlorides). Yet in Jordan and Israel, the cost to make is available for
agricultural irrigation is evaluated at $ 0.39/m3 and $0.45/m3 (Bick and Oron, 2000).

In another important strand, irrigation technologies are capable of increasing water and land productivity
(Table 4). This is especially important with many typical Mediterranean valuable crops, which can be
harvested when the rest of European harvests come several months later. Irrigation technologies ensure
the best results when combined with efficient irrigation schedules or supplemental irrigation. Decision
Support Systems are now available that provide farmers improve their water use efficiencies (Croke et al.,
2002; Martin de Santa Olalla, et al, 1999). The combination of extension services with on-line maps
frequently updated with climatic data is a means to enhance the periodicity of investments in irrigation
technologies.

The evidence supporting the beneficial effects of innovative irrigation management and technologies is
overwhelming (Georgopoulou et al., 2001). Water savings in the range of 30 to 40%, just by better
managing the application schedules, with no yield reductions have been reported by Causape et al. (2004),
and Luquet et al. (2005). In addition, technology shifts both on-farm and within district levels shows that
significant water conservation provides economic returns (Peterson and Ding, 2005; Cetin et al., 2004). In
most cases, just controlling for key management factors such as soil moisture along the phenological
stages is sufficient to accomplish consumption reductions. Shani et al. (2004) have shown that in many
cases the most efficient irrigation schedule is not the one that yields the maximum production.

Economic models generally envision various management options within farmers’ choice options, including
‘supplemental’ irrigation’ (Oweis et al., 2004; Pereira et al., 2002), and water-conserving irrigation
technologies (Varela-Ortega et al., 1998). These models show that irrigation investing in more efficient
irrigation technologies is just of the set of responses that farmers can pursue to respond to more expensive
water. Sometimes, fallowing the least efficient crops or moving to rainfed irrigation may be more beneficial
than investing in new technologies. Decision support systems based on geographic information provide as
well valuable information to farmers that decide to save money and water in the farms (Martin de Santa
Olalla et al., 2003). This wealth of literature demonstrates that significant water conservation levels are
accessible to millions of farmers in the region.

In orchard agriculture, the benefits of drip irrigation may include: better olive survival, earlier crop
production, greater yields, efficient nutrient distribution, less plant stress, reduced yield variability and
improved crop quality (Cetin et al. 2004). Drip irrigation in olive trees can produce a Net Present Value of
US$ 3464 per ha after an initial investment of US$ 2244 per ha (Cetin et al., 2004). The expansion of olives
production in Turkey would permit virtual water exports of 11,350 m3 of water per Ton of olive oil (a figure
that is similar to that of bovine meat).
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5. THE ROLE OF GROUNDWATER FOR DROUGHT MANAGEMENT IN A CONTEXT OF
GLOBAL CHANGE

Groundwater resources play a vital role in meeting water demands, not only as regards quality and
quantity, but also in space and time, and are of vital importance for alleviating the effects of drought
(Garrido et al., 2000; Llamas, 2000; Llamas and Martinez-Santos, 2005). However, groundwater pumping
should be controlled because excessive use of the aquifers can cause overexploitation problems with the
consequent negative environmental, social and economic impact.

Major advances in understanding the Mediterranean climate have been made in recent years. Atmospheric
scientists can now predict some of the medium-term (one or two seasons ahead) features of our climate
with a reasonable level of skill. This provides specific opportunities for incorporation of forecast information
into water management strategies, especially related to irrigation. Several regional studies are looking at
the benefits of climate information and seasonal climate forecasts for different farm types and cropping
systems in both northern and southern Mediterranean countries (Iglesias et al., 2002). The work focuses
on improving timing of production and efficiency of irrigation water use. The regional studies focus on
optimising traditional production systems since they are the current basis of agricultural production in the
Mediterranean, but the research also has benefits for large-scale commercial systems.

