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Abstract

A methodology has been developed to quantify the economic value of the provision-
ing ecosystem services in the South-West of Europe (SUDOE) at any scale. This article
describes the methodology that allows the quantification of nutritional and non-nutritional
materials and their economic valuation related to agriculture activities at the regional
scale. In a complementary way, quantification and valuation of freshwater consumption for
domestic uses is described using regional official statistics converted into basin statistics
by a geographical scale change matrix. The results show important differences depending
on the regions at a sub-system scale. The highest values of agricultural production and its
economic valuation are observed in the southeastern part of the SUDOE territory (South
France, Spain, and Portugal), both in absolute and relative terms. In the Tagus basin, where
the two capitals (Madrid and Lisbon) are located, the water supply and economic value
are the highest in the SUDOE region. Provisioning ES is valued at 56.7 billion euros in
SUDOE territory per year (current 2015 euros). In conclusion, this work makes it pos-
sible to identify those systems with higher economic valuation of provisioning ecosystem
services, which, together with the expected increase in temperature and decrease/irregu-
lar rainfall, makes these areas particularly vulnerable. The proposed methodology can be
applied to any river basin in the world.
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1 Introduction

Ecosystem services (ES) are humans’ benefits from natural ecosystems. Millennium Eco-
system Assessment (UN, 2005) defines ES as direct contributions to human well-being
from ecosystems’ biotic and geological structure. Research on the concept of ES has
gained importance in recent decades, allowing the quantification of ecosystems’ value to
society (Bateman et al., 2011; Costanza et al., 1997; de Groot et al., 2002). The ES concept
has even become more than a research topic. It has started to be included in policy agen-
das, becoming instruments of implementation, such as conservation, incentives, investment
guidelines and stakeholder participation (Meli et al., 2023), favoured by the increasing
political attention to conservation (Gémez-Baggethun et al., 2010).

Three different types of ES, all vital to human health and well-being, have been identi-
fied: provisioning, regulating and cultural (Costanza et al., 1997; de Groot et al., 2002; La
Notte et al., 2017). The commonly accepted, extensive, and detailed classification is com-
piled in the Common International Classification of Ecosystem Services (CICES, 2022).
These services include, among others, providing food, water, clean air, wood, and other
natural resources, as well as regulating climate, crop pollination, waste decomposition,
water purification, and flood protection. They also provide cultural and recreational ben-
efits, such as tourism and aesthetic enjoyment of nature.

Among these services, provisioning ES, which encompass the provision of essential
resources, have gained increasing attention in recent decades (Acharya et al., 2019; Ala-
Hulkko et al., 2019; Corona-Lépez et al., 2021; Karabulut et al., 2016; Kibria et al., 2018).
Numerous studies have addressed the provision of food, water, wood, and other natural
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resources from an ecosystem perspective (Palacios-Agundez et al., 2015). Approaches and
methodologies have also been developed to assess the availability and quality of these ser-
vices in different landscapes and regions (Guerbois & Fritz, 2017). Quantifying provision-
ing ecosystem services is thus crucial to (i) provide a solid foundation for understanding
and assessing the state and capacity of ecosystems to provide essential natural resources,
and (ii) enable informed decision-making and more effective resource management, ensur-
ing long-term sustainability.

The economic valuation of provisioning ES is important due to their intrinsic relation-
ship with human well-being and the economy (Ashagre et al., 2018; Brouwer et al., 2018;
Krause et al., 2017; Lara-Pulido et al., 2018; Marre & Bill¢, 2019; Nannan et al., 2022).
This economic valuation can help to efficiently allocate resources and conservation efforts
by considering the costs and benefits associated with their provision and use. It also pro-
vides a solid foundation for implementing incentive mechanisms and compensations, such
as payments for ecosystem services, which promote ecosystem conservation and the sus-
tainability of resource provisioning. Economic valuation of these services allows for their
integration into economic and policy decision-making processes and the assessment of
development projects and policies. When it comes to the economic valuation of provision-
ing ecosystem services, although many of them are traded in markets, it should be borne in
mind that their value may be much higher in cases where households are directly depend-
ent on them for their livelihoods (FAO, 2022). Economic valuation is still significant in
allowing society’s value on ecosystem services to grow (TEEB, 2023).

Within ES, the water-related ES are particularly relevant in the current climate change
scenario. Grizzetti et al. (2019) quantify the main ES related to aquatic ecosystems at the
European scale, but the analysis is not exhaustive; it is based on the availability of data at
the European scale and the possibility of calculating quantitative indicators. They conclude
that the use of provisioning services can cause pressures on the ecosystem. This suggests
the importance of maintaining good ecological conditions of ecosystems to ensure the pro-
vision of ES in the future. Also, Bennett et al. (2009) stated that ecosystem management
that attempts to maximise the production of one ecosystem service results in substantial
decreases in the provision of other ES. In the case of provisioning ES, focusing on maxim-
ising agricultural yields or drinking water supply has downstream consequences (Gordon
et al., 2010). Among others, water quality declines as a consequence of excess nutrients
from agriculture and wastewater, coupled with a decrease in clean headwater flows capable
of diluting, impacting on an increased cost of obtaining drinking water downstream and
impacting on recreational purposes; also, a reduction in water quantity leads to loss of wet-
lands and coastal ecosystems which influences nutrient retention and the conservation of
migratory bird ecosystems.

