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Abstract Water resource management is often a controversial issue in semiarid
regions. Most water resources experts admit that water conflicts are not caused
by the physical water scarcity but they are mainly due to inadequate water man-
agement. The virtual water concept (the volume of water used in the production
of a commodity, good or service) together with the water footprint (indicator of
water consumption that looks at both direct and indirect water use of a consumer
or producer), links a large range of sectors and issues, thus providing a potentially
appropriate framework to support more optimal water management practices by
informing production and trade decisions. This paper provides an analysis of these
two concepts within the context of the Mancha Occidental region, Spain, exploring
the hydrological and economic aspects of agricultural production. In doing so, this
work not only distinguishes between green and blue water but also between surface
and groundwater. We conclude by discussing the practical implications of the results,
as well as their potential limitations from the policy standpoint.

Keywords Virtual water · Water footprint · Green water · Blue water ·
Groundwater intensive use · Mancha Occidental

1 Introduction

In most arid and semiarid countries water resources management is an issue as
important as controversial. Today most water resources experts admit that water
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conflicts are not caused by the physical water scarcity but they are mainly due to
poor water management. By linking a large range of sectors and issues, virtual water
and water footprint analyses provide an appropriate framework to find potential
solutions and contribute to a better management of water resources. Take for
instance the case of Spain, whose Ministry for the Environment recently enacted
a regulation to use the water footprint as a tool for the implementation of the
River Basin Management Plans prescribed by the EU Water Framework Directive
(WFD).

The water footprint is a consumption-based indicator of water use that looks
at both direct and indirect water use of a consumer or producer (Hoekstra and
Chapagain 2007, 2008). Closely linked to the concept of water footprint is that of
virtual water. The virtual water content of a product (a commodity, good or service)
refers to the volume of water used in its production (Allan 1997, 1999; Hoekstra
2003). Building on this concept, virtual water ‘trade’ represents the amount of water
embedded in traded products (Hoekstra and Hung 2005).

A nation can preserve its domestic water resources by importing water intensive
products instead of producing them domestically. ‘Water savings’ can in turn be
used to produce alternative, higher-value agricultural crops, support environmental
services or serve growing domestic needs. Thus, virtual water ‘import’ is increasingly
perceived as an alternative source of water as well as an opportunity to preserve
environmental flows in water-stressed nations, and is slowly changing the prevailing
paradigms of water and food security.

In this sense it is important to establish the source of water, be it rainwater
evaporated during the production process (green water) or the surface water and/or
groundwater consumed (blue water) (Falkenmark 2003; Chapagain et al. 2006).
Traditionally, emphasis has been given to the concept of blue water through the
use of irrigation systems. However, an increasing number of authors highlight the
importance of green water (Rockström 2001; Falkenmark and Rockström 2004;
Allan 2006; Comprehensive Assessment of Water Management in Agriculture 2007).
Virtual water and water footprint assessment could thus inform production and
trade decisions, promoting the production of those goods most suited to local
environmental conditions as well as the development and adoption of water efficient
technologies. Nevertheless, this approach requires a good understanding of the
impacts of such policies on socio-cultural, economic and environmental conditions,
both at the catchment and user scales.

The present paper analyses virtual water ‘trade’ and the water footprint of
agricultural production, considering both economic and hydrological aspects and
differentiating between the sources of water (green, surface blue and ground blue)
in the Mancha Occidental region, Spain. Since agriculture is the main (green and
blue) water user, this sector is at the centre of the present study. The water footprint
analysis provides a multidisciplinary framework that draws new insights in relation
to the region’s long-standing conflicts between farmers and conservationists.

2 Objectives

This paper provides a joint economic and hydrological perspective on virtual water
‘trade’ and the water footprint of the Mancha Occidental region, Spain, exploring the
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connections between water use, food production and environmental management.
Focusing on the agricultural sector, which accounts for 95% of the area’s water uses,
the following pages establish the virtual water content of the crops, the agricultural
economic productivity and the implicit virtual water ‘trade’ under different climatic
conditions. Despite its limitations we argue that methodologies such as this may
provide a transparent and multidisciplinary framework for optimal water policy de-
cisions, while also contributing to the implementation of the EU Water Framework
Directive.