There are numerous signs of tensions arising from scarce allocation and inter-sectoral competition,
especially between agriculture and the tourist sector. The impacts of drought are documented in the case
of the Guadalhorce River in Southern Spain during the 1991-95 drought in the river’s parameters and on
the supply systems (Roberts, 2002). Signs of unsustainable development are unequivocal in this particular
area, illustrating problems that are being experiencing in many other regions with agricultural and tourist
potential.

Historically, policy-makers with competence in agriculture at the national and sub-national levels have
been responsible for both natural and economic resource management. These agricultural managers
already use short-term weather forecasts in irrigation scheduling with success, since cropping systems must
be matched with seasonal water supply, a major component of risk for farmers (Iglesias et al, 2002; Iglesias
et al., 2000; El-Shaer et al., 1997; Wilhite and Vanyarkho, 2000). These managers, therefore, have already
incorporated quantitative estimates of probabilistic climate conditions and modelling output into their
decision-making process. It is reasonable to expect that this current situation may lead to an effective
dialog among resource managers and scientists on methods of quantitative assessment, therefore paving
the way for improving the development of adaptation strategies for longer-term climate change.

In Crete groundwater resources are very sensitive to climatic variations, with a natural drop in groundwater
levels of about 10 m and little surface runoff being possible during drought years (Croke et al., 2002). The
20 m drop in the groundwater level over the past 10 years is due to the increased irrigation pumping in
conjunction with drought years. The model also indicates that the Messara Valley might have gone through
cycles of near zero groundwater net recharge every 3-4 years starting in 1982 (an El Niño year).

The structural water deficit of many Mediterranean countries has been aggravated during the drought
episodes in the last thirty years. Since the 1990s, Mediterranean countries have improved drought
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preparedness strategies but have also experienced severe drought impacts. Drought indicators, although
imperfect, contribute to understand the temporal characteristics of drought and to define alert situations.
Past efforts to manage drought have built capacity to deal with similar situations, but have failed to solve
the conflict among users, especially with the environment.

Drought management needs to be integrated into the long-term strategies for water management (Wilhite,
2005). When water resources are managed at the basin level, there is an opportunity to respond directly
to the needs and problems of the natural hydrological system with policy decisions. Monitoring and early
warning systems continue to improve and are being incorporated into the planning processes.

Figure 6 Water pumping and piezometric levels. Data source: Canal de Isabel II, 2003

5.1. Climate change

Drought management in both regulated and unregulated systems will have to adapt to the slow evolution
of climate. If projections become a reality, water scarcity is expected to rise in the next decades posing
additional problems to water managers and users. The combination of temperature increase and changes
in the hydrological cycle, limit some of the current adaptation measures, such as the increase of the volume
of irrigation water. Under current conditions all Mediterranean countries face significant problems due to
the inbalaced distribution of water resources, conflicts among users, and between countries and it seems
likely that climate change will lead to an intensification of these problems. The effects of sea level rise in
North Africa, especially on the coast of the Delta region of Egypt, would impose additional constraints to
the use of resources (IPCC, 2001).

Northern Africa’s adaptation capacity is challenged in particular, as climate change comes in conjunction
with high development pressure, increasing populations, water management that is already regulating
most of available water resources, and agricultural systems that are often not adapted (any more) to local
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conditions (Iglesias et al., 2005a). Evidence for limits to adaptation of socio-economic and agricultural
systems in the Mediterranean and North African region can be documented in recent history. For example,
water reserves were not able to cope with sustained droughts in the late 1990’s in Morocco and Tunisia,
causing many irrigation dependent agricultural systems to cease production (Iglesias, 2002; Iglesias et al.,
2005a). In addition, effective measures to cope with long-term drought and water scarcity are limited and
difficult to implement due to the variety of the stakeholders involved and the lack of adequate means to
negotiate new policies.