Despite advances, challenges and gaps exist in understanding and accurately quanti-
fying and valuing provisioning ES. One of the gaps is the quantification and economic
valuation of provisioning ES at small spatial scales. Most mapping has been done at large
spatial scales (regional and provincial), with limited attention to understanding supply and
demand across multiple scales (Burkhard et al., 2013). Aziz et al. (2023) compare different
spatial resolutions of datasets (local, regional, global) to quantify ecosystem services in a
watershed, and show that using local values is associated with lower uncertainties and pro-
vides different estimates for several services.

Albert et al. (2016) highlight that it is important to consider what kind of aggregated,
national-level information on ecosystem services would be useful, for which type of deci-
sions, and for whom. Nuissi et al. (2009) argue that environmental issues have different
properties regarding their spatial implications. For example, a national indicator cannot
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simply be applied in assessments of areas at lower spatial scales but needs to be adapted
to the specific context and decision-makers’ needs. It follows that there is a need for a
methodology suitable for quantification and economic valuation at any spatial scale. Mal-
inga et al. (2015) provide a systematic review of papers that have spatially mapped (only
from the perspective of quantification without approaching an economic valuation) ES,
where we can conclude that none works at hydrological scales. In a SCOPUS analysis in
2002-2020, just 2.4% of the published documents are about Water—Food nexus, which
includes its interactions with land use, security, agriculture, climate, economy, and health,
which evidences the need for further research (Corona-Lépez et al., 2021). Moreover, none
have been made at a small hydrological scale, being the most common basin or manage-
ment scale. However, there are now models able to simulate large-scale territories to have
agro-hydro-ecological information at high spatial resolution on large domains to quantify
ecological functions (e.g. Cakir et al., 2020) that could be used to overcome this limitation.

In recent decades, there has been a growing interest among the research community
in the monetary value of ES. Most economic valuation methods are based on estimating
the willingness-to-pay by individuals for ES (Costanza et al., 1997). The applicable eco-
nomic valuation methods depend, first, on whether market prices are available for the eco-
system goods and services which are being assessed. If these market values are not avail-
able, there are alternative methods, such as the Travel Cost Method (Clawson, 1959; Trice
& Wood, 1958) or Random Utility Models (Herriges & Kling, 1999), which have been
mainly used to estimate the in situ value of visiting a recreational site that is related to
an aquatic ecosystem (National Research Council, 2005). Other methodologies include the
Hedonic approach to consider environmental quality in real estate prices (Palmquist, 1991;
Sander & Haight, 2012); Contingent valuation (Bateman et al., 2002), as a variant of the
Stated-preference methods; or Replacement cost method (Shabman & Batie, 1978), among
others. In other cases, a market exists, and therefore, there is commercial value for these
services. Other methods estimate gross expenditures in using goods or services, economic
impact, etc. However, these methods do not measure the economic value of the ES in terms
of consumer surplus. In the case of water supply, the ES has significant market and non-
market characteristics (Krieger, 2001). More specifically, regarding drinking water, a direct
method based on market prices can be applied, while in the case of agriculture, since the
ecosystem service provides goods that can be traded, the market value provides a gauge of
the value, although it is only a partial measure since it incorporates only part of the value
(Goulder & Kennedy, 1997).

The specific objective of this article is to develop a methodology to provide quantifi-
cation and economic valuation of provisioning ecosystem services, particularly materials
from agriculture and water supply, at the hydrological scale, bridging the disparity of spa-
tial scales at which the data necessary for both calculations are available. The case study
chosen for its application is in the south-west of Europe. The challenge of quantifying and
economically valuing the ES in a territory that includes four different countries is based
on the necessary adjustment of official statistics, both in terms of their methodologies and
the periods with available information. This paper provides first a description of a meth-
odology to quantify provisioning ES for nutritional (biomass (cultivated crops) and water)
and non-nutritional materials (fibres and other materials from plants) from agriculture
and freshwater consumption for domestic uses, a list of the statistical and modelled data
used, before exploring and discussing the results obtained at the scale of the South-West of
Europe.

Through our proposed methodology, this article aims to contribute to advanced knowl-
edge and practical tools for sustainable resource management at the South-west of Europe
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scale, where water scarcity conditions are worrying since the impacts of climate change on
ecosystems are increasing (Maes et al., 2020) and anthropogenic activities are high, which
means a high pressure on the resources. By enhancing the understanding of provisioning
ecosystem services and their economic importance, we strive to support evidence-based
decision-making and the implementation of effective conservation and resource manage-
ment strategies.