This work highlights the imperative challenge of considering economic and eco-
logical aspects, following the widely accepted paradigm “more cash and nature per
drop” (Aldaya and Llamas 2008). Due to the limited information available, specific
quantitative data on environmental water requirements have not been included in
the present report. On the other hand, this study distinguishes between green and
blue surface and groundwater, which is perceived as innovative and potentially
relevant for water policy, while also exploring the practical limitations of the tools.

3 Methodology

3.1 Study Area

The Mancha Occidental region is located within the Upper Guadiana basin, Spain
(Fig. 1). The area features a predominantly flat landscape, sloping gently over a
150 km distance from the northeast (altitude 730 m above sea level) to the southwest
(600 m). Climatic conditions are typically continental and semiarid. Long dry periods

PROVINCES
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Fig. 1 Mancha agricultural region within the Guadiana river basin. Modified from CHG (2008a)
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alternate with short wet sequences, and hot dry summers follow short mild winters.
Mean temperatures range from a 5◦C in winter to about 25◦C in summer, while
rainfall averages approximately 415 mm/year (Martinez-Santos et al. 2008a).

Groundwater is the only reliable water resource, surface water being limited to a
few small reservoirs and series of small creeks that may run dry for years at a time.
Approximately 95% of the area’s water supplies traditionally come from the aquifer
(CHG 2008a). The Mancha Occidental region spans 470,000 ha, of which 390,000 ha
correspond to agricultural surfaces (Table 1). A significant proportion of the crop
area is devoted to irrigation (38%), thus exceeding Spain’s 22% average (MIMAM
2007).

Grapes and cereals are the most important crops in the region, both as regards
rainfed and irrigated agriculture (Fig. 2). Causes should be found in the distant
past, as well as in the 2003 Common Agricultural Policy reforms (MAPA 2006).
According to Garrido and Varela-Ortega (2008), the increase in irrigated grapes and
olives has been notable in the region over the last 5 years. Current market trends
and technological advances suggest that changes in crop distribution will continue to
occur along these lines in the near future.

On the other hand, the Mancha Occidental region provides a stark example of
inappropriate groundwater management (Bromley et al. 2001; Llamas and Martínez-
Santos 2005). During the last three decades the region has enjoyed a noteworthy
social and economic development due to the growing importance of groundwater-
based irrigation. However, little forethought went into how to carry out this de-
velopment. Individuals traditionally drilled their own wells without consent from
the Water Authority, and for years pumped as much groundwater as they wished.
Uncontrolled exploitation depleted the water table at a constant rate of 1 m/year,
thus drying up a series of Ramsar-listed wetlands (Llamas 1988; Fornes et al. 2000;
Martinez-Santos et al. 2008a). This gave rise to a variety of social conflicts between
the Water Authorities, farmers and environmental conservation organizations. Con-
flicts currently transcend the local scale, as an existing inter-basin water transfer is
the source of bitter disputes between the Mancha Occidental and other neighbouring
regions.

In the dawn of the Water Framework Directive, which establishes the obligation
to restore the ecological health of all EU water bodies, adequate tools are required
to address potential tradeoffs between irrigated production and environmental flows.
It is within this context that the virtual water and water footprint concepts may prove
valuable.

3.2 Methodological Approach

The present study estimates the virtual water and water footprint of production for
the Mancha agricultural region considering the green and blue (surface and ground)
water components for the most representative crops. The virtual water and water
footprint are calculated following the methodology developed by Hoekstra and
Chapagain (2008). A succinct methodological description is provided below, while
a more comprehensive one can be found in Aldaya and Llamas (2008).