The human dimension of climate change impacts in the Mediterranean Maghreb might not stop at the
regions’ boundaries. There is the potential for more pronounced water conflicts with neighbouring regions
(i.e. transboundary issues in the Nile and in many shared aquifers). There is the risk of climate change
induced refugee flows to Europe from the region (Iglesias et al., 2005a).

Climate change projections indicate an increased likelihood of droughts (Kerr, 2005). Variability of
precipitation – in time, space, and intensity — can directly influence water resources availability. The
combination of long-term change (e.g., warmer average temperatures) and greater extremes (e.g.,
droughts) can have decisive impacts on water demand, limiting further ecosystem services. If climate
change intensifies drought impacts, Mediterranean water delivery systems and control may become
increasingly unstable and vulnerable. Water managers may find planning more difficult. Current water
management strategies based on changes in mean climate variables should be revised to account for the
potential increase in anomalous events.

5.2. Strategic resources

Conjunctive use of surface-groundwater resources has been around for decades. Tsur and Parker (1997)
concluded that the stability value of groundwater may equivalent to 50% of the use value of groundwater
used in agriculture. Llamas and Custodio (2001) compile tens of studies in which the role of groundwater
is highlighted and its social importance emphasised.

Garrido et al. (2000) showed that in times of drought the marginal value of water for irrigation is at least
one order of magnitude greater than in normal times. Gomez-Ramos and Garrido (2004) showed that
irrigation has a buffer value for urban supply systems that, properly managed, is far more efficient to other
structural solutions to increase urban supply reliability. The urban supply system of Madrid and more than
one hundred of municipalities (pop. 5.5 mill) depends on groundwater to face scarcity situations of
moderate to severe level (Canal de Isabel II, 2003).

These are just examples of the potential role of groundwater to smooth the instability created by
hydrological cycles. But, despite the wealth of evidence in favour of maintaining its strategic role, all
indicators in Spain and in most Southern Mediterranean countries suggest that water authorities generally
fail in this matter. For instance, Flores et al. (2005) show that groundwater resources upstream the Madrid
area have experienced a structural downwards trend that impairs their ability to add reliance to the whole
supply system (see Figure 7). It may be due to many reasons, but most likely the increasing reliance of
second-home owners on groundwater to avoid connecting to regional water supply company is behind this
trend.
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Source: Flores et al., 2005.

Figure 7 Piezometric Index in The 03.05.85 Piezometer. Madrid

6. MAIN CHALLENGES FOR SUSTAINABLE USE OF GROUNDWATER

The main challenge to sustainable groundwater is to maintain its social and strategic value. As Table 1
shows, groundwater provides a significant part of irrigation water to the farm sector in Algeria, Morocco,
Egypt, Turkey and Tunisia. Spain and Italy rely heavily on groundwater as well. This implies that
groundwater is key resource for food production and for the livelihoods of millions of families in the
Southern Mediterranean countries. It is also likely, that groundwater use is associated with the most
profitable and efficient use of land/water for irrigation.

6.1. Monitoring

Monitoring and early warning of potential quality and quantity problems, and careful evaluation of the
technological, institutional, and economic instruments contribute to mitigate current and future conflicts
while maintaining the key role of this strategic resource in Mediterranean countries. These aspects are
discussed below with examples of success and failures in their implementation that may serve to improve
future sustainability.

Improved technology in instrumental monitoring devices, such as piezometers, plays a key role for
accounting of resources, determining the rates of renewal, and model building for integrated management.
All efforts to effective groundwater modelling highlight the importance of an adequate accounting of the
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system’s characteristics in order to obtain realistic models appropriate for integrated management
(Paniconi et al., 2001; Allam et al., 2003). Droughts are abnormally stressful periods for groundwater
resources due to the increase in pumping intensity leading sometimes to the overexploitation of aquifers.
An effective sustainable management of the resource is to avoid this scenario by the appropriate
monitoring.