The link between ecosystems and aspects of human well-being, including health, has
been less well understood among the social science community, making attention to the
quantification and valuation of ecosystem services of vital importance. Understanding the
quantification and economic valuation of provisioning ES is pivotal for effective decision-
making and informed management of natural resources. Quantifying these services also
facilitates the identification of critical or vulnerable areas where conservation and restora-
tion actions are needed. It allows for assessing the impacts of human activities, such as
intensive agriculture or forestry exploitation, on resource provision and establishing appro-
priate mitigation or compensation measures. In rural regions, it can also be the main source
of livelihood for their inhabitants (LifeAdaptamed, 2020). Following Butler and Oluoch-
Kosura (2006), insufficient access to the ecosystem service of food (and water) provision-
ing is a significant factor in the loss of human well-being, which requires maintaining
healthy ecosystems.

2 Materials and method
2.1 Study site

SUDOE territory considered in this study spans 773,191 km? in the south-western part
of Europe (Fig. 1). SUDOE includes the south-west regions of France, Andorra, and the
Iberian Peninsula (Spain, Portugal, and Gibraltar). This area serves as the primary agri-
cultural region of the European Union, with approximately half of its land dedicated, as
per the Corine Land Cover 2012 (CLC) map (Fig. 2). The remaining portion of the region
consists of 46% forests and semi-natural areas, 3% artificial surfaces, and 1% wetlands
and water bodies. Notably, a significant portion of the agricultural land is irrigated, with
around 13.5% permanently irrigated in Spain and Portugal (Eurostat, 2019). Over 60 mil-
lion people reside in the SUDOE region, which comprises some of the largest European
cities (Fig. 1). The two main climates in the area are (i) temperate oceanic, extending from
the northern coast of Spain to the western and inland parts of south-western France (Rivas-
Martinez et al., 2019), and (ii) Mediterranean, covering most parts of the Iberian Penin-
sula and the Mediterranean coast of France. 785 mm is the average annual precipitation
(Aquastat, 2019).

2.2 Quantification and economic valuation of provisioning ES
2.2.1 Nutritional and non-nutritional materials from agriculture
The first step consists of quantifying the resource. Since the information on production at
the farm system level is not available, we estimate it using a model that provides us with

the surface area (number of hectares) dedicated to each crop type and an estimate of their
productivity (tons per hectare). Subsequently, the resource is valued by multiplying the
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Fig.1 SUDOE territory and their hydrological basins
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Fig.2 Quantification and assessment methodology for ES Nutritional and other non-nutritional materials
from agriculture

production obtained by its market price (euros per ton). The methodological scheme can be
seen in Fig. 2.

The methodology followed for estimating agricultural production is explained in more
detail below.
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2.2.1.1 Agro-hydro-ecological modelling The agro-hydro-ecological model SWAT is a
valuable numerical model for simulated hydric resources in agricultural areas and agricul-
tural management practices, including irrigation supplies. SWAT concentrates on evaluating
irrigation systems in agriculture and simulating production at the field scale. The primary
objective is to achieve high yields in crop production, enhance water productivity, and ensure
the sustainable distribution of water resources. SWAT (Soil and Water Assessment Tool) is a
publicly available model that proves invaluable in assessing the Water-Food Nexus (Corona-
Loépez et al., 2021). In the SUDOE territory, where water stress is particularly severe, the
quantity of irrigation volume holds significant importance (EEA Report, 2018). SWAT has
been used for over 20 years in different countries worldwide (Tan et al., 2020).

Three modelling projects have been established to portray three distinct regions—the
Pyrenean, the Mediterranean, and the Oceanic zones (Fig. 3). The delineation, warm-up,
and calibration/validation steps for hydrology in SWAT were executed using a consistent
procedure for each project, as described in Cakir et al. (2020). Hydrological Response
Units (HRUs), which consist of the same slope, soil, and land cover characteristics, were

N

Legend

D SUDOE territory
E SWAT projects
Land Use

[ | Noirrigated crop

[ irrigated crop

[ Forest

[ ] Pasture

B Artificial suface

- Wetlands and water bodies

0 100 200 300
mmmmw——— wmm Kilometers

Fig.3 Land use from Corinne Land Cover 2012. Source: adapted from Cakir et al. (2020)
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defined. A total of 24 land classes, 34 soil classes, and 5 slope classes were employed in
this delineation process, and 263 sub-basins with 22,997 HRUs were identified (Cakir
et al., 2020). All the details on hydrological calibration and validation of these three
projects are detailed in Cakir et al. (2020).

According to national statistics, crop management was applied to all HRUs with
intensive production. The primary crop and its corresponding technical management
were chosen for integration into the model for each region. To streamline the model,
correlations were established between the Corine Land Cover classification and the
dominant crop in each area (Table 1). For example, cotton is the dominant crop in irri-
gation in the South-East of Spain.

