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Abstract Worldwide water managers and policy
makers are faced by the increasing demands for
limited and scarce water resources, particularly in
semi-arid ecosystems. This study assesses water
regulation service in semi-arid ecosystems of the
southeastern Iberian Peninsula. Comparisons between
the supply–demand sides were analyzed across different landscape units. We mapped the biophysical
supply as the potential groundwater recharged by
aquifers and water supplies from reservoirs. The social
demand was focused on an analysis of water consumed or used for irrigation and the stakeholder’s
perceptions regarding water regulation importance
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and vulnerability. Results show that some landscape
units are able to maintain and conserve water regulation service when the volume of recharge water by
aquifers and the water supply from reservoirs is
greater than its consumption (e.g. rural landscape
units). However, we also found potential social
conflicts in landscape units where water consumption
and use is much greater than the water recharge and
supply. This particularly occurs in the non-protected
littoral areas with the highest water consumption and
where water is perceived as a non-important and
vulnerable natural resource. Overall, our results
emphasized the importance of assessing ecosystem
services from both supply to demand sides, for
identifying social conflicts and potential trade-offs,
and to provide practical information about how to
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integrate the ecosystem service research into landscape management and planning.
Keywords Groundwater recharge  Overexploitation  Social perception  Trade-offs 
Water consumption  Water supply

Introduction
Inappropriate water management is, together with
poor land-use management, one of the most important
environmental issues in the twenty-first century
(World Water Assessment Programme 2009). Resulting problems such as water scarcity and pollution are
in particular important in semi-arid systems. Especially valuable is water, which is one of the most
essential components for ecosystem functioning, and
plays a key role in sustaining human wellbeing
(Falkenmark 2003; Quijas et al. 2012) through the
delivery of multiple ecosystem services (e.g., freshwater provision for human consumption and irrigation, self-purification of rivers and streams, regulation
of water fluxes by aquifers, the maintaining of habitats
for species, recreation or aesthetic values) (Falkenmark 2000; Brauman et al. 2007; Ward 2007).
Since the Millennium Ecosystem Assessment (MA
2005) was commissioned by the United Nations in
2001, the assessment of ecosystem services has become
one of the main areas of conservation and environmental land-use planning from a scientific perspective.
The ecosystem service framework constitutes a new
approach in which it is possible to understand the
linkages between ecosystems and social systems (Liu
et al. 2007). The status of an ecosystem service is
influenced not only by the ecosystem’s properties but
also by societal needs (Burkhard et al. 2012a; Castro
et al. 2013). Burkhard et al. (2012b) defined the supplyside as the capacity of a particular area to provide a
specific bundle of ecosystem services within a given
time period, and the demand-side as the sum of all
ecosystem services currently consumed, used, or
valued in a particular area over a given time period.
In Mediterranean semi-arid ecosystems, the scarcity and unpredictability of rainfall events and the lack
of perennial rivers mean that water recharged by
aquifer systems are the main source of water resources
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(Andreu et al. 2011). Because of this, groundwater
plays an important role and provides the water
demands for various purposes such as domestic,
agricultural, and industrial usage. Consequently, the
aquifers systems suffer from over-exploitation, mainly
due to the expansion of urban areas and greenhouse
horticulture (Sánchez-Picón et al. 2011; Piquer-Rodrı́guez et al. 2012) resulting in systems where water
flows are severely deteriorated (Garcı́a-Ruiz et al.
2011; Lorenzo-Lacruz et al. 2011). This deterioration
impacts the ecosystem services supplied, and therefore
in the maintenance of human well-being (Safriel and
Adeel 2005; EME 2011). Currently, despite the
existence of studies analyzing trade-offs between
different ecosystem services (Whittaker et al. 2009;
Lautenbach et al. 2013), there is a lack of studies
analyzing trade-offs considering both the biophysical
supply and the social demand of ecosystem services
(Seppelt et al. 2011).
In this context, this study assesses water regulation
service in semi-arid ecosystems of the southeastern
Iberian Peninsula. We define the water regulation
service as the hydrological cycle and water flow
maintenance; it is the capacity of maintaining baseline
flows for water supply and discharge (Haines-Young
and Potschin 2013). Here, the supply-side is based on
two proxies: the potential groundwater recharge
estimates and the water supply from reservoirs,
meanwhile the demand-side is described by the social
importance and vulnerability perceived, and the water
consumption by humans and irrigation. Our study
illustrates potential trade-offs between the biophysical
supply and the social demand (Fig. 1). Here, from our
perspective a trade-off describes a mismatch between
the capacity to provide an ecosystem service (i.e.,
supply-side) and the way in which it is perceived or
used by society (i.e., demand-side). Our specific
objectives are: (1) to estimate the potential groundwater recharged by aquifers and the water supply
by surrounding reservoirs by using the APLIS
model coupling with geographic information systems (GIS), (2) to characterize the social demand
by quantifying human and irrigation water consumption and exploring social preferences related
to the service importance and perceived vulnerability, and (3) to compare both the supply and
demand to explore at landscape level potential
trade-offs.
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Fig. 1 Conceptual framework of this study, the general goal and the relationships among the different sub-specific goals

