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A la gent que vull, 

perquè fa del món 

un lloc meravellós 

We forget that the water cycle and the life cycle are one. 

Jacques Cousteau 

Tell me and I will forget. 

Show me and I may remember. 

Involve me and I will understand. 

Benjamin Franklin 
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Abstract 

Even though practical water resources planning and management has 

evolved greatly, there is still a mismatch between it and Integrated Water 

Resources Management. In light of the European Water Framework Directive 

and other European Policies related to water and sustainability, the 

Ecosystem Services assessment and Water Accounting methodologies have 

been identified as tools that can help approaching Integrated Water 

Resources Management. 

However, the existing methodologies are disconnected from the real 

requirements of water resources planning and management in complex river 

basins such as the ones suffering from water scarcity. The Water Accounting 

frameworks adopt a financial accounting perspective that is too exhaustive 

for the purpose of transmitting the relevant water stocks and flows for water 

managers and users in a river basin, and that entail less accuracy in the 

global water balance. Also, the analysed Ecosystem Assessment Tools 

overlook the influence of water management as well as the temporal and 

spatial variability of water resources and demands. 

This Thesis proposes methodologies for Water Accounting and Ecosystem 

Services Assessment which overcome the identified limitations and are 

especially adapted to be implemented in water scarce river basins. The 

Australian Water Accounting Standards are simplified to avoid exhaustive 

accounting for the sake of accuracy and transparency of water 

management information. An improved version is fully designed, and some 

criteria are proposed to guide its implementation at river basin scale with the 

purpose of improving public information and governance. A set of 

Integrated Water Resources Management Tools embedded in the Decision 

Support System AQUATOOL is tailored with economic information in order to 

obtain the benefits of three Freshwater Ecosystem Services considering the 

influence of water management with a detailed time step. 

The application of the resulting methodologies to different cases of study 

show the relevance of adopting a water management perspective in order 

to capture all the complexity of water scarce river basins in the results, so 

that they are useful for informed decision making. The Water Accounting 

results disclose synthesised and relevant information for water users and 
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other stakeholders about the state of water resources and their allocation 

and supply during the analysed period. The Freshwater Ecosystem Services 

assessment results reveal helpful to classify water bodies or watersheds 

according to their capacity to provide environmental benefits, and to 

analyse the tradeoffs between the traditional water demands and the 

Ecosystem Services beneficiaries.  

Finally, the methodologies are put into context inside the Integrated Water 

Resources Management process that covers the target variables to 

consider, the tools that allow analysing the influence of management 

actions on them, the indicators that are more informative to water 

managers, and the ways to transmit the information to the general public. 

Furthermore, the types of analyses which can be conducted with the 

proposed methodologies are detailed, and illustrated with examples in 

scientific literature. 

The presented research is based on published work, which is expanded or 

detailed, and includes other non published material. The result is a Thesis that 

provides improved results and conclusions with respect to the stand-alone 

papers. 
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Resumen 

A pesar de que la planificación y gestión de los recursos hídricos ha 

evolucionado enormemente, existe todavía discordancia entre la misma y 

la Gestión Integrada de Recursos Hídricos. A la luz de la Directiva Europea 

Marco del Agua y otras Políticas Europeas relacionadas con el agua y la 

sostenibilidad, la Contabilidad del Agua y la evaluación de los Servicios de 

los Ecosistemas se han identificado como herramientas que pueden ayudar 

a aproximarse a la Gestión Integrada de Recursos Hídricos. 

Sin embargo, las metodologías existentes actualmente están 

desconectadas de los requisitos reales de la planificación y gestión de los 

recursos hídricos en cuencas hidrográficas complejas como las que sufren 

de escasez hídrica. Los marcos de Contabilidad del Agua adoptan una 

perspectiva de contabilidad financiera que es demasiado exhaustiva para 

el propósito de transmitir información relevante sobre las reservas y flujos a 

los gestores y usuarios del agua en una cuenca, y conllevan menos 

precisión en el balance global de agua. Además, las herramientas 

analizadas para la evaluación de los Servicios de los Ecosistemas pasan por 

alto la influencia de la gestión del agua así como la variabilidad temporal y 

espacial de los recursos hídricos y las demandas. 

Esta Tesis propone metodologías para la Contabilidad del Agua y la 

Evaluación de los Servicios de los Ecosistemas que superan estas limitaciones 

y que están especialmente adaptadas para su implementación en cuencas 

con escasez de agua. Los Estándares Australianos de Contabilidad del 

Agua se simplifican para evitar la contabilidad exhaustiva a favor de la 

precisión y la transparencia en la información sobre la gestión del agua. Se 

diseña una versión mejorada y se proponen algunos criterios para guiar su 

implementación a escala de cuenca con el propósito de mejorar la 

información pública y la gobernanza. Un conjunto de herramientas para la 

Gestión Integrada de Recursos Hídricos que forman parte del Sistema 

Soporte a la Decisión AQUATOOL se une con información económica para 

obtener los beneficios generados por tres Servicios de los Ecosistemas de 

Agua Dulce considerando la influencia de la gestión del agua a una escala 

temporal detallada. 
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La aplicación de las metodologías resultantes a distintos casos de estudio 

muestra la relevancia de adoptar una perspectiva de gestión del agua 

para capturar en los resultados la complejidad de las cuencas con escasez 

de agua, de modo que sean útiles para la toma de decisiones informadas. 

Los resultados de Contabilidad del Agua muestran información sintética y 

relevante para los usuarios del agua y otros actores interesados sobre el 

estado de los recursos hídricos, y su asignación y suministro durante el 

periodo analizado. Los resultados de la evaluación de los Servicios de los 

Ecosistemas de Agua Dulce se revelan útiles para clasificar las masas de 

agua o subcuencas de acuerdo con su capacidad para proporcionar 

beneficios ambientales y para analizar el equilibrio entre las demandas de 

agua tradicionales y los beneficiarios de los Servicios de los Ecosistemas. 

Finalmente, las metodologías se ponen en contexto dentro del proceso de 

Gestión Integrada de Recursos Hídricos que abarca las variables objetivo a 

considerar, las herramientas que permiten analizar la influencia de las 

acciones de gestión sobre ellas, los indicadores más informativos para los 

gestores del agua, y los modos de transmitir la información al público en 

general. Además, se detallan e ilustran con ejemplos en la literatura 

científica los tipos de análisis que pueden llevarse a cabo mediante las 

metodologías propuestas. 

La investigación que se presenta está basada en trabajos publicados, que 

se expanden o detallan, e incluye material no publicado. El resultado es una 

Tesis que proporciona resultados y conclusiones mejorados respecto a los 

artículos independientes. 
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Resum 

A pesar que la planificació i la gestió dels recursos hídrics ha evolucionat 

enormement, existeix encara discordancia entre aquesta i la Gestió 

Integrada de Recursos Hídrics. A la llum de la Directiva Europea Marc de 

l’Aigua i altres Polítiques Europees relacionades amb l’aigua i la 

sostenibilidad, la Comptabilitat de l’Aigua i l’avaluació dels Serveis dels 

Ecosistemes s’han identificat com a ferramentes que poden ajudar a 

aproximar-se a la Gestió Integrada de Recusos Hídrics. 

No obstant això, les metodologies existents actualment estan 

desconnectades dels requeriments reals de la planificació i gestió dels 

recursos hídricos en conques hidrogràfiques complexes com les que 

pateixen d’escassesa hídrica. Els marcs de Comptabilitat de l’Aigua 

adopten una perspectiva de Comptabilitat financera que és massa 

exhaustiva per al propòsit de transmetre informacó relevant sobre les 

reserves i fluxes als gestors i usuaris de l’aigua en una conca, i comporten 

menys precisió al balanç global de l’aigua. A més, les ferramentes 

analitzades per a l’avaluació dels Serveis dels Ecosistemes passen per alt la 

influència de la gestió de l’aigua així com la variabilitat temporal i espacial 

dels recursos hídrics i les demandes. 

Aquesta Tesi proposa metodologies per a la Comptabilitat de l’Aigua i 

l’Avaluació dels Serveis dels Ecosistemes que superen aquestes limitacions i 

que estan especialment adaptades per a la seua implementació en 

conques amb escassesa d’aigua. Els Estàndards Australians de 

Comptabilitat de l’Aigua es simplifiquen per evitar la comptabilitat 

exhaustiva a favor de la precisió i la transparència en la informació sobre la 

gestió de l’aigua. Es dissenya una versió millorada i es proposen alguns 

criteris per guiar la seua implementació a escala de conca amb el propòsit 

de millorar la informació pública i la governança. Un conjunt de ferramentes 

per a la Gestió Integrada de Recursos Hídrics que formen part del Sistema 

Suport a la Decisió AQUATOOL s’uneix amb informació econòmica per 

obtindre els beneficis generats per tres Serveis dels Ecosistemes d’Aigua 

Dolça considerant la influència de la gestió de l’aigua a una escala 

temporal detallada. 
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L’aplicació de les metodologies resultants als distints casos d’estudi mostren 

la rellevància d’adoptar una perspectiva de gestió de l’aigua per capturar 

als resultats la complexitat de les conques amb escassesa d’aigua, de 

manera que siguen útils per a la presa de decisions informades. Els resultats 

de la Comptabilitat de l’Aigua mostren informació sintètica i rellevant per als 

usuaris i altres actors interessats sobre l’estat dels recursos hídric, i la seua 

assignació i subministrament al llarg del període analitzat. Els resultats de 

l’avaluació dels Serveis dels Ecosistemes d’Aigua Dolça es revelen útils per 

classificar les masses d’aigua o subconques d’acord amb la seua capacitat 

per proporcionar beneficis ambientals i per analitzar l’equilibri entre les 

demandes d’aigua tradicionals i els beneficiaris dels Serveis dels 

Ecosistemes. 

Finalment, les metodologies es posen en context dins del procés de Gestió 

Integrada de Recursos Hídrics que abarca les variables objectiu a 

considerar, les ferramentes que permeten analitzar la influència de les 

accions de gestió sobre elles, els indicadors més informatius per als gestors 

de l’aigua, i les maneres de transmetre la informació al públic en general. A 

més, es detallen i il·lustren amb exemples en la literatura científica els tipus 

d’anàlisis que es poden portar a terme mitjançant les metodologies 

propostes. 

La investigació que es presenta està basada en treballs publicats, que 

s’expandeixen o detallen, i inclou material no publicat. El resultat és una 

Tesis que proporciona resultats i conclusions millorades respecte als articles 

independents. 
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1.1 Water resources management in water scarce regions 

Water scarcity is one of the main concerns for water resources managers in 

arid and semi-arid regions (Cirilo, 2008). It is the result of water demands 

being a big portion, or even exceeding, the renewable water resources in 

time and space. Historically, water scarce regions have adapted to the 

endemic lack of water by building dams and other hydraulic infrastructures 

(Estrela et al., 1996; Loucks and van Beek, 2005) with the aim of increasing 

water resources availability. With time, the higher control over water 

resources has underpinned human development (World Bank, 2016) that 

generally brings urban, agricultural and industrial expansion. Inevitably, as 

water demands grow and diversify, the allocation problems become more 

complex. 

At this point, water managers should look for more systematic approaches to 

allocate water resources, define water saving strategies, and establish 

regulatory frameworks and plans. It could be considered a transit from a 

sectoral approach to more holistic water resources management (Cao, 

2006). The use of models has revealed essential to work with several variables 

and scales interacting in time and space (Jakeman and Letcher, 2003; 

McIntosh et al., 2008). Different models have been used such as 

hydrological, water allocation, and aquifer models. All together, they allow 

performing scenario analyses to test different sets of measures and 

management options that provide indicators of water supply reliability, status 

of reserves and water balances (Andreu et al., 2008). In general, these 

models are dynamic, so that they can represent the seasonal and inter-

annual variability of water resources which are crucial in water scarce 

regions, and usually consider spatial distribution as well. This evidences the 

complexity of water resources management in water scarce regions, even if 

only quantitative aspects are regarded. 

A good example of the described evolution of water planning and 

management in water scarce regions is Spain. In the early 20th century, 

Spanish water policies consisted in planning hydraulic works to serve the 

existing water uses. It was almost a matter of storing and carrying water from 

the sources to the demands (Hernández, 1994). In order to perform these 

tasks, the first River Basin Agencies were created in 1926. With this, Spain 
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became (most likely) the first country in the world to establish water 

management activities at river basin scale (Embid, 2003). 

Along the central decades of the century, traditional agriculture evolved 

toward industrial agriculture (García-Delgado, 1976), population grew and 

large migrations from rural areas to cities took place (Slomp, 2004). This 

brought about increased pressures over water resources and posed new 

problems for decision makers. The necessary mental shift in water resources 

management to cope with this new reality arrived with the publication of the 

Royal Decree 3029/1979 (Ministerio de Obras Públicas y Urbanismo, 1980), 

which regulated the preliminary studies for water resources evaluation, water 

demands estimation and definition of use priorities for water resources 

planning. This, together with the first serious drought of the century, fostered 

the enactment of the new Spanish Water Law in 1985 (Jefatura del Estado, 

1985). Besides, by incorporating modern hydrological concepts (e.g. 

including surface and groundwater under the competence of water 

mangers) and setting environmental objectives, the new law established 

water resources planning as the main tool to develop water policies based 

on the integrated vision of the hydrological cycle, with rationality and 

economy. Afterwards, the redefinition of River Basin Agencies in 1987, and 

the publication of new regulations in 1988 (Ministerio de Obras Públicas y 

Urbanismo, 1988) were the breeding ground for the development of the first 

River Basin Management Plans (RBMP), which were mostly published in 1998, 

and the National Water Management Plan (Jefatura del Estado, 2001; 2005). 

Models played a key role in the development of these plans, as they were 

used to assess water resources availability, estimate the regulated water 

resources and define operation rules for the water resources systems, among 

other purposes. Finally, it is worthy to highlight that, even though this 

generation of water management plans defined measures to protect the 

environment, their main purpose was still satisfying human water demands. 

1.2 Moving towards Integrated Water Resources Management 

Overall, water planning and management can be recognised as one of the 

most relevant issues to attend regarding environmental degradation (Cao, 

2006; Grafton et al., 2013). Land use changes, hydraulic infrastructures and 
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water management strategies alter the natural patterns of water along river 

systems (Richter and Thomas, 2007), since they retain, transport, uptake and 

divert water according to the needs of existing water uses. Moreover, 

urbanization, industrialisation and intensive agriculture produce increasing 

pollution which results in the impairment of water quality (Momblanch et al., 

2015). 

However, water planning and management can also be part of the solution 

of the abovementioned environmental problems. The Integrated Water 

Resources Management (IWRM), is defined as the coordinated 

development and management of water, land and related resources to 

maximise economic and social welfare without compromising the 

sustainability of vital ecosystems (Global Water Partnership, 2012). It includes 

both the planning and management stages which have different purposes 

and time horizons (i.e. long term, assessment of demands and resources, and 

infrastructures development; and medium-short term and operation of water 

resources systems, respectively). The IWRM was recognised as the most 

capable tool for water resources sustainable development at the World 

Summit on Sustainable Development of 2002 and the Third World Water 

Forum in 2003 (Rahaman and Varis, 2005). The potential of IWRM for 

reconciling human uses and the environment in water scarce basins has 

been explicitly highlighted (Garrote et al., 2016). 

This change of paradigm requires accounting for the satisfaction of human 

needs, and the protection of land and aquatic environments as inextricably 

dependent variables (Bakker, 2012). According to its definition, IWRM can be 

conceptualised in five topics which are interdependent. Under each 

general topic, specific variables are considered based on the Global Water 

Partnership analysis (2000). The first topic is quantitative management that 

accounts for the definition of water demands and establishes the priorities of 

use and the exploitation strategy of water resources. Secondly, land-water 

interaction implies considering the influence of catchment management 

over water availability and diffuse pollution, and the importance of the 

relationship between surface and groundwater. In the third place, 

environmental sustainability calls for the definition of environmental flows 

which sustain aquatic and related ecosystems, for the preservation of good 

water quality, and for taking into account the benefits of protecting nature. 
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The fourth topic is the maximisation of economic benefit which can be 

achieved by promoting the role of economic productivity in the efficient 

allocation of water and demands management (Cao, 2006), and fostering 

economic instruments such as water pricing policies for efficient water use 

(Ward and Pulido-Velazquez, 2009) and costs recovery of water services 

(Heinz et al., 2007). The final topic is maximisation of social welfare that 

requires improving water governance with the involvement of stakeholders in 

water management decisions since deciding on the best trade-off is a 

political issue rather than a technical one (Loucks and van Beek, 2005). This 

translates into the need for establishing effective public participation 

mechanisms at all stages of water management which have to be 

supported by adequate information and control instruments (Momblanch et 

al., 2014). 

Figure 1 presents the quantitative management at the core of IWRM, since it 

is the main driver for the whole framework. The two-direction arrows 

represent dependencies between quantitative management and the other 

topics. For example, water allocation is dependent on the availability of 

water resources, but at the same time operation rules affect surface-

groundwater relationship due to water withdrawals. On the other hand, the 

surrounding arrows represent the relationships among the four secondary 

topics. For instance, hydrological processes and diffuse pollution determine 

the temporal patterns of environmental flows and in-stream water quality, 

respectively. 

 

Figure 1. Conceptual diagram of IWRM. 
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Taken as a whole, moving towards IWRM implies stronger water requirements 

of environmental uses and, consequently, the reduction of the available 

water resources for economic uses. This poses a big challenge for water 

scarce river basins. Under these circumstances, drought periods could 

develop into problems like low supply reliabilities for non-priority water uses 

(e.g. agricultural), and high risk of supply deficit for priority uses (e.g. urban); 

and even for the environmental requirements themselves. 

Given the complexity of IWRM, it is necessary to use methodologies and tools 

that provide support to water managers in order to make informed and 

sound decisions (Global Water Partnership, 2000; Andreu et al., 2008). This 

has brought about models to evolve towards new approaches like Decision 

Support Systems, experts systems, collaborative planning and management, 

and dynamic decision systems, among others (Solera, 2003). Common to all 

these models is their ability to reflect political and social priorities, and 

compare management alternatives with transparency. However, the 

practical implementation of IWRM is frequently less integrated than it should 

be, with fragmented applications and focused on the traditionally dominant 

water uses (Cook and Spray, 2012; Everard, 2014). In order to address the 

gap between theory and practice, the first step is identifying the 

methodologies that can contribute to the diverse topics included in IWRM, 

and then propose a framework that facilitates their common 

implementation. 

1.3 Methodologies to support IWRM 

1.3.1 European Policies 

The European Water Framework Directive (WFD) (European Parliament and 

Council, 2000) supposed a boost for the implementation of IWRM in Europe. 

The main aim of this directive is achieving the good ecological status of 

European water bodies by 2015, under consideration of their quantitative 

and qualitative status, and introducing economic instruments to incentivise 

sustainable water use. To do so, the Common Implementation Strategy 

published several guidance documents that recommend some 

methodologies which are in line with the topics and sub-topics of IWRM 

identified in the previous section. In reference to quantitative management, 
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the Guidance Document No. 34 (DG Environment, 2015b) identifies water 

accounting (WA) as a useful tool for guiding efficient allocation and control 

of water resources. Regarding the analysis of impacts on the ecological 

status, Guidance Document No. 3 (IMPRESS, 2003) proposes modelling 

approaches such as water quality river network models,  and stream habitat 

models as suitable to support this task. Besides, this Guidance highlights 

diffuse pollution catchment models as a way to evaluate land management 

impacts. Furthermore, Guidance Document No. 31 (DG Environment, 2015a) 

defines environmental flow as “a hydrological regime consistent with the 

achievement of the environmental objectives of the WFD in natural surface 

water bodies as mentioned in Article 4(1)” and so its estimation and 

practical implementation is inherent to the attainment of the WFD 

prescriptions. With respect to the economic instruments, Guidance 

Document No. 1 (WATECO, 2003) defines the assessment of the economic 

benefits of main water uses, and the evaluation of environmental costs and 

benefits as part of the integration of economy into water management. The 

former would serve as an additional criterion for the efficient allocation of 

water among different users, while the later would be part of the estimation 

of the cost of water services. 

Together with the WFD, many other initiatives have been fostered by 

European institutions intending to support sustainability of water resources 

and associated ecosystems. Europe 2020 (European Commission, 2010) is the 

growth strategy established by the European Union that stands for 

sustainable economic and social growth. Under this umbrella, the European 

Commission launched the European Biodiversity Strategy to 2020 (European 

Commission, 2011) whose main target is to reverse biodiversity loss and 

promote resource efficiency. It encompasses the Habitats (European 

Council, 1992) and Birds (European Parliament and Council, 2009) Directives 

that aim to protect habitats and species belonging to Natura 2000 sites (i.e. 

Sites of Community Importance and Special Protection Areas) which, in 

some cases, bear aquatic ecosystems (Schmedtje et al., 2011). The 

Biodiversity Strategy claims that environmental degradation is due to the 

lack of assigning a value to biodiversity, and because it is not factored into 

decision making. It deems ecosystem services (ES) assessment as a powerful 

tool to support decision makers in order to determine the best use of scarce 
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resources by assigning a value to the services provided by nature and to find 

funding sources that back sustainability measures. 

Also fitting into the overall resource-efficiency objective of Europe 2020, A 

Blueprint to safeguard Europe’s Water Resources (European Commission, 

2012a) was published to capture the experience gained during the 

implementation of the first RBMP under the WFD, and the Review of the 

Policy on Water Scarcity and Droughts (European Commission, 2012b). It 

proposes a series of fundamental actions to be undertaken in response to 

the diverse problems that should be addressed for water resources 

management in the different member states. The Blueprint states that 

quantitative aspects, aggravated by population growth and climate 

change, are the biggest hurdle for water resources sustainability, and that 

key issues to confront them are increasing water efficiency and improving 

governance. In relation to water use control and governance, the Blueprint 

regards WA as a useful method to compile water data which provides a real 

picture of water availability in a single information source. This is relevant for 

sound water allocation because it provides key information for water 

management. Moreover, the Blueprint stresses the interconnection between 

land use and water quantity and quality, and calls for land use improvement 

by means of the coordination with spatial planning. 

1.3.2 Review of hydro-economic models 

The review of hydro-economic models conducted in Momblanch et al. 

(2016) highlights that the environment is likely to be the IWRM component 

with the worst representation in current water management analyses. 

Previous reviews are consistent with this finding and conclude that in-stream 

environmental uses are seldom represented in hydro-economic models 

(Ringler and Cai, 2006; Ward and Pulido-Velazquez, 2008; Harou et al., 2009; 

Ward and Pulido-Velazquez, 2009). 

By reviewing 95 studies which apply hydro-economic models for water 

management analysis at river basin scale including environmental aspects, 

Momblanch et al. (2016) find that representation of environmental values is 

patchy in most applications. From all the original set of studies, only 34 

include environmental impacts in economic optimisation functions. The 

environmental aspects covered vegetation and fauna, water quality and 



Assessment of Ecosystem Services and Water Accounting Methodologies for 

Integrated Water Resources Management in water scarce basins 

 

 
10 

flood control. Most studies only analysed one (e.g. Cai et al., 2002; Divakar et 

al., 2011; Mullick et al., 2013) or two (e.g. Lund and Ferreira, 1996; Babel et al., 

2005; Kahil et al., 2015) environmental aspects and only five papers included 

more than three (Hurd et al., 1999; Grossmann and Dietrich, 2012; 

Bekchanov et al., 2015a; Bekchanov et al., 2015b; Bekchanov et al., 2015c). 

Moreover, some studies included very broad and vague environmental 

components such as wetlands or environmental flows which may disguise 

internal tradeoffs of the aggregated environmental values (Momblanch et 

al., 2016). Regarding the economic valuation, no systematic approaches 

were found, being the broad environmental concepts the ones with highest 

dispersion of valuation techniques.  

The main recommendation arising from the review, is that the ES approach 

can be useful to screen the possible environmental aspects impacted by 

water management (Momblanch et al., 2016). Besides it can help guiding 

the economic valuation by providing well established and systematic 

valuation methods recommended in ES literature (Momblanch et al., 2016). 

1.3.3 Summary of methodologies 

Summing up, the methodologies which are more synergistic with IWRM, as 

identified above, are presented in Table 1. They can be organised in five 

groups according to the aspects of IWRM to which they contribute the most. 

 
Quant. 

manag. 

Land & 

water 

Environ. 

sustain. 

Economic 

welfare 

Social 

welfare 

Diffuse pollution 

modelling 

     

In-stream water 

quality modelling 

     

Habitat suitability 
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Environmental 
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Ecosystem Services 

Assessment 

     

Assessment of 

water use benefits 

     

Water Accounting 

 

     

Table 1. Contribution of the identified methodologies to the different aspects of IWRM. 
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1.4 Motivation, scope and objectives of the research 

This Thesis is based on preceding research whose objective was establishing 

a modelling methodology to integrate aspects of water resources and 

diffuse pollution evaluation, water allocation, in-stream water quality 

modelling, and habitat suitability for aquatic species (Momblanch, 2013). 

Such research concluded that the connection among the models allows 

analysing possible tradeoffs between water uses and the environmental 

status, with the aim of finding a satisfactory solution that balances human 

water uses and environmental water requirements in complex management 

scenarios. It also recognised that if all the models are integrated into a single 

platform (i.e. Decision Support System), the transfer of results is easier and 

allows massive simulations. Momblanch (2013) based the analysis on a set of 

Simulation-Indicators that represent the temporal evolution of the different 

objectives analysed, as well as on Tradeoff-Indicators that synthesise the 

state of the system along the simulated period for an easy comparison of 

management alternatives. 

In line with the implementation gap identified between IWRM definition and 

implementation, the general objective of this research is to harmonise the 

traditional water management in water scarce regions with IWRM by 

adopting a set of recommended methodologies and tools (see Table 1), 

and proposing an application framework. Some of the methodologies have 

been applied in other studies such as the assessment of environmental flows 

under consideration of water management, habitat modelling and water 

quality in the Tormes River Basin (Paredes-Arquiola et al., 2014b), and the 

modelling of water quality under drought conditions in the Llobregat River 

Basin (Momblanch et al., 2015). The assessment of the economic benefits of 

water use by means of hydro-economic models has also been widely 

studied as a way to contribute to IWRM (Booker et al., 2012). Other 

methodologies have just recently been analysed on this regard, such as ES 

(Liu et al., 2013) and WA (Pedro-Monzonís et al., 2016b). 

Nonetheless, casuistry across European waters is very diverse (European 

Commission, 2012a), and key issues for IWRM are not common to all regions. 

Neither are the preexisting legal regulations and water management 

practices. For example, as highlighted in Section 1.1., the complexity and 
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specific features that water management in scarce river basins entails is an 

added difficulty for the implementation of IWRM. Since the selection of tools 

should be context-dependent (Global Water Partnership, 2000), it is very 

important to identify methodologies which are suitable to move water 

management toward IWRM in water scarce regions. Therefore, prior to 

adopting any methodology, it should be tested and adapted to the specific 

conditions and requirements. 

Amongst the methodologies identified in the previous section, the specific 

requirements that ES assessment tools and WA methodologies should possess 

as regard to their implementation in water scarce river basins still remain 

untested. The present research focuses on these methodologies (see Figure 

2), even though it makes use of the previous results and modelling 

approaches in Momblanch (2013). Some clarifications should be made yet. 

In the first place, all ES assessment frameworks consider the economic 

benefits of water use as a provisioning service and, thus, this aspect is 

indirectly examined in this research. Secondly, the ES assessment 

methodology is limited to the processes occurring in the aquatic domain, 

freshwater ES (FES), that are related to the spatial and temporal scale of 

water resources management in water scarce regions. These scope 

constraints are further detailed in section 3.2. 

 

Figure 2. Variables considered under the scope of the present Thesis. Grayed variables 

have been analysed in previous research. 
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Based on the above, the specific objective of this Thesis is analysing and 

testing WA and FES assessment as potential methodologies to support IWRM 

in water scarce basins. The subsequent sub-objectives are the following: 

a) Analysis of WA and FES assessment methodologies and their 

potential to support IWRM. 

b) Applicability of both methodologies in water scarce regions. 

c) Recommendation of improvements in the application of the 

methodologies in water scarce regions. 

1.5 Related publications 

Part of this Thesis has been included in three articles published in peer 

reviewed journals indexed in the Journal Citations Reports, and in one article 

submitted to one of these journals. The references are listed below and the 

author versions of the papers are included in Annexes A.1 to A.3: 

- Directly included in the Thesis, for which the required permits have 

been obtained from the co-authors and the Publishers (see License 

agreements in Annexes A.4 to A.6): 

o Momblanch, A., Andreu, J., Paredes-Arquiola, J., Solera, A., & 

Pedro-Monzonís, M. (2014). Adapting water accounting for 

integrated water resource management. The Júcar Water 

Resource System (Spain). Journal of Hydrology, 519, Part D, 

3369-3385. doi: 10.1016/j.jhydrol.2014.10.002 

o Momblanch, A., Connor, J. D., Crossman, N. D., Paredes-

Arquiola, J., & Andreu, J. (2016). Using ecosystem services to 

represent the environment in hydro-economic models. 

Journal of Hydrology, 538, 293-303. doi: 

10.1016/j.jhydrol.2016.04.019 

o Terrado, M., Momblanch, A., Bardina, M., Boithias, L., Munné, 

A., Sabater, S., Solera, A., & Acuña, V. (2016). Integrating 

ecosystem services in river basin management plans. Journal 

of Applied Ecology, n/a-n/a. doi: 10.1111/1365-2664.12613 

- Directly included in the Thesis and submitted to a journal. Currently 

under review: 

http://dx.doi.org/10.1016/j.jhydrol.2014.10.002
http://dx.doi.org/10.1016/j.jhydrol.2016.04.019
http://dx.doi.org/10.1111/1365-2664.12613
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o Momblanch, A., Paredes-Arquiola, J., & Andreu, J. (under 

review). Improved modelling of the freshwater provisioning 

ecosystem service in water scarce river basins. Journal of 

Environmental Modelling and Software. 

 

- Supporting the general methodology of the thesis: 

o Andreu, J., Momblanch, A., Paredes, J., Pérez, M.Á., Solera, 

A. (2012). Potential role of standardized water accounting in 

Spanish basins, in: Godfrey, J.M., Chalmers, K. (Eds.), Water 

Accounting. International Approaches to Policy and 

Decision-Making. Edward Elgar, Cheltenham. 

o Paredes-Arquiola, J., Solera, A., Martinez-Capel, F., 

Momblanch, A., & Andreu, J. (2014). Integrating water 

management, habitat modelling and water quality at the 

basin scale and environmental flow assessment: case study 

of the Tormes River, Spain. Hydrological Sciences Journal, 

59(3-4), 878-889. doi: 10.1080/02626667.2013.821573 

o Momblanch, A., Paredes-Arquiola, J., Munné, A., Manzano, 

A., Arnau, J., & Andreu, J. (2015). Managing water quality 

under drought conditions in the Llobregat River Basin. 