According to the bibliography, the model implemented plant growth functions with
heat unit values (Battude et al., 2017; Evans & Poorter, 2001; Gilmore & Rogers, 1958;
Wilson, 1981). The “heat unit” concept is utilised to indicate the stage of plant devel-
opment and is typically represented on a scale from O to 1. In this scale, 0 signifies
the sowing time, while 1 represents the optimal plant harvest moment. In the SUDOE
territory, we apply the same crop management procedure. To simulate irrigation in
the model, we set up the auto-irrigation module. Auto-irrigation activation terms are
defined according to the crop type and the area’s climatic condition. The auto-irrigation
system can be activated based on two selected conditions established during calibration:
(1) plant water demand or (2) soil water content. Within the model, the crops iden-
tified for irrigation include rice, olive, vineyard, fruit trees, berry plantations, maise,
and almonds. The nearest dams or main rivers supplied irrigation for these crops. The
annual irrigation volumes (Table 1) were used to calibrate the auto-irrigation and soil
characteristics.

The beginning of plant growth is set up to 0.15 heat units. Auto-irrigation begins at
the same heat unit, meaning every time the plant or the soil needs water, a fixed amount
of water is applied to HRU. Fertilisers are applied automatically according to plant needs
before starting at a heating unit equal to 0.001 or manually with repeating crop manage-
ment at a precise plant development stage defined by fertiliser manufacture recommenda-
tions for specific crops. In conclusion, the harvest in this study is set at 1.2 heat units.
Choosing a value exceeding 1 is deliberate, acknowledging a time lag between the opti-
mised harvest time and the actual harvest. In the interval between 1 and 1.2 heat units, the
plant consumes energy without significantly increasing its production. Leaf development,
light interception, and the light conversion to biomass ratio are simulated to estimate the
potential biomass according to the SWAT model method (Monteith, 1977). This potential
biomass is calculated under ideal growing conditions, assuming sufficient water, nutrient
supply, and a favourable climate.

During a harvest or kill operation, a portion of the plant biomass is removed from the
system as yield. Crop yield is determined by biomass production, harvest efficiency, and
the fraction of above-ground plant dry biomass removed as dry yield, also known as the
harvest index. The daily calculation of the harvest index considers the plant’s stage of
development and the Hydrological Response Unit (HRU) water deficit.

Crop management practices were applied to HRUs based on recommendations from
authoritative agricultural bodies such as the French Chambers of Agriculture (FCA),
the French and Spanish Directorate-General for Agriculture and Rural Development
(DGADR), and the Spanish Confederations (SC). These recommendations guided the
selection and implementation of dominant crops, as determined by national agriculture
statistics databases, along with crop technical management. Specific technical manage-
ment details, including fertiliser application, were derived from the FCA, DGADR, and
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Fig.4 Quantification and economic assessment methodology for ES Freshwater consumption for domestic
uses at sub-system scale

SC guidelines. For instance, the predominant irrigated crops are cotton in the south-east
of Spain and corn and wheat in France.

To evaluate how well the simulated and observed mean crop yields align, a per cent
bias value (PBIAS) is calculated using the method introduced by Moriasi et al. (2007).
PBIAS acts as a metric, indicating whether the simulation tends to underestimate (posi-
tive value) or overestimate (negative value) the observed values on a global scale.

2.2.2 Freshwater consumption for domestic uses

Regarding the valuation of the ES of freshwater supply for domestic uses, the proposed
methodology, considering its feasibility based on available data, consists of estimation
at the NUTS-2 level (Eurostat, 2023) and then converted to sub-system level employing
a change of scale matrix. The first step, therefore, consists of obtaining the volume of
registered water distributed to households annually in each NUTS-2, starting from the
average consumption data in litres per inhabitant and day and multiplying by 365 and by
the population of each population unit. Once the ES has been quantified, its valuation is
followed by a market valuation methodology. The economic value of the domestic water
supply ecosystem service at the NUTS-2 scale is obtained by multiplying the volume of
water (in m®) consumed by the price per cubic meter of water billed to households (€/
m?). Finally, the economic value of the ES of domestic water supply at the sub-system
and river basin level is obtained through a geographical scale change matrix based on
the percentage of the population of each NUTS-2 that belongs to each sub-system or
district (Fig. 4).

The results have been calculated and represented at the sub-system scale. This trans-
formation implies that, in the interpretation of the results, the size of each area must
be taken into account: note that the sub-systems of the northern SUDOE (those of the
Cantabrian coast and the French basins) are significantly smaller than those of the cen-
tral-south-western SUDOE, the latter including the exploitation systems of Portugal. To
avoid this issue, the relative results per area are also shown.
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2.3 Datasets

For the quantification and assessment of ES for nutritional (biomass (cultivated crops) and
water) and non-nutritional materials (fibres and other materials from plants) from agricul-
ture, the statistical information produced by the SWAT model was used together with the
official statistical information shown in Table 2. The Institut National de Recherche en Sci-
ences et Technologies pour I’Environnement et I’Agriculture (IRSTEA) (Campardon et al.,
2012; Gleyses & Rieu, 2004; Loubier et al., 2013), the Compagnie d’Aménagement des
Coteaux de Gascogne (CACG) and the Spanish Hydrological National Plan (Ministerio
de la Presidencia, 2001; Ministerio de Medio Ambiente, 2002) provided information on
irrigation volumes to validate interannual monthly model estimation. At the SUDOE scale,
7,914,000 hectares are irrigated with an annual water amount of 16,917 hm?. To validate
crop management routing, crop yield and biomass amount given by the model were cali-
brated at the model outputs. Production data for each country is provided on the national
statistics website (Table 2). More details about the calibration and validation procedure are
in Cakir et al. (2020). Then, the evaluation phase requires information on the selling prices
of crop products. Finally, the distribution of the irrigated area of each NUTS-2 in each sub-
system is needed to elaborate the scale change matrix.