Study area: semi-arid ecosystems
of the southeastern Iberian Peninsula
The case study was conducted in semi-arid ecosystems
of the southeastern Iberian Peninsula. The area covers
12,207 km2 and is mainly located in the Almeria and
Granada provinces (Fig. 2a). This region is the most
arid region of Europe and also shows the only arid and
semi-arid ecosystems of Spain (Armas et al. 2011). A
portion of the study area has been proposed by
multiple research institutions and the Andalusian
Government as a new National Park (Mota et al.
2004). The predominant climate is warm dry Mediterranean, with average annual temperatures of among
12 and 15 °C and with annual average rainfall of
200–350 mm per year (Armas et al. 2011). The most
dominant lithology types are conglomerates (20 % of
the total surface), sands (14 %) and limestone (14 %).
The study area lies within a set of aquifers covering the
55 % of the area, and the scarcity of surface water

resources has determined that water demand can only
be satisfied by abstraction of groundwater (Cauwenbergh et al. 2008). Further over the last decades,
Mediterranean Spain has experienced a considerable
increase in groundwater use. This is partly due to
increasing seasonal and stable populations and partly
to irrigate agriculture (MED-EUWI 2007).
Traditionally, the predominant land-uses included
traditional agriculture (especially the esparto grass
‘‘Stipa tenacissima’’ employed as a source of fiber for
basketwork), lead mining and extensive livestock in
most inland and rural areas (REDIAM 1956; RoblesCruz et al. 2001). At present, most of economic
activities are related to greenhouse horticulture and its
parallel industries such as packaging and transport or
biological control (mainly situated in the south of the
study area), tourism and the service sector (SánchezPicón et al. 2011; Piquer-Rodrı́guez et al. 2012). The
dominant land-use in the area is the extensive
agriculture (e.g., almond-trees or olive groves,
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Fig. 2 Location of the study area: a main mountain ranges, province limits, municipalities, reservoirs and rivers, and b landscape units
and sample points

covering the 37 % of the area) (SIMA 2011). However, irrigation land which comprises both herbaceous
and woody crops that are usually irrigated (9 % of
total study area) consumes 190 hm3 of water per year
(80 % of the total water available) (Corominas 2010),
a fact that has gained attention from conservation
groups and decision makers alike (see Appendix A in
Supplementary Material for a full description of landuses and land cover types). In particular, the marked
land-use changes in recent decades have led to
conflicts between social groups with different preferences for landscape management (Castro et al. 2011;
Garcı́a-Llorente et al. 2012a) (e.g., the increase in the
last 30 years in 30,000 ha of the greenhouse horticulture surfaces located in southern of the study area
(Pérez et al. 2002; Sánchez-Picón et al. 2011)). See
Appendix A Supplementary Material for a full
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description of lithology types, land-uses and land
cover types, and the distribution of the set of aquifer
systems.
The study area was categorized into five landscape
units based on function ecological features such as
climate, lithology or land-use types (Borja and Montes
2008), and a previous research (Castro and Cabello
2011). The resulting landscape units were as follows
(Fig. 2b): protected littoral (characterized by the Cabo
de Gata Natural Park), non-protected littoral (important for urbanization, beach tourism, and agricultural
production intensification), almanzora (where extensive agriculture and greenhouse horticulture coexist),
internal valleys (internally located areas where the
rural population live and the economic activities
depend on traditional agriculture), and mountains near
the coast (the higher areas near the coastline).
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Methods
This study assesses the water regulation service
considering both its biophysical supply and social
demand. The supply-side is quantified as the biophysical capacity of the study area to in recharging
groundwater by aquifers and the water provided from
surrounding reservoirs by coupling the APLIS method
and GIS. On the other hand, the demand-side describes
the human water consumption and the social perception regarding the importance and vulnerability perceived for water regulating service. Finally,
comparisons are analyzed between both the biophysical supply and social demand to explore at landscape
level potential trade-offs.
The supply-side of water regulation service
Potential water recharged by aquifers
The APLIS (the acronym of the Spanish initials of the
five variables which comprise: altitude, slope, lithology, infiltration and soils) method was used to estimate
the average rate of potential aquifer recharge
expressed as a percentage of the annual average
precipitation (based on Andreo et al. 2008). APLIS is a
mathematical model developed in Spain and implemented by the Geological Survey of Spain (IGME)
(Andreo et al. 2004; López-Geta et al. 2004). APLIS
uses an equation that superimposes altitude, slope,
lithology, infiltration and soils within GIS (Eq. 1)
R ¼ ðA þ P þ 3L þ 2I þ SÞ=0:9:

ð1Þ

Following the categorization done for Andreo et al.
(2008), we categorized each APLIS variable into
different intervals that describe the potential recharge
capacity. Each interval was associated to a recharge
value between 1 and 10, where 1 indicates the
minimum recharge capacity and 10 the maximum.
The number of intervals per each APLIS variable was
based on physical characteristics of our study area. See
Appendix B Supplementary Material for further
information regarding the description and sources of
intervals used for each APLIS variable.
The altitude (A) was taken from a digital elevation
model (90 m) that was obtained from the Shuttle
Radar Topography Mission and was classified into
intervals of 300 m following the categorization done
for Andreo et al. (2008). The maximum elevation in

the study area is 2040 m, so the altitude was classified
into seven intervals (1 B 300, 2 = [300–600), 3 =
[600–900), 4 = [900–1,200), 5 = [1,200–1,500),
6 = [1,500–1,800), 7 C 1,800).
We derived the slope (P) of the study area using the
slope tool (ArcGis 10). The slopes inclination was
defined in percentage. In this case, greater slopes
indicated lower recharge capacities. For slopes of
100 % the capacity of recharge was assumed to be
minimal and invariable following the criteria done for
Andreo et al. (2008). The resulting slope values in
percentage were grouped into nine intervals (1 = 100,
2 = [76–100), 3 = [46–76), 4 = [31–46), 5 =
[21–31), 7 = [16–21), 8 = [8–16), 9 = [3–8), 10 B 3).
The lithology (L) was derived from the Spanish
Geological Map (1:50,000) (IGME 1973). Following
the categorization done for Andreo et al. (2008), we
classified six different intervals for lithology, assigning the maximum recharge value to high fracturing
and karstification grades and the minimum to shales
and clays (Custodio and Llamas 1996) (1 = shales,
silts and clays, 2 = plutonic and metamorphic rocks,
3 = conglomerates, 4 = gravels and sands, 8 = limestones and dolostones fracturated, slighted karstified,
10 = limestones and dolostones karstified).
The infiltration (I) was obtained from the general
groundwater information from Andalusia (REDIAM
2011). This map defines four classes of permeability,
including high, medium, low and very low. As a
correction factor we used the land-use and land cover
map of Andalucia (1:25,000) to reclassify the impervious surfaces (e.g., urban and greenhouse horticulture
areas) as no recharge (i.e., recharge value 0). Finally,
we generated into five permeability intervals;
0 = null, 1 = very low, 2 = low, 3 = medium and
4 = high.
The soil types map of Andalusia (1:100,000)
(LUCDEME 2004, 2006) was used to identify the
soil variable (S). According to Andreo et al. (2008),
the different soil types associations were classified
based on their capacity to promote water recharge.
Therefore, the maximum capacity was assigned to
thin, poorly developed soils and with coarse textures.
The minimum capacity was assigned to the clay soils.
We finally considered ten categories based on the
depth and texture characteristics of the soil horizons
(0 = no soils, 1 = vertisols, 3 = chromic luvisols,
4 = histosols and luvisols, 5 = euthric cambisols,
6 = cambisols, 7 = euthric regosols and solochaks,