Science of the Total Environment, 503–504, 300-318. doi: 

10.1016/j.scitotenv.2014.06.069 

1.6 Structure of the Thesis 

Even though this Thesis is partially based on published work, papers are 

specifically defined for the purpose of dissemination rather than for providing 

detailed information. Hence, for the sake of easy reading, understandability, 

as well as the inclusion of non published research, the present document 

combines and reorganises the published and new material. The result is a 

document that follows the traditional structure of a Thesis. 

The present introductory chapter has stated the research gap, and the 

general and specific objectives addressed in the research. Subsequently, the 

state of the art (Chapter 2) summarises the existing background of the WA 

and ES methodologies under study. It includes a description of the 

http://dx.doi.org/10.1080/02626667.2013.821573
http://dx.doi.org/10.1016/j.scitotenv.2014.06.069
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theoretical frameworks, application examples and a critical argumentation 

that leads to a final proposal of the methodologies that are to be further 

developed along the Thesis. 

Chapter 3 describes the adaptation and design of the WA and ES 

methodologies to make them suitable for the purpose of supporting IWRM in 

water scarce river basins. These methodologies are then applied to different 

cases of study in Chapter 4 in which their potential to provide valuable 

information for IWRM in water scarce river basins is analysed by means of 

scenario analyses.  

Chapter 5 draws the general results of the research and highlights the key 

findings of the Thesis. It also reflects the limitations associated with the 

development and implementation of the diverse methodologies. Finally, 

Chapter 6 summarises the whole research, sets the final conclusions that can 

be inferred from the Thesis development, and recognises the future research 

lines that arise from the present work. 
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This chapter reviews the existing frameworks and tools for the 

implementation of WA and FES assessment. For both methodologies, a 

review of literature and applications is presented in first place (sections 2.1.1 

and 2.2.1). Subsequently, the diverse frameworks and tools are critically 

appraised regarding their potential to contribute to IWRM considering the 

specific difficulties of water scarce regions highlighted in the Introduction. 

Since these methodologies have been developed outside the scope of 

IWRM, it is presumable that they neglect fundamental aspects for IWRM. 

Their limitations in this regard are identified in sections 2.1.2 and 2.2.2 in order 

to guide their adaptation before they can be practically applied. 

2.1 Water Accounting 

2.1.1 Literature review 

WA can be generally defined as the systematic process of identifying, 

recognising, quantifying, reporting and assuring information about water use 

in form of water balances in a spatial domain in a certain format (Bureau of 

Meteorology, 2012). There are two mainstream practices for WA: the 

economic WA and the physical WA. The first one binds hydrological and 

economic information together and enables deriving indicators on water 

resources availability, water use intensity and productivity (UNSD, 2012), while 

the later only presents physical information on water availability and use 

together with their corresponding indicators.  

2.1.1.1 Economic water accounting 

This type of WA originated in France (Margat, 1983; Weber, 1984) and the 

Netherlands (Keuning and De Haan, 1996; Rossum et al., 2010) in relation 

with environmental accounts linked to the System of National Accounts 

(European Commission et al., 1993). Later, it was adopted by the 

Organisation for Economic Co-operation and Development, the United 

Nations and the World Bank, resulting in the System of Environmental-

Economic Accounting for Water (SEEA-Water) (UNSD, 2012). Currently, it is 

the most spread WA framework (Momblanch et al., 2014). Besides, it is 

recommended by the European Commission because it enables calculating 

the cost of water for the different users as an approximation to the cost 

recovery established by the WFD. 
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The SEEA-Water, summarised in Table 2, comprises seven Flow accounts, and 

two Asset accounts. Moreover, it includes the Water Quality account and 

the Water Resource Valuation account, but there is not general consensus 

about their content and structure yet and, thus, little progress has been 

achieved (Ahmad et al., 2010). The Flow accounts present the data in 

physical units. They include the Physical Use table, which shows water 

withdrawals from the environment by economic activities for direct use or 

distribution, and the Physical Supply table, which shows water returns to the 

environment by economic activities and the supply to other economic 

activities. The Emission accounts contain the gross and net emissions of 

selected pollutants in treated or untreated wastewater by each economic 

activity into the environment. Finally, the Hybrid Supply table and the Hybrid 

Use table combine water volumes and monetary values. The former includes 

the cost of the water services for their providers, the amount of water 

supplied and the emissions of pollutants. The later covers the cost of the 

service for the consumers, the gross fixed capital formation, the exportations 

in economic units, and the volume of water received from the service 

providers or extracted from the environment. All these tables have a similar 

format which presents the water flow concepts (e.g. water source or 

destination) in rows, and the economic activities supplying or using water in 

columns, identified according to International Standard Industrial 

Classification of All Economic Activities (ISIC) (United Nations, 2008). 

The second group of SEEA-Water accounts are the Asset accounts. They 

refer to water volumes and comprise the Asset account, which describes the 

available water resources at the beginning and at the end of the reported 

period for the diverse water sources, as well as the changes during the 

period; and the Matrix of flows between water sources distinguishing 

reservoirs, lakes, rivers, snow/glaciers, groundwater, soil water and other 

resources in the territory. For a better insight into water information, the SEEA-

Water proposes up to six additional tables which complement some of the 

previously mentioned accounts which are shown in brackets in Table 2. 

From the SEEA-Water accounts, it is possible to derive key water 

management indicators such as the Non-Sustainable Water Use index, the 

Relative Water Stress index, the Water Reuse index and the Groundwater 

Development index (UNSD, 2012; Pedro-Monzonís et al., 2015). Moreover, 
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from the Hybrid accounts it is feasible to obtain productivity indicators like 

the Relative Importance of Agriculture in the Economy and the Industrial 

Water Productivity (UNSD, 2012). Many more indicators can be obtained 

using the data in the SEEA-Water account, however the procedure to obtain 

them is not fully developed, or other external data is needed for their 

calculation. Further details on the content and structure of this accounting 

framework, as well as on the calculation of the indicators can be found in 

UNSD (2012). 

Flow accounts 

Physical supply and use tables 

Physical supply table 

Physical use table 

(Matrix of flows between the economy) 

(Table of losses in distribution) 

Emission accounts 

Gross and net emissions 

Emissions by ISIC 37 

Hybrid supply and use tables 

Hybrid supply table 

Hybrid use table 

Hybrid account for supply and use of water 

(Hybrid account for water supply and sewerage for own use) 

(Government accounts for water-related collective consumption services) 

(Natural expenditure accounts for wastewater management) 

(Financing accounts for wastewater management) 

Water asset accounts 

Asset accounts 

Asset account 

Matrix between water resources 

Water quality accounts 

Water valuation tables 

Table 2. Water accounts in the SEEA-Water. Accounts in brackets are supplementary. 

This WA framework was initially designed to be implemented annually at 

national scale; some examples are the applications in Australia (Vardon et 

al., 2007) and China (Gan et al., 2012). However, its utilization at river basin 

scale has turned to be more relevant with many examples such as the 
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Orange River Basin (Lange et al., 2007), the Vit River Basin (Dimova et al., 

2014), the Arno River Basin (Mazzanti et al., 2014), the Duero River Basin 

(Vicente et al., 2016), the Júcar River Basin (Pedro-Monzonís et al., 2016b), 

and the Vélez River Basin (Pedro-Monzonís et al., 2016a). Most of these 

applications propose the use of hydrological and water allocation models in 

order to generate all the necessary data to fill out the physical tables, 

instead of combining it with measurements (Dimova et al., 2014; Pedro-

Monzonís et al., 2016a; Pedro-Monzonís et al., 2016b; Vicente et al., 2016). 

The hydrological models are useful to obtain water stocks and flows related 

to the water soil balance and surface-groundwater relationships, while the 

water allocation models allow filling out the water supply and use items as 

well as testing different management scenarios to be compared through the 

water accounts. Using models also provides results at a finest time scale and, 

thus the application cases are implemented at monthly or seasonal scale 

rather than annual. Regarding hybrid tables, there is a general awareness 

that direct sources of economic data to fill them in are absent (DG 

Environment, 2015b; Borrego-Marín et al., 2016). Hence, some studies obtain 

them only partially or adopt simplified variations (Lange et al., 2007; Pedro-

Monzonís et al., 2016b) and some other do not even implement them 

(Dimova et al., 2014; Pedro-Monzonís et al., 2016a). The emission accounts 

are also sparsely represented in practical applications. 

2.1.1.2 Physical water accounting 

The physical WA has more diverse origins and is more commonly used by 

water management related entities to control the water they manage. 

Some examples are the Exploitation Reports by Spanish River Basin Agencies, 

the Rhur River Association water use reports (Ruhrverband, 2014), and the 

Colorado River Accounting and Water Use Report for Arizona, California, 

and Nevada (U.S. Department of the Interior et al., 2016). Two physical WA 

frameworks should be highlighted for their standardisation basis. These are 

the Water Accounting of the International Water Management Institute 

(IWMI-WA) (Molden, 1997) and the Australian Water Accounting Standards 

(AWAS) (Bureau of Meteorology, 2012). 

The Water Accounting of the International Water Management Institute 

The IWMI-WA (Molden, 1997) and its improved version Water Accounting Plus 

(WA+) (Karimi et al., 2013a), aim at establishing the procedure to describe 
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the status of water resources and the way they are affected by water uses, 

as well as identifying water saving and productivity increase opportunities, 

and supporting the water allocation process. They consider the water 

balance components at certain spatial scale and classify them according to 

their use and productivity. In the new version, WA+, information is presented 

in four sheets which are inspired by the financial bookkeeping sheets of a 

company. The Resource Base sheet is similar to the Assets and liabilities 

financial sheet and shows water inflows, depletion processes within the 

domain and the outflows. From the gross inflow entering the domain through 

precipitation, upstream runoff, water transfers or desalination, and the 

changes in water storages, the net inflow can be calculated. This net inflow 

is divided into landscape evapotranspiration (ET) and exploitable water, 

which are respectively equivalent to the green water and the blue water 

defined by Hoekstra and Hung (2002) in the Water Footprint approach. The 

landscape ET is broken down into land categories regarding the level of 

human intervention on them. Part of the exploitable water cannot be used 

inside the domain because it is committed to downstream water uses. From 

the available water within the domain, one part is depleted as a result of 

water management and water losses, and there is a remainder water 

volume which could be used to improve water management but leaves the 

domain due to lack of regulation capacity or deficient management 

strategies. Figure 3 presents the content of the Resource Base sheet. 

Further detailing the information of the Resource Base sheet, the WA+ 

includes three more accounts. The Evaporation sheet is comparable to the 

Profit and loss/expenditure sheet of a company. It classifies the ET processes 

into managed, manageable and non-manageable. Additionally, it 

organises the type of water depletion into interception, transpiration and 

evaporation, which can be considered beneficial or non-beneficial 

processes depending on whether positive effects can be derived from them 

or not. The Productivity sheet, which is similar to the Profit sheet of a business, 

describes the agricultural biomass production per unit of water, and relates it 

to CO2 sequestration by means of the carbon assimilation capacity of crops. 

Finally, the Withdrawal sheet reminds of the cash book of a company. It 

provides information about the flows related to the (blue) water managed 

inside the domain including water withdrawals, consumptions and returns. 
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Figure 3. Resource Base sheet of the WA+ (Karimi et al., 2013a). 

All the information summarised in the WA+ sheets can be directly translated 

into performance indicators of the status of water resources and their level of 

exploitation. From the Resource Base sheet, the Exploitable water fraction, 

the Storage change fraction, the Available water fraction, the Basin closure 

fraction and the Reserved outflows fraction can be derived. The data on the 

Evapotranspiration sheet contributes to estimating the Transpiration fraction, 

the beneficial ET fraction, the Managed ET fraction, the Agricultural ET 

fraction and the Irrigated ET fraction. At last, the Groundwater withdrawal 

fraction, the Classical irrigation efficiency and the Recoverable fraction are 

derived from the Withdrawal sheet. Further details on the content and 

structure of this accounting framework, as well as on the calculation of the 

indicators can be found in Karimi (2013a). 

As stated by Karimi et al. (2013a), the recommended accounting period for 

IWMI-WA and WA+ is one year, but it can be applied at seasonal or shorter 

scales as far as data are available. The IWMI-WA framework was designed to 

be applied to irrigation schemes. Nonetheless, the IWMI-WA methodology 

has been applied in numerous river basins (Molden, 1997; Roost et al., 2003; 

Peranginangin et al., 2004; Shilpakar et al., 2011). Conversely, the WA+ was 

created with a river basin scale scope. Some examples of implementation of 

the improved methodology WA+ are the Indus (Karimi et al., 2013b), Awash 

(Karimi et al., 2015), Okavango (Droogers et al., 2010), and the Ca 
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(Bastiaanssen et al., 2015) river basins, and partial applications in the 

Incomati, Mara, and Naivasha river basins (Water Accounting+, 2016). The 

WA+ study cases emphasise the importance of remote sensing data in order 

to calculate the diverse ET components. Some of them also comment on the 

importance of models to generate the information regarding groundwater 

storage and flows (Bastiaanssen et al., 2015; Karimi et al., 2015). 

The Australian Water Accounting Standards 

The AWAS results from the National Water Initiative, an extensive reform 

related to water management undertaken by the Australian government 

around 2004. The reform proposed the establishment of water markets which 

brought about the need for improved water use control. The AWAS define 

the content and presentation of the General Purpose Water Accounting 

Reports (GPWAR). These reports are meant to improve transparency towards 

water users, so that they can comprehend and evaluate the decisions made 

by water managers of a certain water entity. The GPWAR include a 

description of the water entity domain, an assurance statement for the 

content of the report, the water accounts (Table 3), and supporting 

information which includes explanations about the origin of the data 

presented in the accounts and the associated calculation errors, as well as 

other relevant aspects for water management (Australian Accounting 

Standard Board and Bureau of Meteorology, 2012). 

Water Assets and Water Liabilities (A1) 

Water assets 

Water liabilities 

Changes in Water Assets and Water Liabilities (A2) 

Water asset increases 

Water liability decreases 

Water asset decreases 

Water liability increases 

Physical Water Flows (A3) 

Water inflows 

Water outflows 

Table 3. Main groups of accounting concepts in the AWAS statements.  

The water accounts are based on the Framework for the Preparation and 

Presentation of Financial Statements of companies (Australian Accounting 
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Standard Board, 2004). Consequently, there are significant similarities 

between the water accounts and financial accounts regarding terminology 

and format (Momblanch et al., 2014). As explained in Momblanch et al. 

(2014), the Water Assets and Water Liabilities account (A1) is comparable to 

the Statement of Financial Position of a Company which shows its assets and 

financial obligations or liabilities at the end of a reporting period. In parallel, 

A1 contains the water resources possessed by the water entity physically or 

for vested right (assets) and the water supply duties acquired during the 

reporting period that are to be supplied in the next period (liabilities). The 

second account, Changes in Water Assets and Water Liabilities (A2), is 

inspired by the Financial Performance of a company. This account shows the 

gains and losses (of water or money) taking place in the reporting period 

physically or for vested right in accordance with the accrual basis of 

financial accounting. A1 and A2 apply the accrual basis of financial 

accounting by which the transactions and transformations are recognised 

when the decisions or commitments that give rise to them occur, regardless 

of the realisation of the physical transaction or consumption. Finally, the 

account of Physical Water Flows (A3) is analogous to the Cash Flows 

account in financial accounting. It presents the physical inflows and outflows 

which occur in the reporting period. 

Based on financial balances, some indicators can be derived from the water 

accounts, which provide information about the changes occurred in the 

water entity and that link the figures in the different water accounts. These 

indicators are the Changes in net water resources and the Changes in net 

water storage, and the Unaccounted for difference which quantifies the 

global error in the estimation of all the values in the water accounts. Further 

details on the content and structure of this accounting framework can be 

found in Bureau of Meteorology (2012). 

According to the AWAS, the GPWAR should be published on annual basis by 

water reporting entities. These entities have the responsibility to inform their 

users about the water or water rights they hold and transfer, the direct or 

indirect claims to water, or the inflows and/or outflows of water (Momblanch 

et al., 2014). Water entities such as River Basin Agencies, water supply 

companies and irrigation associations fit the definition of water reporting 

entities. This makes evident the flexibility of the application scale of the 
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AWAS. Most examples of application of the AWAS are limited to Australian 

water reporting entities, including the regions of Adelaide, Sydney, 

Canberra, Melbourne, Perth, Ord and Daly, and the basins of the Murray-

Darling, Burdekin and South East Queensland rivers, from 2010 to 2015 for all 

of them (Bureau of Meteorology, 2016). However, there are some examples 

of their application in other countries such as South Africa (Hughes et al., 

2012) or Spain (Andreu et al., 2012; Momblanch et al., 2014). A general 

critique is the lack of sufficient and reliable information to complete all the 

accounting concepts (Hughes et al., 2012) that forces the use of models and 

indirect estimations (Momblanch et al., 2014). 

2.1.2 Critical assessment 

As highlighted in the introduction, the ever growing complexity of water 

management and the need to achieve IWRM calls for better coordination, 

accountability and accounting for water. WA can be considered as an 

accurate technique to assist in transparent management of a scarce 

resource, such as water, by recording and reporting the relevant data about 

its availability and use (Lund, 2012; Momblanch et al., 2014). This, potentially 

leads to more efficient water use and improved governance capacity in 

water resources management (Momblanch et al., 2014). 

Accountants have traditionally dealt with inventory management, national 

accounts preparation and the presentation of decision making information, 

and so they could provide useful advice for the successful development of 

this new type of accounting (Ahmad et al., 2010). The application of 

financial accounting principles to water as well as setting an accounting 

standard and reporting framework is supported by the general public (Tello 

et al., 2016). In fact, as it can be observed in section 2.1.1, all WA frameworks 

have somehow adopted a financial accounting approach. Because of this, 

they tend to be very exhaustive and include not only the relevant 

information for water users but the description of the whole water cycle, 

(Momblanch et al., 2014). Given that water volume and flow measurements 

are much more inaccurate than currency appraisal, such a detailed WA 

may have a detrimental effect on the primary purpose of WA transmitting 

uncertainty rather than assurance (Momblanch et al., 2014). 
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In order to define the desirable features of WA standards, we should look at 

the purposes of their application. The European policies analysed in section 

1.3.1 consider WA as a useful tool in order to achieve efficient allocation, 

control and governance of water resources. As established by the WFD, 

water management is performed at river basin scale and, therefore, WA 

should be applicable at this spatial domain (Dimova et al., 2014). In line with 

this, and from the IWRM perspective, WA should present complete 

information about water flows and storages relevant for the functioning of 

the water management system and which can be controlled by water 

managers (Momblanch et al., 2014). Moreover, WA should follow standard 

procedures for the compilation and presentation of information, and use a 

clear and intuitive nomenclature (Momblanch et al., 2014). Besides, the ideal 

situation would be having accurate records for all accounted terms which 

enable genuinely detailed accounting (Momblanch et al., 2014) and 

minimising the use of secondary data such as model results. These features 

can be used as assessment criteria to determine the potential of the diverse 

WA frameworks to contribute to IWRM in water scarce regions. 

The SEEA-Water proposes a standardised way of compiling water information 

in line with the System of National Accounts (SNA). Thus, it uses double-entry 

tables similar to the ones in the SNA which are clear and understandable. 

Besides, its emphasis is on the integration of environment-economic data to 

support the development of indicators for sustainability (Mungatana and 

Hassan, 2012). However, the different water uses are classified based on the 

ISIC which provides much detail for industrial users, while it groups irrigation 

users, which in many regions represent up to 80% of total water demand, in a 

single column. The ISIC does not match the way in which stakeholders 

perceive reality, what hinders the transmission of information. Finally, 

compiling economic water accounts for a river basin poses special 

difficulties because information about costs of water services for users and 

producers are usually compiled at administrative scale rather than at river 

basin scale (Lange et al., 2007; Dimova et al., 2014). 

The IWMI-WA is very intuitive since information is presented with the 

traditional water balance format (inflows, use/consumption, and outflows). If 

the representation of water flows is detailed enough it provides information 

to assess the water management carried out by the different water uses in 
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the accounting domain, which can be the river basin. However, it does not 

propose a standard presentation of WA information and some of the 

concepts it uses are subjective (e.g. beneficial versus non-beneficial 

consumption). The improved version, WA+, partially solves the mentioned 

drawbacks as it follows the bookkeeping financial standards to organise 

information. Nevertheless, it still requires a value judgement to define 

beneficial and non-beneficial processes (Karimi et al., 2013a). 

Analysing the AWAS according to the assessment criteria, it fits most of them. 

AWAS proposes standardised water accounts with a straightforward 

structure. Information is classified and presented in a way that allows the end 

user to comprehend it and derive benefits from the availability of the 

information (Mungatana and Hassan, 2012). It focuses on the monitoring of 

water and subsequent reporting rather than providing statistics (Chalmers et 

al., 2009). Furthermore, it can be easily applied at different spatial scales 

including the river basin scale. Besides, the application of the accrual basis 

of financial accounting allows representing the commitments that the entity 

has towards its users through the explicit reckoning of water allocations 

which are the previous stage to water supply. However, unlike the SEEA-

Water, the AWAS does not consider water quality and economic aspects.  

A common feature of all the analysed WA frameworks is that they identify 

and present the different water sources in the accounting domain. This is 

crucial in water scarce river basins where the state of water reserves 

determines the activation of additional resources to assure the water supply 

(Pedro-Monzonís et al., 2016b). Nonetheless, none of them is able to 

represent water flows between the same type of water resources (surface or 

groundwater). Also regardless the WA framework, the use of models is 

unavoidable since the required amount of physical information to fill in the 

water accounts is huge. However, the IWMI-WA, WA+ and AWAS only require 

models for groundwater concepts being possible to determine the rest of 

values from direct or indirect measurements. On the contrary, the SEEA-

Water also needs models to complete some figures in the Asset Accounts 

(Pedro-Monzonís et al., 2016a) like the water supplies from reservoirs and 

rivers, and the IWMI-WA and the WA+ rely on remote sensing data for many 

WA concepts mostly regarding ET (Karimi et al., 2013b; Karimi and 

Bastiaanssen, 2015).  
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Table 4 summarises the compliance of the different WA frameworks with the 

assessment criteria previously defined. According to these desirable features, 

the WA+ and the AWAS are the most suitable WA frameworks to support 

IWRM in water scarce regions. If we also take into account that the AWAS is 

the framework which requires less information from models, it can be 

considered as the most recommendable. 
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SEEA-Water  X X   

IWMI-WA X X  X (X) 

WA+ X X X X (X) 

AWAS X X X X (X) 

Table 4. Summary table of the suitability assessment of water accounting frameworks for 

IWRM in water scarce regions. 

2.2 Freshwater Ecosystem Services 

2.2.1 Literature review 

ES are defined as “the conditions and processes through which natural 

ecosystems, and the species that make them up, sustain and fulfil human 

life” (Daily, 1997), or in a simpler way as “the benefits people obtain from 

ecosystems” (MA, 2003). The origin of the concept dates back between the 

late 70s and early 80s (Haines-Young and Potschin, 2010). However, it was 

with the publication of the Millennium Ecosystem Assessment (MA) (2003) 

when it notably emerged as a methodology for natural capital evaluation, 

seeking for environmental preservation and the application of 

multidisciplinary approaches (Munns et al., 2015). The number of studies 

quantifying and valuing ES has risen exponentially since then (Fisher et al., 

2009; Potschin and Haines-Young, 2011), as well as the amount of tools 

available for ES assessment. The following sections describe the main 

frameworks and tools related to ES. 
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2.2.1.1 Ecosystem Services frameworks 

The MA was the first international standard proposing a method to link the 

services provided by ecosystems and human well-being. It classifies ES into 

four categories. The provisioning services are the goods produced by nature 

which are directly consumed by people such as fish; the regulating services 

involve the ecosystem processes that maintain and moderate environmental 

conditions like water purification by wetlands; the cultural services include 

non-material benefits such as recreational, educational, aesthetic and 

spiritual; and the supporting services underpin the other three categories 

through soil formation for example. 

The MA was the trigger that spread the ES approach, by stressing the loss of 

ES at global scale and its consequences for human well-being. Afterwards, 

other standard ES classifications have been proposed such as The 

Economics of Ecosystems and Biodiversity (TEEB, 2010), the Common 

International Classification of Ecosystem Services (CICES) (Haines-Young and 

Potschin, 2013), and the United Kingdom National Ecosystem Assessment (UK 

NEA, 2011). As presented in Table 5, these ES frameworks coincide in 

organising the ES into provisioning, regulating and cultural categories 

depending on the way benefits are perceived by people. They only consider 

final services, for which a benefit to people can be derived, no matter if they 

are end products or environmental processes. Hence, they claim for the 

exclusion of the supporting services which are best regarded as intermediate 

services or ecological functions, with the aim of avoiding double counting 

and highlighting the environment-economy connection (Haines-Young and 

Potschin, 2009). This connection is best demonstrated by the ES cascade 

(Potschin and Haines-Young, 2011) (Figure 4) which shows the causal links 

from a change in biophysical state to the ecosystem change and the 

impact on ES, benefits and human welfare (Momblanch et al., 2016). Notice 

that, as commented in the introduction, the provision of water for human 

uses is considered an ES and, therefore, the economic benefits of water 

supply are implicit in the ES assessment. 
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MA TEEB CICES UK NEA 

Provisioning 

Food Food Nutrition Food 

Freshwater Water Water Water supply 

Fibre Raw materials 

Materials 

Fibre, energy 

Genetic resources Genetic resources Bioprospecting 

Biochemical 

resources 

Medicinal 

resources 
Medicinal plants 

Ornamental Ornamental 
 

  

Materials & energy 

from animals  

Regulating 

Climate regulation Climate regulation 
Global climate 

regulation 

Climate regulation 

Air quality 

regulation 

Air quality 

regulation 
Pollution control 

  
Mediation of waste 

& toxics 

Noise regulation 

Water regulation 

Water treatment Pollution control 

Regulation of 

water flows 
Hydrological cycle 

 

Extreme events Flood protection Flood protection 

 
Erosion control 

Mass flow 

stabilisation 
Erosion control 

Soil formation 
Maintenance of 

soil fertility 
Soil formation 

 

Pollination Pollination Pollination Pollination 

Pest regulation 
Biological control 

Pest control Pest regulation 

Disease regulation Disease control Disease regulation 

Supporting 

 

Primary production 

& nutrients cycle 

Lifecycle 

maintenance Lifecycle 

maintenance 

 

Maintenance of 

genetic diversity  

Cultural 

Recreation and 

eco-tourism 

Recreation and 

eco-tourism 

Recreation and 

tourism 

Wild species 

diversity 

Aesthetic Aesthetic Aesthetic 

Environmental 

features 

Cultural diversity Cultural diversity Cultural diversity 

Spiritual and 

religious values 
Spiritual experience 

Symbolic, sacred or 

religious 

Educational values Educational values Educational values 

Table 5. Comparative of most relevant standard ES assessment frameworks. 
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Figure 4. Ecosystem services cascade exemplifying some effects of river flow change due 

to water management. Modified by Momblanch et al. (2016) from Potschin and Haines-

Young (2011). 

Once the ES are identified and quantified in biophysical units, the benefits 

they provide should be valued in monetary units. Economic units are 

recommended as the language to report decision makers, since political 

decisions are often evaluated through cost-benefit assessments (Fisher et al., 

2008). It is important to make clear that one ES can provide more than one 

benefit; for example, the water purification ES provides reduced water 

treatment requirements and improved opportunities for recreation such as 

bathing (Terrado et al., 2016a).  

The ES approach adopts the utilitarian paradigm of value that is based on 

the principle of people’s satisfaction. The total economic value (TEV) is a 

widely used framework for looking at the utilitarian value of ecosystems 

(Pearce et al., 1989). It is defined as the sum of the use and non-use values of 

all service flows now and in the future, valued for marginal changes in their 

provision (TEEB, 2010). The use and non-use values can be disaggregated 

into different components; direct and indirect use for the former, and 

bequest, altruist and existence values for the later. Each of these 

components can be valued using different valuation techniques depending 

on the type of benefit provided by the ES. A summary of the common 

standard valuation typologies found in literature (de Groot et al., 2002; 

Chee, 2004b; Tietenberg and Lewis, 2009; TEEB, 2010; Costanza et al., 2011) is 

presented in Momblanch et al. (2016): 

Biophysical 
structure or 

process
e.g. river flow

Function
e.g. surface-
groundwater 

relation, primary 
and secondary 

production

Service
e.g. provisioning 

of water, 

mediation of 
pollutants

Benefit
e.g. Water for 

drinking & 

productive uses, 
reduced water 

treatment 
requirements

Value
e.g. willingness to 
pay for drinking, 

production 
revenues, 

avoided water 
treatment cost
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- Market value or consumer surplus: For ES that produce goods with 

market prices, e.g. cultivated crop. If the price does not include the 

impact of use on their availability for other users and the 

environment, e.g. drinking water, the value is derived from the 

marginal willingness-to-pay using econometric approaches. 

- Production-based: For ES which provide factors of production for 

goods or services traded on the market, e.g. water for agricultural 

production. Value is estimated as the contribution to the net 

revenues obtained from the produced good or service in the 

market. 

- Cost-based: The value of the benefit is based on the costs of 

replacing the ES (replacement cost method), e.g. mediation of 

waste, or on the avoided mitigation damages given the presence of 

the ES (avoided cost method), e.g. flood protection. 

- Revealed preferences: The travel cost method assumes that the 

benefit of an ES can be approximated with the expenses incurred to 

enjoy it, e.g. aquatic recreation by considering transportation 

expenses, on site spending and protected area entrance fees. The 

hedonic price method relates the benefit of an ES with the price 

variation of associated goods for different production levels or 

quality of the ES, e.g. aesthetic water related amenity by considering 

the difference in market prices for real estate assuming all variables 

influencing real estate sales are equal except the aesthetic ES. 

- Stated preferences: Surveys designed to elicit the benefits people 

ascribe to an ES. Respondents are usually asked how much they 

would be willing to pay for a specific improvement in the ES 

(contingent valuation method), or they are asked to select one 

among a number of alternatives for improvement of the ES, where 

the price or cost required to pay for improved ES condition is a key 

attribute (choice experiment method). This method is applicable to 

non-consumptive ES such as aquatic biodiversity. 

- Benefit transfer (or meta-analysis): Takes estimates of ES benefits from 

one site and applies them to another site. 

2.2.1.2 Models for ecosystem services assessment 

The rise of ES assessment as a methodology to support environmental 

management has been accompanied with the proliferation of simulation 
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models for ES evaluation or ES tools. Simulation models are useful to perform 

scenario analyses that consider the effect of measures and policy 

instruments on target variables, which are basic to support informed 

decisions (Loucks and van Beek, 2005). In general, ES tools are helpful to 

provide a general picture of the state of several  ES and their tradeoffs under 

different scenarios whilst they are attainable by non-experts (Terrado et al., 

2014). They can potentially provide standard results which are comparable 

at different geographic regions, and can be easily parameterised, but each 

ES tool has a different approach to economic valuation, spatial and 

temporal representation of ES, and incorporates different biophysical models 

(Bagstad et al., 2013a). A thorough review of ES tools can be found in 

(Bagstad et al., 2013a). 