As defined above, the virtual water content of a given good or commodity is
the volume of freshwater used for its production, which in turn depends on the
water use in the various steps of the production chain. In the case at hand, this
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Irrigated agriculture

Cereals
33%

Grain legumes 5%

Industrial crops 3%

Fodder 2%

Vegetables
4%

Olive tree
3%

Vineyard
51%

Rainfed agriculture

Cereals
22%

Grain legumes
6%

Fodder
2%

Fallow land
29%

Olive tree

10%

Vineyard
31%

Fig. 2 Crop area percentage of irrigated and rainfed agriculture in Mancha region (average-year
2001). Showing crops occupying over 1% of land. Source: CHG (2008a)

essentially refers to primary crops (i.e. crops as they come directly from the land,
without having undergone any processing), and is measured in m3/ton. The virtual
water content of primary crops is calculated as the ratio between the volume of
water used during the entire period of crop growth (crop water use, m3/ha) and the
corresponding crop yield (ton/ha). In other words, crop water requirements present
two components: effective rainfall (green water) and irrigation water (blue water).
Crop water requirements (mm/day) refer to the water needed for evapotranspiration
under ideal growth conditions, measured from planting to harvest. For the purpose of
this work these have been estimated with the CROPWAT model (Allen et al. 1998;
FAO 2003).

Rainfed and irrigated agriculture are thus differentiated in the green and blue
virtual water component calculations. The green component (Vg, m3/ton) is cal-
culated as the ratio between green crop water use (CWUg, m3/ha) and crop yield
(Y, ton/ha). The blue component (Vb, m3/ton) is calculated as blue crop water use
(CWUb, m3/ha) divided by the crop yield (Y, ton/ha). Since yield is different for
rainfed (Yr) and irrigated lands (Yirr), each has been estimated separately: a single
green component for rainfed crops:

Vg = CWUg

Yr

and separate green and blue virtual water components for irrigated primary crops:

Vg = CWUg

Yirr

Vb = CWUb

Yirr

In this study we have included the concept of water economic productivity (e/m3)

to assess the production value, expressed in market price (e/ton) per cubic meter
of water required when producing the commodity (m3/ton) for the years 1997, 2001
and 2005 (MAPA 2007). In a similar way, land economic productivity represents the
economic value of farm output per hectare cultivated (e/ha) (ibid.).
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Fig. 3 Green and blue water consumption (m3/ha) per crop and year in Mancha agricultural region
assuming that evapotranspirative demands (using CROPWAT program) are completely satisfied.
Source: own elaboration
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The water footprint is an indicator of water use that looks at both direct and
indirect water use of a consumer or producer (Hoekstra 2003). A water footprint
can be calculated for any well-defined group of consumers (e.g. an individual, family,
village, city, province, state or nation) or producers (e.g. a public organization,
private enterprise or economic sector). The present study calculates the water
footprint of agricultural production per sub-basin. This accounts for all of the water
used in the sub-basin regardless of where the products are actually consumed and
is useful to examine the stress placed on a region’s water resources (WWF 2008).
In addition, trade data at a provincial level are presented separately (ICEX 2008).
In this way policy makers could explicitly consider options to save water through
import of water-intensive products. This can also provide a hint on whether exported
products are related to water depletion or pollution in the producing region.

A number of simplifications have been assumed for calculation purposes. First of
all, the CROPWAT model assumes that the crop water requirements are satisfied
by irrigation. The examples found in the literature also show that there are certain
differences in the results depending on the level and source of data used. It is
therefore essential to clarify the place and period under consideration. Secondly,
the study refers to the area’s mainstream crops, which comprise 70% of the total
agricultural surface. The remaining 30% is distributed in a variety of minoritarian
crops for which there is little or no data. These are extrapolated to 100% of the total
cultivated area. Third, the effect of climate variability on water use is taken into
account by considering three typical weather conditions, namely, humid, average
and dry years. Respectively, the years 1997, 2001 and 2005 have been considered
representative of each of these three categories. Moreover, some inaccuracies may
also arise from inadequate water management data. This includes uncertainties as to
the inventory of water users and rights, as well as to the total area irrigated by legal
and illegal water wells.

Data generally correspond to the Mancha agricultural region (CHG 2008a).
Whenever this was not available, we have extrapolated from provincial-scale data.