123

Author's personal copy
Landscape Ecol

8 = Calcareous regosols and solonchaks, 9 = arenosols and xerosols, 10 = leptosols).
All layers were converted to raster format (conversion to raster tool, ArcGis 10). The value of all APLIS
variables was calculated in each cell of a 1x1 km grid
(zonal statistics as a table tool, ArcGis 10). The
equation was then derived by integrating all layers into
APLIS equation to estimate the potential recharge
capacity of the study area. Thus, the potential aquifer
recharge map (expressed in hm3 per year) was
obtained by multiplying the potential recharge capacity (dimensionless) by the annual average rainfall.
Considering the high potential evapotranspiration
rates of semi-arid ecosystems in the southeastern
Iberian peninsula (Armas et al. 2011) (with values
ranging between 1,000 and 1,500 mm (Capel 1981)),
we converted the annual average rainfalls into a map
of effective rainfall (España Ramı́rez 2012). To do so,
we used the Budyko equation (1974), which estimates
the actual evapotranspiration (EA) (Eq. 2)


EA ¼ Ep  P  tanh P=Ep


 0:9735;
 1 cosh Ep =P þ sinh Ep =P
ð2Þ
where EA represents actual annual evapotranspiration,
Ep is the annual average evapotranspiration and P is
the annual average rainfall. Finally, Eq. 3 was used to
obtain effective rainfall. A correction factor (=0.9735)
obtained by España Ramı́rez (2012) for semi-arid
systems in the southeastern Iberian Peninsula was used
Effective rainfall ¼ Pptm  EA ;

ð3Þ

where effective rainfall is the difference between the
annual average rainfall (Pptm) and the actual evapotranspiration (EA) (España Ramı́rez 2012).
Water supply from reservoirs
We identified the surrounding reservoirs that supply
water for the study area. Four reservoirs were selected
(Fig. 2a): Cuevas del Almanzora (referred here as
reservoir 1), Benı́nar (referred here as reservoir 2),
Negratı́n (referred here as reservoir 3), and Francisco
Abellán (referred here as reservoir 4). From the
hydrological plans, we identified the annual volume
of water that each reservoir supplies to the municipalities within the five landscape units (Water Law RD
2001).
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The demand-side of water regulation service
Water consumption by humans and irrigation
Water consumption by humans was defined as the
average consumption per inhabitant for Andalusia
(143 liters/inhabitant and day) (INE 2010). We used
the data from INE (i.e. Spanish National Statistics
Institute) about the number of inhabitants per municipality, and estimated the total water consumption for
the area. Regarding water used by irrigation, using the
Andalusian land-use and land cover map (REDIAM
2007), we estimated the irrigated surface of our study
area. Using the average value of water consumption
for irrigation (CAP 2010; Corominas 2010), we
obtained the consumption for the area. Finally, the
water consumption (both total and hm3/km2) was
estimated for each of the five landscape units.
Social demand
Importance and vulnerability regarding to water
regulation service was explored by conducting a total
of 538 face-to-face surveys across all the landscape
units through 26 sampling points (Fig. 2b). Of these
538, 465 questionnaires were used in the study. The
sampled population was randomly selected with the
aim of covering a wide range of backgrounds,
including local residents (e.g. farmers and local
government staff) and visitors (e.g. natural and rural
tourist, characterized for visit protected and rural
areas, and perform ecotourism activities). In addition,
we interviewed environmental and local development
professionals, such as researchers and protected area
managers. The questionnaires were only given to
individuals over 18 years old. The questionnaires
were pre-tested previously to corrected potential
mistakes and to improve the wording of the survey.
The questionnaires were distributed between February
and April 2012. The survey was used to acquire the
following information: (1) the capacity of the southeastern Iberian Peninsula ecosystems to supply ecosystem services in general, (2) the importance of water
regulation among other services (a list was provided
that contained the main ecosystem services supplied in
the study area), and (3) the perceived vulnerability of
water regulation understood as in risk of being lost or
degraded (accounting for its tendency in recent years).
We used maps, panels and photographs to improve the
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understanding of respondents and to make the surveys
more appealing (see panel in Appendix C Supplementary Material). These three questions were extracted
from a broader questionnaire conducted in the previously mentioned research (Castro and Cabello 2011).
The design included previous studies regarding the
ecosystem services in other areas (Buijs et al. 2008;
Agbenyega et al. 2009) and a bibliography of the study
area regarding ecosystem services and their social
demand (Castro et al. 2011; Garcı́a-Llorente et al.
2012a, b). We used the non-parametric Kruskal–Wallis
test to analyze the effect of the landscape unit on the
perceived importance of the southeastern Iberian
Peninsula as a service provider. Then, we used the
Dunn’s multiple comparison test to compare pairs of
groups means.
Trade-offs between the biophysical supply
and social demand
Landscape units were used to analyze potential tradeoffs from two approaches. First, trade-offs were
analyzed between the supply (i.e. groundwater
recharge and water from reservoirs) and the social
demand (i.e. the water consumption) within each
landscape unit. Based on previous studies of spatial
connectivity between aquifer systems and groundwater recharge (Vallejos Izquierdo et al. 2008), a total of
64 hm3/year of water from Sierra de Gádor (see
Fig. 1) was added to the final groundwater recharge
balance of non-protected littoral landscape unit. The
demand/supply ratio was used to compare the degree
of mismatch between the capacity to provide the water
regulation service and the way in which it is perceived
or used by society.
Second, trade-offs were explored at landscape
level, which was done by comparing five indicators
related to water regulation service across the five
landscape units: (1) potential groundwater recharge,
(2) water supply from reservoirs, (3) social importance, (4) vulnerability perceived, and (5) human
water consumption per area. We standardized and
rescaled all factors between 0 and 1 to visualize and
compare the interactions among the different variables. Spider diagrams were created to compare
interactions between the five indicators and to illustrate the trade-offs. We used the Spearman correlation
test to explore the correlations between the supply and
social demand.