The most known ES tool is probably Integrated Valuation of Ecosystem 

Services and Tradeoffs (InVEST) (Tallis et al., 2013). InVEST is a spatially explicit 

ES tool to estimate levels of different benefits at annual scale (Terrado et al., 

2016a) consisting of nine marine and coastal models (i.e. coastal blue 

carbon, coastal vulnerability, fisheries, habitat risk, marine fish aquaculture, 

marine water quality, near shore waves and erosion, and offshore wind 

energy) and nine freshwater and terrestrial models (i.e. carbon 

sequestration, crop pollination, landscape habitat quality, recreation, 

reservoir hydropower production, scenic quality, sediment retention, and 

water purification by the landscape). It provides results in biophysical and 

monetary units as GIS maps. Tradeoffs between the different ES should be 

analysed by comparing the output maps of the different models (Bagstad et 

al., 2013b). 

Regarding FES, InVEST only considers landscape processes (as opposed to in-

stream processes) and applies simplified hydrological relationships whose 

main input is land use-land cover maps, which are linked to certain 

characteristics of biophysical parameters such as roots depth, nutrient 

retention capacity, and habitat types and sensitivity. The main application 

for InVEST is the assessment of impacts due to land cover change on multiple 

ES in large river basins (Nelson et al., 2009; Goldstein et al., 2012; Terrado et 

al., 2014), while the major limitation is its inability to represent temporal 

variability of processes, groundwater and water resources infrastructures and 

management (Vigerstol and Aukema, 2011). 
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Another well known, generalisable, open-source ES tool is the web-based 

software Artificial Intelligence for Ecosystem Services (ARIES) (Bagstad et al., 

2011; Villa et al., 2014). It applies a probabilistic Bayesian network approach 

which uses a library of models and spatial data to quantify ES flows and 

uncertainty when little data is available (Bagstad et al., 2013b), but it also 

allows employing biophysical relationships when enough data is accessible 

(Vigerstol and Aukema, 2011). The ES that can be assessed with ARIES are 

carbon sequestration, flood regulation, coastal flood regulation, nutrient 

regulation, sediment regulation, water supply, fisheries, pollination, aesthetic, 

open space proximity, and recreation. ARIES provides quantitative, spatially 

explicit results that account for uncertainty in a timeframe ranging from hours 

to years, but do not value the ES in economic units (Villa et al., 2014). The 

output maps show the location of ES production and consumption as well as 

the flow paths between them (Vigerstol and Aukema, 2011). This ES tool is 

best suited to applications in land use planning for protection and restoration 

of areas providing many ES (Bagstad et al., 2013b; Villa et al., 2014), and not 

so much for FES. The main drawback of ARIES is its complexity, which can 

hinder the understanding of the modelled processes and the results for 

decision makers and stakeholders (Vigerstol and Aukema, 2011). 

On the other hand, as highlighted in Momblanch et al., (under review) there 

are many studies that focus on one ES and apply very detailed models that 

are able to represent the processes involved with high accuracy (Lonsdorf et 

al., 2009; Kovacs, 2012; Honey-Rosés et al., 2013; Bryan et al., 2014; Bagdon 

et al., 2016). In the case of FES, traditional water resources management 

tools or IWRM tools can be adapted to conduct FES assessments (Vigerstol 

and Aukema, 2011; Dennedy-Frank et al., 2016). Hydrological models such as 

SWAT (Arnold et al., 1998) or VIC (Liang et al., 1994) have been used for this 

purpose, and compared with the results of ES tools (Vigerstol and Aukema, 

2011; Dennedy-Frank et al., 2016). Besides, water allocation models like 

WEAP  could be utilised (Yates et al., 2005; Vigerstol and Aukema, 2011), as 

well as water quality models (Keeler et al., 2012), and habitat suitability 

models (CSIRO, 2012) among others. A detailed description of IWRM tools 

can be found in Momblanch (2013). 
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2.2.2 Critical assessment 

The ES assessment is recognised by some authors as a systematic way to 

implement IWRM (Roy et al., 2011; Kandulu et al., 2014). More specifically, it is 

a thorough way to analyse the relevant environmental impacts of water 

management using the environment-economy connection (Momblanch et 

al., 2016). Actually, there is a strong relationship between ES and IWRM 

concepts (Cook and Spray, 2012; Vlachopoulou et al., 2014) since they both 

promote management of land and water resources ensuring the 

sustainability of ecosystems. These concepts are not just linked by their 

definitions. In fact, water resources management determines the state of 

some FES like water purification in rivers and lakes; and FES like water 

provision for economic uses have a direct influence in the water resources 

systems functioning (Momblanch, 2013). Thus, the FES assessment can be 

considered a promising approach to improve environmental sustainability in 

IWRM. 

From the attempts to apply the MA framework, some inconsistencies have 

arisen. Boyd and Banzhalf (2007) argued that the use of “ecological 

function”, “service” and “benefit” in the MA framework was unclear, while 

Wallace (2007; 2008) considered that MA confused ends with means what 

can lead, for instance, to double counting when conducting valuation. 

Many authors have contributed to the discussion about what should be 

considered as an ES. Some of them defend that only the end-products of 

nature should be accounted for (MA, 2005; Wallace, 2007), while others 

believe that also some environmental processes should be included as long 

as they contribute to human welfare (Boyd and Banzhaf, 2007; Costanza, 

2008; Fisher and Turner, 2008). 

Trying to overcome these conflicts, the TEEB, the CICES and the UK NEA 

proposed removing the supporting category. However, the TEEB includes the 

habitat category that seems to have a supporting role (Haines-Young and 

Potschin, 2009). Something similar happens with the CICES and the UK NEA 

classifications, which include as ES the maintenance of nursery populations 

and habitats, and the wild species diversity, respectively. By doing this, they 

try to highlight the importance of biodiversity in any typology that support 

the anthropocentric arguments for natural capital conservation (Haines-

Young and Potschin, 2009). The solution adopted in most studies to assess 



Assessment of Ecosystem Services and Water Accounting Methodologies for 

Integrated Water Resources Management in water scarce basins 

 
38 

these fuzzy ES is to associate them with concrete benefits to humans such as 

food provision or recreation, and the solution to avoid double counting is to 

account only for the part of the value which ultimately relies on the specific 

habitat (Liquete et al., 2016). Another example of deficiencies which are 

made evident during practical implementation of ES assessments is the 

independent consideration of water regulation and water provisioning by all 

ES classifications. As stated by Maes et al. (2011), the water regulation refers 

to the water storage potential of the landscape and it is strongly related with 

the water provisioning service. Because of that, making the distinction 

between both based on surface and subsurface flow is unclear. 

Consequently, they are to be considered as a single FES in the present 

research. 

Despite the differences between ES classifications and their imperfections, all 

of them are necessary for different analytical purposes to reflect the 

complexity of nature and its processes (Costanza, 2008). Overall, the use of 

an ES framework is a systematic and thorough way to select the relevant 

impacts likely affected by water management actions (Momblanch et al., 

2016). Since none of the ES frameworks is free of criticism, the set of ES to 

assess in the current research is mostly based on the CICES because it is the 

most complete and detailed framework (see Table 5), but proposes some 

adaptations which are presented in section 3.2. Table 6 shows the ES which 

are potentially provided by freshwater bodies (i.e FES). In line with 

Momblanch et al. (2016), the water bodies comprise all the river basin 

elements which can be affected by water management (quantity and 

quality); rivers including riverbed and riverbanks; wetlands considering the 

different types (e.g. US Hydro-geomorphic classification or the simplification 

proposed by Turner et al. (2008); aquifers; and reservoirs). 

 
Division Group Class 

P
ro
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Biomass 

Nutrition 

Wild plants, algae and their outputs 

Wild animals and their outputs 

Plants and algae from in-situ aquaculture 

Animals from in-situ aquaculture  

Water 
Surface water for drinking 

Ground water for drinking 

Materials Biomass 

Fibres and other materials from plants, algae 

and animals for direct use or processing 

Materials from plants, algae and animals for 
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Division Group Class 

agricultural use 

Genetic materials from all biota 

Water 
Surface water for non-drinking purposes 

Ground water for non-drinking purposes 

R
e

g
u

la
ti
o

n
 &

 M
a

in
te

n
a

n
c

e
 

Mediation of 

waste, toxics and 

other nuisances 

Mediation by 

biota 

Bio-remediation by micro-organisms, algae, 

plants, and animals 

Filtration/sequestration/storage/accumulation 

by micro-organisms, algae, plants, and 

animals 

Mediation by 

ecosystems 

Filtration/sequestration/storage/accumulation 

by ecosystems 

Dilution by atmosphere, freshwater and 

marine ecosystems  

Mediation of 

flows 

Mass flows 
Mass stabilisation and control of erosion rates 

Buffering and attenuation of mass flows 

Liquid flows 

Hydrological cycle and water flow 

maintenance 

Flood protection 

Maintenance of 

physical, 

chemical, 

biological 

conditions 

Lifecycle 

maintenance, 

habitat and 

gene pool 

Pollination and seed dispersal 

Maintaining nursery populations and habitats 

Atmospheric 

composition and 

climate 

regulation 

Global climate regulation by reduction of 

greenhouse gas concentrations 

Micro and regional climate regulation 

C
u

lt
u

ra
l 

Physical and 

intellectual 

interactions 

Physical and 

experiential 

interactions 

Experiential use of plants, animals and land-

/seascapes 

Physical use of land-/seascapes 

Intellectual and 

representative 

interactions 

Scientific 

Educational 

Heritage, cultural 

Entertainment 

Aesthetic 

Spiritual, symbolic 

and other 

interactions  

Spiritual and/or 

emblematic 

Symbolic 

Sacred and/or religious 

Other cultural 

outputs 

Existence 

Bequest 

Table 6. Water-related ES in the CICES framework. Adapted from Momblanch et al. (2016). 

Valuation of FES benefits can be carried out by using value functions (or 

demand functions) for different beneficiaries and ES which are sensitive to 
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the variation in the physical variables such as water flow and volume 

(Momblanch et al., 2016). For a complete valuation, these functions should 

include the TEV. However, in practice, only a partial TEV is obtained by 

considering the direct and indirect use values only. Exceptions are the 

spiritual, religious and bequest ES for which their non-use value is commonly 

considered. The different benefits provided by ES can be valued with more 

than one valuation method, and sometimes data availability determines the 

method which can be used. Nonetheless, following a preference order for 

each type of ES adds rigour and comparability to the results (de Groot et al., 

2002). Market valuation methods are appropriate for the valuation of 

provisioning ES, cost-based methods are more suited to regulating ES, while 

revealed and stated preferences methods are preferable for cultural ES 

(Turner et al., 2008; TEEB, 2010). It should be highlighted that there are not 

proper valuation methods for supporting ES since they, by definition, do not 

translate into benefits to people. 

Probably, the main difficulty to conduct ES assessments is the lack of reliable 

economic data and knowledge about underlying biophysical processes, 

especially critical thresholds and system irreversibilities in the ecosystems 

response functions (Momblanch et al., 2016). Hence, the assessment of 

uncertainty associated to biophysical and economic variables, as well as 

the number of ES included in the analysis should be considered (Boithias et 

al., 2016). This has to be also taken into account when selecting the ES which 

are useful to support decision making, since in some cases the inclusion of 

additional ES does not influence the decision path (Kandulu et al., 2014) but 

adds uncertainty to the results. 

Relative to the practical implementation of ES assessment, science tends to 

put the focus on formal links between ES status to the benefits they provide, 

while managers are concerned about the easiness to include the models 

and results into decision-making process (Dennedy-Frank et al., 2016). In this 

regard, ES tools come up as an easy way to conduct estimations of the 

natural capital (Momblanch et al., under review). However, they incorporate 

simplified biophysical models which disregard relevant underlying processes 

at local scale and, thus, do not provide accurate results (Keeler et al., 2012; 

Bagstad et al., 2013a). Furthermore, as commented in the previous section, 

ES tools usually make use of proxy information such as land cover and, 
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according to Eigenbro et al. (2010), proxies are recommended to analyse 

general trends in ES, but not for identifying hotspots or priority areas for 

multiple services. All this is, in general, incompatible with the need for 

accurate information to support decision making given that the ideal ES 

assessment should ensure biophysical realism of ecosystem data and 

models, and consider local tradeoffs (Seppelt et al., 2011). 

As regard to the application of ES for IWRM, ES tools are focused on the ES 

provided by the landscape (e.g. pollination, carbon sequestration, sediment 

and nutrient retention by the landscape) and overlook most FES (e.g. water 

purification in rivers and lakes, and fish production). For the few FES that are 

included in ES tools, the influence of water management and infrastructures 

is not considered in detail. This is a serious drawback for ES tools to be used in 

water scarce regions in which both river and landscape natural processes 

are affected in many aspects by the intense exploitation of water resources, 

and changing management rules (Momblanch et al., under review). 

In this context, models traditionally used for IWRM (Momblanch, 2013) are a 

good alternative to ES tools. In first place, these models have the aim of 

realistically representing water management impacts on water availability, 

water quality and derived variables (Davies and Simonovic, 2011). Secondly, 

several models for IWRM can be linked to faithfully reproduce the natural 

processes underpinning FES, and their results can be easily tailored to 

quantify them (Momblanch et al., under review). It can be argued that 

IWRM models which are sufficiently complex to do so are more difficult to 

parameterise. Thus, potential gains in accuracy associated with applying 

IWRM tools for FES assessment should be balanced with the increase of 

complexity (Bagstad et al., 2013a). The positive aspect is that IWRM models 

have broad scientific recognition and are already being applied in many 

places to support decision making (Vigerstol and Aukema, 2011), especially 

in water scarce regions as commented in the introduction. 

The recommendation resulting from the critical assessment is that the ES 

frameworks should be used as guides to screen the environmental impacts 

of water management and their connection with benefits to humans. The 

link of commonly used tools for IWRM (i.e. hydrological, water allocation, 

water quality and habitat suitability models) is a good solution to support FES 

implementation in water scarce regions. From the results of these models, the 
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biophysical quantification of FES can be derived, and by using the most 

suitable valuation methods for each ES type it is possible to complete the 

assessment. Moreover, accounting for uncertainty and critical thresholds 

adds soundness to the analysis. 
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In this chapter, the previously selected methodologies for water accounting 

(i.e. AWAS) and FES assessment (i.e. linked IWRM models) are described in 

detail so that the subsequent applications are well documented. Given the 

complexity for the implementation of IWRM in water scarce regions, any 

methodology should be adjusted prior to its application. Consequently, the 

final methodologies proposed here are adapted or designed according to 

the characteristics identified in the critical assessments of sections 2.1.2 and 

2.2.2 for the purpose of supporting IWRM in water scarce regions. 

3.1 The Australian Water Accounting Standard 

3.1.1 Original version 

As previously commented, the A1 account contains the water assets and 

the water liabilities at the end of the reporting period applying the accrual 

basis of financial accounting. This means that not only are the physical 

volumes registered in the accounts (e.g. water stored in reservoirs and 

aquifers) but also the volumes about which the entity has use rights or 

transfer duties without physically possessing or transferring them (e.g. 

pending water transfers to/from other regions), according to the accrual 

basis of financial accounting. This information is useful to provide a real 

picture of water availability which is one of the expected benefits of water 

accounting as stated in the Blueprint. Table 7 presents the accounting terms 

that are deduced from A1, as well as the equations which relate them.  

Water Assets and Water Liabilities (A1) 

Water assets 

[water asset concepts:  

- Landscape 

- Reservoirs 

- Aquifers 

- Rivers 

- Canals 

- Inter-region claim on water of other entities] 

Total water assets = ∑ [water asset concepts] (1) 

Total water storage = ∑ [water assets physically owned] (2) 
 

Water liabilities 
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Water Assets and Water Liabilities (A1) 

[water liability concepts: 

- Water allocation remaining 

- Inter-region claim on water of the entity] 

Total water liabilities = ∑ [water liability concepts] (3) 

 

Final net water resources (4) = (1) – (3) 

Initial net water resources (5) 
 

Changes in net water resources (6) = (4) – (5) 

 

Final water storage (7) = (2) 

Initial water storage (8) 
 

Changes in water storage (9) = (7) – (8) 

Table 7. Structure of A1, accounting terms, and mathematical relationships among them. 

From the total water assets (1) and total water liabilities (3) it is possible to 

calculate the final net water resources (4). The same concept for the 

previous reporting period is registered in A1 as the initial net water resources 

(5). From these two values the changes in net water resources (6) are 

derived. If only the water assets physically owned by the entity are 

considered, the total water storage (2) is estimated, which is equal to the 

final water storage (7). The same concept for the previous reporting period is 

registered in A1 as the initial water storage (8). The changes in water storage 

(9) are calculated as the difference between final and initial water storages. 

The account A2 includes the increases and decreases in water assets and 

water liabilities, also applying the accrual basis of financial accounting. The 

content of this account is relevant for the efficient allocation and control of 

water resources, since it shows the water inflows and outflows in the domain 

for the reporting period, as well as information directly related to water 

management such as the water allocated to each water demand and its 

adjustments along the reporting period, and the variations in inter-regional 

claims (see Table 3). Table 8 presents the accounting terms included in A2, 

and the mathematical relationships amongst them. 
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Changes in Water Assets and Water Liabilities (A2) 

Water asset increases 

[water asset increase concepts: 

- River inflow to region 

- Returns from demands 

- Transfer of inter-region claim on water of another entity 

- Precipitation into landscape, reservoirs, rivers and canals 

- Groundwater recharge from landscape 

- Increase of inter-region claim on water of another entity] 

Total water asset increases = ∑ [water asset increase concepts] (10) 
 

Water liability decreases 

[water liability decrease concepts: 

- Water allocation adjustments 

- Decrease of inter-region claim on water of the entity] 

Total water liability decreases = ∑ [water liability decrease concepts] (11) 
 

Total increase in water resources (12) = (10) + (11) 

 

Water asset decreases 

[water asset decrease concepts: 

- River & groundwater outflow from region 

- Transfer of inter-region claim on water of the entity 

- Evapotranspiration from landscape, reservoirs, rivers and canals 

- Deep leakages from surface water 

- Decrease of inter-region claim on water of another entity] 

Total water asset decreases = ∑ [water asset decrease concepts] (13) 
 

Water liability increases 

[water liability increase concepts: 

- Initial water allocation 

- Water allocation announcements 

- Increase of inter-region claim on water of the entity] 

Total water liability increases = ∑ [water liability increase concepts] (14) 
 

Total decrease in water resources (15) = (13) + (14) 

 

Changes in net water resources (16) = (12) – (15) 

 

Unaccounted for difference 1 (17) = (6) – (16) 

Table 8. Structure of A2, accounting terms, and mathematical relationships among them. 



Assessment of Ecosystem Services and Water Accounting Methodologies for 

Integrated Water Resources Management in water scarce basins 

 
48 

The information in A2 allows the obtaining of the changes in net water 

resources (16), which should be equal to the same indicator calculated in A1 

(6). However, these values seldom coincide due to errors in measurements 

and records, or due to omissions of certain flows or volumes in the accounts 

(Momblanch et al., 2014). The Unaccounted for difference 1 (17) quantifies 

the global error made in the application of the accounting methodology, 

and provides an estimate of the accuracy of the water accounts. 

The account A3 is very similar to A2 but it does not apply the accrual basis of 

the financial accounting. On the contrary, this account only registers the 

physical water inflows and outflows that, concerning water management, 

refer to water diversion to demands and water transfers to/from other 

regions. Table 9 presents the accounting terms included in A3, as well as the 

equations that relate them. 

Physical Water Flows (A3) 

Water inflows 

[water inflow concepts: 

- River inflow to region 

- Returns from demands 

- Transfer of inter-region claim on water of another entity 

- Precipitation into landscape, reservoirs, rivers and canals 

- Groundwater recharge from landscape] 

Total water inflows = ∑ [water inflow concepts] (18) 

 

Water outflows 

[water outflow concepts: 

- River & groundwater outflow from region 

- Transfer of inter-region claim on water of the entity 

- Evapotranspiration from landscape, reservoirs, rivers and canals 

- Deep leakages from reservoirs and canals 

- Water allocation diversion] 

Total water outflows = ∑ [water outflow concepts] (19) 

 

Changes in water storage (20) = (18) – (19) 

 

Unaccounted for difference 2 (21) = (9) – (20) 

Table 9. Structure of A3, accounting terms, and mathematical relationships among them. 
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Similarly to A2, the changes in water storage in A3 (20) must coincide with 

the value estimated in A1 (9). However, they do not usually match for the 

same reasons commented for the changes in net water resources in A2. 

Thus, the Unaccounted for difference 2 (21) is calculated as an indicator of 

precision in the accounting by subtracting the changes in water storage 

estimated in A3 (20) to the ones estimated in A1 (9). 

Apart from the presented relationships, there are other agreements that 

should be accomplished to ensure that all the information in the different 

accounts is consistent. With the aim of preserving the balance of the water 

demands and other concepts subject to liabilities like inter-region transfers, 

the figures in A3 should be deductible from the information in A1 and A2 

(22). For example, the initial water allocation, plus the water allocation 

announcement and minus the adjustment of water allocation in A2 should 

be equal to the water allocation diversion in A3, plus the water allocation 

remaining in A1. Because of the reconciliation between the accounts, the 

unaccounted for difference terms estimated in A2 and A3 must be equal, 

otherwise it would mean that there is a conceptual error in the global water 

balance (Momblanch et al., 2014). 

3.1.2 Improved version 

As highlighted in the review of the state of the art, water accounting takes its 

inspiration from the financial accounting. That is why the AWAS is very 

exhaustive in the accounting of all water storage and flow records inside the 

accounting domain and it extends the water accounting to the physical 

boundary of the entity (Momblanch et al., 2014), which in the case of IWRM 

is the river basin. This means that all the elements involved in the hydrological 

cycle are represented in the accounts. This can be very useful for the 

description of the hydrological behaviour of the river basin, but is far from 

being functional to support water management control and use efficiency 

(Momblanch et al., 2014).  

In the first place, all the concepts included in the original version of the 

accounts are not usually compiled by water management entities in water 

scarce regions; for instance the water storage in rivers and canals. The 

estimation of these concepts is less reliable than for other commonly used 

variables, such as water stored in reservoirs, what goes against the accuracy 
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of the accounting and the feeling of control. Moreover, they represent an 

insignificant proportion of the total water assets in river basins. This brings us to 

the second point of the reasoning, which is the disparity in the orders of 

magnitude of the accounting concepts proposed in the original version. For 

example, precipitation to and evapotranspiration from the landscape can 

be almost 5 times bigger than the total water supply to the demands 

(Momblanch et al., 2014), while they do not provide so relevant information 

for water management. In addition, despite the accuracy in the estimation 

of these large figures that new technologies such as earth observation bring 

(Karimi and Bastiaanssen, 2015), small errors in their obtaining may disguise 

other more significant values and increase the unaccounted for difference 

term (Momblanch et al., 2014). All together reduces the capacity of water 

accounts to transmit relevant, reliable and clear information to water users, 

and limits the potential of water accounting as a methodology to support 

water management control and use efficiency. 

For the above reasons, the information included in the accounts should be 

limited to the manageable elements of the river basin. These include the 

different types of exploitable water resources (e.g. reservoirs, aquifers, and 

water transfers), the water allocated and supplied to the different users from 

the diverse sources by means of the existing infrastructures, and the 

complementary accounting terms necessary to close the global water 

balance. In this way, the significance, clarity and accuracy of the 

information presented in the accounts must improve (Momblanch et al., 

2014).  

As highlighted by Momblanch et al. (2014) the exclusion of certain 

accounting terms from the original version of the water accounts do not void 

the validity of the water balance in the improved version. On one hand, the 

effect of excluding terms of small magnitude is absorbed by the errors in 

other (larger) concepts (Momblanch et al., 2014). On the other hand, terms 

of large orders of magnitude have to be replaced by equivalent elements in 

the accounts in order to keep the water balance. For instance, the effects of 

precipitation and evapotranspiration on water availability are represented in 

the accounts by means of the total runoff (Momblanch et al., 2014). 

The proposal to improve the AWAS accounts lies in excluding the 

ungovernable water assets from A1 (i.e. landscape, rivers and canals) and 
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their complementary terms in A2 and A3 (e.g. precipitation on the 

landscape, evaporation from rivers and canals). Besides, the improved 

version removes A3, since its information is redundant with the content of A2. 

Instead, it is replaced with a new table which summarises the most relevant 

information of water demands. This is water allocation, water supply, supply 

deficits or surpluses, water returns and water consumption. Note that the last 

term is not explicitly presented in the original version of the accounts. The 

structure and content of the improved AWAS accounts are shown in Table 

10. Overall, this new version is closer to the water management perspective 

than the original version, which has a financial accounting approach 

(Momblanch et al., 2014). 

Water Assets and Water Liabilities (A1) 

Water assets 

- Reservoirs 

- Aquifers 

- Inter-region claim on water of another entity 

Water liabilities 

- Water allocation remaining 

- Remaining inter-region claims of the entity 

Changes in Water Assets and Water Liabilities (A2) 

Water asset increases 

- River inflow to the region 

- Returns from demands 

- Transfer of inter-region claim on water of another entity 

- Precipitation into reservoirs 

- Groundwater recharge from landscape 

- Increase of inter-region claim on water of another entity 

Water liability decreases 

- Water allocation adjustments 

- Decrease of inter-region claim on water of the entity 

Water asset decreases 

- River & groundwater outflow from region 

- Transfer of inter-region claim on water of the entity 

- Evapotranspiration from reservoirs 

- Deep leakages from surface water 

- Decrease of inter-region claim on water of another entity 

Water liability increases 
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- Initial water allocation 

- Water allocation announcements 

- Increase of inter-region claim on water of the entity 

Water Demands (A3) 

Water allocation 

Water supply 

Water supply deficit 

Water supply surplus 

Water return flow 

Water consumption 

Table 10. The structure and content of the improved AWAS. 

Finally, the improved version of the accounts proposes the obtaining of the 

unaccounted for difference term for surface and groundwater separately, 

since the error made in the accounting of these two types of water source 

may have opposed signs and their addition would disguise the real total 

error in the water balance (Momblanch et al., 2014). In order to have a 

single unaccounted for difference figure, it is possible to aggregate the 

surface and groundwater errors in absolute values. Besides, so as to make 

the unaccounted for difference term more meaningful, the figure in Mm3 

can be recalculated as a percentage of the total water supplied to the 

demands. This is a good indicator of the relative magnitude of the error 

compared to the amount of water for which the entity has management 

and supervision responsibilities (Momblanch et al., 2014). 

3.2 Integrated Water Resources Management Tools for Ecosystem 

Services assessment 

The review conducted by Momblanch et al. (2016), reveals the most 

relevant environmental impacts of water resources management 

considered in hydro-economic modelling applications. The study also 

concludes that the consideration of environmental impacts is patchy, and 

proposes the ES approach as a systematic way to classify and assess them. 

Table 11 shows the FES listed in section 2.2.2 which can be related to the 

environmental impacts of water resources management considered in the 

studies reviewed by Momblanch et al. (2016), together with the cites of the 

studies. From the table, it is easy to deduce that the most relevant FES from a 
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water resources management perspective are surface and groundwater for 

drinking and non-drinking purposes, or freshwater provision; physical use of 

landscapes (mostly recreational fishing and boating in the case of FES); 

Filtration/sequestration/storage/accumulation, by micro-organisms, plants, 

animals and ecosystems, and dilution by freshwater ecosystems, or water 

purification; and wild animals and their outputs (commercial fishing). Thus, 

these are the critical FES to be included in IWRM, and whose assessment 

methodologies are developed along this section. 

Class Papers 

Wild animals and their 

outputs (commercial 

fishing) 

(Watkins Jr and McKinney, 1999; Ringler et al., 2004; Ringler 

and Cai, 2006; Mullick et al., 2013; Bekchanov et al., 2015a; 

2015b; 2015c) 

Surface and 

groundwater for 

drinking and  non-

drinking purposes 

(Brown et al., 1990; Booker and Young, 1991; Booker and 

Young, 1994; Booker, 1995; Lund and Ferreira, 1996; Ward 

and Lynch, 1996; 1997; Hurd et al., 1999; Watkins Jr and 

McKinney, 1999; Cai et al., 2002; Ringler et al., 2004; 

Assimacopoulos et al., 2005; Babel et al., 2005; Booker et 

al., 2005; Ringler and Cai, 2006; Ward et al., 2006; Ward and 

Pulido-Velázquez, 2008; Ward and Pulido-Velazquez, 2009; 

Divakar et al., 2011; Grafton et al., 2011; Grossmann and 

Dietrich, 2012; Ward and Pulido-Velazquez, 2012; Davidson 

et al., 2013b; a; Divakar et al., 2013; Mullick et al., 2013; 

Debnath, 2014; Bekchanov et al., 2015a; Bekchanov et al., 

2015b; Bekchanov et al., 2015c; Debnath et al., 2015; Kahil 

et al., 2015) 

Filtration/sequestration

/storage/accumulatio

n by micro-org., plants, 

animals & ecosystems 

(Hurd et al., 1999; Assimacopoulos et al., 2005) 

Dilution by freshwater 

ecosystems  

(Brown et al., 1990; Booker and Young, 1991; Booker and 

Young, 1994; Booker, 1995; Hurd et al., 1999; Divakar et al., 

2011; Divakar et al., 2013) 

Flood protection 
(Lund and Ferreira, 1996; Hurd et al., 1999; Yang and Cai, 

2011) 

Global climate 

regulation 
(Grossmann and Dietrich, 2012) 

Experiential use of 

plants, animals and 

landscapes (tourism) 

(Bekchanov et al., 2015a; Bekchanov et al., 2015b; 

Bekchanov et al., 2015c; Kahil et al., 2015) 
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Class Papers 

Physical use of 

landscapes 

(recreation) 

(Booker, 1995; Ward and Lynch, 1996; 1997; Hurd et al., 

1999; Watkins Jr and McKinney, 1999; Babel et al., 2005; 

Booker et al., 2005; Ward et al., 2006; Ward and Pulido-

Velazquez, 2008; 2009; Yang and Cai, 2011; Grossmann 

and Dietrich, 2012; Ward and Pulido-Velazquez, 2012; 

Debnath, 2014; Debnath et al., 2015) 

Symbolic (habitat and 

biodiversity) 
(Grossmann and Dietrich, 2012; Bryan et al., 2013) 

Table 11. ES included in hydro-economic modelling studies. Adapted from Momblanch et 

al. (2016). 

It should be noted that some benefits of the physical use of landscape (i.e. 

recreational fishing) and the production of wild animals and their outputs 

(e.g. commercial fishing) are very similar since they are based on the 

capacity of the environment to maintain fish population. They could be 

considered as specific benefits to people provided by the habitat category 

of ES commented in section 2.2.2. In line with this point of view, the present 

research proposes the same modelling approach to assess the recreational 

and commercial fishing as a single ES named aquatic habitat service. 