Average
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537

13

313

GREEN WATER BLUE SURFACE WATER BLUE GROUNDWATER
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Fig. 4 Green and blue water footprint of agricultural production (Mm3/year) in Mancha agricultural
region in a dry, average and humid year. Source: own elaboration
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This is the case of the average monthly rainfall and evapotranspiration data (INM
2007), rainfed and irrigated yield per crop (MAPA 2007), average irrigation effi-
ciency (CHG 2008a), crop calendar (MAPA 2001) and trade data (ICEX 2008).

4 Results

Figure 3 presents the theoretical crop water consumption (m3/ha) by irrigated crops
according to the CROPWAT model results. The crop water consumption refers to
the accumulation of daily evapotranspiration over the complete growing period, from
planting to harvest. This model considers that all theoretical evapotranspirative crop
demands are satisfied by irrigation.

Interesting patterns emerge from the water footprint of both rainfed and irrigated
farming production (Mm3/year) (Fig. 4). While these are roughly similar under each
weather condition (about 800–900 Mm3), remarkable variations can be observed
in the proportion of green and blue water footprints. As expected, the blue water
footprint is higher in dry years and lower in humid years, to the point that the blue
water footprint of crop production during dry years almost doubles humid years. The
green water footprint presents the opposite pattern.

Table 2 shows how the water footprints estimated in this study (Mm3/year) are
somewhat higher than those given by official sources (CHG 2008a). There are,
however, remarkable water footprint variations in the different types of rainfall
years. In comparison with other regions in the basin, the water footprint is close to the
total crop water supply numbers in the Mancha Occidental region. This is probably
attributable to the high efficiency of irrigated agriculture, characterized by drip and
sprinkler irrigation systems (Table 1). The groundwater footprint is also observed to
present some discrepancies in regard to the official groundwater abstraction figures
(Table 3, Fig. 4). While this could be partly attributed to methodological issues,
it is more likely the result of uncertainties in management data. These often stem
from not considering water saving policies or land-use changes, as well as from the
implications of widespread illegal pumping.

Maize and vegetables are generally considered water-intensive crops, since their
requirements in terms of m3/ha are quite high. Conversely, cereals and olives have
a reputation for being water-effective. Nevertheless, the results of this analysis
show olives and cereals to have the highest blue virtual water contents in terms
of m3/kg (Fig. 5), whereas the virtual water content of maize and vegetables is

Table 3 Water abstractions in the Upper Guadiana basin according to the Water Authority
compared with the theoretical blue crop consumptive groundwater use in the Mancha agricultural
region

Year Water abstractions after CHGa Mm3 Theoretical CWU b
b (Mm3)

Humid—1997 417 313
Average—2001 387 460
Dry—2005 387 631
Average 1980–2005 383
aTotal water abstractions from the Upper Guadiana Basin. Source: CHG (2008a)
bTheoretical blue crop consumptive groundwater use in the Mancha agricultural region. Own
elaboration following FAO (2003)
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Fig. 5 Irrigated agriculture green and blue virtual content per crop and year in Mancha (m3/ton).
Source: own elaboration

lower. Tomatoes in turn exhibit the lowest virtual water content, largely due to high
yields. In this particular case, it is observed that the drier the year the higher the
productivity.

Figure 6 shows the differences in the economic productivity per hectare (e/ha) of
the different rainfed and irrigated crops. While tomato and vegetables are in general
more productive, their markets have proved more volatile. Significant tomato price
fluctuations were found for the years under consideration, ranging from 522 e/ton in
a dry year to 310 e/ton in a more humid year (MAPA 2007).
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The economic productivity of irrigated agriculture is normally higher than that
of rainfed agriculture (Hernández-Mora et al. 2001; Berbel 2007). From a socio-
economic perspective, irrigated agriculture provides a higher and safer income. This
is due to the higher diversification it allows as well as to the reduction of climate risks
derived from rainfall variability (Comprehensive Assessment of Water Management
in Agriculture 2007). The same argument holds in this study no matter whether the
year is humid, average or dry.