Results
Mapping the potential capacity of groundwater
recharge
The distribution of the potential groundwater recharge
was not uniform across the study area (Fig. 3c). The
maximum recharge rates occurred in the southwest
and northwest portion of the study area. The maximum
recharge was found in areas with low slopes (\16 %),
with relatively permeable soils (e.g., dolomites and
limestones and leptosol and arenosol associations),
and in semi-arid shrublands and other crops (see
Appendix A Supplementary Material for a full
description of land-uses and land cover types). The
southeast zone with high slopes and low infiltration
values obtained the lowest recharge rates. Medium
recharge values occurred north of the Almeria province (Fig. 3c).
Considering the total recharge within landscape
units, the internal valleys had the highest recharge rate
(97.38 hm3/year, 42.94 % of total) and the protected
littoral had the lowest (1.03 hm3/year, 0.46 % of total)
(Table 1). Non-protected littoral, including the contribution of groundwater recharged by Sierra de Gádor
aquifer, had the second highest recharge rate
(94.05 hm3/year, 41.46 %). The other landscape units
had medium values: the almanzora (17.29 hm3/year,
7.62 % of total) and the mountains near the coast
(17.05 hm3/year, 7.52 % of total). These recharge
rates are explained by the total rainfall rates per
landscape unit (oscillating between 344.43 and
229.10 mm) and their surface (Fig. 3b).
Water supply from reservoirs
The total water supply from all reservoirs was
59.20 hm3/year: 9 % of the total by reservoir 1
(5.31 hm3/year), 25 % by reservoir 2 (14.79 hm3/
year), 27 % by reservoir 3 (15.94 hm3/year), and 39 %
by reservoir 4 (23.15 hm3/year). In general, the
reservoirs supplied to several landscape units. Reservoirs 1 and 3 supplied to the five landscape units
(mainly to almanzora and non-protected littoral
landscape units). Reservoir 2 supplied to non-protected littoral (40 %), mountains near the coast
(36.4 %) and internal valleys (2.19 %) landscape
units. Reservoir 4 just supplied to the internal valleys
(see Table 2).
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Fig. 3 Spatial distribution of the aquifer’s potential recharge: a map of the potential recharge capacity (adimensional), b map of the
annual average rainfall (expressed in mm/year), and c map of the potential aquifer recharge (expressed in hm3/year)
Table 1 Potential groundwater recharged by aquifer systems
(hm3/year), water supplies from reservoirs (hm3/year), total
water supply (hm3/year), total water consumption (hm3/year),

and the consumption expressed as the ratio of demand and
supply by landscape units

Landscape units

Water supply
from reservoirs
(hm3/year)

Potential groundwater recharge
(hm3/year)
Total

Average

Total water
supply
(hm3/year)

Total water
consumption
(hm3/year)

Ratio water
demand/
supply

9 9 10-3 (SD = 10-2)