Since the range of IWRM tools is vast and the capabilities of each model are 

very diverse, it is necessary to define the set of models that are to be used 

prior to design the methodologies for FES assessment. As commented in the 

introduction, this thesis is based on preceding research (Momblanch, 2013) 

which used a chain of IWRM tools to analyse the tradeoffs between water 

uses and the environment. The tools are integrated into the Decision Support 

System AQUATOOL (Andreu et al., 1996). AQUATOOL is a geo-referenced 

database system which provides a common interface, data and results 

management tools for different modules directed to analyse the key aspect 

of water resources planning and management at river basin scale 

(Momblanch et al., under review). For more than 20 years, it has been 

designed following well established methodologies for water resources 

systems analysis. Hence, the present research makes use of this platform that 

facilitates the transfer of results between models, and allows massive 

simulations, which are useful to carry out scenario analyses (Momblanch, 

2013). 
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Regarding the temporal step to be used for the FES assessment, the MA 

(2003) states that each ecosystem process exhibits a characteristic scale; this 

is the typical extent or duration over which the process has its impact. The 

majority of models in AQUATOOL work at a monthly step. However, they can 

be adapted to other time scales if it is convenient for the faithful 

representation of the FES. Thus, this issue is discussed and justified in the 

methodological description of each FES. 

3.2.1 Freshwater provision service 

Brauman et al. (2007) define the Freshwater Provision Service (FPS) as an ES 

describing the modification of water used for extractive (e.g. municipal, 

agricultural, and industrial) and in situ purposes (e.g. hydropower generation, 

water recreation, and transportation) by ecosystems. It is provided by the 

landscape where the precipitation is transformed into runoff. Terrestrial 

ecosystems partly determine landscape features like water retention 

capacity of soils, percolation, and, even, slope. In turn, these features affect 

the rainfall-runoff processes occurring in the landscape. The beneficiaries of 

the service are the different water sectors and users; i.e. urban, agricultural, 

industrial, hydropower, and recreational uses depending on water quantity 

such as boating and bathing. Moreover, the FPS is the trigger for many 

ecosystem processes which rely on water abundance, and its temporal and 

spatial distribution (Momblanch et al., under review). 

For the assessment of this FES, it is necessary to represent the rainfall-runoff 

processes, the water distribution along water bodies, and the water supply 

to the diverse users. Hence, the proposed methodology comprises a rainfall-

runoff model (RRM) and a water allocation model (WAM) as the basic IWRM 

tools to perform the FPS quantification. Besides, it is necessary to assign an 

economic value to the water supplied (benefit) by using economic functions 

and to spatially map the production of the ES by using a water tracer. Figure 

5 shows the diagram of the modelling methodology for the assessment of 

the FPS. 
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Figure 5. Methodology for the assessment of the FPS. 

In the first place, the RRM calculates the water resources generated in each 

subwatershed and aquifer. This requires a distributed or semi-distributed 

model with explicit consideration of surface and groundwater runoff 

(Momblanch et al., under review). The hydrological module of AQUATOOL, 

EVALHID (Paredes-Arquiola et al., 2014a), allows choosing among three 

different RRM approaches: Témez (1977), HBV (Bergström, 1995), and SAC-

SMA (Burnash et al., 1973). They are all deterministic physically-based 

conceptual models which are applied in a semi-distributed way and 

distinguish between surface and groundwater with different levels of detail in 

the vertical performance. The input data for these RRM are precipitation, 

potential evapotranspiration, the watersheds and related aquifers, and the 

landscape parameters specific for each model (Momblanch et al., under 

review). 

Up to this point, the volume of water generated is known, but it can only be 

considered an ES if it is beneficial from a human perspective. In non-

regulated or water abundant river basins, where water resources far exceed 

water demands and reservoirs do not affect river flow patterns, water users 

get the water that they need when they need it, and the use of another 
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model apart from the RRM is avoidable. Nonetheless, the high level of flows 

regulation and sophistication of water management in water scarce river 

basins makes the use of WAM fundamental. The WAM is fed with the results 

of the RRM and data about water demands, infrastructures and 

management rules. Thus, it should consider surface and groundwater 

interaction, as well as being able to faithfully represent real water institutions 

and operation rules. The results from the WAM, the water supply to demands, 

represent the biophysical quantification of the FPS. The water allocation 

module of AQUATOOL, SIMGES (Andreu et al., 1996), is a simulation-

optimisation model based on a flow network algorithm. It solves the 

management of complex water resources systems with surface and 

groundwater storage, intake, transport, artificial recharge, use and 

consumption elements. It also allows defining many types of management 

rules and the representation of the functioning of complex real water 

resources systems, as for instance, priorities in water uses (Momblanch, 2013). 

In order to complete the ES assessment, economic valuation methods to 

estimate the benefits obtained from the water used by the different 

demands have to be applied. According to the valuation typologies 

described in section 2.2.1.1, the most suitable valuation technique for 

domestic water use or drinking water is the market valuation using the 

marginal willingness-to-pay of citizens. In the case of economic demands for 

which water is a production factor (e.g. agriculture, industry and 

hydropower) the production-based method is recommended instead. 

Finally, the travel cost method is the most adequate for recreational uses. 

The resulting relationship between water supply and economic value is 

commonly named as demand curve in hydro-economic models. 

Calculating the integral under the demand curve for the water supply 

resulting from the WAM, the gross economic benefit of the FPS for each 

water use is obtained (Momblanch et al., under review) (Figure 6). 

As yet, the benefits provided by the FPS are assigned to their beneficiaries, 

and can be summed up to obtain the value of the ES for the entire river 

basin. Nevertheless, the results are much more relevant if they are 

associated to the water source, i.e. subwatershed or aquifer, which provides 

the service (Momblanch et al., under review). In other words, the production 

of the FPS benefits should be spatially mapped. This means to identify the 
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relationship between the water sources and the final water uses 

(Momblanch et al., under review). The FPS assessment methodology makes 

use of a water tracer (see Figure 7) based on the iterative execution of mass 

balance simulations, considering the movement of water along the river 

system resulting from the WAM. To do so, a fictitious conservative pollutant 

that is only affected by the convection driven by the water movement (C) is 

defined using the water quality module of AQUATOOL, GESCAL (Paredes-

Arquiola et al., 2010), which is further described in section 3.2.2. 

 

Figure 6. Obtaining of the gross benefit from a demand curve. Adapted from Momblanch et 

al. (under review). 

 

Figure 7. Water tracer diagram for the mapping of the FPS. 
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It is necessary to run one simulation per water source. In each simulation, the 

concentration of the fictitious pollutant equals to 0 in the water generated 

by all sources (Ck), except for the water source analysed in that specific 

execution of the tracer (i) for which the concentration equals to 1 (Ci). Given 

that the pollutant is conservative, its concentration only varies due to dilution 

into water with a different pollutant concentration; in this case, 

concentration changes when water from the analysed source is mixed with 

water coming from other sources. Therefore, the concentration of the 

fictitious pollutant in the water extracted by a demand (Ci
d’) is equivalent to 

the fraction of the water supply to this water demand originated in the 

analysed water source. This value should be recalculated for demands 

receiving pumped water, since it does not get mixed with other water 

sources and its concentration remains constant, as opposed to groundwater 

runoff which propagates along the river system. In the case that water 

returns from demands exist, part of the water resources generated by the 

sources upstream the demand producing the return can be used more than 

once. Hence, it is necessary to conduct one additional simulation for each 

water return assigning it a concentration equal to 1. Knowing the proportion 

of the water returned which is used by the downstream demands, it is 

possible to adjust the fraction of water supplied by the upstream water 

sources to consider its indirect reuse. Once the necessary adjustments are 

made, the FPS per water source (FPSi) is calculated as sum of the FPS to 

each water demand (FPSd) times the proportion of water coming from the 

analysed water source (Ci
d). A final aspect to consider is the influence of the 

initial concentration of the fictitious pollutant in reservoirs on the results of the 

water tracer. Therefore, a warm up period has to be considered in order to 

ensure that the results obtained are not biased by the initial concentration 

values assumed.   

Finally, in regard to the time scale of the assessment, some considerations 

should be done. Demand curves are generally calculated on annual basis 

(Pulido-Velazquez et al., 2006), while the usual time step to analyse 

hydrological processes with the purpose of assessing water resources 

availability is the month or even the year (Borah et al., 2007). Hence, the 

monthly time step seems adequate to represent all the processes in the 

assessment of water management impacts on the FPS (Momblanch et al., 

under review). In order to operationalise the implementation of the 
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methodology, the monthly water supplies provided by the WAM need to be 

yearly accumulated as to be compatible with the demand curves. Once 

the annual economic value is calculated for each demand, it has to be 

disaggregated according to the monthly supply distribution (Momblanch et 

al., under review). 

3.2.2 Water purification service 

The Water Purification Service (WPS) represents the role of aquatic 

ecosystems to filter and decompose pollutants in water (La Notte et al., 

2012) that result in its improved quality. Thus, the service is provided by water 

bodies such as rivers and lakes (or reservoirs), more precisely by the different 

physical and chemical processes which rely on biological processes or are 

controlled by them (Ostroumov, 2005; La Notte et al., 2015). Water 

purification also occurs in groundwater bodies through active 

biodegradation of contaminants, inactivation and elimination of pathogens, 

and nutrient recycling, but there is a lack of detailed information about 

groundwater properties that prevents its practical consideration (Griebler 

and Avramov, 2015). The beneficiaries of the WPS are drinking water 

treatment companies and industrial water users that have reduced water 

treatment requirements due to the oxidation of organic matter and nutrients 

degradation, amongst other pollutants; agricultural users which reduce 

production losses thanks to salt dilution; and recreational uses such as 

bathing that rely on water quality. An alternative to calculating the benefits 

for the different sectors is to consider the social benefits of improved water 

quality due to avoided environmental damages (Brink et al., 2011). 

In order to assess the WPS, it is necessary to determine the degradation 

(evolution) of pollutants in each water body, which depends on the 

assimilation capacity of the existing ecosystems and flow fluctuations 

(Momblanch et al., 2015). Therefore, the assessment methodology proposed 

includes a WAM that provides the performance of the system regarding 

water flows, and a water quality model (WQM) that simulates the evolution 

of water quality in the river system. Even though the WPS has been limited to 

the water bodies, there is another component provided by the landscape 

which could be introduced in the methodology through a diffuse pollution 

model that would estimate the concentration of pollutants in the runoff 
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entering the river system. Figure 8 shows the diagram of the modelling 

methodology for the assessment of the WPS. 

 

Figure 8. Methodology for the assessment of the WPS. 
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pollution entering the river system through the runoff and the discharges from 
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The reduction of pollution in each water body is quantified as the difference 

between the mass of pollutant at the entrance and at the outlet of the 

water body. However, the water quality melioration can only be considered 

as far as it benefits human uses. This can be estimated by comparing the 

water quality standards or recommendations for the diverse water uses with 

the water quality values at the locations where the resource is used or 

withdrawn. Thus, just the purification of pollution which exceeds the water 

quality thresholds is to be valued in economic units. To do so, it is necessary 

to compare the water quality thresholds with the pollution reaching the 

water demand locations considering that the WPS is not provided. If the 

pollution without the service is over the thresholds, the WPS provides a 

benefit (see Figure 9). Otherwise, the WPS cannot be valued in economic 

units since it is not considered beneficial for human purposes. Note that this 

process has to be conducted for each water use and each water pollutant 

potentially affecting the use. 

 

Figure 9. Representation of the beneficial fraction of the WPS for a certain water demand for 

a particular pollutant. 

In order to obtain the concentration of pollutants without the effect of the 

WPS, the biological water quality parameters in GESCAL are voided. This is 

reasonable since the WPS is mostly underpinned by biological processes that 

are determined by the ecological status of aquatic ecosystems. Purely 

physical processes such as diffusion and sedimentation are not supposed to 

be affected by the deterioration of the service. Once the simulations with 

and without the WPS are conducted, the global benefit of the service is 

calculated as shown in equations 1 and 2. 
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(Eq.1) 

 

 
 

 

(Eq. 2) 

 

where WPSd
p is the value of the WPS for demand d and pollutant p; Cp

d_noWPS 

is the concentration of pollutant p at the location of demand d without the 

effect of the service; Cp
d_WPS is the concentration of pollutant p at the 

location of demand d with the effect of the service; Cp
d_th is the threshold for 

pollutant p which applies to demand d; and Valuep
d is the value of one unit 

less of pollutant p for demand d (marginal cost); WPS is the total value of the 

service. 

As it can be deduced from the equations above, the value to be assigned 

to the parameter Valuep
d varies depending on the water demand and the 

pollutant. For urban and industrial water uses the value is recognised as the 

treatment cost per unit of pollutant, while for agricultural water demands it is 

the variation in crop yield per unit of pollutant. In both cases the technique 

used for the WPS is the cost-based valuation. On the contrary, the value for 

recreational uses should be obtained using the travel cost method as the 

change in travel expenses per unit of pollutant or the contingent valuation 

as the willingness to pay for water quality changes in bathing areas (Terrado 

et al., 2016a). Commonly, the water quality thresholds for bathing uses are 

established only for a few pollutants, mostly microbiological. However, 

people value reductions in other water quality variables. Therefore, for the 

specific case of bathing uses, any reduction of pollution (Cp
d_noWPS - Cp

d_WPS) is 

valued as a benefit. 

Regarding the spatial mapping of the service, the total benefit of the WPS 

calculated in equation 2 has to be assigned to each water body (WPSwb) in 

accordance with the fraction of water purification provided to each 

demand for each pollutant (%wb
 d,p). The equations to do so are: 

WPSd
p =

min if Cp
d_noWPS > Cp

d_th
(Cp

d_noWPS – Cp
d_th)· Valuep

d

(Cp
d_noWPS – Cp

d_WPS)· Valuep
d

0 if Cp
d_noWPS ≤ Cp

d_th

WPS = ∑d ∑p WPSd
p
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(Eq. 3) 

 

 

 

 

(Eq. 4) 

 

where Cp
wb_ent is the concentration of pollutant p at the entrance of the 

water body wb; Cp
wb_out is the concentration of pollutant p at the outlet of 

the water body wb; Qwb is the flow in the water body wb; ΔMd
p is the mass 

variation of pollutant p up to the location of demand d; Cp
d_ent is the 

concentration of pollutant p of an inflow to the system upstream demand d; 

Qd_ent is the flow of an inflow to the system upstream demand d; Cp
d_out is the 

concentration of pollutant p of an outflow from the system upstream 

demand d; Qd_out is the flow of an outflow from the system upstream 

demand d; and Qups_d is the flow just upstream demand d. 

Summing up, the assessment of the WPS involves three modelling steps that 

are necessary to provide all the variables for the quantification and 

mapping of the service. Firstly, the SIMGES model is simulated to determine 

the flows in the river system. These are all variables named Q in the above 

equations. Then, the GESCAL model is run without consideration of the WPS 

and provides the concentration of pollutants at the locations of the 

demands. Finally, GESCAL is simulated again applying the effect of the WPS. 

The results extracted of this simulation are the concentration of pollutants at 

the locations of the demands, the concentrations of pollutants at the 

entrance and outlet of each water body, as well as the concentrations of all 

the outflows from the system. The concentrations of the entrances to the 

system are inputs of the water quality model. 

3.2.3 Aquatic habitat service 

The Aquatic Habitat Service (AHS), as regarded in this research, represents 

the capacity of surface water bodies to provide suitable conditions for the 

development and maintenance of aquatic fauna populations. This is similar 

to the definition of InVEST for the terrestrial animal species in the landscape 

(Tallis et al., 2013), but it is adapted to surface water bodies. The 

beneficiaries of the AHS are professional and recreationist fishermen who 

%wb
d,p =

(Cp
wb_ent - Cp

wb_out)· Qwb

ΔMd
p

ΔMd
p = ∑Cp

d_ent· Qd_ent - ∑Cp
d_out· Qd_out - Cp

d_WPS· Qups_d
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exploit aquatic biota (Liquete et al., 2016), that is, fish and macro-

invertebrates . 

A major aspect that determines the suitability of aquatic habitats to be 

home to aquatic fauna is river flow (Bovee, 1982), since it modifies physical 

variables such as water depth, velocity and substrate which are of high 

importance for the usability of an habitat (MartÍnez-Capel et al., 2009). Thus, 

the proposed methodology should, first, provide the flows along the river 

network applying a WAM and, then, check the adequacy of these flows to 

generate appropriate conditions for the aquatic species inhabiting the 

different parts of the system by using a Habitat Suitability Model (HSM). Since 

habitat quality is considered a good proxy for species population (Terrado et 

al., 2016b), the outputs of the HSM can be translated into captures and, 

next, into economic benefits using the market valuation for commercial 

fishing (Tuya et al., 2014; Jackson et al., 2015) and the travel cost method for 

the recreational fishing (Shrestha et al., 2002; Alvarez et al., 2014). In the case 

of reservoirs, statistical relationships between the water level or volume in the 

reservoir, provided by SIMGES, and fish density can be used (Yang and Cai, 

2011; Debnath, 2014). Figure 10 shows the diagram of the AHS evaluation. 

 

Figure 10. Methodology for the assessment of the AHS. 

As described for the FPS, the SIMGES WAM calculates the river flows, taking 

into account the water management influence. The HSM included in 

AQUATOOL, CAUDECO (Paredes-Arquiola et al., 2013), uses the results of 

SIMGES as inputs and estimates the potential habitat available per river 

stretch for selected aquatic species depending on the river flow, as 

established by the Instream Flow Incremental Methodology (Bovee, 1982). To 

do so, it makes use of Weighted Usable Area (WUA) - flow curves obtained in 
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field works that are based on the preference of species for diverse values of 

velocity, water depth, and substrate. The outputs of CAUDECO are habitat 

time series (HTS) of potentially usable area in squared meters or as a 

percentage of the maximum WUA for the specie, size class and river stretch 

for each water body. By considering the habitat time series as production 

functions for potential population, it is possible to determine the biomass of 

aquatic species (Milhous, 1983; Waddle, 1998) if data about population 

density is available (Stempel, 1990). These results represent the biophysical 

quantification of the AHS. 

Regarding the economic valuation, the benefit of the AHS has to be 

calculated only for the water bodies in which beneficiaries interact with it; 

this is, water bodies that contain fishing sites. In the case of commercial 

fishing the value of the service is directly obtained by multiplying the fish 

market price minus the production costs times the biomass. On the other 

hand, the recreational fishing requires the application of the travel cost 

method which includes the taxes to obtain fishing licences. In both cases, it is 

important to consider the limits of fish captures, and that the amount of 

biomass extracted for one purpose is not available for the other in order to 

avoid double counting. Equations 5 to 12 show the obtaining of the monthly 

global benefit of the AHS, adapted from (DG Environment, 2014; Terrado et 

al., 2016a). However, the equations could be modified depending on the 

legal regulations in each case study, in the sense of fishing priorities and limits 

of captures. 

 

 

(Eq. 5) 
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(Eq. 7) 

 

  

(Eq. 8) 

TBf = ∑i HTSi
f· ρi

f [· WUAmax ]

CFf =
if CFLf < TBfCFLf

TBf if CFLf ≥ TBf

AHS(CFf)f = CFf· Valuef

RF =

0 if TBf - CFf = 0

if TBf - CFf > 0
TBf - CFf

MaxCf
Coef· ∑f
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(Eq. 9) 

 

 
(Eq. 10) 

  

where TBf is the total biomass of species f; HTSi
f is the HTS value of species f for 

the water body i which can be m2 or in %; ρi
f is the average density of 

species f in the water body i; WUAmaxi
f is the maximum WUA in water body i 

by species f in m2 which is only considered in the equation if HTSi
f is in % units, 

which is only multiplied if HTSi
f is in %; TB is the total biomass; CFf is the biomass 

available for commercial fishing for species f; CFLf is the commercial fishing 

limit for species f; AHS(CFf)f is the value of the AHS for commercial fishing of 

species f; Valuef is the marginal net market value of the species f; CF is the 

biomass available for commercial fishing; RF is the number of licenses 

available for recreational fishing; Coef is a correction coefficient that 

correlates the number of licenses calculated with the real number of licenses 

issued; MaxCf is the maximum capture per licence; AHS(RF) is the value of 

the AHS for recreational fishing; L_Cost is the cost of recreational fishing 

licences; AHS is the total value of the service. Note that all variables are 

referred to monthly values. 

Unlike the FPS and the WPS, it is assumed that the production and benefit of 

this service occur in the same water body. However, the calculation of the 

economic benefit has to be done for the global fish production because 

capture limits apply at river system or regional scale and fishermen change 

their fishing places. For the spatial mapping of the service two factors are 

considered to explain the fishing attendance to each water body. One is 

the proximity of the water body to populated areas, and the second is the 

proportion of biomass present in the water body. The relative importance of 

each criterion is introduced as a weight. Thus, the spatial mapping involves 

the allocation of the total value to each water body according population 

and biomass criteria, and a weighted sum to obtain the final value assigned 

to each water body. 

3.2.4 Interactions among FES 

Note that some ES contribute to more than one benefit and in other cases 

one benefit is provided by more than one ES (Costanza et al., 1997). This is 

AHS(RF) = RF· L_Cost

AHS = AHS(RF) + ∑f AHS(CFf)f
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the case of the FPS and the AHS which are calculated assuming that the 

water quality is adequate, and thus rely on the WPS. 

In the case of water for urban use, the FPS and the WPS can be accounted 

in the global FES assessment without risk of double counting since the 

beneficiaries of each service are different. In other words, the fact that the 

water quality at the Drinking Water Treatment Plants (DWTPs) intakes is not 

suitable for direct consumption does not affect the water uses, because 

treating the water to reach the legal thresholds is precisely the task of DWTPs. 

The case of industrial and agricultural uses is totally different. If the water 

quality at the location of the demand with the provision of the WPS (Cp
d_WPS) 

is over the water quality threshold, the benefits of production decrease due 

to higher treatment costs for the industry (that are self-provided) or to 

reduced crop yields for the agricultural use. Thus, the WPS of these 

beneficiaries should be included in the global ES, but the extraordinary costs 

and reduced productivity should be rebound to the FPS valuation, 

diminishing it. 

Regarding water uses such as bathing (regarded as FPS) or fishing (AHS), 

water quality values above the thresholds imply that the services cannot be 

provided. In other words, if the water quality is not suitable for bathing, the 

bathing area is closed and it does not matter how much water flow exists 

that can potentially provide the FPS. However, for the pollutants which do 

not have legal thresholds for this use, the benefit of improved water quality 

can be directly added to the global FES assessment without incurring in 

double counting. Similarly, if the concentration of certain pollutants (e.g. 

ammonium and toxics) is too high, fishes die and the AHS cannot be 

delivered. 

In conclusion, once all the FES proposed are calculated, it is necessary to 

check any possible deviation from the assumptions on which they have 

been assessed and to apply corrections if necessary. In this way, conceptual 

and methodological mistakes are avoided making the outcome of the 

proposed methodology more reliable for decision makers. 
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The present chapter exemplifies the application of the formerly described 

methodologies in water scarce river basins. Different cases of study have 

been selected in order to cover diverse casuistries and management 

strategies. Nevertheless, all case studies are located in Spain for data 

availability reasons. The WA methodology is applied in the Júcar River Basin, 

the Tormes River Basin is used to show the applicability of the FPS, the 

Llobregat River Basin case study demonstrates the WPS, while the AHS is 

applied to the Turia River Basin. 

4.1 The Australian Water Accounting in the Júcar River Basin 

4.1.1 Case study description 

The Júcar River Basin (JRB) is located in the eastern coast of the Spanish 

peninsula in the Júcar River Basin District (Figure 11). It has an area of 

22,378.51km2 with a mean annual precipitation of 475.2mm and an average 

annual potential evapotranspiration of 926.6mm, which classifies it as a semi-

arid region, and produces a mean annual runoff of 1,605.4Mm3. A diagram 

of the JRB system can be seen in Figure 12, including the main rivers, the 

Albufera wetland which is an emblematic natural feature classified as 

Natural Park, Natura 2000 and RAMSAR site, and the most relevant aquifers in 

the area that are connected to the surface water system in an intense and 

complex way. The most relevant elements related to water demands and 

management are also displayed in the diagram.  

 

Figure 11. Location of the study area. Adapted from Momblanch et al. (2014). 

JÚCAR RIVER 
BASIN
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Figure 12. Simplified diagram of the JRB including the most relevant elements for water 

management (Momblanch et al., 2014). 
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The level of exploitation of the JRB water resources is very high, being the 

ratio between total water demands and mean renewable water resources 

of 0.84. This value (close to 1) denotes the existence of water scarcity 

(Momblanch et al., 2014). To cope with this situation, the level of regulation 

and infrastructure development in the JRB is significant. Noted examples are 

the Alarcón, Contreras and Tous reservoirs, the Júcar-Turia canal, and the 

wells in the aquifers of Mancha Oriental and Plana de Valencia Sur. 

Moreover, the inter-basin transfer from the Tajo to the Segura river basins uses 

the Alarcón reservoir as an intermediate station. The inter-basin canal, which 

runs over the Mancha Oriental region, is used as a conveyance facility for 

the JRB water resources, and receives leakages from the aquifer that are 

compensated by the Tajo River Basin District Authority. 

The JRB comprises many different uses that have diverse supply needs in 

terms of water quantity, reliability and priority. Surface water is mostly 

devoted to the urban supply of Valencia, Sagunto and Albacete cities, for 

the irrigation demands located downstream Tous reservoir, and for the 

refrigeration of Cofrentes Nuclear Plant. The remaining urban and 

agricultural water demands rely on groundwater (Momblanch et al., 2014). 

4.1.2 Results 

4.1.2.1 Data and scope 

Since two variants of the AWAS water accounts have been presented in 

sections 3.1.1 (original version) and 3.1.2 (improved version), the results also 

comprise the implementation of these two versions in the JRB for the 

hydrological year 2007/2008. This is the last year of one of the most serious 

recorded droughts in the region. Thus, it is interesting to analyse the recovery 

of the system storages and the supply to the demands after the execution of 

water saving measures. 

According to Momblanch et al. (2014), the implementation of the water 

accounts comprises 3 steps: determining the end users of the information 

and defining the boundaries of the accounting domain; selecting the 

elements and concepts to be included in the accounts; and quantifying the 

necessary figures to fill out the accounts. In the case of the JRB, the end users 

of the water accounts are the water managers, which aim for better control 

and efficiency use of water resources management, and the stakeholders 
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(mainly water users, and environmental and civil organisations) that receive 

information about the water allocation and supply to each demand, and 

the state of water reserves enabling them to understand the global 

functioning of the system (Momblanch et al., 2014). Regarding the 

boundaries of the accounting domain, they should consider the 

hydrological area but also the data availability and reliability. In line with the 

information requirements of the end users, the water assets, liabilities and 

flows to include in the accounting should be defined. For instance, due to 

the relevance of the conjunctive use of surface and groundwater in the JRB 

it is useful to account for these two water sources and their interactions in an 

explicit way. Besides, the specific characteristics of the water management 

in the reported river basin have to be represented. This implies that it is not 

possible to design a totally standard water accounting framework 

(Momblanch et al., 2014). For example, the water allocation remaining in the 

AWAS (see Table 7) responds to a management practice applied in Australia 

through which any water allocated to a demand that has not been used in 

the corresponding period is extended to the next period to be used by the 

same demand. On the contrary, non-supplied water in Spain does not 

continue linked to the original demand and is considered a saving that 

benefits the whole system.  

At the final stage of the water accounting, all the data corresponding to the 

accounted items should be gathered. It is important to reflect about how to 

account for certain complex terms. For instance, environmental flows should 

be considered in some circumstances but not in others. If the environmental 

flow is defined downstream a reservoir, the water released to comply with 

the environmental requirement can be used by downstream water 

demands or can leave the accounting domain and be recorded as an 

outflow. Therefore, the environmental flow should not be computed as a 

reduction in water assets. On the contrary, if the environmental flow is 

established at the river mouth or at the outlet of a transboundary basin, it 

prevents this water volume to be used for other purposes and should be 

accounted as a reduction in the water resources of the basin. In this later 

case, the environmental flow does not have to be included as an outflow of 

the system with the aim of avoiding double counting. Another intricate 

example is the case of hydropower demands that are commonly assumed 

as non-consumptive water uses. However, they consume the equivalent to 
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the net evaporation from the reservoirs that only have this energy-

production purpose. This can be reflected in the accounts through supply 

and return values of hydropower demands without considering the reservoir 

as a storage element, or accounting for the water balance in the reservoir 

without considering the supply and returns of the hydropower demand. In 

this application, the first option is used because it makes more evident the 

effect of this type of water use on the water resources of the basin. Another 

clear example of how the same flow can be accounted in different ways 

are the return flows from demands. In some cases, urban returns are treated 

in wastewater treatment plants which discharge water outside the 

accounting domain. Thus, it would be correct, from an accounting 

perspective, to omit the return flow in the accounts. Conceptually, this would 

mean that the water supplied to the demand is fully consumed, which is not 

real. In this case, it would be better to introduce in the accounts a return flow 

from the demand and record an outflow equivalent to the return. 

As commented in chapter 2, the amount of information needed to 

complete all the accounting terms is considerable, and the data sources to 

obtain them cover direct measurements, indirect estimations and models. It 

is important to note that the source or estimation strategy is not decisive as 

far as there is coherence between the different accounted values no matter 

the data source used. Table 12 shows the estimation strategy used for the 

accounting concepts included in the AWAS accounts of the JRB. The 

information used for this study was generated, validated and stored by the 

JRB District Authority in several reports and databases. 

Data source  Water accounting concept and estimation strategy 
Data 

type 

Direct 

measurement  

- Demands supply from surface water bodies A 

- Surface outflows to the sea: gauged flows A 

- Surface outflows through canals and ditches A 

Mixed 

estimation: 

direct + indirect 

- Demands supply from groundwater bodies: pumped flow 

+ pumping time (electricity bills) 
A 

- Water stored in reservoirs: water level + bathymetric curves B 

- Precipitation on the landscape, reservoirs, etc.: 

interpolation of rainfall measurements 
A 

- Surface runoff entering the water resources system: 

gauged flows + natural regime restitution 
A 

Indirect - Return flows from water demands: theoretical return A 
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Data source  Water accounting concept and estimation strategy 
Data 

type 

estimation  coefficients from water management models 

- Leakages from canals to aquifers: estimated coefficients 

from water management models 
B 

- Water storage in rivers and canals: Average flow + 

simplified geometry 
A 

From 

hydrological 

models 

- Water stored in the landscape B 

- Water stored in aquifers B 

- Percolation from the landscape to aquifers A 

- Water exchange between rivers and aquifers A 

- Water transfers between aquifers A 

- Evaporation and evapotranspiration from the landscape, 

reservoirs, etc. 
A 

Table 12. Data sources and estimation strategies employed to fill out the water accounts for 

the JRB. Adapted from Momblanch et al. (2014). 

A: Periodically along the studied period. The value is accumulated. B: At the end of the 

studied period. The value is punctual. 