In the case of freshwater consumption for domestic uses, the quantification of the
resource is based on the total volume of water registered and distributed to households
in the SUDOE territory. For Spain and France, the average consumption per inhabitant
per day in each of the NUTS2 regions has been used as a starting point. Regarding Por-
tugal, the data on consumption per inhabitant at the regional level is available per year, so
it is only necessary to multiply it by the population of each NUTS2 to quantify the total
resource in each Portuguese region. The statistics used in each of the processes are shown
in Table 2.

3 Results
3.1 Nutritional and non-nutritional materials from agriculture

ES quantification: Annual average yields obtained with SWAT modelling were first com-
pared to national statistics for each country (Table 3). The PBIAS absolute average of 8%
indicates a good adjustment between simulated and observed mean crop yield. PBIAS val-
ues range from —35% to +40% depending on crops (except —70% for olives in Portugal),
which is particularly good considering that mean statistical yields are characterised by a
range of variability (indicated in Table 3). This study considers that the nitrogen input in
fields is as close as possible to real value thanks to a good agreement between crop yield
and national statistical yield.

Agricultural production’s highest values are observed in the South-East of the
SUDQOE territory: it is above 16 million tn/year on average in the Guadalquivir River—
mainly because it is the biggest sub-system—and it is above 13 million tn/year in
Jucar sub-system, followed by Segura and Upper Guadiana, which produce more than
10 million tn/year on average each, while Central Guadiana produces around 7.5 mil-
lion tn/year (Fig. 5a). On the Atlantic side, Tagus and Ribeiras do Oeste, belonging
to the Portuguese demarcation, show an average production of more than 5 million tn/
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Table 3 National data and simulated annual crop yield values averaged over the simulation time series by
country for the period 2000-2010

Crops Country National Yield (tn/ha) Simulated Yield PBIAS (%)
(tn/ha)
Almonds Spain 2 22 -11
Lemon tree 254 (+£12.2) 25.0 29
Vineyard 17.5 (£ 12.5) 10.9 37
Olive 9 9.1 -1
Fruit tree 18 (£7) 15.3 15
Melon 13 12.1 7
Rice fields 7 6.0 14
Wheat 3.75 (£ 1.25) 35 7
Cotton 4 4.3 -8
Sunflower 2(x£1.5) 2.7 -35
Maise 9.9 (£24) 7.4 26
Almonds France 1 1.3 -30
Vineyard 7 8.3 -19
Fruit tree 18 16.2 10
Rice fields 5 33 34
Wheat 5(x2) 35 30
Maise 9 6.4 29
Melon Portugal 8(x3) 5.9 26
Cotton 251 2.9 -16
Almonds 0.3 (+0.2) 0.4 -33
Vineyard 4(+3) 8.0 —-14
Olive 4(x1) 7.1 —78
Fruit tree 12 (£6) 11.8 2
Rice fields 7(x£3) 4.2 40
(@)

Agricultural production
(1000t /km?)

Agricultural production
(10008)

0-100

100-500

500-1000

1000-2000
20003000
3000 - 4000

I 50006000
. 60007000
. 700016000

Fig.5 a Quantification in absolute terms (thousands of tons per year) and b in relative terms (thousands of
tons per km?) of agricultural production in the SUDOE territory on average during the period 2000-2015

year. Low-production areas are mainly in the North of SUDOE territory, including some
French areas and the North of Spain. In relative terms (Fig. 5b), all the basins of the
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(a)

Agricultural production

- 3500-6500 B ’ 03390377

Fig.6 a Economic valuation in absolute terms (millions of euros) and b in relative terms (millions of euros
per km?) of agricultural production in the SUDOE territory at sub-system scale on average during the
period 20002015

Cantabrian slope, the Atlantic part of the Minho basin and some French sub-systems
(Neste, Truyere and Lot amont) have lower productions by area compared to the others.
The most productive zone by km? is, inside de SUDOE territory, the south-east: Jucar,
Segura, Upper Guadiana, the South of the inner Catalonia basin, and some of the Medi-
terranean basins of Andalusia. Also, the Portuguese part of the Guadiana basin can be
considered to have a high production by km? and the French sub-systems of Hers Mort
Girou, Riviere de Gascones and Tarn Aval zone.

ES economic valuation: Once the number of tons per km? produced by each type of
crop and the number of hectares in each water body of the SUDOE territory is available,
the market valuation method is applied to obtain an economic value of this production.
Table ***4 (Appendix 1) shows the absolute selling prices of crop products in 2015.
The assessment of the ES provided by the sub-system as a whole (€) and concerning the
area (€/km?) are important.