5 Discussion

5.1 Towards an Efficient Allocation of Water Resources

Perhaps one of the most important aspects of this study is the economic water
productivity analysis. In arid or semiarid industrialized countries, such as the case
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of Spain, economic and environmental determinants are becoming increasingly
important. This means that, either consciously or unconsciously, the long-standing
paradigm “more crops and jobs per drop” is shifting towards “more cash and nature
per drop”. As a result, knowing the economic water productivity of different crops
and the source of irrigation water is becoming increasingly important.

Water economic productivity (e/m3) depends not only on climatic conditions
and crop yields, but also on the efficiency of water use. In line with existing data,
groundwater-irrigated agriculture has a higher productivity when compared with
surface water irrigation (Hernández-Mora et al. 2001; Vives 2003). Some of the
reasons are the greater control and supply guarantee groundwater provides, which
in turn allows farmers to introduce more efficient irrigation techniques; as well as
the fact that users bear all private costs, thus paying a higher price per volume of
water used than irrigators using surface water. This motivates them to look for more
profitable crops that will allow them to maximize the return on their investments
and to use water more efficiently (Hernández-Mora et al. 2007). The advantages
of groundwater-based agriculture become more prominent during severe drought
periods, since groundwater farmers have a guaranteed water supply (Hernández-
Mora et al. 2001; Vives 2003; Hernández-Mora et al. 2007).

Figure 7 shows economic water productivity to vary widely. Crops with a low
virtual water content and high economic value, such as tomatoes, present the highest
economic water productivities (2–3 e/m3). This is extensive to other high-value
water-effective vegetables. Wine grapes (1–2.5 e/m3) and olives (0.3–0.8 e/m3) are
the second and third most profitable crops.

From the virtual water standpoint, cereals consume around 1,000–1,300 m3/ton.
On the other hand, maize, tomato and melons present the most efficient figures
(around 100–200 m3/ton). This is largely due to high yields. However, cereals are
harvested with high dry matter and low (real) water content, whereas in the case of
melons and tomatoes the real water content values are very high.
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Blue water economic productivity ranges between 0.1–0.2 e/m3 for low-cost
cereals and 2–3 e/m3 for vegetables. For wine grapes and olives blue water economic
productivity is higher in humid years. This could be explained by a number of factors,
such as the higher blue water evapotranspiration in dry years (since smaller quantities
of green water are available) or market price fluctuations. The inverse trend is
observed in the case of tomato production, which is almost exclusively dependent
on blue water.

Overall, high virtual-water low-economic value crops such as cereals are wide-
spread in the region. In contrast, vegetables seem to be the most profitable crops,
even if more intensive in terms of water use and chemical inputs per hectare, followed
by grapes and then olives. The low water consumption and high economic value
of vineyards suggest that these crops could play an important role in achieving an
efficient allocation of water and economic resources.

Trade figures in terms of tonnes, euros and virtual water show the region to
be a net virtual water ‘exporter’ (Fig. 8). In this case, the national virtual water
figures of the different crop-derived products were used as provided by Chapagain
and Hoekstra (2004). As expected, wine plays a substantial role in the calculations.
Conversely, the region relies on its own water to produce food, barely importing
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anything from outside markets. While this implies a low degree of dependability, it
also suggests that there is room for virtual water ‘imports’ in order to support the
existing plans to restore the area’s degraded water bodies.

5.2 Implications of the Water Footprint and Virtual Water Analysis
for the Regional Water Policy

Historically, the social and economic benefits of ‘exporting’ virtual water have been
undeniable, albeit obtained at the expense of the environment. Indeed, a dropping
water table has endangered internationally renowned wetlands such as Las Tablas de
Daimiel National Park, a Ramsar site which also belongs to the “Mancha Húmeda”
UNESCO Biosphere Reserve. This in turn has led to long-lasting conflicts between
farmers, water authorities, agricultural policy-makers and ecosystem restoration
advocates, and poses a significant difficulty in terms of complying with the objectives
of the Water Framework Directive (Martinez-Santos et al. 2008b).