4.1.2.2 Water accounts 

The original version of AWAS is applied to the JRB as a territory and includes 

all the elements proposed by the standard that are applicable in the study 

area (Momblanch et al., 2014). The improved version is applied to a 

simplified domain that only considers the relevant manageable elements of 

the JRB and contains the major reservoirs and aquifers, the most relevant 

water demands in supply priority and magnitude, and the flows 

corresponding to these elements (Momblanch et al., 2014) (Figure 12). 

For an easier comparison, both versions of A1 and A2 are presented 

together in tables Table 13 and Table 14, while A3 versions are presented 

individually in tables Table 15 and Table 16 because they are not 

comparable. These tables are presented here in a compact version for 

simplicity reasons (i.e. the different water storage elements and demands 

have been aggregated into single values), but the complete versions can 

be found in Annex A.7.  Moreover, Table 17 and Table 18 show the 

unaccounted for difference terms for surface and groundwater resources 

separately, in accordance with the proposed improvements, for the original 

and improved versions. 
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WATER ASSETS   Original Improved 

Surface water assets       

  Landscape water storage     

    Soil moisture - unsaturated zone 285.90 - 

  Surface water storage - unregulated     

    Unregulated river channel storage 0.48 - 

    Unregulated major storages (>1Mm3) 4.56 4.56 

  Surface water storage - regulated     

    Regulated river channel storage 3.55 - 

    Regulated major storages (>1Mm3) 289.35 289.35 

    Regulated minor storages (<1Mm3) 1.76 - 

  Water transport system storage     

    Distribution network carrier storage 0.47 - 

    Within transport system storage 0.00 - 

  Other surface water assets     

TOTAL SURFACE WATER ASSETS 586.07 293.91 
          

Groundwater assets       

  Groundwater storages     

    Unconfined aquifer 13,966.32 5,271.13 

TOTAL GROUNDWATER ASSETS 13,966.32 5,271.13 

          

Other water assets       

  Water rights 0.00 0.00 

TOTAL OTHER WATER ASSETS 0.00 0.00 
          

TOTAL WATER ASSETS 14,552.39 5,564.04 
          

TOTAL WATER STORAGE 14,552.39 5,564.04 

          

WATER LIABILITIES       

Allocation remaining   - - 

Other water liabilities   - - 

TOTAL WATER  LIABILITIES 0.00 0.00 

          

 
Final net water assets 14,552.39 5,564.04 

  Initial net water resources 14,411.52 5,509.52 

  Changes in net water resources 140.87 54.53 

          

  Final  water storage 14,552.39 5,564.04 

  Initial water storage 14,411.52 5,509.52 

  Changes in water storage 140.87 54.53 

Table 13. Statement of water assets and water liabilities (A1) for the JRB in the hydrological 

year 2007/2008 in its original and improved version. Figures are in Mm3. Adapted from 

Momblanch et al. (2014). 
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WATER ASSET INCREASES   Original Improved 

In surface water       

  Precipitation       

    Into landscape   6,448.83 - 

    Into surface water - unregulated     

    River channel   0.32 - 

    Major storages   3.79 3.79 

    Into surface water - regulated     

    River channel   3.36 - 

    Major storages   56.78 56.78 

    Minor storages   0.70 - 

    Into other       

    Transport system   1.23 - 

  Transfer of inter-region claim on water of another entity 242.97 242.97 

  River inflow to region       

    To unregulated water storage 786.74 624.05 

    To regulated water storage   363.28 363.28 

  Groundwater discharges to surface water     

    To soil moisture - unsaturated zone 0.00 - 

    To surface water storage - unregulated 0.00 0.00 

    To surface water storage - regulated 77.25 49.20 

    To transport system   6.50 6.50 

  Groundwater extraction for surface water storage  0.00 0.00  

  Surface returns from urban demands   57.10 37.85 

  Surface water returns from irrigation demands 124.12 124.12 

  Surface returns from industrial demands 539.19 539.19 

  Desalinated water    0.00 0.00  

  Increase of inter-region claim on water of another entity 0.00 0.00 
            

In groundwater         

  Recharge from surface water       

    From landscape       

    Precipitation   471.73 204.02 

    Irrigation demands returns   252.16 155.28 

    From surface water storage - unregulated 12.87 12.87 

    From surface water storage - regulated 0.00 0.00 

    From transport system   13.15 13.15 

  Entries of external groundwater   0.00 90.47 

  Artificial recharge   0.00 0.00 

TOTAL WATER ASSET INCREASES   9,462.08 2,523.52 
            

WATER LIABILITIES DECREASES       

In surface water         
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  Allocations adjustment       

    Urban allocations   9.71 9.71 

    Irrigation allocations   187.61 187.61 

    Industrial allocations   0.00 0.00 

  Environmental flows adjustment   - - 

  Decrease of inter-region claim on water of the entity 0.00 0.00 
            

In groundwater         

  Allocations adjustment       

    Urban allocations   0.24 0.00 

    Irrigation allocations   38.42 32.70 

TOTAL WATER LIABILITY DECREASES   235.98 230.02 
            

TOTAL WATER RESOURCES INCREASES   9,698.08 2,753.54 

            

WATER ASSET DECREASES       

In surface water         

  Evapotranspiration       

    From landscape   6,373.36 - 

    From surface water storage - unregulated 7.00 6.29 

    From surface water storage - regulated 33.65 26.06 

    From transport system   2.59 - 

  Groundwater recharges from surface water     

    From landscape   471.73 - 

    From surface water storage - unregulated 12.87 12.87 

    From surface water storage - regulated 0.00 0.00 

    From transport system   13.15 13.15 

  Environmental flows allocation   0.00 0.00 

  Artificial recharge   0.00 0.00 

  Outflows from  region       

    
Transfer of inter-region claim on water of the 

entity 
245.29 245.29 

    Treated waste water   30.57 22.60 

    To the sea   253.47 253.47 

    To wetlands   37.67 37.67 

    To external surface bodies   24.54 24.54 
            

In groundwater       

  Groundwater discharges to surface water     

    To soil moisture - unsaturated zone 0.00 - 

    To surface water storage - unregulated 0.00 - 

    To surface water storage - regulated 77.25 49.20 

    To transport system   6.50 6.50 

  Groundwater extraction for surface water storage 0.00  0.00  
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  Evapotranspiration from aquifers   0.00   0.00 

  Outflows from region       

    To wetlands   83.82 83.82 

    To the sea   26.34 26.34 

    To other aquifers   43.44 0.00 

TOTAL WATER ASSET DECREASES   7,743.26 807.82 
            

WATER LIABILITIES INCREASES       

In surface water        

  Allocation to demands       

    Urban allocations   124.01 124.01 

    Irrigation allocations   736.86 736.86 

    Industrial allocations   24.00 24.00 

  Allocations increase       

    Urban allocations   0.00 0.00 

    Irrigation allocations   0.00 0.00 

    Industrial allocations   537.75 537.75 

  Environmental flows adjustment   -  -  

  Decrease of inter-region claim on water of the entity  0.00 0.00  
            

In groundwater       

  Allocation to demands       

    Urban allocations   69.04 42.69 

    Irrigation allocations   648.07 482.35 

  Allocations adjustment       

    Urban allocations   0.00 0.00 

    Irrigation allocations   0.00 0.00 

TOTAL WATER LIABILITY INCREASES   2,139.73 1,947.66 
            

TOTAL DECREASE IN WATER RESOURCES   9,882.99 2,755.48 

            

Changes in net water resources   -184.91 -1.92 
            

Unaccounted - for difference 1   325.78 56.45 

Table 14. Statement of changes in water assets and water liabilities (A2) for the JRB in the 

hydrological year 2007/2008 in its original and improved version. Figures are in Mm3. 

Adapted from Momblanch et al. (2014). 

WATER INFLOWS   Original 

To surface water     

  Precipitation     

    Into landscape   6,448.83 

    Into surface water - unregulated   

    River channel   0.32 
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    Major storages   3.79 

    Into surface water - regulated   

    River channel   3.36 

    Major storages   56.78 

    Minor storages   0.70 

    Into other     

    Transport system   1.23 

  Transfer of inter-region claim on water of another entity 242.97 

  River inflow to region     

    To unregulated water storage 786.74 

    To regulated water storage   363.28 

  Groundwater discharges to surface water   

    To soil moisture - unsaturated zone 0.00 

    To surface water storage - unregulated 0.00 

    To surface water storage - regulated 77.25 

    To transport system   6.50 

  Groundwater extraction for surface water storage   

  Surface returns from urban demands   57.10 

  Surface water returns from irrigation demands 124.12 

  Surface returns from industrial demands 539.19 

  Desalinated water   0.00  

  Increase of inter-region claim on water of another entity 0.00 
          

To groundwater     

  Recharge from surface water     

    From landscape     

    Precipitation   471.73 

    Irrigation demands returns   252.16 

    From surface water storage - unregulated 12.87 

    From surface water storage - regulated 0.00 

    From transport system   13.15 

  Entries of external groundwater   0.00 

  Artificial recharge   0.00 

TOTAL INFLOWS   9,462.08 

          

WATER OUTFLOWS     

From surface water     

  Evapotranspiration     

    From landscape   6,373.36 

    From surface water storage - unregulated 7.00 

    From surface water storage - regulated 33.65 

    From transport system   2.59 

  Groundwater recharges from surface water   
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    From landscape   471.73 

    From surface water storage - unregulated 12.87 

    From surface water storage - regulated 0.00 

    From transport system   13.15 

  Supply to demands     

    Urban allocations   114.30 

    Irrigation allocations   549.25 

    Industrial allocations   561.75 

  Environmental flows allocation   - 

  Artificial recharge    0.00 

  Outflows from  region     

    Transfer of inter-region claim on water of the entity 245.29 

    Treated waste water   30.57 

    To the sea   253.47 

    To wetlands   37.67 

    To external surface bodies   24.54 
          

From groundwater     

  Groundwater discharges to surface water   

    To soil moisture - unsaturated zone 0.00 

    To surface water storage - unregulated 0.00 

    To surface water storage - regulated 77.25 

    To transport system   6.50 

  Groundwater extraction for surface water storage 0.00 

  Evapotranspiration from aquifers   0.00  

  Supply to demands     

    Urban allocations   68.80 

    Irrigation allocations   609.65 

  Outflows from region     

    To wetlands   83.82 

    To the sea   26.34 

    To other aquifers   43.44 

TOTAL OUTFLOWS   9,646.99 

          

Changes in net water storage   -184.91 
          

Unaccounted - for difference 2   325.78 

Table 15. Statement of physical water flows (A3) for the JRB in the hydrological year 

2007/2008 in its original version. Figures are in Mm3. Adapted from Momblanch et al. (2014). 
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Allocation Supply Deficit Surplus Return Consum. 

Urban demands 166.70 156.19 9.71 0.00 37.85 118.34 

Irrigation demands 1,219.21 991.16 220.31 0.00 279.40 711.76 

Industrial demands 24.00 561.75 0.00 537.75 539.19 22.56 

Table 16. Statement of physical water flows (A3) for the JRB in the hydrological year 

2007/2008 in its improved version. Figures are in Mm3. Adapted from Momblanch et al. 

(2014). 

 
Original Improved 

Initial surface water resources (Mm3) 431.23  176.16 

Surface water resources increase (Mm3) 8.909.49  2,245.06 

Surface water resources decrease (Mm3) 8.928.52  2,051.41 

       

Theoretical final surface water resources (Mm3) 412.20  369.81 

Final surface water resources (Mm3) 586.07  293.91 

Unaccounted for difference for surface water (Mm3) 173.87  -75.90 

Unaccounted for difference for surface water (%) 14.19  6.19 

Table 17. Unaccounted for difference calculation in A2 for the surface water resources of 

the JRB in the hydrological year 2007/2008 in its improved version. Adapted from 

Momblanch et al. (2014). 

 
Original Improved 

Initial groundwater resources (Mm3) 13.980.29  5,333.36 

Groundwater resources increase (Mm3) 788.58  495.34 

Groundwater resources decrease (Mm3) 954.46  690.90 

       

Theoretical final groundwater resources (Mm3) 13.814.41  5,137.80 

Final groundwater resources (Mm3) 13.966.32  5,270.13 

Unaccounted for difference for groundwater (Mm3) 151.91  132.34 

Unaccounted for difference for groundwater (%) 22.39  26.88 

Table 18. Unaccounted for difference calculation in A2 for the groundwater resources of the 

JRB in the hydrological year 2007/2008 in its improved version. Adapted from Momblanch 

et al. (2014). 

4.1.3 Discussion 

The information presented in the water accounts provides a picture of the 

functioning of the JRB during the hydrological year 2007/2008. It is 

observable that the water storage in the basin increased during the period. 

However, the total water stored in the main reservoirs (289.35Mm3) was still 

significantly lower than the total capacity of these infrastructures 
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(2,455.5Mm3). In this scenario, the supply to the demands did not meet the 

initial water allocation according to the existing water rights. That was due to 

the drought situation that forced the implementation of water saving 

measures such as reductions in the supply to agricultural demands and the 

activation of emergency drought wells in many irrigation associations. Even 

though the figures show certain amount of urban deficit, there were not 

supply cuts to these high priority demands. The reduction in the supply was 

achieved through improvement of distribution networks, voluntary saving 

campaigns and changes in the use of water in public spaces. The total 

outflows represent about the 50% of the inflows (without considering 

precipitation and evapotranspiration to/from the landscape in the original 

version).  

Apart from the general analysis, if the accounts are detailed enough (see 

complete versions in Annex A.7), they show the level of satisfaction of the 

diverse demands as well as the changes in the water storages on which they 

rely. This enables water users to understand the management of water 

resources conducted by the JRB District Authority, the main problems of 

water resources availability, and the tradeoffs among the diverse water users 

(Momblanch et al., 2014). Conversely, details regarding the precipitation on 

the landscape or in rivers, which are included in the original version of the 

accounts, are not very informative for these purposes. The adjustment of the 

accounting domain and the exclusion of the non-manageable elements in 

the improved water accounts reduce the volume of information presented 

and puts the focus on the key data for the evaluation and control of water 

management (Momblanch et al., 2014). This contributes to improve 

transparency towards water users and stakeholders and fosters effective 

public participation. Thus, comparing the original and improved versions 

based on the relevance of the presented information for a better control of 

water management and water use efficiency, the improved version is 

judged as more valuable. 

Taking into consideration the unaccounted for difference value as reflect of 

the accuracy of the accounting, the improved version reveals more 

advisable. The unaccounted for difference terms, calculated separately for 

surface and groundwater and accumulated in absolute values, are 17.11% 

and 12.12% of the total water supply for the original and improved versions of 
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the accounts, respectively. Note that in the case of the improved water 

accounting version, the water balance errors in surface and groundwater 

resources have different signs, and the global error calculated with these 

values would be misleading (Momblanch et al., 2014) since they are partially 

offset. Despite the fact that the difference between both errors is small, the 

improvement in the surface water balance is more significant, changing 

from 14.19% in the original version to 6.19% in the improved version. This is not 

the case of the error in groundwater accounting that remains almost 

constant and around 25% of the groundwater supply, due to the well-known 

difficulties in measuring groundwater stocks and flows (Momblanch et al., 

2014). Thus, it seems that the thorough accounting of all hydrological cycle 

components does not produce better results than the accounting in a 

domain reduced to the manageable elements. Moreover, the improved 

version of the water accounts ensures the presentation of data with 

comparable orders of magnitude, and provides more faithful and clearer 

results (Momblanch et al., 2014). 

Finally, there are other benefits derived from the application of water 

accounting as a methodology to support IWRM. The conceptualisation and 

selection of the river basin elements according to their importance for water 

management during implementation phase contributes to a better 

knowledge of the river basin, helps to detect data deficiencies and 

questions the status quo of water management elements (Momblanch et al., 

2014). Furthermore, the periodical application of this methodology discloses 

the evolution and trends of water assets and demands that can be very 

useful for municipalities and irrigation associations that can learn from the 

data to improve their own water management (Momblanch et al., 2014). 

4.2 The Freshwater Provision Service in the Tormes River Basin 

4.2.1 Case study description 

The Tormes River Basin (ToRB) belongs to the Duero River Basin District in Spain 

(see Figure 13). It covers an area of 9,568km2 with an average precipitation 

of 529.9mm/year and a potential evapotranspiration of 826.28mm/year, 

resulting in a mean annual total runoff of 1,678.2Mm3. The ToRB spans from 

the mountainous region of Sierra de Gredos and, flows north-west until the 
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convergence with the Duero River, just downstream the Almendra reservoir. 

It counts with big Natura 2000 sites at the heading and at the lower part of 

the basin. 

 

Figure 13. Location of the study area. Adapted from Momblanch et al. (under review). 

The main water uses in the ToRB are agriculture with a demand of 

319.5Mm3/year, urban demands that amount to 38.9Mm3/year, and 

hydropower uses that are mostly run-of-river stations and, hence, do not 

determine water management. The total population in the ToRB is around 

280,000 inhabitants of which more than 160,000 live in the city of Salamanca. 

Even though the basin holds several reservoirs, only Santa Teresa performs 

hyper annual regulation, since the Almendra reservoir only serves 

downstream uses, which are outside the ToRB. The model used in this 

application is a simplification of the real system, and it only contains the 

urban demand of Salamanca with the highest supply priority, the irrigation 

demands grouped in three areas with equal supply priority, the Santa Teresa 

reservoir, and the inflows generated by all watersheds grouped into 4 (see 

Figure 14) (Momblanch et al., under review). 
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Figure 14. Simplified diagram of the ToRB including the most relevant elements for water 

management. 

4.2.2 Results 

4.2.2.1 Data and scope 

The analysis of the FPS in the ToRB covers the period from October 1955 to 

September 2007 which includes a four-year dry episode in the basin from 

1979 to 1983. However, the simulations are run since 1950 in order to consider 

5 years of warm up period which are necessary to eliminate the influence of 

the initial conditions used in the water tracer. The data available for the 

implementation of the case study are high resolution daily gridded datasets 

of climatic data (Herrera et al., 2012), maps of soil properties, and time series 

of runoff at certain points of the river basin that were used to build, calibrate 

and simulate the RRM EVALHID using the HBV model. Moreover, the mean 

monthly water demands, the characteristics of the Santa Teresa reservoir 
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and other water management infrastructures, and the historic stored 

volumes and supplies to demands are necessary to set up the WAM model 

with SIMGES. These data are available from the Duero River Basin District 

Authority. Furthermore, the data for the economic valuation of the FPS have 

been obtained from the Spanish Water Directorate. The demand curve for 

the Salamanca city is derived from the curve provided for all urban 

demands of the Duero River Basin District, while the demand curves for the 

three irrigation areas are obtained from the curve provided for all 

agricultural demands of the ToRB (Figure 15). 

 

Figure 15. Demand curves adapted for the demands in the simplified ToRB. 

By linking EVALHID and SIMGES to perform the analysis of the FPS it is possible 

to show that changes in the landscape and in water management have an 

impact on the final value of the service. Hence, the application case 

presents three different scenarios: business as usual, in which the baseline 

situation for land use and water management is considered; land use 

change, consisting in the urbanisation of part of the Tormes headwaters 

watershed; and water management change, represented through the 

removal of the Santa Teresa reservoir. The last scenario is probably the most 

interesting since it clearly shows the influence of water management on the 

delivery of the service, which is precisely the advantage of using IWRM 

models for FES assessment instead of ES tools as commented in section 2.2.2. 

4.2.2.2 Scenario 1: Business as usual 

Without applying any change to the land cover and water management in 

the ToRB, the Tormes headwaters watershed produces the larger water 

volume that represents 72.7% of the total water resource generation on 

average, followed by the Snow melting watershed with 24.4% of water 

production, the Middle tributaries that supply 1.6% of total runoff, and the 
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Lower tributaries which produce 1.2%. These results, together with the 

configuration of the system lead to the distribution of water supply to the 

demands from each watershed presented in Figure 16. It can be observed 

that all water demands receive a constant water volume every simulated 

year, which is coincident with their annual demand, except for the 

hydrological years 1980 and 1981 when all demands suffer from some supply 

deficit. Given the higher priority of the Salamanca City demand, it has the 

lowest deficit which only represents 3% of its annual demand. The irrigation 

demands have supply deficits around 18% and 2% of their corresponding 

annual demands in 1980 and 1981, respectively. 

 

Figure 16. Water supply to the ToRB demands from each watershed for scenario 1. Adapted 

from Momblanch et al. (under review). 

The annual value of the FPS in the ToRB reaches 175.2M€ throughout the 

analysed period, except for the years with deficit in which the value falls to 

171M€ in 1980 and 174.9M€ in 1981 (Figure 17). The proportion of value 

provided by each watershed (72.6%, 24.6%, 2.7%, and 0.02% for the Tormes 

headwaters, Snow melting, Middle tributaries and Lower tributaries 

watersheds respectively) is very similar to the fraction of water resources 

produced. However, the relative importance of the Middle tributaries 

increases in the economic valuation as it provides a significant amount of 
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water to the urban demand that assigns a higher value to water resources 

than agricultural demands (Momblanch et al., under review). 

 

Figure 17. Annual series of the FPS economic value and contribution of each watershed in 

scenario 1 (Momblanch et al., under review). 

4.2.2.3 Scenario 2: Land use change 

The urbanisation of part of the Tormes headwater watershed, which was 

originally mostly covered by natural vegetation, is represented in the RRM 

through the reduction of evapotranspiration and infiltration (Yang et al., 

2012a). Because the value of this application case relies on illustrating the 

FPS methodology and not on getting insight of the real behaviour of the 

ToRB, a constant reduction was applied along the simulated period, being 

40% for the evapotranspiration and 10% for the infiltration (Momblanch et al., 

under review). This change makes the water resources produced by the 

Tormes headwaters rise from 427.8Mm3 to 463.0Mm3, whilst the water 

generated in the other watersheds remains constant. The observed increase 

in water production due to land use transformation from natural vegetation 

to urban is supported by some studies (Bao and Fang, 2007; Du et al., 2012; 

Wagner et al., 2013). 

As shown in Figure 18, the effect of the land use change on the water supply 

to the demands is that all supply deficits in 1980 and 1981 are null or nearly 

zero. This is due to the fact that the water resources of the Tormes 

headwaters are generated upstream all water demands and, thus, they 

benefit from more water available. The distribution pattern of water 

resources along the river system is also affected by the increase in the 

Tormes headwaters production; this is, the fraction of water that each 
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watershed supplies to each demand. If the annual supply to the demands 

varies, the economic value of the FPS also changes Figure 19. This is 

noticeable in 1980 and 1981 for which the values of the service increase in 

4.2M€ and 0.3M€, respectively. As the system in scenario 2 has a distinct 

functioning to scenario 1, the distribution of value among the watersheds is 

modified. In this case, the Tormes headwaters watershed is responsible for 

74.5% or FPS value, the Snow melting watershed provides 23.2% of the value, 

2.3% correspond to the Middle tributaries, and 0.02% to the Lower tributaries. 

 

Figure 18. Water supply to the ToRB demands from each watershed for scenario 2. 

 
Figure 19. Annual series of the FPS economic value and contribution of each watershed in 

scenario 2. 
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4.2.2.4 Scenario 3: Water management change 

In order to show the influence of water management in the assessment of 

the FPS, this scenario proposes introducing a drastic change in the water 

management of the ToRB by means of voiding the Santa Teresa reservoir 

that can be easily done in the WAM SIMGES. This action does not affect the 

runoff generation by the different watersheds with respect to scenario 1 

(Momblanch et al., under review). Nonetheless, as depicted in Figure 20, the 

impact on the supply to the demands is huge due to the lack of regulation 

capacity of the water resources provided by the most productive 

watersheds (i.e. Tormes headwaters and Snow melting). The only water 

demand with an acceptable water supply is Salamanca City because it has 

a high supply priority, but the irrigation demands barely get to the 40% of 

their annual demand most of the time (Momblanch et al., under review). In 

this scenario, Salamanca City proportionally receives more resources from 

the Tormes headwaters and the Snow melting watersheds, as they cannot 

be stored to be used in low flow periods. 

When the supply values are translated into economic values by means of 

the demand curves, the result is an annual reduction in the FPS of 29.7M€ on 

average. Regarding the relative contribution of the watersheds to the total 

value of the service, it remains almost constant although the Tormes 

headwaters and the Snow melting watersheds slightly increase their provision 

(72.8% and 26.3%, respectively) by partly replacing the Middle tributaries 

(0.9%) in the supply to Salamanca City (Momblanch et al., under review).  

It is interesting to notice that the month with the lower economic value of the 

service in this scenario does not coincide with the previous scenarios (Figure 

21). The explanation can be found in the monthly results presented in Figure 

22. Even though the accumulated runoff from October 1980 to September 

1982 is lower than the runoff from October 1989 to September 1991, the flows 

during the dry season are lower in the later period, and cause higher supply 

deficits to the irrigation demands. 
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Figure 20. Water supply to the ToRB demands from each watershed for scenario 3. 

 

Figure 21. Annual series of the FPS economic value and contribution of each watershed in 

scenario 3. 

 

Figure 22. Monthly comparison of the water resources and the irrigation demands. 
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4.2.3 Discussion 

As explained in Momblanch et al. (under review), the Tormes headwater is 

the most productive watershed from the water quantity and the economic 

perspectives, followed by the Snow melting watershed. The Middle tributaries 

are relevant to ensure a high supply reliability to the urban demand in 

scenarios 1 and 2; especially during the drought episode in which it provides 

most of the demanded water, when not all, for some months while the 

upstream resources are stored in the reservoir (Figure 23). Finally, the Lower 

tributaries play a minor role given that they are located at the end of the 

system and can only be used by the Lower irrigation demand. Due to the 

configuration of the ToRB infrastructures, each water demand can only use 

water from the upstream watersheds. If there were conveyance 

infrastructures to carry water and make it available upstream, the figures 

would vary. 

 

Figure 23. Monthly fraction contributed by each watershed to the Salamanca City demand 

in scenario 1.  

The scenario analysis demonstrates the high influence that water 

management has on the FPS. The level of detail and accuracy that the 

WAM provides regarding water infrastructures (e.g reservoirs and transport 

networks) and management rules (e.g. supply priorities and hyper annual 

regulation) cannot be obtained with the existing ES tools. Another important 

advance of the proposed methodology, although not applied in the case 

study for the sake of simplicity, is the possibility to represent groundwater 

recharge through the RRM EVALHID, and groundwater regulation and 

exploitation with the WAM SIMGES. 

The monthly time scale reveals appropriate to capture seasonal variability of 

water resources and demands, and their interaction. In fact, some of the 

analysed aspects in the application to the ToRB would have been disguised 
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had the time scale been larger. Finally, the water tracer ensures that the 

mapping of the results reflects the real contribution of each watershed to the 

value of the FPS, including complex cases in which there are returns from 

demands, pumping from aquifers or infrastructures that modify the natural 

movement of water along the river system. 

Some difficulties or limitations for the application of this methodology come 

from data acquisition. Demand functions are the most rigorous way to 

conduct a marginal economic valuation. However, they are not commonly 

produced due to the cost of the required studies; and, if generated, they 

are aggregated at regional scale, instead of detailed at water demand 

scale (Momblanch et al., under review). Another drawback is the lack of 

information about the modification of the parameters of the models (mainly 

the RRM) to represent changes introduced in each scenario, such as land 

use changes, which forces the adoption of simplifications and assumptions 

(Momblanch et al., under review) that go against the quality of the final 

output. However, problems with data are not specific for this methodology; 

in fact, they are common to all models. 

4.3 The Water Purification Service in the Llobregat River Basin 

4.3.1 Case study description 

The Llobregat River Basin (LRB) is located in the North-East of Spain and is 

part of the internal basins of Catalonia (Figure 24). It covers 4,957km2 that 

generate an average of 694Mm3/year of total runoff from 672mm of annual 

precipitation and 748mm of annual potential evapotranspiration. The 

Llobregat River flows with North-South direction and discharges into the 

Mediterranean Sea close to the city of Barcelona. Its main tributaries are the 

Cardener and Anoia Rivers. 
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Figure 24. Location of the study area. 

The majority of water resources are committed to urban uses, given that 

several highly populated cities with important industrial activity are located 

throughout the basin (Momblanch et al., 2015). The main urban demands 

are supplied by Sant Joan Despí drinking water treatment plant (DWTP) with 

a mean annual demand of 79.87Mm3, followed by the Abrera DWTP with an 

allocation of 64.99Mm3. The wastewater generated by urban demands is 

treated in wastewater treatment plants (WWTP) and returned to the river 

causing pollution problems, mostly in the lower part of the river basin. The 

agricultural demands account for a small part of the demand, as well as the 

industrial demands. However, they also contribute to the deterioration of the 

water quality conditions of the river. For this reason, apart from the regulation 

infrastructures to increase supply reliability in the basin, there are specific 

infrastructures that aim at reducing pollution problems. There is a canal that 

collects returns from industrial activities and discharges them directly into the 

sea. Another canal derives water resources from the Anoia River and the 

Rubí stream, and flows parallel to the Llobregat River to discharge just 

upstream its outlet (Momblanch et al., 2015). Figure 25 presents the main 

elements of the LRB. 

LLOBREGAT

RIVER BASIN
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Figure 25. Simplified diagram of the LRB including the most relevant elements for water 

management. Adapted from Momblanch et al. (2015). 

4.3.2 Results 

4.3.2.1 Data and scope 

The period analysed in this case study covers the hydrological years 2002 to 

2007 that includes a recent drought episode in the region (October 2004 to 

September 2008). The required data for the implementation of the 

methodology for the assessment of the WPS include the data to feed the 

WAM SIMGES and the WQM GESCAL, as well as the economic information. 

As described in section 4.2.2, the data required to develop the SIMGES 

model for the LRB are the mean monthly water demands, the characteristics 
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of the water management infrastructures, and the historic stored volumes 

and supplies to demands. In the case of GESCAL, the necessary data are 

the effluents from the wastewater treatment plants, and the concentration 

of pollutants at some river sites. The full description of the construction, 

calibration and validation of both models can be found in Momblanch et al. 

(2015). All the information has been provided by the Catalan Water Agency. 

Concerning the information for economic valuation, the water quality 

thresholds for the urban uses have been obtained from European Directives 

(European Council, 1980; 1998), while the consulted reference for 

agricultural uses has been Naifer et al. (2011) (Table 19). The treatment costs 

per unit of pollutant have been taken from Hernández-Sancho et al. (2010) 

and are shown in Table 20. Finally, the willingness to pay (WTP) for the 

changes in water quality has been obtained from Van Houtven et al. (2007), 

who use the Water Quality Index (WQI) (Saffran et al., 2001) to convert the 

specified water quality changes into a common metric (Table 21). 

 

Conductivity 

(μS/cm) 

CBOD 

(mg/l) 

Ammonium 

(mg/l) 

Nitrates 

(mg/l) 

Phosphates 

(mg/l) 

Dissolved 

oxygen (mg/l) 

Urban uses 2500 5 0.5 50 5 7.5 

Irrigation uses 7500 - - - - - 

Table 19. Water quality thresholds for urban and irrigation demands. 

Cost N (€/kg) 17.6 

Cost P (€/kg) 33.3 

Cost CBOD (€/kg)   0.036 

Cost salinity (€/kg)   0.0054 

Table 20. Treatment costs per unit of pollutant mass. 