If drought indices are adequately calibrated to represent local features of the water resources system of
the basin, they can be used as auxiliary tools for drought monitoring and forecasting. Droughts are slowly-
evolving phenomena, and one of the most difficult tasks is identifying the beginning (or the end) of a
drought. Drought effects are usually delayed in time, and once the economic or social impacts begin to be
perceived it is usually too late to adopt mitigation measures. Systematic computation of drought indices,
together with a thorough statistical analysis of historical droughts can be used effectively to identify the
onset of drought and to make probabilistic forecasts about its magnitude, intensity or duration. For
instance, drought onset can be identified using threshold values for a given drought index, according to
historical information. Once the drought is started, the knowledge of the statistical properties of drought
can be used to estimate the probability that the drought will reach a given magnitude or that the drought
will last a given span of time.

Since drought index computation requires the ready availability of many meteorological and hydrological
data, in certain real time and early warning systems it is better to use just a few representative variables
to monitor drought occurrence and development. A statistical analysis can be performed on drought
indices and raw hydrological variables to identify just a few key values that can explain most of the
variance of the drought index time series. For instance, the Tagus basin uses as drought indicators
precipitation at two raingauges, located in Caceres and Madrid, and reservoir storage at the headwaters
and Madrid water supply systems.

Groundwater drought is difficult to evaluate with the traditional indices based on precipitation or storage.
The decreased precipitation causes a decrease in the amount of recharge, which in turn causes lower
groundwater levels and decreasing groundwater discharge to the surface water system, which is a
groundwater drought. But other two processes interact: the lower return flow and the higher extraction
during hydrological drought.

The capability to understand climate variations and the possibility to predict stressful periods is also an
opportunity to develop adequate management strategies that avoid irreversible situations of groundwater
resources overexploitation. There are several research centres with the capacity to make climate
predictions. These are based upon the deep knowledge of the processes that make the climatic system
work and the statistical analysis of the past. Predictions, therefore, give “probabilities” of happening for a
precise event, but at the moment they are still not infallible. An effective way of presenting the drought
early warning is by maps, which show the variations in probability of drought events of a given level of
severity (e.g., the probability of a 50 per cent reduction in annual rainfall). Several National and
International efforts are currently underway to incorporate drought monitoring and prediction into early
warning systems. Some examples of well established efforts include the National Drought Mitigation
Center in USA, the Early warning systems for agriculture from the Australian Bureau of Meteorology, agro-
meteorological analysis by the Joint Research Centre of the European Commission, the Famine Early
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Warning System initiative of the US Agency for International Development, and the South African Weather
Bureau. In Mediterranean countries, the National Drought Observatory of Morocco has been recently
established to provide the agricultural community with a product easily interpreted by local stakeholders.

6.2. Demands

In all Mediterranean countries, demand is raising due to demographic shifts, economic development and
lifestyle changes. Water use in the region is mainly for agriculture, accounting for over 50% of total water
use in all countries except France where water used in agriculture is only a 10% of the total use,
nevertheless the other economic and social water demands are rapidly increasing, such as tourism and
ecosystem services (Iglesias et al., 2005a). There is a clear difference in the proportion of water usage in
the different sectors between northern countries, where industrial use shows a larger share than domestic
use, and southern countries, where agriculture is the main use followed by domestic and finally industrial
use.

Irrigated agriculture is crucial to ensure food and fibber production has continued to increase despite the
lower level of investments for developing new irrigable areas and the focus on rehabilitation of existing
schemes. The shortages of food projected in the 1990s were in part averted because of Llamas’ silent
revolution in groundwater use and the efficiency gains in water applications. Yet the overexploitation of
aquifers and an associated decline in water quality have been occurring in many parts of the developing
and developed world, particularly in the semiarid regions. These processes threaten the social benefits of
groundwater resources across the Mediterranean region.

In recent years investments made by private farmers in groundwater irrigation may have had a larger
impact on livelihoods for poor people than the public investments in large-scale surface water irrigation
systems (Plusquellec, 2002). This conclusion provides rationale to seek sustainable use of a resource with
deep roots in the livelihoods of millions of households.