10.48

27.77

39.48

1.3 9 10-2 (SD = 10-2)

15.66

109.71a

250.65

2.28

1.03

4 9 10-3 (SD = 10-3)

0.36

3.02

2.17

Mountains near the coast

17.05

1.6 9 10-2 (SD = 10-2)

6.97

24.02

19.06

0.79

Internal valleys

97.38

1.5 9 10-2 (SD = 10-2)

25.73

123.11

115.16

0.94

Almanzora

17.29

Non-protected littoral

94.05*

Protected littoral

1.39

1.42

SD standard deviation
a

Based on previous studies of spatial connectivity between aquifer systems and groundwater recharge (Vallejos Izquierdo et al.
2008), a total of 64 hm3/year of water from Sierra de Gádor aquifer (see Fig. 1) was added to the final groundwater recharge balance
of non-protected littoral landscape unit

Overall, internal valleys received the highest water
supply (25.73 hm3/year, 43 % of total), followed by
non-protected littoral (15.66 hm3/year, 26 % of total),
almanzora (10.48 hm3/year, 18 % of total) and mountains near the coast (6.97 hm3/year, 12 % of total).
The lowest water supply corresponded to the protected
littoral (0.36 hm3/year, 1 % of total).
Water consumption by humans and irrigation
The total water consumption by humans and irrigation
was 427.37 hm3/year. From those, 86 % of the total
consumption corresponded to the non-protected
littoral (59 % of the total) and internal valleys
(27 % of the total) landscape units. The consumption
in others landscape units was less than 15 % of total,
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where the protected littoral landscape unit had the
lowest consumption per area and per inhabitant
(Table 1).
Importance and vulnerability on water regulation
service
The importance placed on water regulation service
was significantly different between the landscape units
(Table 3). The greatest importance was found in
almanzora landscape unit (51 % of respondents considered it as important), in contrast with the nonprotected littoral, where the water regulation service
had the lowest importance (39 %). In addition,
Table 3 reports the vulnerability values in each
landscape unit. Results show how the population
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Table 2 Total water stored
by reservoirs (hm3/year),
water from reservoirs
poured into the study area
(hm3/year), and the
percentage of water
received per landscape units

Reservoirs

Reservoir 1

Total water
stored (hm3/year)
6.58

Water poured into
study area (hm3/year)
5.31

% of water received
per landscape units
Almanzora 51 %
Non-protected littoral 40 %
Mountains near the coast 5 %
Internal valleys 4 %

Reservoir 2

15.24

14.79

Non-protected littoral 61 %
Mountains near the coast 36 %
Internal valleys 2 %

Reservoir 3

389.08

15.94

Almanzora 49 %
Protected littoral 2 %
Non-protected littoral 28 %
Mountains near the coast 8 %
Internal valleys 13 %

Reservoir 4

42.26

perceives a high level of vulnerability in all landscape
units, being the almanzora and internal valleys the
most vulnerable (67 and 65 %, respectively).
It is significant that almanzora obtains the greatest
vulnerability and importance. Similar importance was
observed in both coastal landscape units, despite the
vulnerability was significant higher in the protected
one.
Trade-offs between the supply and social demand
Considering each landscape unit separately, potential
trade-offs were observed between the biophysical
supply and social demand (Table 1). For example, in
the non-protected littoral the water consumption was
more than two times greater than the total supply (both
by aquifer recharge and from reservoirs). This unbalanced relationship also occurred in the almanzora and
protected littoral, where the consumption exceeded
the estimated aquifer recharge and supply from
reservoirs. The ratio between demand and supply
(Table 1) shows how water consumption was lower
than the total water supply (recharge and water from
reservoirs) in the mountains near the coast and
internal valleys.
The resulting spider diagrams show trade-offs
across landscape units by comparing the five factors
analyzed in each landscape unit (Fig. 4). We found the
almanzora landscape unit had the highest value of
importance perceived. Consequently, the population
in this landscape unit considered the water regulation

23.15

Internal valleys 100 %

service as a high vulnerable service despite the fact
that both the consumption and water supply are not
very high (Fig. 4).
Conversely, the littoral areas (both protected and
non-protected landscape units) considered the water
regulation service as less important. Despite the minor
importance observed, we found the highest water
consumption and vulnerability values in non-protected littoral areas. On the other hand, protected
littoral had both low vulnerability and low water
consumption. Finally, we found the highest total water
supply (both by aquifer recharge and reservoirs) in the
internal valleys, where the population considered
water regulation service very vulnerable.