An immediate question arises: does it make sense for a theoretically water-scarce
region to produce and export relatively low-income, water-intensive crops? The
answer is not as obvious as it might appear. On the one hand farmers are interested
in profitable crops, whilst water effectiveness also seems desirable in a region where a
significant private investment is required to access groundwater for irrigation. Saving
water is also environmentally desirable.

On the other hand, the current crop structure is the result of farmers’ pursuit
of cost effectiveness. Economically productive crops such as vegetables, grapes and
olives are common in the region. Low economic productivity irrigated cereals are
also widespread during the study period. This is probably due to the EU Common
Agricultural Policy (CAP) subsidies. The 1992 CAP reform replaced price-support
mechanisms with direct payments per hectare, whose amount depended on the
average yields of each region. Since irrigated cereals have higher yields than the
same crops under rainfed regimes, farmers with irrigated land received larger per
hectare payments and had clear incentives to irrigate their crops. This scheme
induced irrigation and intensified farming most acutely in arid and semi-arid regions
across the EU, predominantly along the Mediterranean coastline and its hinterland
(Garrido and Varela-Ortega 2008). During the studied period crops such as cereals
are therefore common, as they are cost effective—partly due to subsidies—and
provide a relatively safe profit. Therefore, it makes short-term economic sense for
the farmers to use water as they do.

More importantly, concerning agricultural commodity trade, we have to keep in
mind that the virtual water metaphor addresses water resource endowments alone.
However, international trade in agricultural commodities mainly depends on factors
such as availability of land, labour, technology, other resource endowments, the costs
of engaging in trade, opportunity costs, national food policies and international trade
agreements (Dinesh Kumar and Singh 2005; Hoekstra and Chapagain 2008). In this
sense water cannot be used as the sole indicator for judging the rationality of trade
patterns.

While this explains the presence of these crops in the region, water, environmental
and agricultural policies have experienced substantial changes in recent times, both
at the regional and the EU level. These have mostly aimed at a more rational
use of water, and respond to a stronger environmental awareness on the part of
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policy-makers. In addition to the demands of the Water Framework Directive, new
policies in the Mancha region essentially point at either a change in cropping patterns
or a drastic reduction of the irrigated surface (CHG 2008a). The results of this
study support this paradigm shift by showing to what extent there is an imbalance
between the region’s water and land uses and its natural resources. However, it is
also recognized that several obstacles challenge their implementation, some of which
are found at the regional and the farm scales.

These aspects suggest a first conclusion in regard to the water footprint as a
tool to inform water policy. By allowing a comparison between the existing uses
and the available resources the water footprint provides useful knowledge as to
whether a region is using its water effectively. This tool can also be useful to inform a
water rights system (Al-Weshah 2000). Actually, in the context of the Especial Plan
of the Upper Guadiana (CHG 2008b), Offer of Public Purchase (OPA) has been
established to address serious problems of overexploitation in the basin. In theory
this basin will grant less rights than it has purchased, allocating the difference to
wetlands and to increasing the piezometric levels of the aquifers (Dinar and Albiac
2009). Nevertheless, the above discussion shows how other environmental, socio-
economic and agronomic factors may pose practical challenges.

6 Conclusions

This paper presents an analysis of the virtual water and water footprint of agricultural
production of the Mancha Occidental region, Spain, considering both hydrological
and economic approaches. While relatively insufficient data renders this analysis a
first approximation, it already provides an overview of the capabilities and limitations
of these concepts for policy purposes.

In current times, a major challenge for agriculture is to maintain or increase the
existing yields while also forfeiting water for environmental flows. Water footprint
analyses can provide a transparent framework to identify potentially optimal alterna-
tives for efficient water use at the catchment level. This can be very useful to achieve
an efficient allocation of water and economic resources in the region. Nevertheless,
it is recognized that this provides a partial overview of the problem, and that it may
need complementary tools to balance factors such as risk diversification and labour,
as well as other environmental, social, economic and agronomic considerations,
particularly at the user scale.
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