While it is difficult to come by with total value figures of groundwater resources, recent works provide
estimates that can provide an approximate idea. In the context of highland Jordan, farmers would be
willing to pay from US$ 0.14 to 0.35/m3 without having any impact on the cropping pattern or the planted
area (Salman and Al-Karablieh 2004).

Similar valuation ranges have been found in Spain (Calatrava and Sayadi, 2005; Berbel et al., 2005), Italy
(Bazzani et al., 2005) and Morocco (Saadi and Ouazzani, 2004). What these values show is that desalted
brackish waters have already entered in the range of affordable prices for many users in the Mediterranean
region, including irrigators. Could we entertain the prediction that there will be another revolution of with
thousands of small desalinisation plants spread all over the region? The answer to this question is yes and
no, for a careful evaluation of the energy and agricultural sectors in many countries casts doubts on the
extent to which desalinisation can become a massive alternative supply.

An important point emerging from the data of groundwater use in Mediterranean countries is the key
socio-economic dimensions of groundwater in these countries. This role is first supported by the
contribution for food production, for domestic consumption, and for export earnings, that is for rural and
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socio-economic development. In additions, groundwater is a reliable and key water source to face risk
during drought episodes.

Intensive use of groundwater is a recent phenomenon, less than half a century old in most places. This
situation has occurred mainly in arid and semi-arid countries, in some coastal zones and near to a few
megacities. In most cases, almost all groundwater abstracted is used for irrigation (Fornes et al., 2005). The
pressure on groundwater resources in the last decades partially arises from the intensive development of
intensive irrigated agricultural areas. Global examples include the developments in India, Pakistan, Yemen,
Eritrea, and Egypt, among others (Moench et al., 2003).

Water resource managers face the dilemma of ensuring future sustainability of groundwater resources
while maintaining the strategic social and ecological services of groundwater. Groundwater plays a key role
in the future water availability in Mediterranean countries and will determine food production and access
to safe drinking water. The aim of the Millennium Development Goals (MDGs) is to halve by 2015 the
proportion of people who suffer from hunger and do not have access to safe drinking water. These goals
are a set of quantified objectives with concrete target times that arise form the Millennium Declaration,
that have been adopted by all members of the United Nations (September 2000).

While there are no specific studies from the Southern Mediterranean countries that address the state
conservation of their groundwater sources, one can surmise that pressures to exploit them under normal
conditions are high. Take the example of Morocco, Algeria or Tunisia, where average per capita income is
between $1500 and $2600. A farmer who can grow one hectare of citrus, table grapes or tomatoes can
make twice or three times that amount. These three countries combined make 6 million people living on
agriculture, and about half million landholdings of less than 1 ha (In Egypt there are more than 3 million,
but all of them are operated under irrigation). Even if brackish water has to be desalted at a cost of 0.15-
0.20 Û/m3, farmers would be much better off irrigating an orchard than relying on rainfed olive trees.

The expansion of virtual water, and the increasing reliance of trade to feed the country, will likely add
further pressure on the resource base. (Diao and Roe, 2003) show that water markets could ease the pain
to inefficient Moroccan farmers from liberalising its agricultural markets. As water becomes an asset with
which farmers can improve their livelihoods, they will be eager to exploit any available source, including
groundwater. As the European food markets become more open Morocco and Tunisia will take advantage
of their much lower labour costs to concentrate on high-value products. To meet the required quality
standards, these products need a stable water supply and that can only be accomplished by groundwater
or by desalting brackish waters.