Discussion
This study presents an integrated assessment—from
ecosystem supply-side to social demand– of the water
regulation service, an essential ecosystem service for
the maintenance of both the well-being of ecosystems
and human life in semi-arid ecosystems of southeastern of Spain. Considering the reduced perception and
understanding that general public has of semi-arid
ecosystems (Castro et al. 2011; Martı́n-López et al.
2012), it is urgent to preserve those ecological
processes that support the provision of water (i.e.
groundwater recharge) as well as to explore potential
mismatches with social perception and use of water.
Our results showed that, potential mismatches exist
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Table 3 The perceived importance of the southeastern Iberian
Peninsula as a service provider, the importance of water
regulation service (expressed as a percentage of the total of
N

respondents) and the perceived vulnerability (expressed as
percentage of the total respondents)

Study area as a service provider
(1 = none and 4 = abundant)

Dunn
groups

Importance of
water regulation
service (%)

Water regulation
service
vulnerability (%)

Mean

SD

78

2.90

0.83

A

51

67

72
106

3.31
3.46

0.70
0.82

B
B

39
42

62
45

Landscape units
Almanzora
Non-protected littoral
Protected littoral
Mountains near the coast
Internal valleys
Kruskal–Wallis test

87

2.93

0.76

A

41

56

122

2.75

0.87

A

40

65

71.62***

The Kruskal–Wallis test and Dunn groups were used to compare the landscape units. *** Statistical significance = 1 %
SD standard deviation

between the capacity of semi-arid ecosystems in
providing the water regulation service (using as a
proxy the groundwater recharge by aquifers and
supplied from reservoirs), and the social demand
(based on humans perception and consumption).
The approximation of the supply-side of this study
represented a useful approach to quantify two of the
key pools of water-limited natural systems, i.e.
groundwater recharge and water stored from reservoirs. While we did not include watershed limits in our
study, we believe that by accounting the water
transferred from surrounding reservoirs should partially address this issue. It is also very important to
note that due to the lack of water and the necessity of
land managers to develop agriculture, water transfers
from other sub-basins have historically distorted the
water cycle in semi-arid ecosystems. This has invited
land managers to use different conceptions of the
actual boundaries, which do not align with the
boundaries of watersheds. In regards to this, the
consideration of watersheds limits in our study would
have produced unrealistic results for managers
because of the complexity of Mediterranean sub-basin
systems, and the diversity of institutions responsible
for decision-making. Thus, using the diversity of
landscapes of semi-arid ecosystems to explore mismatches between the biophysical supply and social
demand of water regulation service provide more
practical and useful results for managers and land
planners. In addition, considering the spatial boundaries of semi-arid ecosystems in the southeastern
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Iberian Peninsula, our results support conservation
efforts, such as the declaration of a portion of the study
area as a new Spanish National Park (Mota et al.
2004).
Methodologically, APLIS model allowed us to
examine the potential capacity of groundwater
recharge, which is vitally important in semi-arid
systems (Vallejos Izquierdo et al. 2008). Despite the
advantages offered by APLIS model (i.e. easy application, low cost, and a resulting map), derived results
must be interpreted with caution due to the high
complexity of estimating the groundwater recharge
process (Andreo et al. 2004, 2008). It should also be
noted that results derived from this study, have not to
be interpreted as final estimations of groundwater
recharge, but can be used to explore which landscape
units have more capacity to preserve groundwater
regulation service. However, with the aim of offering
more realistic estimates we carried out substantial
improvements in APLIS model. An example of this is
that APLIS model does not include the effects of
particular land cover types that completely reduce the
groundwater recharge. To address this, we proposed a
modification in APLIS equation by assigning a value 0
of recharge to land cover types that were characterized
as having no infiltration (e.g., urban areas or greenhouse horticulture). In addition, to offer a more
realistic between the annual average rainfall and
evapotranspiration rates in semi-arid ecosystems, we
used the Budyko equation to derive a map of effective
rainfall.
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Fig. 4 Spider diagrams that show the relationship between the potential aquifer recharge, the annual average rainfalls, the total water
consumption per area, the social importance and the vulnerability perceived by the population for each landscape unit