The economic valuation of this production depends to a large extent, as seen in Table
***4 on whether the crop is rainfed or irrigated and, within this, on the type of crop.
In the south of the SUDOE area, a large part of the Guadalquivir basin produces above
6500 million euros annually on average. In the Guadalquivir basin, 70% of its hectares
correspond to rainfed crops, generating 34% of the economic valuation of production.
It is followed by Jicar, where 27% of the cultivated hectares are irrigated, providing
them 70% of the total economic value of production, with more than 4000 million
euros per year; Segura basin and Tagus and Ribeiras do Oeste (Portugal) with more
than 3000 million euros per year each. The Guadiana basin (Central and Upper parts,
in Spain, and the Portuguese zones) has reached more than 2000 million euros for each
sub-system (Fig. 6a). The Douro basin in the Spanish demarcation has mainly rainfed
production, which generates between 100 and 500 million euros per sub-system.

On the other hand, the Ebro basin, in the south of the Pyrenees, produces between
1000-1500 million euros. The North of Spain has a low economic value in its agricul-
tural production. Looking at the map of production divided by sub-system surface area
(Fig. 6b), we can see that it is not due to the small size of these sub-systems because the
value is still lower than other ones: The North (especially the North-West) of Iberian
Peninsula presents lower production per unit area. At the same time, the South (and
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Fig.7 a Water consumption per inhabitant per day at regional level (NUTS2) and b Cost per m? of drink-
ing water at regional level (NUTS2), annual average 2008-2013. Source: a EUROSTAT, b Sispea-Services
Eau France, Water and Waste Services Regulation Authority (ERSAR-Portugal) and National Institute for
Statistics (INE-Spain)

(a) (b)

Drinking water consumption
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0-0003

Fig. 8 a Quantification in absolute terms (hm?) and b in relative terms (hm® per km?) of drinking water sup-
ply ES in the SUDOE territory annual average during the period 2008-2013

part of the East), in general, can be considered the most productive per unit area zone in
SUDOE territory.

3.2 Freshwater consumption for domestic use

ES quantification: Regarding the quantification of water used for human supply, from
the official data on water consumption (in litres/inhabitant/day) (Fig. 7b) at SUDOE
scale, together with the population data, we arrive at the map of consumption in each
of the sub-systems at SUDOE scale (Fig. 8b). Here we can see the influence of the two
capitals located in the Tagus basin, Madrid (Spain) and Lisbon (Portugal), with their
sub-systems having the highest water consumption due to the effect of the population,
in the case of Madrid (since consumption per inhabitant is low), and due to the joint
effect of the population and the medium-high consumption per inhabitant in the case
of Lisbon. Most of the Guadalquivir basin has high values for the ecosystem service
of drinking water supply as a consequence of the high population in the sub-system
due to its large size. Drinking water consumption is also high in the Segura basin, in a
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Drinking water consumption

Fig.9 a Economic valuation in absolute terms (millions of euros) and b in relative terms (millions of euros
per km?2) of drinking water supply ES in the SUDOE territory annual average during the period 2008-2013

large part of the Jucar basin and the internal basins of Catalonia and part of the Ebro
sub-systems. The North of Portugal also presents high values for the drinking water
supply ecosystem service. In the rest of the SUDOE territory, deficient consumption
of drinking water is observed as a consequence of either the small size of the sub-basin
or a sparse population (as is the case of the inland-northern part of Spain, which cor-
responds to areas of lower population density) in conjunction with low consumption per
inhabitant per day (in comparison with other locations). This includes the sub-basins of
France, where despite the medium-high consumption per inhabitant per day, the low
population and the small size of the sub-systems lead to areas with low water supply
consumption compared to other areas. In relative terms, per unit area (Fig. 8b), Madrid
and Lisbon continue to appear as areas with the highest consumption of drinking water
due to the population concentration (higher in Madrid and its metropolitan area than
in Lisbon). However, the picture changes: the Catalonia area, Vasque country (Eastern
Cantabrian), the coastal Jucar sub-systems, and the Mediterranean coast in France pre-
sent higher drinking water supply values than the rest of the SUDOE territory.

ES economic valuation: Based on the cost per m® of water supply (Fig. 7a) and
drinking water consumption (Fig. 7b), its economic valuation is obtained at the sub-
system level (Fig. 9a). Note that the Jarama-Guadarrama sub-system, in which Madrid
is located, continues presenting the highest value of the ecosystem service of supply as
a consequence of the combination of high consumption (by quantity of population, not
by individual consumption) and the relatively high price paid per m? of drinking water.
In the sub-system of Madrid, the ES for water supply reaches the value of 388 million
€ per year. In the case of the Lisbon and northern Portugal area, the high valuation is a
consequence of the high water service provided and not because of the price per m>, as
this is one of the lowest in the SUDOE territory. It is essential to note the high value of
the ecosystem service of drinking water supply in the Segura basin, the Jicar basin, the
internal basins of Catalonia and part of the Garonne because of the high cost per m* of
water.