WTP (€/WQI unit· person) 7.52 

Table 21. WTP per unit of WQI per person. 

The proposed methodology for the assessment of the WPS is applied in 

Terrado et al. (2016a), together with other ES, aiming at implementing a cost-

benefit analysis for the prioritisation of some management actions included 

in the programme of measures of the LRB Management Plan. The results 

presented in this section are more detailed than those included in the paper 

because they consider all forms of nitrogen and not only nitrates. The 

analysis is limited to the measures referred to the treatment of urban 
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wastewater (measure M12) as it allows illustrating the rational of the 

proposed methodology better than the whole study. The application consists 

of two scenarios: the business as usual scenario in which the baseline 

situation for wastewater treatment is considered; and a scenario 

representing the construction of a new wastewater treatment plant (WWTP) 

with nutrient reduction. 

4.3.2.2 Scenario 1: Business as usual 

This application evaluates the WPS before the implementation of any 

measures and makes an initial diagnose of the production-benefit pattern of 

the service. The potential beneficiaries of the service are the urban, 

agricultural, industrial and bathing water uses in the LRB. As explained in 

section 3.2.2, the benefits to the three former uses are subject to the 

comparison between the legal thresholds and the concentrations at the use 

points, while for the later water use any reduction of pollution is perceived as 

a benefit. 

Regarding the first group, beneficiaries of the service are identified with the 

application of SIMGES and GESCAL considering that the WPS is not acting. In 

this case, the urban demands of Terrassa, Abrera DWTP and Sant Joan Despí 

DWTP are the only demands benefitting from the WPS due to reduced 

treatment costs of ammonium, since for the rest of demands the 

concentrations of pollutants at their intakes are below the legal thresholds 

(Terrado et al., 2016a). As presented in Figure 26 the concentration of 

ammonium without the WPS is over the legal threshold for drinking water 

most of the simulated period. The evolution of ammonium concentration at 

the intakes of Terrassa and Abrera DWTP are very similar because of their 

proximity. More precisely, the series without WPS are identical, and the series 

with WPS diverge 0.007% on average. 

When introducing the purification capacity of the river, the concentrations 

lower considerably. Nevertheless, the reduction only produces a benefit up 

to the legal threshold, as depicted in the graphics on the right side of Figure 

26. It is important to highlight that in the case of Sant Joan Despí DWTP 

almost all the variation in the ammonium concentration with and without the 

service generate benefits, given that the concentrations with the WPS 

remain over the legal threshold most of the simulated period. 
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Figure 26. Monthly series of ammonium concentration at the intakes of the Terrassa, Abrera 

DWTP and Sant Joan Despí DWTP with and without the effect of the WPS, and legal threshold 

of ammonium for drinking water. 

By considering the cost of treatment of nitrogen, and the conversion ratio 

between ammonium and total nitrogen, the monthly benefit provided by 

the WPS to the urban demands is obtained (Figure 27). By far, the most 

benefited water demand is Sant Joan Despí DWTP. This is due to the fact that 

the reduction of pollutant carried out by the WPS is larger at its intake, and 

also because the volume of water supplied to this demand is higher than to 

the others. In the case of Terrassa, the benefit is much lower than for Abrera 

DWTP, despite the fact that the reduction of pollution at their intakes is 

almost identical, due to the difference in the amount of water supplied (6.13 

Mm3/year for Terrassa). 
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Figure 27. WPS monthly benefit for urban demands in the LRB. 

On the other hand, the hypothetical bathing recreation activity is also 

benefited by the general water quality improvement provided by the WPS. 

For the valuation of this benefit the WQI with and without the WPS is 

compared at all water bodies as potential bathing sites. For most water 

bodies, the WQI do not present variation, as it is an aggregated index used 

to simplify water quality data, and compensates extreme variations in some 

variables (Tyagi et al., 2013). Figure 28 shows the WQI values with and without 

the WPS for the water bodies for which the WQI changed. The average WQI 

values are in general far above 60, what means that the water quality is fair 

to good according to the Canadian Council of Ministers of the Environment 

(Neary et al., 2001).  

Interestingly, the WQI without the service is higher than with the service for 

some water bodies. This situation can be explained by the degradation 

processes simulated in the WQM. When the WPS is considered, it reproduces 

the nitrogen cycle and, in some water bodies, it generates significant 

concentrations of ammonium and nitrates due to the hydrolysis of organic 

nitrogen and the nitrification of ammonium, respectively. In contrast, when 

the WPS is voided, the concentrations of these pollutants in the same water 

bodies are considerably lower while the organic nitrogen presents higher 

values because biological degradation processes do not take place. 

Moreover, the dissolved oxygen concentration is in general higher without 

the WPS since the biological degradation of organic matter and nitrogen 

forms is oxygen consuming. In the end, the sign of the WQI variation relies on 

the relative importance of the biological processes in each water body. 
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The benefit of the service for bathing uses is calculated by multiplying the 

variations in the WQI times the WTP for improved water quality times the 

population in the watershed associated to each water body (IDESCAT, 

2012). Figure 29 presents monthly benefit of the WPS for recreational bathing 

uses. Despite the fact that some water bodies experience a reduction in the 

WQI due to the WPS, the global benefit is positive and much larger than the 

obtained for the urban uses. 

 

Figure 28. Average WQI with and without the WPS, and annual variation in the water bodies 

of the LRB. 

 

Figure 29. WPS monthly benefit for bathing uses in the LRB. 

Once the different benefits associated to the WPS are calculated, they can 

be accumulated to obtain the global value of the WPS. It amounts to 77.5M€ 

for the whole simulated period. However, there is a significant temporal 

WQI ΔWQI

With

WPS

Without

WPS
2002/03 2003/04 2004/05 2005/06 2006/07 2007/08

1000430 62.9 55.8 5.8 5.8 4.2 9.8 9.4 7.3

1000440 72.8 73.0 -0.2 -0.2 0.0 -0.1 -0.1 -0.4

1000530 80.0 76.1 4.4 3.9 2.4 7.5 4.8 0.0

1000690 93.1 95.0 0.0 0.0 0.1 -5.7 -5.8 0.0

1000770 68.3 62.7 3.1 3.1 7.4 8.2 8.3 3.6

1000830 84.3 90.3 -6.3 -3.5 -2.6 -9.3 -9.6 -4.4

1000840 84.3 90.3 -6.3 -3.5 -2.6 -9.3 -9.6 -4.4

1000850 84.1 85.9 -0.5 -0.6 -1.9 -2.4 -2.5 -2.8

1000870 83.2 83.9 -5.8 -5.8 2.1 2.0 -1.1 4.6

1000910 92.4 88.4 0.0 0.0 0.0 4.4 12.7 7.0

1000930 94.0 92.2 0.0 5.5 5.5 5.6 -0.2 -5.8

-500,000 €

500,000 €

1,500,000 €

2,500,000 €

3,500,000 €

4,500,000 €
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variability in the results. For example, the benefit in the most humid year (i.e. 

2002/03) is 5.8M€, while in the most dry year (i.e. 2006/07) it reaches 20.7M€. 

The final step of the WPS assessment is mapping the provision of the service 

by each water body. Figure 30 shows the annual results of the global WPS for 

the simulated water bodies. As it can be seen, there are some water bodies, 

including the reservoirs, that provide negative benefits. This is due to the fact 

that in these water bodies the rate of ammonium generation by the 

hydrolysis of organic nitrogen is faster than the rate of ammonium 

nitrification. Thus, the result is an increase in the concentration of ammonium 

along the water body that is considered a disbenefit. This effect does not 

occur to other water quality variables such as CBOD that can only enter the 

system from the landscape or human discharges. It does happen to the 

dissolved oxygen that is affected by many physical and biological processes 

(e.g. re-aireation and nitrification, respectively). 

 

Figure 30. Annual provision of the WPS by the different water bodies in the LRB in 2002/03 

(a), 2003/04 (b), 2004/05 (c), 2005/06 (d), 2006/07 (e), and 2008/09 (f). 
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Comparing the results of the six simulated years, most water bodies in the 

main Llobregat and Cardener courses maintain a provision of the service 

valued between 0 and 200,000€/year. There are water bodies which provide 

both benefits and disbenefits depending on the year. For instance, Riera 

Cervelló (1000930) presents a value over 2M€ from 2003/2004 to 2005/2006 

against a value below -2M€ in 2007/2008. The Anoia River provides 

disbenefits ranging from -2M€ to 0 in most of its water bodies. They are 

exclusively related to the bathing uses, since the Anoia River is derived 

before its confluence with the Llobregat River and its water resources do not 

reach any of the urban demands. Finally, the “No result” values refer to 

water bodies excluded from the simulation. In the case of the LRB, the 

excluded tributaries and the headwater streams were not expected to have 

a significant impact on the WPS assessment, because they have low 

concentrations of pollutants and, hence, the margin for purification was 

small. The water bodies included in the models that do not contribute to 

satisfy any water use cannot be valued and provide “No result”. However, 

this does not happen in the LRB, 

4.3.2.3 Scenario 2: Implementation of measure M12.1 

This scenario simulates the implementation of a tertiary treatment in the 

Mediona WWTP (M12.1), located in the Anoia River, as included in the 

program of measures of the LRB Management Plan. In order to reflect the 

effect of the measure on the WPS, it is necessary to modify the original 

discharge of the WWTP, by limiting the concentrations of nutrients to the 

values established for tertiary treatments. The values adopted are 15mg/l for 

total nitrogen and 2mg/l for total phosphorus, in line with the European 

legislation (European Council, 1991). 

Given that the Anoia River is diverted before its confluence with the 

Llobregat River, the measure does not have any impact on urban demands. 

The only changes with respect to scenario 1 occur in the provision of the WPS 

to bathing uses downstream the Mediona WWTP discharge (Figure 31). The 

clear melioration of the WQI generates a global benefit of 100.5M€. Thus, the 

marginal benefit of the application of the measure reaches 3M€. The annual 

distribution of the marginal benefit is presented in Figure 32. According to the 

results, the water body 1000840 is more productive per length unit than 

1000850, but they have similar contributions to the marginal benefit. 
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Figure 31. Average WQI with and without the WPS, and annual variation in the water bodies 

of the LRB in scenario 2. 

 

Figure 32. Marginal annual benefit of the WPS with the implementation of measure M12.1 in 

the LRB in 2002/03 (a), 2003/04 (b), 2004/05 (c), 2005/06 (d), 2006/07 (e), and 2008/09 (f). 
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4.3.3 Discussion 

The application of the WPS to the LRB makes clear that the ecological 

functions underpinning the service in the Llobregat and Cardener Rivers are 

in tolerable conditions, but that they can improve if the pollution levels 

decrease, especially with regard to nutrients. The ecological status of the 

Anoia River is much more affected by the high concentrations of nutrients 

and salts, which get worse in drought conditions (Momblanch et al., 2015). 

Therefore, the service even provides negative benefits when nitrification 

exceeds denitrification. These disbenefits are relative, because the only way 

to remove organic nitrogen is through nitrification and if it is not performed 

by the water body, it will have to be removed by the DWTP. A way of 

considering the whole process of nitrogen removal (hydrolysis-nitrification-

denitrification) could be including the cost of the treatments of the 

precedent forms in the removal cost of a certain nitrogen form (i.e. the cost 

of ammonium removal would include the cost of organic nitrogen removal). 

The proposed methodology reveals useful to test measures related to the 

improvement of water quality in terms of ES, such as the ones described in 

Terrado et al. (2016a). For examples, the results of scenario 2 demonstrate 

that the implementation of measure M12.1 drastically improves the situation 

in the Anoia River. Nonetheless, the results presented here are more detailed 

regarding the temporal scale and the number of water quality variables 

considered. Altogether brings different results such as the existence of 

benefits for urban uses that are disregarded if the ammonium is not 

accounted. The relevance of the urban benefits is, however, negligible 

compared to the benefits provided by the service to potential bathing uses 

which are 10 times larger than the former due to the economic valuation 

technique used. Finally, the results show the influence of river flows on the 

provision of the WPS, since similar pollution levels provide larger benefits in 

drier years. This makes evident the importance of this methodology for IWRM 

in water scare river basins because it helps to understand the possibilities that 

healthy river ecosystems provide in order to alleviate drought impacts. 

The difficulties found in the application of the methodology are related to 

data. The treatment cost for the different pollutants is not generated by 

DWTPs or by water managers. For this case study the treatment costs have 

been transferred from a study which analysed the treatment costs in the 
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Valencia region. This data transfer is reasonable because there is 

correspondence between the original study and the LRB. Moreover the 

water treatment costs are unlikely to change significantly if similar 

technologies are used, no matter the location of the DWTP. On the contrary, 

the values assigned to recreational bathing are very site-dependent. In this 

case, the value has been taken from a study in the United States, which 

introduces a significant degree of uncertainty in the results. 

4.4 The Aquatic Habitat Service in the Turia River Basin 

4.4.1 Case study description 

The Turia River Basin (TuRB) is the second largest river basin in the Júcar River 

Basin District and is bordering to the South with the JRB (Figure 33). The TuRB 

has an area of 7,231.75km2 that produce a total runoff of 471.9Mm3/year 

resulting from an annual precipitation of 457.8mm and a potential 

evapotranspiration of 833.6mm. The Turia River, as such, originates from the 

confluence of the Guadalaviar and the Alfambra Rivers and receives the 

water resources of some small tributaries before discharging into the 

Mediterranean Sea. 

 

Figure 33. Location of the study area. 

The total water demand reaches 583.65Mm3, what produces ratio between 

total water demands and mean renewable water resources of 1.24. This is 

possible with intensive reclaimed water use by the irrigation uses. The water 
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uses in the basin are dominated by agriculture, which accounts for more 

than 86% of total water demand, at the middle and lower part of the river 

basin. Urban demands represent around 14% of the total demand, and more 

than a half is used to partly supply the city of Valencia and its metropolitan 

area with around 1 million inhabitants. There are also several hydropower 

plants that are non-consumptive uses since they are mostly run-of-river 

stations or they do not have single-purpose associated reservoirs. The main 

reservoirs are Arquillo de San Blas, Benagéber and Loriguilla with a total 

capacity around 265Mm3, which are used for water resources regulation, 

recreation, and energy production. Figure 34 presents a simplified diagram 

of the TuRB which includes the main features relevant for the case study. 

 

Figure 34. Simplified diagram of the TuRB including the most relevant elements for water 

management. 

The TuRB contains natural areas of high environmental value in its upper part, 

and the Turia Natural Park in the middle and lower parts with an extension of 
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4.7ha and 35km of length. This originates an intense nature-based recreation 

activity, which includes fishing. Recreational fishing is regulated by the 

regional government that establishes the fishing licences required, the open 

fishing seasons for the different species and other general rules (Consellería 

de Infraestructuras Territorio y Medio Ambiente, 2015). On the other hand, 

the commercial fishing in continental waters is non-existent in the study area 

(Mitchell et al., 2010). The fish species of special interest for their ecological 

and social value are Salmo trutta, Luciobarbus guiraonis, and Squalius 

pyrenaicus. The three species are present along the Turia River, except for 

the Salmo trutta which is not represented downstream the Benagéber 

reservoir to the river mouth. Another important natural feature related to the 

TuRB, although located out of its boundaries, is the Albufera wetland that 

receives 10% of its total resources from this river basin. 

4.4.2 Results 

4.4.2.1 Data and scope 

The period of analysis for the illustration of the AHS assessment methodology 

spans from the hydrological year 2004/2005 to 2013/2014. It includes a 3-year 

drought episode starting in 2006/07, and the beginning of a still ongoing dry 

period which stated in 2014. It is important to note that because of the 

application of many water saving measures, including the use of reclaimed 

wastewater for irrigation and irrigation turns among the farmers, the drought 

impacts on water uses were moderate. This case study aims at illustrating 

how water management can be oriented to improve the AHS even in 

difficult scenarios such as drought, and what are the tradeoffs with the other 

water uses in the basin. To do so, the business as usual scenario (scenario 1) is 

compared with a scenario in which more water is left in the water bodies 

with more potential for AHS provision (scenario 2).  

In order to apply the methodology described in section 3.2.3, it is necessary 

to build a WAM and a HSM. The input data needed for WAM SIMGES has 

been already described in previous sections. Regarding the HSM CAUDECO, 

the data required for the implementation are the WUA - flow curves for the 

existing species (Figure 35), together with the bioperiods in which their 

different life stages are present. This information has been provided by the 
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JRB District Authority, since it was included in the River Basin Management 

Plans. 

 

Figure 35. WUA - flow curves for the relevant species for fishing in the TuRB. 

For the valuation of the service, the permitted fishing areas, the fishable 

species and sizes, the fishing periods, the cost of fishing licences, and the 

maximum number of captures allowed per license have been identified 

from specific regulations and other public information from the regional 

government. Moreover, the common density of the species in 

Mediterranean rivers has been obtained from literature. Finally, the 

population with more potential access to each fishing area has been 

extracted from regional statistics. Figure 36 and Table 22 summarise all the 

information gathered, and the data sources. 

 

 

0%

20%

40%

60%

80%

100%

0 0.05 0.1 0.15 0.2 0.25 0.3

WUA

Flow (m3/s)

WUA - flow curve 1

0%

20%

40%

60%

80%

100%

0 0.2 0.4 0.6 0.8 1

WUA

Flow (m3/s)

WUA - flow curve 2

0%

20%

40%

60%

80%

100%

0 0.5 1 1.5

WUA

Flow (m3/s)

WUA - flow curve 3

0%

20%

40%

60%

80%

100%

0 1 2 3 4

WUA

Flow (m3/s)

WUA - flow curve 4

0%

20%

40%

60%

80%

100%

0 1 2 3 4 5

WUA

Flow (m3/s)

WUA - flow curve 5



 

Application of methodologies 

 

 
111 

General license 6.64€/year 
(Generalitat Valenciana, 1997; 2013) 

Fishing reserve licence 22.04€/year 

 

S. trutta L. bocagei S. pyrenaic. (Consellería de 

Infraestructuras Territorio 

y Medio Ambiente, 

2015) 

Fishable sizes Adult Adult Adult 

Captures/day· license 2 2 6 

Density 

(individuals/m2) 
0.02 0.02 0.042 

(Almeida Real, 2009; 

Alcaraz-Hernández et 

al., 2016; Olaya Marín et 

al., 2016) 

Table 22. Summary of fishing regulations in the TuRB. 

 

Figure 36. Location of the fishing water bodies in the TuRB, including: the identifier of the 

water body, the type of fishing area (free or reserve), the fishable species, and the WUA - 

flow curve used. Sources: Consellería de Agricultura, Medio Ambiente, Cambio Climático y 

Desarrollo Rural (2015) and Consellería de Infraestructuras, Territorio y Medio Ambiente 

(2015). 

Of the 280km length of the Turia River, around one half is fishable being 

distributed in 61km of fishing reserves and 79km for free fishing areas. An 

outstanding free fishing site in the basin is the Arquillo reservoir for which a 

density of Salmo trutta was estimated in 500 individuals/Mm3 as the 10% of 

the density estimated by Ecohydros S.L. (2009) for a reservoir in the Ebro 
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River. From official statistics, the real amount of reserve fishing licenses was 

available for the period 2008 to 2013, with an average of 1,800 licenses/year. 

These values were used to calculate the correction coefficient defined in Eq. 

8, as a way of calibration. Finally, for the spatial mapping of the service, the 

biomass production and human population closeness were assigned the 

same weight equal to 0.5, because it was assumed that fishermen select 

fishing sites based on the proximity to their hometowns, but they also take 

into account information (mostly word of mouth) about the amount of 

potential captures. 

4.4.2.2 Scenario 1: Business as usual 

In this scenario, the baseline water management in the TuRB is considered for 

the obtaining of the AHS benefits. The service produces around 2.6 million 

fish during the whole simulated period which provides a global benefit of 

0.67M€. This benefit corresponds to the issuing of 5,800 fishing licenses per 

year, being 4,000 for free fishing areas and 1,800 for fishing reserves, after 

correcting the calculated values with a factor of 1.6. The monthly distribution 

of the benefits is presented in Figure 37. As it can be observed, there is 

seasonality in the provision of the benefit that is related to the river flows. 

However, due to the strong regulation of the river system, the maximum flows 

occur in the dry months when water is discharged from the reservoirs to 

attend the irrigation demands. The effect of the drought episode from 

2006/2007 to 2008/2009 is more pronounced in the crests than in the valleys 

of the benefit fluctuation, probably due to the reduction in the supplies to 

the agricultural demands as part of water saving measures mentioned 

above, which prevents the release of water from the reservoirs. 

 

Figure 37. AHS monthly benefit for recreational fishing in the TuRB. 
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As regard to the spatial distribution of the service along the water bodies in 

the TuRB, the results are mapped according to the relative biomass 

production and to the population in the subbasin associated to the water 

body (Figure 38). These results show that the most productive water bodies 

are 15.03, 15.13, and 15.14. The reasons for the low productivity of the other 

water bodies are diverse. For water bodies upstream the Benagéber 

reservoir (i.e. 15.04, 15.05, 15.06, and 15.07), the low biomass production is 

only caused by the small size of the riverbed and not by a lack of river flow. 

In fact, during all the simulation period the water flow through these water 

bodies is greater than the maximum defined in the WUA - flow curves. In the 

case of water bodies 15.11 and 15.15, the biomass production is low 

because the river flows are below the values that maximise the WUA. On the 

other hand, the water bodies which lay across the most populated areas 

and are, hence, more accessible to fishermen are 15.05 and 15.15. Even 

though the global benefit with both criteria is the same, the contribution of 

each water body is completely different. Thus, the result adopted is the 

arithmetic mean (Figure 39). 

 

Figure 38. AHS annual benefit by water body considering biomass (a) and population (b) as 

distribution criteria. 
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Figure 39. Annual provision of the AHS by the different water bodies in the TuRB. 

4.4.2.3 Scenario 2: Fishing oriented management 

The purpose of this scenario is changing the management of the system in 

order to increase the benefit provided by the AHS. This should be done by 

trying to maximise biomass production, because the population associated 

to each water body cannot be changed. As of the results of scenario 1, the 

best strategy is forcing larger flows or volumes in the water bodies which 

have room for improvement. These are 15.03, since the biomass in the 

reservoir relies on the stored volume and it is not at its maximum capacity; 

15.11, 15.13, 15.14 and 15.15, as the river flows do not reach the magnitude 

that generates the maximum WUA for the fish species. To this end, the target 

volumes in the Arquillo reservoir are equalled to the maximum volumes and it 

is given a higher priority, making SIMGES to store more water in it. At the 

same time, a minimum flow of 8Mm3/month is established downstream the 

Loriguilla reservoir that replaces the previous minimum flow of 

1.3Mm3/month. With this change, not only the flows downstream Loriguilla 

increase, but also the flows downstream Benagéber. Figure 40 summarises 

the changes introduced in the model. 

The change in water management results in the increase of the global 

benefit of the AHS up to 0.71M€. The monthly distribution of the value (Figure 

41) follows the same seasonal pattern as in scenario 1. Nonetheless, the 

amplitude of the oscillation is smaller, since the low values rose around 

1,000€/month while the high values remained approximately in the same 

magnitudes. 
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Sc. 1 Sc. 2 

Target volume of the 

Arquillo Reservoir (Mm3) 

Oct. 8.5 18.4 

Nov. 8.7 17.46 

Dec. 10 17.46 

Jan. 11.5 17.02 

Feb. 13 17.02 

Mar. 14 17.52 

Apr. 15.4 17.52 

May 15 19.48 

Jun. 15 19.33 

Jul. 13 21.02 

Aug. 11 18.4 

Sept. 9 18.4 

Priority of the Arquillo Reservoir 1 -1 

Minimum flow downstream the 

Loriguilla Reservoir (Mm3/month) 
1.3 8 

Figure 40. Management changes introduced in scenario 2. 

 

Figure 41. AHS monthly benefit for recreational fishing in the TuRB in scenario 2. 

The biomass produced in water bodies 15.03, 15.11, 15.13, 15.14 and 15.15 

augments as expected with the change in water management, being the 

larger changes for 15.03 and 15.14 (see Figure 42 - a). However, the 

difference with scenario 1 is not very significant. Considering the population 

as distribution criteria, the relative importance of each water body does not 

change because the population is the same in both scenarios (see Figure 42 

- b). 
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Figure 42. AHS annual benefit by water body considering biomass (a) and population (b) as 

distribution criteria in scenario 2. 

Aggregating the partial outputs for the final mapping of the AHS, the results 

show a general melioration in all the simulated period, except for the 

hydrological year 2010/2011 that slightly reduces its benefit (Figure 43). This 

can be explained by the general decrease of reserves in Benagéber and 

Loriguilla reservoirs with the new management strategy (Figure 44), which 

forces the saving of water after the drought period, and prevents the release 

of water downstream the reservoirs in average and humid years. Due to the 

depletion of water reserves, it is possible to fully satisfy the water demands 

and improve the habitat conditions in some water bodies. Moreover, the 

hydropower demands increase the total volume turbined in almost 500Mm3. 

However, this cannot be a long term solution in water scarce river basins, 

since it increases the vulnerability of the system in front of future drought 

episodes. 
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Figure 43. Annual provision of the AHS by the different water bodies in the TuRB in scenario 

2. 

 

Figure 44. Comparison of the volumes stored in the Benagéber and Loriguilla reservoir in 

scenarios 1 and 2. 
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the Loriguilla reservoir until the intake of Valencia City (15.13, 15.14 and 

15.15) are the most relevant. By means of applying different water 

management scenarios, it has been demonstrated that water management 

can improve the provision of the AHS, by establishing minimum flows and 

volumes in key rivers stretches and reservoirs, respectively, in order to 

maximize the WUA. The effects of the management changes in the TuRB are 

significant, but do not change the relative importance of the diverse water 

bodies in the provision of the service. 

As in the previous applications of FES, the monthly scale allows observing the 

temporal variability inherent to natural and regulated flows in water scarce 

river basins. Furthermore, results can always be aggregated at larger time 

scales for the sake of clarity in the analysis. In the case of the definition of 

environmental flow regimes, the proposed methodology only covers one 

part of the problem which are minimum flows. Even so, there are other 

relevant aspects regarding habitat suitability that should be considered, 

such as maximum flows or flow rate changes. The analysis of these 

environmental flows regime components require daily or even hourly time 

scales that cannot be simulated with the AQUATOOL models at the moment. 

For the assessment of the AHS in the TuRB, most of the required information 

was public and available online, such as the cost of fishing licenses, the 

fishing areas, species, sizes, and periods. The WUA - flow curves are 

produced as part of the River Basin Management Plans in Spain. They do not 

cover all water bodies and harvestable aquatic species, but provide the 

information on the endemic species which presumably are the most valued 

by fishermen. On top of that, it is important to note that the use of WUA - flow 

curves represent the capacity of the habitat to be home of certain fish 

species, what does not necessarily mean that these species are present 

(Hudson et al., 2003). Nonetheless, they are the most reliable way up to date 

to determine the influence of flow rate variation on aquatic populations 

(Gore and Nestler, 1988; Payne, 2003). The specific information to convert 

WUA or stored volume units into fish biomass has been the most difficult to 

find. Eventually, it has been necessary to transfer data from comparable 

case studies in order to apply the methodology. 

Another complex aspect for the assessment of the service is the selection of 

the mapping criteria and the weights to assign to each of them. Certainly, 
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fishermen have information sources that orient them about the best fishing 

sites regarding captures (e.g. fishermen associations, personal blogs, etc.), 

but this information is based on observation and historical records that can 

be subjective. It is logical to think that the closeness and accessibility of the 

fishing sites also determine their use, but it is difficult to know to what extent in 

comparison with the amount of potential captures. Probably, there are other 

factors that have not been considered, such as the preference for free 

fishing sites against reserves or vice versa. Besides, assuming that the 

attendance of fishermen to a water body is related to the population living 

in the corresponding subbasin is quite simplistic, but no statistics as regard to 

fishermen preferences have been found. 
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This chapter includes a discussion about the potential of the ES and WA 

methodologies to support IWRM in water scarce river basins in the light of the 

analysis of the state of the art, the adaptation of the methodologies and the 

implementations presented in the previous sections. 

5.1 Key findings and recommendations 

The present research contributes to bridge the gap between theory and 

practice in the implementation of IWRM in water scarce river basins. It is 

done by proposing adapted WA and ES methodologies that take into 

account the specific needs and complexity of water management in this 

type of river basins, as demonstrated in the application cases. 

On one hand, the AWAS have been selected as the most suitable WA 

methodology to serve the objectives of the research. The benefits that the 

AWAS approach brings compared to other WA methodologies are the 

representation of the commitments that the entity has towards its users 

through the water allocations, which in water scarce river basins could differ 

greatly with respect to the real water supply, and that it provides a measure 

of the global accounting error (Momblanch et al., 2014). Like the other 

reviewed WA methodologies, the AWAS applies the perspective of 

describing the hydrological cycle in which many accounting concepts are 

not controllable by water managers. Since the water accounts in their 

simplest form are perceived as the best way to transmit information (Tello et 

al., 2016), the approach in this work has been to modify the hydrological 

perspective to a water management perspective. This has implied the 

simplification of the content of the accounts to the essential information 

related to water resources management (Momblanch et al., 2014). To do so, 

especial attention should be paid to keep the water balance validity. Not 

only has this change improved the informative usefulness of the WA, but it 

has also demonstrated that the total accounting error is smaller because 

only well controlled concepts are considered. A small accounting error 

means that the water accounts are more accurate and more credible. 

Therefore, they can be used to support transparency towards the general 

public and control over water resources management, contributing to 

better water governance. 
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From the application of the improved WA methodology, the information 

about storages and flows along the reporting period is summarised. As 

opposed to what the Blueprint and the SEEA-Water framework claim, this 

static image does not supply sufficient information to take water 

management decisions (Momblanch et al., 2014), at least in water scarce 

river basins where the accordance between water availability and supply 

are not evident. For that purpose, there are other tools such as IWRM models 

which are much more suitable. 

On the other hand, the ES assessment is generally acknowledged as one of 

the most suitable methodologies to introduce the environmental aspects 

into IWRM (Liu et al., 2013; Momblanch et al., 2016). The present research has 

proposed using IWRM tools such as RRM, WAM, WQM and HSM, and has 

tailored assessment methodologies for the most significant FES impacted by 

water management according to Momblanch et al. (2016). The application 

of these methodologies has confirmed some initial assumptions. In first place, 

the intense regulation and complex water management rules applied in 

water scarce river basins strongly affect the provision of FES. Moreover, if the 

tradeoffs between human uses and environmental aspects are to be 

analysed to make informed decisions, it is necessary to use modelling tools 

that provide detailed results for both types of water uses. In this sense, ES 

tools fall short to provide such complete and accurate information. Thus, the 

linked IWRM tools arise as the solution, because they are the only types of 

models that provide sound estimations of water supply reliability and 

vulnerability to human demands, while consider additional aspects such as 

water quality and habitat. Secondly, the monthly scale has revealed as 

sufficient for the assessment of the analysed FES. This is another clear 

advantage of IWRM tools against ES tools, as a more detailed temporal 

resolution provides better estimations of the FES. Moreover, given that most 

IWRM tools use this time scale, this means that the proposed methodologies 

can be implemented in river basins that are already using modelling 

platforms or DSS other than AQUATOOL, without having to migrate all their 

models. In the third place, one of the main drawbacks for the practical 

application of the methodologies is the lack of data, mostly for economic 

valuation but also for some environmental processes. The demand curves, 

WTP for improved water quality in recreational bathing sites or fish densities 

are some examples of data requirements which are not easy to find at local 
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scale, and have to be transferred from other case studies or adapted from 

broader scales. 