On the demand-side, we found that both the social
importance and vulnerability varied across landscape
units, demonstrating different social conceptions and
potential social conflicts associated to particular
landscape features. An example of this was found in
the non-protected littoral landscape—with the lowest
importance and maximum water consumption. This
result could be related to a lack of public knowledge
regarding the role of groundwater in greenhouse
horticulture maintenance, which is the basis of the
local economy of Almeria province (Downward and
Taylor 2007; Vallejos Izquierdo et al. 2008). At the
same time, the results showed logical and an expected
relationship between how important and vulnerable is
the water regulation service for the general public.
This is the case of protected littoral landscape unit,
where the effect of being in a protected region,
minimized the perceived vulnerability without

diminishing the importance (see Fig. 4). This also
supports the idea of a positive influence of protected
areas on the population and how they are perceived as
protectors of nature and its services (Berghöfer and
Dudley 2010; Dudley et al. 2011).
The analysis of trade-offs between ecosystem
services and across different spatial–temporal scales
constitutes a current challenge for integrating and
making operative the ecosystem services research into
landscape planning. Several authors performed different approaches in trade-offs analysis among ecosystem services (Rodrı́guez et al. 2006; Elmqvist et al.
2011; Lautenbach et al. 2013), or among valuedimensions of ecosystem services (Martı́n-López et al.
2013). Our study offers an innovative approach in
trade-offs analyses by focusing in the relation of the
biophysical supply and social demand of one single
ecosystem service. The differences found between the
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Table 4 The sustainability balance approaches for each landscape unit, including the consumption/recharge ratio (coupled
(ratio \1), slightly coupled (ratio between 0 and 2), and severe
decoupling (ratio [2)); the awareness regarding the degree of
threat (more than 40 % refers to moderate vulnerability, more
Landscape units

Degree of decoupling
(consumption/recharge
ratio)

Almanzora

Slightly coupled

Non-protected littoral

Severe decoupling

Protected littoral

Slightly coupled

Mountains near the coast
Internal valleys

Awareness regarding the
degree of threat (perceived
vulnerability)

Social assessment
(importance placed on
water regulation service)

Global sustainability

Grave vulnerability

High relevance

Partially sustainable

Grave vulnerability

Low relevance

Unsustainable

Moderate vulnerability

Medium relevance

Partially sustainable

Coupled

High vulnerability

Medium relevance

Sustainable

Coupled

Grave vulnerability

Low relevance

Partially sustainable

consumption-recharge ratios across landscape units
provide a valuable indicator of the level of decoupling
from a sustainability point of view. In this sense, this
study identified landscape units well coupled—i.e.
mountains near the coast or internal valleys—and
other landscape units with some degree of decoupling—i.e. almanzora and protected littoral (see
Table 4). One of the most relevant results derived is
the unbalance between supply and demand in the nonprotected littoral, with the highest water consumption
and the minimum importance perceived. This illustrates the unsustainable character of this particular
landscape unit, considered during the last two decades
as one of the most prosperous regions of the European
continent (Aznar-Sánchez et al. 2011).
Besides, the landscape units used in this study
match the geographical units used for the management
and planning of conservation, and therefore Fig. 4
shows useful outputs for managers and land planners
regarding water management. In this way, managers
and land planners can find in this study a global vision
of one of the most limiting natural resources in semiarid ecosystems, and therefore, new discussions and
conclusions can be derived from those landscape units
in which a trade-off between the biophysical supply
and social demand is identified.

Conclusions
Overall, this research represents a novel approach to
deal with the challenge of the transdisciplinary
assessment of the supply–demand side of ecosystem
services, and the identification of derived mismatches
at the landscape level. Derived results related to
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than 50 % refers to high vulnerability, and more than 60 %
refers to grave vulnerability); and the social assessment (less
than 40 % refers to low relevance, less than 50 % refers to
medium relevance, and less than 60 % refers to high relevance)

groundwater estimations must be considered carefully, and be interpreted as approach to compare the
biophysical capacity of aquifer recharge of different
landscapes. Even so, consideration of the spatial scale
at which the ecosystem services are supplied and
demanded, is essential to design environmental management policies and define the institutional scale at
which these services should be managed. We consider
that this approach could have useful implications for
the management and planning of the driest ecosystems
of the Iberian Peninsula, as well as other systems
where natural resources are in short supply and high
demand.
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