Due to its small sub-basins and despite having a unit price around the average, the
Cantabrian coast obtains a low economic valuation in each sub-system compared to the
values of the rest of the SUDOE territory. The same occurs in areas of low population
density in the centre-north of Spain. Finally, note that the basins in the south of France
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obtain a value for the ecosystem service of drinking water supply higher than the aver-
age, mainly due to the relatively high price per m>.

In relative terms, per km?, the sub-system with the highest ES value of drinking water
supply continues to be Jarama-Guadarrama (Madrid), followed by the Segre basin and Cat-
alonia internal basins. The French SUDOE area reaches medium-high ES drinking water

supply values (Fig. 9b).

4 Discussion

4.1 Improving the spatial resolution of provisioning ES quantification
and economic valuation at large transboundary scales

Implementing a hydro-agro-environmental model with consistent spatial resolution across
Europe is essential to fulfilling the European Union’s need for standardised tools amid
global changes (Cakir et al., 2020). The model’s effectiveness in conducting cross-bound-
ary analyses relies on three key elements: (i) integrating climate variables to accommodate
changing conditions, (ii) accurately representing water quantity at appropriate spatial and
temporal scales, and (iii) incorporating anthropogenic pressures, including agricultural,
industrial, and urban inputs. This comprehensive approach ensures a holistic understanding
of the territory and aligns with the EU’s objective of harmonising transboundary tools for
assessing ecosystem services.

Allocating modelling methodology at a large scale with high spatial resolution is also
important to quantify ES linked to the water cycle, crop management and watershed
dynamics. The large-scale modelling allows us to consider multiple watersheds in the
same project and their interactions in the case of highly anthropised watersheds (with
canals, water transfers and dams). The modelling methodology can be applied to any other
approach when the model fulfils large-scale criteria (Moriasi et al., 2007).

The methodology to estimate and value the provisioning ES proposed in this article
allows us to compare the current situation for basins of the transboundary SUDOE territory
from the point of view of the quantity of agricultural production and freshwater for domes-
tic uses assets and their economic valuation. It allows us to obtain the results at hydrologi-
cal scales, though most of the information in France, Spain and Portugal is available at an
administrative scale (national, regional or local). This was possible by utilising a change
of scale matrix based on irrigated and non-irrigated areas for agriculture production and
population for drinking water use.

The quantification was done at the scale of sub-basins because economic data was una-
vailable at a smaller scale. However, using SWAT modelling, ES could be quantified at a
much smaller scale and constitute a perspective for future work.

4.2 A new framework for the quantification and economic valuation
of provisioning ES (agricultural products and drinking water) in South-Western
Europe

The proposed methodology allowed for identifying vulnerable areas in terms of agricul-
tural products. There are sub-systems within the SUDOE region, that compared with the
rest of the sub-systems, they provide a higher number of tonnes of agricultural products.
These are the Guadalquivir (General Regulation area), followed by Jdcar and Segura
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basins, and the Upper and Central Guadiana areas in Spain. The first three also provide the
highest ES in monetary units due to their large size, followed by Tejo e Ribeiras do Oeste
in Portugal. However, in relative terms, some internal basins of Andalusia and Catalonia
and some areas in the Guadalquivir basin stand out as regions with a high value of agricul-
tural production despite their small size. These sub-systems would be identified as critical
due to the high value of the provisioning of agriculture SE that they provide. Specifically,
the Guadalquivir sub-system and the East basins in Spain can also be identified as vulner-
able due to the foreseeable increase in temperatures and decrease/irregularity in rainfall.
Nevertheless, as De Groot et al. (2012) point out, it is imperative to be very careful when
interpreting monetary values per surface area as often the provision of services is not pro-
portional across the whole system being valued due to factors such as spatial heterogeneity
or decreasing returns to scale, among others.

This methodology also allowed the identification of two critical areas in terms of water
supply to the population: the sub-systems to which Madrid and Lisbon belong, as well as
the South of France and the East coast of Spain. The economic value and quantification of
water supply are the highest in these regions, facing increasing water scarcity associated
with climate change. The problem of water scarcity is even more substantial as moving
southward of SUDQE, as the climate is becoming more arid with lower latitudes.

This study provides a methodology to compare environmental and economic indicators
at the same scale. For example, in the sub-systems to which Madrid belongs, the drinking
water supply is important, unlike agricultural production. The area around Madrid is char-
acterised by low production pastoralism.

4.3 Towards a systemic approach to help decision-making and reach
socio-ecosystem sustainability

Following Butler and Oluoch-Kosura (2006), while inadequate access to the ecosystem
service of food provisioning is a critical factor in the loss of human well-being, attention
must nevertheless be paid to all ecosystem services (not just provisioning), as they contrib-
ute in some way to well-being. Although perhaps evident to ecologists, the links between
ecosystems and aspects of human well-being, including health, have been less well under-
stood among the social science community. As Jorge-Garcia et al. (2023) state, prioritising
ecosystem services is essential to start a decision-making process focused on environmen-
tal policies, highlighting the necessity of equilibrium between sustainability and human
well-being.