As regard to the results of the ES assessments the variability between the 

economic benefits is significant. In most of the cases it is just due to the 

differences in magnitude in the provision of various ES. Oppositely, in other 

cases, a single ES provides diverse benefits which are valued with very 

disparate magnitudes. It is the case of the benefit for urban uses and 

bathing uses in the WPS. The former benefit is calculated using a cost-based 

valuation technique, while the latter is estimated from stated preferences. 

The stated preference valuation results are criticised for presenting many 

possible shortfalls, such as survey-induced biases (Chee, 2004) and a weak 

connection between economic value and the actual ecological conditions 

(La Notte et al., 2015). Even so, this methodology is the only way to obtain an 

economic value for some benefits. Thus, it cannot be excluded from the set 

of valuation methodologies, but should be used with caution if it gets to be 

decisive for decision making. 

Even though the different methodologies have not been tested in a single 

case study, their combined applicability to support the IWRM in a water 

scarce river basin can be outlined. Figure 45 presents the ideal IWRM 

application framework which involves all the topics included in the IWRM 

definition, as well as the tools and results necessary to operationalise it. 

 

Figure 45. IWRM components and application diagram. 

From the figure, it can be seen that WA usefulness is limited to provide 

information at the end of the IWRM process. This does not diminish the 
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information to the general public and stakeholders enabling high-quality 

public participation and improved governance (Momblanch et al., 2014). 

Regarding the contribution of FES assessment for the analysis of water 

management there are many different possibilities depending on the 

management practices in the river basin and the purpose of the analysis. In 

most water scarce river basins, water allocation and other management 

strategies are based on water rights and priorities of use. In this case, the 

outputs from the ES assessment can be used as complementary information 

which does not determine directly the water sharing, but it can be used to 

choose among different alternatives in a multi-criteria analysis (Hearnshaw et 

al., 2011; Fontana et al., 2013; Favretto et al., 2016), as well as in a cost 

benefit analysis (Grossmann and Dietrich, 2012; Terrado et al., 2016a). 

Actually, there are many examples of multi-criteria analyses which include 

environmental variables without translating them into ES values (Divakar et 

al., 2013; Paredes-Arquiola et al., 2013; Yang and Yang, 2013; Momblanch et 

al., 2015; Roozbahani et al., 2015). Nevertheless, the contribution of ES in this 

sense is showing that both human and environmental uses contribute to 

society, and, consequently, investments in environmental protection have 

revenues like other investments in drinking water or hydroelectricity uses 

(Loomis, 2000). In case that the water allocation is analysed aiming at 

identifying the optimal solution in economic terms, the ES assessment results 

could be incorporated as decision variables in the target function of hydro-

economic models (Wainger et al., 2010; Bagdon et al., 2016). 

From all the possible analyses with the ES approach, the tradeoffs amongst 

the diverse water users emerge. Inevitably, when a decision regarding water 

management is made, there are always uses which are more benefited than 

others. In order to find consensus and to adopt more equitable solutions for 

the sake of water governance, it is possible to apply the so-called payment 

for ES. This practice can be defined as a contractual transaction between a 

buyer and a seller for an ES or a management practice to secure the service 

(United Nations, 2007). By means of this payment scheme the beneficiaries of 

the water management measures partially compensate the losers with the 

gains they receive in terms of ES (Grima et al., 2016; Sun et al., 2016). 

As a final recommendation, considering the numerous and diverse outputs 

that IWRM models provide, it is essential to carefully select the performance 
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criteria, results presentation and decision analysis in order to identify possible 

tradeoffs and effectively support decision making (Loucks and van Beek, 

2005). 

5.2 Limitations 

In addition to the previous discussion on the case study results and the 

general applicability of the proposed methodologies, the present research 

has revealed several caveats and limitations that need to be 

acknowledged. In the first place, the main limitation of the WA as a standard 

methodology is the lack of definition about the integration scale, which has 

a strong impact on the final quality of the accounts (Momblanch et al., 

2014). Moreover, the level of detail to apply the WA should be better 

defined in order to allow comparability between different case studies. The 

application presented here proposes a sequence of actions to guide the 

implementation of WA which could minimise this handicap. An important 

limitation in order to represent the real water management in some river 

basins is the inability of the framework to represent water flows between the 

same type of water resources (surface or groundwater), since it only 

considers flows that get in or out of the entity boundaries, or that are 

transferred between different types of water resources. Nonetheless, this 

problem is common to all WA frameworks and not only for the AWAS. 

On the other hand, the AWAS does not consider water quality and 

economic aspects. Considering its application in water scarce regions, 

quantitative information about water is the most relevant facet to regard. In 

fact, it seems logical for countries facing severe water scarcity to start with 

the compilation of basic information on the hydrological water balance 

which feeds into the quantitative accounts; in contrast, countries whose 

main problems are related to water pollution must account for pollution and 

the economic aspects which allow for the formulation of policies aimed at 

reducing the emission to water resources (United Nations Statistics Division, 

2012).  

As regard to the assessment of ES using IWRM tools, the main limitation is the 

difficulty to capture the critical thresholds that determine the behaviour of 

most ecological processes (Folke et al., 2004; Spangenberg et al., 2014; 

Momblanch et al., 2016). The origin of the problem, however, are not the 
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IWRM tools themselves, but the lack of knowledge about the critical 

thresholds and the effect that crossing them would have on the ecosystem 

integrity and the services it provides. Once this burden is overcome, the 

IWRM tools could be calibrated for different situations in relation to the 

existing thresholds in order to make them sensitive to them. 

The second most important limitation for the use of ES assessment in decision 

making is the uncertainty that still exists in the economic data, the valuation 

techniques (Bateman et al., 2006), the number of ES benefits considered in 

the assessment (Boithias et al., 2016) and the changes in the physical 

parameters of the models to represent some management actions 

(Momblanch et al., under review). The only way to solve these issues is 

encouraging more research and specific studies to generate good quality 

data, being systematic in the application of valuation methods, and 

incorporating uncertainty analyses into ES valuation, including assessments of 

the implications of uncertainty in decision making (Cai et al., 2002). 

As regard to the proposed ES assessment methodologies, the methodology 

to assess the AHS lacks realism since it does not incorporate the influence of 

barriers on the habitat suitability. Moreover, when it interacts with the WPS, 

the impact of water quality can be introduced by means of critical 

thresholds that reflect species intolerance but there is not any function that 

reflects the sensitivity of species presence to the water quality levels 

(Momblanch, 2013). Finally, there are some FES which have not been 

covered by the present research, such as flood protection or carbon 

sequestration by riparian vegetation, that should be considered in order to 

have a broad perspective of the environmental impacts of water planning 

and management. 
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5.3 Summary 

This Thesis has addressed and identified a mismatch between practical 

water resources planning and management in water scarce river basins and 

IWRM. In light of the WFD and other European Policies related to water and 

sustainability, the focus has been put on ES assessment and WA 

methodologies as tools that can help approaching IWRM. However, these 

methodologies are disconnected from the real requirements of water 

resources planning and management in complex river basins such as the 

ones suffering from water scarcity. Thus, the objective of the Thesis has been 

proposing suitable ES assessment and WA methodologies to be 

implemented in water scarce river basins in line with IWRM. 

After the motivation and contextualisation of the research, a review of the 

state of the art of the existing WA and ES assessment methods has been 

presented, followed by a critical analysis regarding their capacity to serve 

IWRM implementation in water scarce river basins. From this analysis, the 

AWAS for WA and the IWRM tools for ES assessment have been identified as 

the tools with more potential to reach the objectives of the research. 

The next step has been proposing improved methodological frameworks 

that fit the requirements identified for water river basins. In the case of WA, 

simplicity and clarity have prevailed over exhaustive accounting for the sake 

of accuracy and transparency of the presented information. An improved 

version of the AWAS has been fully designed, as well as some criteria to 

guide its implementation at river basin scale with the purpose of improving 

public information and governance. In reference to ES assessment, the 

influence of water management, as well as the temporal and spatial 

variability of water resources and demands has been the milestone for the 

design of the assessment methodologies. The results provided by the RRM 

EVALHID, the WAM SIMGES, the WQM GESCAL and the HSM CAUDECO, 

which belong to the Decision Support System AQUATOOL, combined with 

economic information have been tailored to provide the benefits of the FPS, 

the WPS and the AHS. 

Subsequently, the proposed WA and ES assessment methodologies have 

been tested in several river basins in Spain, covering drought periods as well 

as average years. Each methodology has been applied to a different river 
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basin in order to show the versatility of the tools to adapt to diverse features 

and management rules. The cases of study have shown the relevance of 

water management and time scale in order to capture all the complexity of 

water scarce river basins in the results, so that they are useful for informed 

decision making. ES assessment results have revealed helpful to classify 

water bodies or watersheds according to their capacity to provide 

environmental benefits, and to analyse the tradeoffs between the traditional 

demands and the ES beneficiaries. On the other hand, WA discloses 

synthesised and relevant information for water users and other stakeholders 

about the state of water resources and their allocation and supply during 

the analysed period. 

Finally, the methodologies have been put into context inside the IWRM 

process that covers the target variables to consider, the tools that allow 

analysing the influence of management actions on them, the indicators that 

are more informative to water managers, and the ways to transmit the 

information to the general public. Furthermore, the types of analyses which 

can be conducted with the proposed methodologies have been detailed, 

and illustrated with examples in scientific literature. 

The above summarised research is based on published work, which has 

been expanded or detailed, and includes other non published material. The 

result is a Thesis that provides improved results and conclusions with respect 

to the stand-alone papers. 

5.4 General conclusions 

This research contributes to harmonise the quantity-oriented water resources 

planning and management in water scarce regions to a more holistic 

approach in line with IWRM definition. The research is backed on the use of 

water management perspective and tools to shape the WA and ES 

assessment methodologies. This makes them more likely to be adopted as 

part of the real water resources management process, since they are in 

accordance with the current knowledge and practices. 

Adopting WA methodologies into the water resources planning and 

management process brings us closer to achieving the objectives 

established by A Blueprint to Safeguard Europe's Water Resources (European 
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Commission, 2012a) in order to gather and report water information in 

Europe, and to the WFD because it facilitates high-quality public 

participation (Momblanch et al., 2014). However, the financial accounting 

perspective of WA may prevent its use for real water resources planning and 

management. As stated by Momblanch et al. (2014), a simplification of 

reality is always necessary in the water accounts. The present research 

proposes limiting the accounting concepts to the essential information on 

the water resources, flows and commitments of a water entity. Moreover, 

differences in water management in each river basin require the adaptation 

of the WA concepts to be able to faithfully reproduce the relevant 

information of water users. Besides, the accounting domain, the integration 

scale and the detail of the accounted concepts have a relevant influence 

on the accuracy of the results. 

The present research concludes that the AWAS with the improvements 

proposed in this Thesis, which lead to small errors in the global water 

balance, is the most recommendable WA methodology to support water 

management control and use efficiency in IWRM. If the accounts are 

detailed enough, they show the level of satisfaction of the diverse demands 

as well as the changes in the water storages on which they rely. Even though 

the AWAS does not consider water quality and economic aspects, 

quantitative water information is the most relevant aspect in water scarce 

regions. Moreover, other WA methodologies that include water quality and 

economic information like the SEEA-Water are difficult to be implemented at 

river basin scale, since the information about costs of water services for users 

and producers are usually compiled at administrative scale. 

Apart from its contribution to transparency and control, WA provides more 

gains. The process of prioritising and selecting the elements to include in the 

accounts according to their importance for water management is a good 

exercise for water managers to think over strategic aspects of the water 

resources system. Furthermore, the process of filling out the accounts is useful 

to reveal monitoring deficiencies, while the periodical implementation of the 

WA shows the evolution of water resources and demands. 

In relation to the assessment of ES, it is considered a thorough way to analyse 

the relevant environmental impacts of water management using the 

environment-economy connection (Momblanch et al., 2016). On this regard, 
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IWRM tools include the main processes involved in the provision of FES with 

accurateness, reflecting the effects of management actions and providing 

temporally and spatially detailed results (Momblanch et al., under review). 

Considering that the ES assessment is not meant to solve water planning and 

management problems for itself but that it should be added to a previously 

existing way of managing water, the fact that the designed methodologies 

make use of tools that are usually applied for water planning and 

management in water scarce river basins simplifies the task of adopting the 

ES approach. Moreover, the IWRM tools commonly work at monthly scale, 

which seems appropriate for the representation of the FES analysed, and 

presumably for many others, because is at the mid-way point between the 

accuracy needed to represent ecological processes and water movement 

along river networks, and the simplicity and aggregation required for 

decision making. 

The scenario analysis demonstrates the high influence that water 

management has on FES, and reinforces the argument that water 

management cannot be omitted from the analysis. Another important 

conclusion that is drawn out from the applications is the importance of 

bouncing off the value of the service from the beneficiaries to the element 

providing it in order to prioritise management actions or protect certain 

areas of the river basin. Additionally, the use of ES assessment results in multi-

criteria or cost-benefit analyses contributes to more informed decision 

making that balances human and environmental aspects, and that allows 

solving the identified tradeoffs through the application of payment for ES 

schemes. 

The main difficulties for the application of the FES methodologies come from 

data acquisition, mostly regarding economic information that is scarce and 

usually not specific for the case study. Moreover, when economic data is 

available, it has been obtained using diverse valuation techniques which 

provide very disparate ES benefits in order of magnitude. Finally, the lack of 

knowledge about some ecological processes and critical thresholds may 

also distort the results. All this, adds uncertainty to the analysis and should be 

clearly recognised in the presentation of the results so that they are used 

with the corresponding caution. 
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Overall, the assimilation of these methodologies will imply a trans-disciplinary 

approach which can be challenging. Furthermore, if water managers are to 

use them for decision making, the limitations regarding data availability and 

uncertainty described above should be addressed. However, the gains 

derived from a more balanced water management that involves 

stakeholders to decide on the best tradeoffs and accounts for the 

environmental benefits are significant at least as regard to the compliance 

with European Policies. 

5.5 Future research 

The future research lines arise from the limitations presented in the previous 

chapter. In relation to WA, future research should look for possible ways of 

including additional information that completes the picture of quantitative 

management, such as water quality or economic benefits. Besides, the 

water flows between the same type of water resources should be 

represented somehow in the water accounts. However, the challenge relies 

on maintaining the synthetic and clear presentation of results so that they 

can effectively inform non-expert public. Another future research line could 

focus on advancing in geophysical monitoring for data acquisition regarding 

groundwater stocks and flows, which would prevent the use of models for 

the implementation of water accounts. 

As regard to ES assessment, the main challenges are the current limits to 

understanding of ecological functions, which relate physical, ecological and 

economic values and critical environmental thresholds; and to account for 

all types of uncertainty that exist in the analysis. Specifically for the AHS, the 

effect of water quality on the existence/conservation of aquatic species 

diversity should be further investigated, as well as the way of translating the 

impact of barriers such as dams on the habitat suitability models. 

Furthermore, the economic valuation techniques (e.g. stated preferences) 

should be refined in order to avoid large disparities in the orders of 

magnitude of the values of the ES. If this was not possible, another option 

would be weighting the more disparate benefits to make them more realistic 

and in line with the rest of benefits. 

Finally, some applications of the ES assessment have been investigated and 

applied, but there is need for including other FES to complete the analysis. 
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Perhaps, the point of view adopted in this work can be transferred to the 

assessment of ES related to other disciplines in which the use of models 

commonly used by decision makers can be linked and adapted. In general, 

there is still much room for research in order to identify other ways to use the 

results and fully exploit this still evolving discipline. 
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A1. Adapting water accounting for integrated water resource management. 

The Júcar Water Resource System (Spain)  

Abstract 

An increase in water demands, exacerbated by climate change and the 

tightening of environmental requirements, leads to a reduction in available 

water resources for economic uses. This situation poses challenges for water 

resource planning and management. Water accounting has emerged as an 

appropriate tool to improve transparency and control in water 

management. There are multiple water accounting approaches, but they 

generally involve a very exhaustive list of accounted concepts. According to 

our findings in this research, one of the best water accounting 

methodologies is the Australian Water Accounting Standard. However, its 

implementation for integrated water resource planning and management 

purposes calls into questioning the amount of information and level of detail 

necessary for the users of water accounts. In this paper, we present a 

different method of applying the Australian Water Accounting Standard in 

relation to water resource management, which improves its utility. In order to 

compare the original approach and that proposed here, we present and 

discuss an application to the Júcar Water Resource System, in eastern Spain. 

Keywords 

Water accounting; Transparency; Australian Water Accounting Standard; 

Water resource management; Water balance. 

1. Introduction

Following several years of implementing River Basin Management Plans 

based on the European Water Framework Directive (WFD) (EP, 2000), the 

European Commission published A Blueprint to Safeguard Europe’s Water 

Resources (EC, 2012), in response to the diverse problems in water resource 

management that need to be addressed in the various member states. This 

blueprint highlights key aspects, such as water use efficiency and improved 

water management governance. Furthermore, it states that there are 

information gaps and errors in the dissemination and integration of the data 

necessary for decision-making. It recognises water accounting as a good 

tool to provide basic information in order to support decision-making in 

water resource management, in line with other proposed future actions to 
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address these problems. In a broad sense, water accounting can be defined 

as the development of water balances in a territory which includes elements 

related with water use (country, river basin, etc.), reported in a certain 

format.

There are several water accounting methodologies developed by states 

and international organisations, with various purposes, physical domains and 

presentation formats (BoM, 2011; Chalmers and Godfrey, 2012). Many of 

these focus on the relationship between water use and economy in order to 

evaluate the costs associated with water services (Ward and Pulido-

Velazquez, 2009), the productivity of water, and the environmental costs. 

Currently, the System of Environmental-Economic Accounting for Water 

(UNSD, 2007; Vardon et al., 2012) is the most widespread hybrid accounting 

approach and it is applied in many countries, such as China (Gan et al., 

2012), South Africa (Lange et al., 2007) and Australia (Vardon et al., 2007). 

Other water accounting approaches refer only to physical magnitudes, in 

this case water volume. Some of these accounts show the state and quantity 

of water resources for the purpose of achieving better control over them 

and resolve conflicts between co-riparian regions (Allan, 2012). The 

International Water Management Institute proposed a water accounting 

framework (WA) that classifies water consumption and water use to assess 

water productivity (Karimi et al., 2012). It has recently developed an 

improved version (WA+) that provides explicit spatial information (Karimi et 

al., 2013a). Alternatively, the Australian Water Accounting Standard (AWAS) 

(WASB, 2010; BoM, 2012) governs the implementation of reports that provide 

specific information to water users for them to make and evaluate decisions 

on the allocation of water resources.  

All the above water accounting methodologies have diverse viewpoints and 

features. However, they all tend to be very exhaustive in terms of the 

accounted concepts. This makes them very useful for describing the 

hydrological processes taking place in the landscape, but it could represent 

a limitation as regards water resource management transparency and 

supervision. Water management analysis is performed at a water resource 

system scale, which is conceptually different to the river basin scale. Some 

authors define a water resource system as a physical environment 

comprised of independent water bodies and infrastructures, which is 
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inseparable from a cultural environment with social, political and economic 

constraints (White et al. 1992; Karamouz et al. 2003). To serve the interests of 

water users (urban, agricultural and industrial water demands) and society, 

the information in the water accounts should include elements from both 

environments (physical and cultural) and be limited to the essential figures, 

clearly and intuitively presented so that it is readily understandable. What is 

more, some authors maintain that there are insufficient reliable information 

sources available in order to complete the various kinds of water accounting 

methodologies (Hughes et al., 2012). Furthermore, if the values presented are 

not accurate enough, this thorough accounting of every water volume and 

flow record in a basin may even have a detrimental effect on the primary 

purpose of water accounting, transmitting uncertainty about the presented 

figures rather than assurance.  

From a water management perspective, the water accounting 

methodologies should be applicable at a river basin scale or at a water 

resource system scale as these are the scales established by the WFD for 

integrated water resource management. The water accounts should 

contain complete information about relevant water flows and storages for 

water users in the accounting domain. Finally, in order to facilitate 

generalised use, along with information comparison and transfer, the water 

accounting methodologies should set up standard procedures for 

calculating and presenting the water accounts. According to these criteria, 

the WA+ and AWAS are the most useful water accounting methodologies for 

integrated water resource management, among all those analysed. As the 

WA+ accounting methodology has already been analysed in depth in 

scientific literature (Karimi et al., 2013a; Karimi et al., 2013b), we find 

investigating the AWAS and its explicitly developed conceptual framework 

(WASB, 2009; Chalmers and Godfrey, 2012) much more convenient.  

In this paper we analyse the suitability of the AWAS to improve transparency 

in water management towards water users, leading to higher efficiency and 

governance in water resource management. Based on this assessment, we 

propose a new conceptual approach for the implementation of the AWAS, 

using it to improve water resource management in terms of accuracy and 

understanding of the data. Finally, we present an application of both 
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accounting approaches to the Júcar Water Resource System in order to 

make a clearer comparison of the approaches. 

2. Material and methods

2.1 The Australian Water Accounting Standard. Original version. 

As a result of the serious drought that occurred in Australia between 1997 

and 2010, known as Australia’s Millennium Drought (Kirono et al., 2011; 

Banerjee et al., 2013), the government brought about extensive reforms 

related to water management. A key objective of these reforms was the 

establishment of efficient water markets for the reallocation of scarce water 

resources. In order to have better control of the evolving markets, they 

identified the need to create a standard water accounting system. The 

AWAS is based on a series of documents that define the contents and 

format of the General Purpose Water Accounting Reports (GPWARs). These 

reports should be published regularly by the Water Report Entities (WREs). 

These entities hold and transfer water or water rights, they have other direct 

or indirect claims to water, or they have inflows and/or outflows of water. 

Additionally, they have a responsibility to inform their users about the state 

and variation of the water resources of which they are in charge. 

The resulting products of the Australian methodology are not limited to the 

water accounts. Moreover, the GPWARs include a detailed description of 

the WRE context; information about the origin and processes used to obtain 

every value in the accounts and the associated error; other relevant aspects 

for the water management; and an assurance statement that the report is 

presented fairly in accordance with the standard (AASB and BoM, 2012). 

GPWARs have to be presented annually by the WREs and put at public 

availability, making it possible to analyse the evolution of water 

management, demands and resources. This information can also be a very 

useful support in the monitoring of River Basin Management Plans. The water 

accounts proposed in the AWAS were designed based on the Framework for 

the Preparation and Presentation of Financial Statements (AASB, 2004). Due 

to this, there are significant similarities between the terminology and format 

used in the Australian water accounts and those seen in financial accounts. 

There are three water accounting statements: Water Assets and Water 

Liabilities (A1), Changes in Water Assets and Water Liabilities (A2), and 
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Physical Water Flows (A3). Table 1 presents the structure and examples of 

these water accounting statements. 

Table 1. Structure and examples of accounting concepts in the AWAS water accounting 

statements. 

Water Assets and 

Water Liabilities (A1) 

Changes in Water Assets and 

Water Liabilities (A2) 
Physical Water Flows (A3) 

Water assets 

Landscape 

Reservoirs 

Aquifers 

Rivers 

Canals 

Inter-region claim 

on water of 

another entity 

Water liabilities 

Water allocation 

remaining 

Inter-region claim 

on water of the 

entity 

Opening net water 

assets 

Closing net water 

assets 

Changes in net water 

resources 

Opening water 

storage 

Closing water storage 

Changes in net water 

storage 

Water asset increases 

River inflow to region 

Returns from demands 

Transfer of inter-region claim 

on water of another entity  

Precipitation into 

landscape, reservoirs, rivers 

and canals 

Groundwater recharge 

from landscape 

Increase of inter-region 

claim on water of another 

entity 

Water liability decreases 

Adjustment of water 

allocation 

Decrease of inter-region 

claim on water of the entity 

Water asset decreases 

River & groundwater 

outflow from region 

Transfer of inter-region claim 

on water of the entity  

Evapotranspiration from 

landscape, reservoirs, rivers 

and canals 

Deep leakages from 

reservoirs and canals 

Decrease of inter-region 

claim on water of another 

entity 

Water liability increases 

Water allocation 

announcements 

Increase of inter-region 

claim on water of the entity 

Changes in net water resources 

Unaccounted-for difference 1 

Water inflows 

River inflow to region 

Returns from demands 

Transfer of inter-region claim 

on water of another entity  

Precipitation into 

landscape, reservoirs, rivers 

and canals 

Groundwater recharge 

from landscape 

Water outflows 

River & groundwater 

outflow from region 

Transfer of inter-region claim 

on water of the entity  

Evapotranspiration from 

landscape, reservoirs, rivers 

and canals 

Deep leakages from 

reservoirs and canals 

Water allocation diversion 

Changes in net water storage 

Unaccounted-for difference 2 
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The equations that relate the different concepts in the accounts, which are 

based on financial balances, are the following: 

resourceswaternetInitialresourceswaternetFinalresourceswaternetinhanges -C  (1)

storageInitialstorageFinalstoragewaternetinhanges -C        (2) 

resourceswaterindecreaseTotalresourceswaterinincreaseTotal -

resources  waternet in Changes

      (3) 

   311 -differencefordUnaccounte        (4) 

outflowsTotallowsTotalstoragewaternetinChanges -inf        (5) 

   522 -differencefordUnaccounte        (6) 

21 differencefordUnaccountedifferencefordUnaccounte         (7) 

A1 is equivalent to the so-called Statement of Financial Position of a 

company. This is an accounting document that shows the assets and 

financial situation of a company at a certain time, usually at the end of the 

reported period. It consists of two parts: assets and liabilities. The assets in this 

case would be the water resources owned by a water entity, physically or for 

vested right. The financial liabilities correspond to the current obligations of 

the entity, and these debts must be settled on or before the due date. In the 

water accounts, liabilities refer to water supply duties contracted during the 

reported period that are to be supplied in the following period. From the 

assets and the liabilities, the net equity can be deduced as the difference 

between these two concepts. Similarly, the net water resources are obtained 

by subtracting the water liabilities from the water assets, which represent the 

available water resources not compromised by supply duties. 

A2 is equivalent to the Financial Performance, which summarises the 

financial activity of a company, showing the profit or loss obtained in a 

certain period. In financial accounting, the profit is calculated as the 

difference between income and expenditure, considering the accrual basis 

of financial accounting. In the water accounts the accrual basis means that 

the effects of water transactions and transformations are recognised when 

the decisions or commitments that give rise to them occur. This may not be 

the time at which water is physically transacted, consumed or subject to 

some other event (BoM 2012). Hence, the increase or decrease in water 

resources refers to the water acquired or lost, physically or for vested right. 
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The changes in net water resources calculated in A2 (3) must be equal to 

those obtained in A1 (1). However, these values do not usually match due to 

errors in measurements and records or the omission of certain water 

resources or flows in the accounts. In order to better quantify the global 

error, an unaccounted-for difference value is computed (4), providing an 

estimate of the reliability of the water accounts. Thus, a high value denotes 

lack of control over the water resources and flows. 

Finally, A3 is analogous to the Cash Flows account in financial accounting, 

which provides information about the changes in the cash and equivalents 

of an entity during the reported period. Similarly, the AWAS considers the 

water inflows and outflows of a WRE. This account refers to the water 

resources physically owned and managed by the water entity, permitting 

the calculation of the net water storage as the difference between water 

inflows and outflows. The resulting variation in the net water storage in A3 (5) 

must coincide with the one obtained in A1 (2). Nevertheless, for the 

abovementioned reasons, it does not usually happen this way. Therefore, in 

order to quantify the error in this account, a second unaccounted-for 

difference item is introduced (6). This figure must be equal to the 

unaccounted-for difference in A2 (7), otherwise there is a conceptual error in 

the global water balance. 

2.2 Proposal for the modification of Australian Water Accounts 

As it has been mentioned previously, the water accounting proposed by the 

Australian government takes its inspiration from financial accounting, which 

deals with an easily measurable unit: currency. That is why the AWAS is very 

exhaustive in the accounting of all the water storage and flow records inside 

the accounting domain. In contrast, this is not a common practice in water 

management reports, which mainly focus on water management concepts. 

The Australian water accounts are meant to extend the water accounting 

domain to the physical boundary of the basin, in an attempt to cover all the 

elements involved in the hydrological cycle. When considering water 

accounting as a support for water management transparency and 

supervision, the usefulness of its application to the territorial domain and the 

hydrological cycle as a whole may be uncertain. In fact, what water users 

need to know, in order to make decisions or judge water managers’ 
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solutions, is the exploitable water stocks and their allocation and diversion to 

the different demands, in a simple and reliable way. Therefore, a balance is 

needed between the maximisation of the elements regarded inside the 

accounting domain and the rigorousness of the accounting (Andreu et al., 

2012). A key issue is to define the WRE in terms of the information required to 

satisfy its users’ needs, and the boundaries of water accounting (Chalmers 

and Godfrey, 2012). Note that the order of this process is also important. 

The original water accounts proposed by the AWAS cover such different 

terms as: water storage in the landscape, water storage in rivers, leakages 

from canals or evaporation from rivers and canals (see Table). It is likely that 

most part of the errors committed, in absolute terms, come from concepts 

with much bigger order of magnitude than the other accounted terms. For 

instance, the infiltration and the evapotranspiration from the landscape 

reach very high values (6,448.83 Mm3 and 6,373.36 Mm3, respectively, in the 

Júcar Water Resource System during the hydrological year 2007/2008), while 

the supply to demands has relatively low figures in comparison (114.30 Mm3 

to urban demands, 549.25 Mm3 to agriculture and 32.24 Mm3 to industrial 

demands, in the Júcar Water Resource System during the hydrological year 

2007/2008). Certainly, new technologies, like earth observation, substantially 

improve the accuracy of hydrological and related data (Karimi and 

Bastiaanssen, 2014) and hydrological models benefit from these data for 

calibration and simulation. However, small errors of 5% in these large figures 

may reach the same order of magnitude as water demands in the 

accounting domain. This poses a problem when we are applying water 

accounting for water management purposes, as the quantification of large 

terms may increase the unaccounted-for difference balance term, distorting 

other variables that are smaller in magnitude but more decisive or interesting 

to the water users. On the other hand, there are concepts such as water 

storage in rivers or canals that are simply insignificant compared to other 

water assets. Besides, there are no specific data to obtain them and their 

calculation has to be based on many assumptions. 