Based on FAO’s Aquastat, Tunisia and Algeria already use up their available groundwater for irrigation, and
Morocco follows the same trend (See  Tables 2 and 5). In Tunisia, the Societé Nationale d’Exploitation et
de Distribution des Eaux (SONEDE) struggles to keep the quality of urban supply services with low water
tariffs and in need of new alternative sources to meet the growing demands (Yezzaa et al. 2005).
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6.3. Quality

The risk of nitrate pollution in Mediterranean conditions has been be evaluated by using the GLEAMS
model (Groundwater Loading Effects of Agricultural Management Systems), linked with a Geographical
Information System (GIS); the model has been tested in an area of 230 km2 near Valencia (Spain) (De Paz
and Ramos, 2002). The work found that pollution risk maps show that vegetable crops and areas irrigated
with groundwater have the highest potential risk of groundwater nitrate pollution.

Modern irrigation technologies can reduce nitrate losses significantly. For instance, reductions of nitrate
losses between irrigation schedules of 52, 51, 66, and 81% have been found for the unfertilized check,
urea, florin, and municipal compost, respectively (Diez et al., 2000). Yet, yields in the whole crop sequence
were not affected by fertilizer or irrigation managements.

Inadequate drainage of irrigation runoff can lead to severe groundwater pollution by salt and nitrate
accumulation. Evidence of a net deterioration of groundwater quality due to the practices of the irrigation
management and fertilizers, in addition to groundwater recycling from pumping wells has been reported
in Tadla, Morocco (Faouzi and Larabi, 2001).

Many Mediterranean wetlands are affected by irrigation schemes and individual farmers using
groundwater resources. Wetland ecosystems depends to a significant degree on the sustainability of agro-
ecosystems in Spain (Iglesias et al., 2005a; Llamas and Martinez-Santos, 2005; Llamas, 2000), and in
Greece (Gerakis and Kalburtji, 1998). Even in The Netherlands habitats’ conservation and agriculture are
becoming irreconcilable interests (Hellegers and van Ierland 2003).

6.4 Institutional response

Pressures and impacts of water scarcity often result in conflicts and with an apparent lack of policy
response towards sustainable management, due to the complex institutional organization. No single
management action, legislation or policy can respond to all the aspects and achieve all goals for the
effective drought management. Multiple collaborative efforts are needed to integrate the multidimensional
effects of drought on society. The United Nations Convention to Combat Desertification (UNCCD, 2000)
provides the global framework for implementing drought mitigation strategies. The United Nations
International Strategy for Disaster Reduction (UNISDR, 2002) establishes a protocol for drought risk
analysis.

Current legislation on water and drought management shows different development stages for the
Mediterranean countries that lead to important differences in the way droughts can be faced. While some
of the countries have a stable and long tradition legislative framework with functional river basin
authorities and clearly defined responsibilities, others are still developing institutions and organizations
that take care of water management issues (Iglesias and Moneo, 2005; Iglesias et al., 2005a).

A common characteristic of the countries in the region is the weak cooperation among the different
institutions related to water management, and the fragmented roles of the State, the administrative
regions and the river basin authorities, that result in administrative conflicts that are an impediment for
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adequate water management. Table 7 summarizes the drought management actions in selected
Mediterranean countries (Source of data: Iglesias and Moneo, 2005; Iglesias et al., 2005a). The key issue
of transboundary water management is included in drought management plans. Spain shares a large
amount of surface water resources among basins in the country and basins that extent to Portugal. The
agreements on water transfer amounts between national basins (such as the Tagus-Segura) or between
countries sharing a common basin (such as the Spanish and Portuguese portions of the Tagus basin)
include strategic regulations in the case of drought. Other Mediterranean countries, especially in the
southern basin, share a significant portion of groundwater, but the regulation during drought needs to be
further developed.

Table 7 Summary of the drought management actions in the Mediterranean

In general, decisions related to drought are taken in the context of formal legal system. There are legal
provisions for emergency actions in case of crisis situations, such as extreme drought. Informal customs
may evolve into formal decisions, for example, historical users of groundwater without formal rights may
be legalized. The legislation does not provide explicit regulations about how to calculate the ecological
discharge during in drought situations, this important question is being left to the discretion and
responsibility of the various River Authorities.
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Specific drought management plans have been developed at different administrative levels. An example of
detailed and operational plan is provided by the urban water supplier CYII that manages water for the
metropolitan area of Madrid (Canal de Isabel II, 2003). The plan is based on the extensive understanding
of the demands of the system and the linkages between the evolution of the stored volume and the level
of guarantee established for water supply.