The causality between ecosystem services and human well-being is bidirectional: func-
tioning societies with some level of well-being may protect or enhance ecosystem services,
while societies with declining well-being may also experience a decline in ecosystem
services, in particular, provisioning services through reduced population engagement in
extensive agriculture, and recreation and access to clean water through reduced engage-
ment in purification.

In the last decade, with climate change and climate disasters, the question of the well-
being of our ecosystems is becoming central for more and more people, particularly
younger generations. For that purpose, environmental issues are central to the quest for
well-being. Nowadays, considering economic services regardless of the environmental
impact might not be relevant. This study suggests evaluating several ES to have a global
overview of one management rule.
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The chosen conceptual framework to evaluate provisioning ES in this work also has
the potential to be improved. Thanks to the SWAT model, productivity and water supply
assessments over the territory have been possible, but the SWAT simulation depends on
the initial assumption during the model implementation. The land cover used as model
data input is static and does not evolve in time and space. This is the main limitation of this
study. There are possibilities to make the landscape evolve through the SWAT model. Fur-
ther studies can focus on that for future research.

In the same way, the evaluation of freshwater consumption does not evolve in space and
time. Further studies should try to understand whether water savings made by one or more
communes significantly impact ES on a sub-basin scale. Likewise, considering information
relating to three countries and not being available in joint databases (Eurostat) with the
same methodology implies an added difficulty. It has been necessary to look for common
ground in each of the situations, being aware that the most up-to-date information possible
is not being used in each case, but rather than that of neighbouring countries conditions
this.

These results can be interesting for stakeholders as they highlight the ecosystem ser-
vices. However, these results on provisioning ES valuation should now be studied in paral-
lel with the capacity of ecosystems to provide these services in the long term, especially
in the context of climate change. In fact, in many regions, there is an overexploitation of
water resources that leads to groundwater level decreases that are not sustainable (Lopez
et al., 2022). Valuing nature is necessary to ensure that decision-making and policy design
are made to recognise these values (Termansen et al., 2022). However, the valuation of
nature is relevant but insufficient for public decision-making in the framework of social and
environmental policies. Over the last 30 years, studies evaluating ecosystem services have
increased significantly. However, incorporating valuations into public decision-making has
been hampered by some valuation methods’ lack of robustness and reliability, a lack of
resources to commission studies, or insufficient technical capacity (Barton et al., 2022). In
this sense, the market-based values of nature must be balanced with the relational, intrinsic
and non-market instrumental values that are also part and parcel of the reasons nature mat-
ters to people (Pascual et al., 2023).

5 Conclusion

In conclusion, the ES of drinking water supply is valued at 5.7 billion euros, and the ES of
supplying products from agriculture is valued at 51 billion euros per year in the SUDOE
territory. In relative terms, drinking water is valued at 85 €/ha per year on average, while
the products from agriculture are considered to reach 750 €/ha per year on average (cur-
rent 2015 euros). Just to give a reference, though comparison makes no sense, there are no
studies in SUDOE territory, and comparison cannot be done because of spatial heteroge-
neity reasons. These estimates are included in the ranges De Groot et al. (2002) provided:
3-4600 $/ha per year for water supply and 6-1014 $/ha per year for food. In this paper, a
higher value per hectare was obtained for agricultural ES than for drinking water supply
ES, results that go in the opposite direction to the results of De Groot et al. (). This may be
related to the important participation of the primary sector in the SUDOE territory. Also,
Costanza et al. (1997) estimated the average global value of annual ES per biome and the
type of ES to be compared.
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products (s pricesy 305 /™™ Spain _ France  Porweal

annual Price Soft wheat 1812 2230 183.9
Durum wheat 292.3 494.0 280.0
Barley 174.0 244.0 196.0
Maise 172.9 201.0 172.4
Rice 276.8 235.9% 274.4
Cotton 501.7
Sunflowers 364.4 483.0 375.0
Early potatoes 354.4 1396.0 275.3
Main crop potatoes 198.3 437.0 195.6
Peaches 561.0 1532.5* 981.8
Dessert apples 377.3 412.6* 575.9
Dessert pears 547.8 666.1%* 621.9
Cherries 1459.1 1759.9
Plums 611.2 836.9
Almonds 1854.8 1015.6
Oranges 185.6 397.6
Mandarins 278.7 613.0
Lemons 530.9 573.0
Dessert grapes 701.7 1515.5% 1373.0
Grapes for wine production 316.0 551.0% 371.1
Table olives 716.8 1545.3* 491.3
Other olives 560.6 348.4
Source EUROSTAT
*Data for 2011

This article highlights the level of provisioning ES provided by the ecosystem and shows
the significant differences in their valuation according to spatial location. This should be
studied with other regulating and cultural ES to provide sustainable resource uses, ecosys-
tems, and human well-being (Costanza, 2020).

In further studies, it could be interesting to evaluate provisioning ES and their evolutions
regarding climate change. Specific trends in ES could be identified across the SUDOE, a
vast and diverse territory which cannot be seen on a regional scale (Uniyal et al., 2023).

Appendix

See Table 4.
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