A main advantage of the explicit linkage of legislation and management to the basin level is the
opportunity to address directly the needs and problems of the natural hydrological system and the
stakeholders represented in the Assembly of Users. For example, Basin Authorities can establish priority of
users or right holders according to each situation, can approve works and projects needed to solve
emergent scarcity problems, and can create Water Exchanging Centres, through which right holders can
offer or demand use rights in periods of droughts or severe water scarcity situations (Article 71). This
initiative must be proposed by the Environment Ministry and be approved by the Ministerial Cabinet.

6.5. International cooperation

Almost one half of the Earth’s surface is covered by international river basins and freshwater scarcity is on
the rise. Water can lead to political hostilities and many regions with political conflicts also share water
resources. International Organizations need to address conflict. Most Mediterranean freshwater and
groundwater resources are shared among countries (Wolfe, 1999), being the Nile River a key global
example. Within the countries, shared water among administrative units is also common in the
Mediterranean. Disputes exist, especially during drought conditions, and potentially will increase due to
the increasing water imbalances. Policies of a single government or basin unit cannot resolve issues over
shared water bodies, and local interests are likely to diverge. International Institutions play a key role as
formal mechanisms to deal with water related conflicts in the region.

7. FINAL REMARKS

Groundwater is already an important insurance available to communities, agriculture, and industry against
drought, and the conjunctive use of surface and groundwater makes societies more drought resistant.
However groundwater is not fully integrated into the general water management plans, due to limitations
in monitoring systems, understanding of the processes, and uncertainties about the future. Emerging
technologies such as artificial recharge, aquifer storage and recovery, recharge of reclaimed wastewater,
and desalination are crucial for using groundwater as a mechanism to mitigate water scarcity and drought.
Groundwater can only serve this purpose effectively if it is integrated in a flexible way with other options,
such as recharge and permit of use. Achieving this integrated role for groundwater requires institutional
arrangements to go along with engineering.

This paper has argued that the Mediterranean region is undergoing socio-economic processes that will
lead to increasing pressure over its already limited resource base. In the Southern countries, these
processes are driven by technological, agricultural, demographic and economic factors. They pose serious
threats to the sustainability of their water resources and their ability to provide social benefits. Low per
capita incomes in the rural areas, coupled with large rural populations using agriculture with low capital
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and low inputs and food markets liberalisation, provides the context for intensive groundwater use. The
use of virtual water has provided a means to use more water embedded in the imported food products.
Yet, the room for further use of virtual water is hindered by the need to earn more hard-core currencies to
be able to pay for the inputs. Some of these exports can be agricultural products, taking advantage of the
liberalisation of the EU market, but this would further exacerbate the pressure on the resource base.

Institutions in the region are evolving to ensure more sustainable water resources management. There is
progress going on in many of these countries, favoured by increasing regional cooperation, better
monitoring and management systems, and above all the awareness of governments. Yet, in our view, a
number of factors will go against easing the pressure on water resource base, including groundwater, until
per capita incomes grow and rural populations diminish significantly. Drip and desalting irrigation is now
affordable to millions of small farmers, markets will provide incentives to produce more fruits and
vegetables for export, labour costs are cheap, and the economy will grow. Under these circumstances the
non-direct uses of water, such as service reliability or natural processes, will likely be impaired, but damage
may not be irreversible.

But other factors, such as the dissemination of science and technologies, the increasing regional
cooperation, the awareness of the risks involved and the opening of markets and economic opportunities
to the rural population, may help reduce the pressure. It is difficult to say which factors will prevail and
when there will signs of more positive trends.
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