Under the above premises, we propose to change the focus of the 

Australian water accounting. We think that the significance and clarity of 

information, and unaccounted-for difference terms, can be improved by 

adjusting the accounting domain to the elements of importance for each 
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water resource system. Therefore, with the aim of supporting water 

management, we defend that the water accounts should only include the 

information that refers to the manageable elements (e.g. reservoirs, aquifers, 

and demands) that can be controlled by water managers and which are 

essential for the water users.  

As a general rule for water accounting in a water resource system, we 

propose that the assets included in the A1 account encompass only the 

aquifers and reservoirs, and exclude the landscape of the basin, rivers and 

canals. Consequently, in A2 and A3 all the accounting terms that refer to 

increases or decreases in these water assets should also be removed 

(precipitation, evaporation, leakages, etc.). This way, we maintain the water 

balance of the river basin. By doing this, the accounts are simplified to show 

only the relevant information for the users and the accounted terms have 

higher reliability. 

Another feature of the original Australian water accounts is that A2 and A3 

are identical except for the application of the accrual basis of the financial 

accounting. That is, A2 includes the water liabilities and inter-region claims 

variation, as well as the allocations to the different demands and their 

adjustments. In contrast, A3 does not contain information about water 

liabilities and inter-region claims variation, while it reveals the real water 

supply to the demands. However, the balance of the demands is preserved 

and the information in A3 can be deduced from the information in A1 and 

A2 (8). In order to avoid data redundancies, we propose to remove account 

A3 and maintain the relevant information on the demands, liabilities and 

commitments contracted by the WRE during the reporting period in A2. In 

accordance with the above considerations, Table  shows the structure and 

content of the new proposed water accounting statements. Additionally, it 

also includes the concepts removed from the original version, coloured in 

grey, to facilitate comparison between the two versions. 

)1()3(

)2.()2()2(

Aremainingallocat ionWaterAdiversionallocat ionWater

Aannouncallocat ionWaterAallocat ionwaterofAdjustmentAallocat ionInit ial





  (8) 
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Table 2. Structure and examples of accounting concepts in the new proposed water 

accounting statements. To facilitate the comparison with the original version, the removed 

terms are coloured in grey. 

Water Assets and 

Water Liabilities (A1) 

Changes in Water Assets and 

Water Liabilities (A2) 
Physical Water Flows (A3) 

Water assets 

Landscape 

Reservoirs 

Aquifers 

Rivers 

Canals 

Inter-region claim 

on water of 

another entity 

Water liabilities 

Water allocation 

remaining 

Inter-region claim 

on water of the 

entity 

Opening net water 

assets 

Closing net water 

assets 

Changes in net water 

resources 

Opening water 

storage 

Closing water storage 

Changes in net water 

storage 

Water asset increases 

River inflow to region 

Returns from demands 

Transfer of inter-region claim 

on water of another entity  

Precipitation into 

landscape, reservoirs, rivers 

and canals 

Groundwater recharge 

from landscape 

Increase of inter-region 

claim on water of another 

entity 

Water liability decreases 

Adjustment of water 

allocation 

Decrease of inter-region 

claim on water of the entity 

Water asset decreases 

River & groundwater 

outflow from region 

Transfer of inter-region claim 

on water of the entity  

Evapotranspiration from 

landscape, reservoirs, rivers 

and canals 

Deep leakages from 

reservoirs and canals 

Decrease of inter-region 

claim on water of another 

entity 

Water liability increases 

Water allocation 

announcements 

Increase of inter-region 

claim on water of the entity 

Changes in net water resources 

Unaccounted-for difference 1 

Water inflows 

River inflow to region 

Returns from demands 

Transfer of inter-region claim 

on water of another entity  

Precipitation into 

landscape, reservoirs, rivers 

and canals 

Groundwater recharge 

from landscape 

Water outflows 

River & groundwater 

outflow from region 

Transfer of inter-region claim 

on water of the entity  

Evapotranspiration from 

landscape, reservoirs, rivers 

and canals 

Deep leakages from 

reservoirs and canals 

Water allocation diversion 

Changes in net water storage 

Unaccounted-for difference 2 

Finally, with the aim of summarising the most relevant information for the 

users of the water accounts, we propose to add an outline table for the 
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water demands. This new table includes water allocations, supplies, returns 

and deficits or surpluses in the supply to each demand. In this way, the water 

resources consumed by water demands can also be explicitly shown in the 

new version of the water accounts. This figure was not presented in the 

original water accounts, though it shows important data for the water 

managers and water users of the WREs. This new version of the water 

accounts is closer to the water management perspective than the original 

version, which has a financial accounting approach. 

2.3 Study area: Júcar Water Resource System 

The Júcar Water Resource System (Júcar System from now on), the biggest 

system in the Júcar River Basin District (see Figure 1), is a complex river system 

with a huge variety of uses with different supply priorities, and with an intense 

relationship between surface and groundwater. The total area of the system 

is 22,378.51 km2. Figure 2 shows the most relevant rivers: Júcar, Cabriel, 

Magro and Albaida, and the most important aquifers: Mancha Oriental and 

Plana de Valencia Sur. The Júcar System includes the Albufera wetland, 

classified as Natural Park, Special Protection Area, RAMSAR and Site of 

Community Importance. It receives water resources from the Júcar System 

and the neighbouring system (Turia), and it is hydraulically connected to the 

Plana de Valencia Sur aquifer. The Júcar System presents a ratio of 0.84 

between total water demands and mean renewable water resources. This 

value (close to 1) denotes that the water resource exploitation, and 

therefore water scarcity, is very high. Surface water is mainly used by the 

cities of Valencia, Sagunto and Albacete (123 Mm3/year for 1,203,617 

inhabitants) and for traditional irrigation demands in the lower part of the 

system. The remaining urban demands and the majority of agricultural 

demands are met with groundwater. The total irrigation demand reaches 

995 Mm3/year (158,500 ha). For more information about the Júcar System, 

consult the web page of the Júcar River Basin District Agency (www.chj.es). 

http://www.chj.es/
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Figure 1. Location of the study area. 

Figure 2. Diagram of the Júcar Water Resource System with the most relevant elements for 

water management. 
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3. Application to the Júcar Water Resource System

3.1 Implementation process 

In the case that the WRE is River Basin Agency and the accounting domain is 

a water resource system, the first thing to take into account in order to apply 

any water accounting approach is determining the end users of the reports 

and defining the boundaries of the water accounting to make them 

compatible with the users’ requirements. In the case of a water resource 

system, not only do the hydrographical boundaries have to be taken into 

account, but also the availability and reliability of the data and the 

interaction of the system with its neighbours. The users of the reports should 

be the stakeholders of the water management authority: urban, agricultural 

and industrial demands and water-related civil organisations (e.g. NGOs, 

cultural associations). Through the water accounting, each of them is 

informed about the water allocated according to their water rights, the state 

of the reservoirs and aquifers and the water really received from each water 

source. Apart from this, they can also observe the same data referred to the 

other water uses and water services, and understand the global functioning 

of the water resource system. 

Secondly, the concepts to be included in the water accounts should be 

selected. It is important to keep in mind that the aim of water accounting for 

water management purposes is to describe the allocation and diversion of 

water to the different users by means of the existing infrastructures; these are 

the relevant manageable elements of the system. Consequently, the 

information about demands should be broken down into real water users’ 

associations, and the water sources serving them should also be shown 

separately. The rest of the concepts included (water resources entering or 

leaving of the system, river-aquifer relationships, etc.) have to ensure that the 

global water balance is maintained. Furthermore, the water accounts have 

to be adapted to the special features of the water management in the 

region. It is important to highlight that there are no universally standard water 

accounting approaches, as there are always different management 

practices and concepts that need to be reflected on the water accounts. 

For instance, the greatest difference between Australian and Spanish water 

management is that, in Australia, the fraction of the volume allocated to the 

demands which is not supplied during the period is considered a carryover, 
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and it is extended to the next period to be used by the same demand 

(Water allocation remaining in Table 2). By contrast, in Spain, non-supplied 

water is considered a saving and contributes to the assets for the next period 

without being linked to any specific demand. Therefore, the accounting 

concept referred to water allocation remaining in A1 should not be shown in 

the Spanish versions of the water accounts. 

Finally, the different terms of the water accounts have to be quantified. The 

ideal situation would be having extremely accurate records for each of the 

accounted terms, enabling genuinely detailed accounting. But, this is not 

possible in practice. In a real water resource system, the majority of values 

are not directly known and they have to be indirectly estimated, or obtained 

from models. For instance, the water stored in aquifers, the groundwater 

transfers, or the flows between rivers and aquifers are commonly modelled. 

Other concepts like pumped water are calculated as the pumped flow 

multiplied by the pumping time, which is derived from electricity bills; and the 

evaporation and leakages in reservoirs are obtained from balance 

equations. Whether directly or indirectly calculated, all this information is 

generated and validated, and stored in different reports and databases by 

the Júcar River Basin District Agency. Table 3 presents the different data used 

to fill out the original water accounting and the new proposed version. Note 

that, depending on the accounting concept, it is presented as a punctual 

value or an accumulated value throughout the period; hence it requires a 

different estimation strategy. These examples demonstrate the wide quantity 

of data sources that need to be used in order to complete all the 

accounting concepts. Obviously, the variety of data sources could go 

against the final quality of the water accounting, so that special care has to 

be taken to ensure that all the information is consistent. 

Table 3. Data sources and estimation strategies employed to fill out the water accounts for 

the Júcar System. 

Data source Water accounting concept 
Estimation 

strategy 

Direct measurement 

- Demands supply from surface water bodies. A 

- Surface outflows to the sea: gauged flows. A 

- Surface outflows through canals and ditches. A 

Mixed estimation: - Demands supply from groundwater bodies: A 
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Data source Water accounting concept 
Estimation 

strategy 

direct + indirect pumped flow + pumping time (electricity bills). 

- Water stored in reservoirs: water level + 

bathymetric curves. 
B 

- Precipitation on the landscape, reservoirs, etc.: 

interpolation of rainfall measurements. 
A 

- Surface runoff entering the water resources system: 

gauged flows + natural regime restitution. 
A 

Indirect estimation 

- Return flows from water demands: theoretical 

return coefficients from water management models. 
A 

- Water storage in rivers and canals: Average flow + 

simplified geometry. 
B 

- Leakages from canals to aquifers: theoretical 

coefficients from water management models. 
A 

From hydrological 

models 

- Water stored in the landscape. B 

- Water stored in aquifers. B 

- Percolation from the landscape to aquifers. A 

- Water exchange between rivers and aquifers. A 

- Water transfers between aquifers. A 

- Evaporation and evapotranspiration from the 

landscape, reservoirs, etc. 
A 

A: Periodically along the studied period. The value is accumulated. 

B: At the beginning and at the end of the studied period. The value is punctual. 

3.2 Results and discussion 

At this point, we present the comparison between both versions of the water 

accounts through their application to the Júcar System. The assessment is 

based on the accuracy of the water balance, reflected on the 

unaccounted-for difference terms. Additionally, other criteria are 

considered, such as the relevance of the presented information for water 

resource management control purposes and the clarity of its presentation. 

First, we apply the AWAS to the whole Júcar System as a territory. Therefore, 

the water accounts include all the elements proposed by the standard 

(Table 1), as can be seen in the Statement of Water Assets and Water 

Liabilities, A1, in Figure 3. The other two accounts, A2 and A3, contain the 

information about water demands, flows and commitments occurring in the 

Júcar System, which are related to the water assets in the first account; these 
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accounts are included in Appendix A1. Table 4 shows the unaccounted-for 

difference and its percentage over the total water supplied and over the 

total water resources of the entity for the Júcar System, together with some 

examples of the Australian National Account 2010 (BoM, 2013). We consider 

that the most representative percentage is that calculated with respect to 

the supplied water (the water diverted to demands), as the entity is 

responsible for its efficient management and supervision. As can be seen in 

Table 4, the unaccounted-for difference figures obtained in the Australian 

National Account 2010 and in our application to the Júcar System are too 

high to be accepted in official documents. Thus, it seems that these 

exhaustive water accounts do not produce satisfactory results, at least for 

the purpose of achieving transparency in the water resource management. 

STATEMENT OF WATER ASSETS AND WATER LIABILITIES 2007/2008 

(Mm3) 

WATER ASSETS 

Surface water assets 

Landscape Water Storage 

  Soil moisture - unsaturated zone 285.90 

Surface water storage - unregulated 

Unregulated river channel storage 0.48 

  Unregulated major storages (>1Mm3) 4.56 

Surface water storage - regulated 

Regulated river channel storage 3.55 

Regulated major storages (>1Mm3) 289.35 

Regulated minor storages (<1Mm3) 1.76 

Water transport system storage 

Distribution network carrier storage 0.47 

  Within transport system storage 0.00 

Other surface water assets 

TOTAL SURFACE WATER ASSETS 586.07 

Groundwater assets 

Groundwater storages 

  Unconfined aquifer 13966.32 

TOTAL GROUNDWATER ASSETS 13966.32 

TOTAL WATER STORAGE (1) 14552.39 

Other water assets 

Water rights 0.00 

TOTAL OTHER WATER ASSETS 0.00 

TOTAL WATER ASSETS (2) 14552.39 
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LIABILITIES 

Allocation remaining 

Other water liabilities 

TOTAL LIABILITIES (3) 0.00 

Net water assets 

Opening net water assets (5) 14411.52 

Changes in net water resources (6) = (4) - (5) 140.87 

Closing net water assets (4) = (2) - (3) 14552.39 

Net water storage 

Opening water storage (7) 14411.52 

Changes in net water storage (8) = (1) - (7) 140.87 

Closing water storage = (1) 14552.39 

Figure 3. Statement of Water Assets and Water Liabilities for the Júcar System. Hydrological 

year 2007/08. 

Table 4. Unaccounted-for difference terms for the Australian National Water Account 2010 

and the application to the Júcar System 2007/08. 

Mm3 
Unaccounted

-for difference 2 

Diversion to 

demands 
% Error 

Total water 

assets 

% 

Error 

Júcar System 325.78 1,903.74 17.11 14,552.39 2.24 

Murray-Darling 1,085,123.00 4,832,677.00 22.45 10,889,737.00 9.96 

Ord 4,352,385.00 168,987.00 2,575.57 8,780,762.00 49.57 

Perth 125,812.00 645,123.00 19.50 261,576.00 48.10 

In an attempt to improve the above results, we build the water accounts 

according to the new approach proposed in section 2.2. Now, we 

implement the water accounts in a simplified domain that contains only the 

relevant manageable elements of the system (see Figure 2), instead of the 

whole territory. The first water accounting statement (Figure 4) presents the 

major reservoirs and aquifers, the most relevant demand units (in priority and 

magnitude) depending on them, and the flows through the boundaries of 

the entity. The other accounts of this improved version are presented in 

Appendix A2. In the new version, the unaccounted-for difference term is 

significantly smaller than in the previous application. The percentage of error 

referring to the water supplied to demands is 3.29% instead of 17.11%. 

However, this new value can be misleading. If we obtain the error for the 

surface and ground water resources separately, we observe that one figure 

is positive and the other is negative (see Table 5 and Table 6). Thus, it is 

necessary to analyse the surface and groundwater errors independently for 
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an adequate analysis. If we aggregate both unaccounted-for difference 

terms in absolute values, the resulting total error is still lower than the value 

obtained in the original version of the accounts; 12.12% versus 17.11%. 

STATEMENT OF WATER ASSETS AND WATER LIABILITIES 2007/2008 

(Mm3) 

WATER ASSETS 

Surface water assets 

Surface water storage - unregulated 

  Unregulated major storages (>1Mm3) 4.56 

Surface water storage - regulated 

Regulated major storages (>1Mm3) 289.35 

TOTAL SURFACE WATER ASSETS 293.91 

Groundwater assets 

Groundwater storages 

  Unconfined aquifer 5271.13 

TOTAL GROUNDWATER ASSETS 5271.13 

TOTAL WATER STORAGE (1) 5565.04 

Other water assets 

Water rights 0.00 

TOTAL OTHER WATER ASSETS 0.00 

TOTAL WATER ASSETS (2) 5564.04 

LIABILITIES 

Allocation remaining 

Other water liabilities 

TOTAL LIABILITIES (3) 0.00 

Net water assets 

Opening net water assets (5) 5509.52 

Changes in net water resources (6) = (4) - (5) 54.53 

Closing net water assets (4) = (2) - (3) 5564.04 

Net water storage 

Opening water storage (7) 5509.52 

Changes in net water storage (8) = (1) - (7) 54.53 

Closing water storage = (1) 5564.04 

Figure 4. New proposed Statement of Water Assets and Water Liabilities for the Júcar 

System. Hydrological year 2007/08. 
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Table 5. Unaccounted-for difference term in the Statement of Physical Flows, for the Júcar 

System surface water resources. 

Initial surface water resources 176.16 

Surface water resources increase 2,245.06 

Surface water resources decrease 2,051.41 

Theoretical final surface water resources 369.81 

Final surface water resources 293.91 

Unaccounted-for difference for surface water resources (Mm3) -75.90 

Unaccounted-for difference for surface water resources  

(% with respect to the surface water supply) 
6.19% 

Table 6. Unaccounted-for difference term in the Statement of Physical Flows, for the Júcar 

System groundwater resources. 

Initial groundwater resources 5,333.36 

Groundwater resources increase 495.34 

Groundwater resources decrease 690.90 

Theoretical final groundwater resources 5,137.80 

Final groundwater resources 5,270.13 

Unaccounted-for difference for groundwater resources (Mm3) 132.34 

Unaccounted-for difference for groundwater resources  

(% with respect to the surface water supply) 
26.88% 

The analysis of the presented results demonstrates that the adjustment of the 

accounting domain and the elimination of the non-manageable elements 

enable the use of data with comparable orders of magnitude and 

accuracy, to provide more faithful results. It is true that the difference 

between the unaccounted-for difference terms of the two approaches is 

not very significant (17.11% – 12.12% = 4.99%). Nevertheless, the improvement 

in the values related to surface water is more relevant. It decreases from 

14.19% in the original version to 6.19% in the proposed version of the water 

accounts. This means that the main part of the error is due to the 

groundwater estimations, with error values of around 25% in both versions of 

the accounts. This fact is reasonably logical given the well-known difficulties 

in measuring and controlling groundwater stocks and flows. 

It should also be discussed whether the terms removed from the original 

version of water accounts are important enough to cause under- or 

overestimation in the water balance. Actually, none of the terms omitted 

from the accounts has an impact on the validity of the final water balance. 
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In the case of those concepts with very low values, the effect is absorbed by 

the errors in other concepts. In fact, the water balances cannot be more 

precise than the available records and observations in the basin (Andreu et 

al., 2012). For the removed concepts that have higher magnitudes, the 

situation is different. In this case, it is crucial to ensure that they are 

represented by other elements in the accounts, keeping the global water 

balance. This is the case of precipitation and evapotranspiration from the 

landscape, whose effect on the water balance of the landscape is 

considered in the water accounts by means of the total runoff (surface and 

groundwater). As a result, we consider that the modification of the Australian 

water accounts produces acceptable unaccounted-for difference results, 

which ensure the reliability of the water accounting reports. Moreover, the 

reduction in the volume of information provided enhances its understanding, 

and highlights key data for better control and evaluation of the WRE by its 

users. 

Regardless of the kind of information managed in the water accounts, they 

represent balances that show the state of water resources and water flows 

during a period; this is the water cycle. This means that they provide a static 

image of what happened in the region studied. Nevertheless, compared 

with other tools (such as water resource management models), water 

accounts do not supply adequate information with the required temporal 

and spatial resolution to optimise water allocation or perform scenario 

analyses. On the other hand, the positive aspect of implementing any water 

accounting methodology in a river basin or water resource system is that it 

forces the water managers to focus on the most significant management 

elements. This exercise is positive because it can contribute to a better 

knowledge of the physical reality of the water entity, to detect scarce or 

bad data measurements, and to rethink the managed elements. Finally, it 

should be highlighted that water accounting, periodically applied, reveals 

the evolution and trends of water assets and demands. This can help small 

water entities, such as municipalities or irrigation associations, to come up 

with better ways of managing their water resources by learning from the 

data. 
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4. Conclusions

A deep knowledge of existent water accounting methodologies brings us 

closer to achieving the objectives established by A Blueprint to Safeguard 

Europe’s Water Resources, in order to gather and report water information in 

Europe. In general, even though water accounting has its pros and cons, it 

can help to improve transparency in water management towards water 

users and other stakeholders. This facilitates high-quality public participation, 

as the stakeholders are aware of the global problems of the water resource 

system and the existing tradeoffs among the different water uses. 

Furthermore, the information provided is of use to make a broad evaluation 

of the water management performed during a given period, and to support 

coordination between water entities in cases like inter-basin transfers, or co-

riparian countries. 

Some problems arising from the utilisation of water accounting in real water 

resource management have been identified. Firstly, given the complexity of 

the water cycle, a simplification of reality is always necessary in the water 

accounts. Some criteria have been stated to guide the selection of the 

accounting concepts. Secondly, there are always differences in water 

management in each country or river basin, which require the adaptation of 

the water accounting concepts. Finally, it has been proved that the 

accounting domain, the integration scale and the detail of the accounted 

concepts have a relevant influence on the final result. 

To conclude, we recommend the utilisation of the Australian Water 

Accounting Standard for water management purposes, with the modified 

water accounts and scope proposed in section 2.2. Contrary to the original, 

complete version, which is more useful for a hydrological analysis of water 

resource systems, the new approach of the accounting methodology 

contains only the essential information on the water resources, flows and 

commitments of a water entity, in an easily comprehensible way. All this 

contributes to clarifying the presented data and facilitates its subsequent use 

for water management evaluation. The Australian water accounting also 

includes information on the origin of the data, the methodology, the 

accuracy, and the final errors. Hence, it is important to consider the potential 

of water accounting as a support for integrated water resource 



Assessment of Ecosystem Services and Water Accounting Methodologies for 

Integrated Water Resources Management in water scarce basins 

188 

management, for the purpose of achieving transparency and control over 

water resource management. 
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Appendix 

A1. Original Statements of Changes in Water Assets and Water Liabilities and 

Physical Water Flows. 

STATEMENT OF CHANGES IN WATER ASSETS AND WATER LIABILITIES 2007/2008 

(Mm3) 

WATER RESOURCES INCREASES 

In surface water 

 Precipitation 

 Into landscape 6448.83 

 Into surface water - unregulated 

River channel 0.32 

Major storages 3.79 

 Into surface water - regulated 

River channel 3.36 

Major storages 56.78 

Minor storages 0.70 

 Into other 

Transport system 1.23 

 Transfer of inter-region claim on water of another entity 242.97 

 River inflow to region 

 To unregulated water storage 786.74 

 To regulated water 

storage 

363.28 

 Surface water returns from irrigation demands 124.12 

 Groundwater discharges to surface water 
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 To soil moisture - unsaturated zone 0.00 

 To surface water storage - unregulated 0.00 

 To surface water storage - regulated 77.25 

 To transport system 6.50 

 Groundwater extraction for surface water storage 

 Surface returns from urban demands 57.10 

 Surface returns from industrial demands 539.19 

 Desalinated water 

 Increase of inter-region claim on water of another entity 

In groundwater 

 Recharge from surface water 

 From landscape 

Precipitation 471.73 

 Irrigation demands returns 252.16 

 From surface water storage - unregulated 12.87 

 From surface water storage - regulated 0.00 

 From transport system 13.15 

 Entries of external groundwater 0.00 

 Artificial recharge 0.00 

WATER LIABILITIES DECREASES 

In surface water 

 Allocations adjustment 

 Urban allocations 9.71 

 Irrigation allocations 187.61 

 Industrial allocations 0.00 

 Environmental flows adjustment 

 Decrease of inter-region claim on water of the entity 

In groundwater 

 Allocations adjustment 

 Urban allocations 0.24 

 Irrigation allocations 38.42 

TOTAL INCREASE IN WATER RESOURCES (1) 9698.08 

WATER RESOURCES DECREASES 

In surface water 

 Evapotranspiration 

 From landscape 6373.36 

 From surface water storage - unregulated 7.00 

 From surface water storage - regulated 33.65 

 From transport system 2.59 

 Groundwater recharges from surface water 

 From landscape 471.73 

 From surface water storage - unregulated 12.87 

 From surface water storage - regulated 0.00 

 From transport system 13.15 

 Environmental flows allocation 

 Artificial recharge 

 Outflows from  region 
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 Transfer of inter-region claim on water of the entity 245.29 

 Treated waste water 30.57 

 To the sea 253.47 

 To wetlands 37.67 

 To external surface bodies 24.54 

In groundwater 

 Groundwater discharges to surface water 

 To soil moisture - unsaturated zone 0.00 

 To surface water storage - unregulated 0.00 

 To surface water storage - regulated 77.25 

 To transport system 6.50 

 Groundwater extraction for surface water storage 

 Evapotranspiration from aquifers 

 Outflows from region 

 To wetlands 83.82 

 To the sea 26.34 

 To other aquifers 43.44 

WATER LIABILITIES INCREASES 

In surface water 

 Allocation to demands 

 Urban allocations 124.01 

 Irrigation allocations 736.86 

 Industrial allocations 24.00 

 Allocations increase 

 Urban allocations 0.00 

 Irrigation allocations 0.00 

 Industrial allocations 537.75 

 Environmental flows adjustment 

 Decrease of inter-region claim on water of the entity 

In groundwater 

 Allocation to demands 

 Urban allocations 69.04 

 Irrigation allocations 648.07 

 Allocations adjustment 

 Urban allocations 0.00 

 Irrigation allocations 0.00 

TOTAL DECREASE IN WATER RESOURCES (2) 9882.99 

Changes in net water resources (3) = (1) - (2) -184.91 

Unaccounted - for difference 1 = (6) in Figure 3 - (3) 325.78 

Figure A1. Statement of Changes in Water Assets and Water Liabilities for the Júcar System. 

Hydrological year 2007/08. 
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STATEMENT OF CHANGES IN WATER ASSETS AND WATER LIABILITIES 2007/2008 

(Mm3) 

WATER INFLOWS 

To surface water 

Precipitation 

Into landscape 6448.83 

Into surface water - unregulated 

River channel 0.32 

Major storages 3.79 

Into surface water - regulated 

River channel 3.36 

Major storages 56.78 

Minor storages 0.70 

Into other 

Transport system  1.23 

Transfer of inter-region claim on water of another entity 242.97 

River inflow to region 

To unregulated water storage 786.74 

  To regulated water storage 363.28 

Surface water returns from irrigation demands 124.12 

Groundwater discharges to surface water 

To soil moisture - unsaturated zone 0.00 

To surface water storage - unregulated 0.00 

To surface water storage - regulated 77.25 

To transport system 6.50 

Groundwater extraction for surface water storage 

Surface returns from urban demands 57.10 

Surface returns from industrial demands 539.19 

Desalinated water 

Increase of inter-region claim on water of another entity 

To groundwater 

Recharge from surface water 

From landscape 

Precipitation 471.73 

Irrigation demands returns 252.16 

From surface water storage - unregulated 12.87 

From surface water storage - regulated 0.00 

From transport system 13.15 

Entries of external groundwater 0.00 

Artificial recharge 0.00 

TOTAL INFLOWS (1) 9462.08 

WATER OUTFLOWS 

From surface water 

Evapotranspiration 

From landscape 6373.36 

From surface water storage - unregulated 7.00 

From surface water storage - regulated 33.65 

From transport system 2.59 

Groundwater recharges from surface water 

From landscape 471.73 
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From surface water storage - unregulated 12.87 

From surface water storage - regulated 0.00 

From transport system 13.15 

Supply to demands 

Urban allocations 114.30 

Irrigation allocations 549.25 

Industrial allocations 561.75 

Environmental flows allocation 

Artificial recharge 

Outflows from  region 

Transfer of inter-region claim on water of the entity 245.29 

Treated waste water 30.57 

To the sea 253.47 

To wetlands 37.67 

To external surface bodies 24.54 

From groundwater 

Groundwater discharges to surface water 

To soil moisture - unsaturated zone 0.00 

To surface water storage - unregulated 0.00 

To surface water storage - regulated 77.25 

To transport system 6.50 

Groundwater extraction for surface water storage 

Evapotranspiration from aquifers 

Supply to demands 

Urban allocations 68.80 

  Irrigation allocations 609.65 

Outflows from region 

To wetlands 83.82 

To the sea 26.34 

To other aquifers 43.44 

TOTAL OUTFLOWS (2) 9646.99 

Changes in net water storage (3) = (1) - (2) -184.91 

Unaccounted - for difference 2 = (8) in Figure 3 - (3) 325.78 

Figure A2. Statement of Physical Water Flows for the Júcar System. Hydrological year 

2007/08. 

STATEMENT OF CHANGES IN WATER ASSETS AND WATER LIABILITIES 2007/2008 

(Mm3) 

WATER ASSETS INCREASES 

In surface water 

Precipitation 

Into surface water - unregulated 

Major storages 3.79 

Into surface water - regulated 

Major storages  56.78 

Transfer of inter-region claim on water of another entity 242.97 

River inflow to region 

To unregulated water storage 624.05 
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  To regulated water storage 363.28 

Surface water returns from irrigation demands 124.12 

Groundwater discharges to surface water 

To surface water storage - unregulated 0.00 

To surface water storage - regulated 49.20 

To transport system 6.50 

Groundwater extraction for surface water storage 

Surface returns from urban demands 37.85 

Surface returns from industrial demands 539.19 

Desalinated water 

Increase of inter-region claim on water of another entity 

In groundwater 

Recharge from surface water 

From landscape 

Precipitation 204.02 

Irrigation demands returns 155.28 

From surface water storage - unregulated 12.87 

  From surface water storage - regulated 0.00 

Entries of external groundwater 90.47 

Artificial recharge 0.00 

WATER LIABILITIES DECREASES 

In surface water 

Allocations adjustment 

Urban allocations 9.71 

Irrigation allocations 187.61 

Industrial allocations 0.00 

Environmental flows adjustment 

Decrease of inter-region claim on water of the entity 

In groundwater 

Allocations adjustment 

Urban allocations 0.00 

Irrigation allocations 32.70 

TOTAL INCREASE IN WATER RESOURCES (1) 2740.39 

WATER ASSETS DECREASES 

In surface water 

Evapotranspiration 

From surface water storage - unregulated 6.29 

  From surface water storage - regulated 26.06 

Groundwater recharges from surface water 

From surface water storage - unregulated 12.87 

From surface water storage - regulated 0.00 

Environmental flows allocation 

Artificial recharge 

Outflows from  region 

Transfer of inter-region claim on water of the entity 245.29 

Treated waste water 22.60 

To the sea 253.47 
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To wetlands 37.67 

To external surface bodies 24.54 

In groundwater 

Groundwater discharges to surface water 

To surface water storage - regulated 49.20 

  To transport system 6.50 

Groundwater extraction for surface water storage 

Evapotranspiration from aquifers 

Outflows from region 

To wetlands 83.82 

To the sea 26.34 

To other aquifers 0.00 

WATER LIABILITIES INCREASES 

In surface water 

Allocation to demands 

Urban allocations 124.01 

Irrigation allocations 736.86 

Industrial allocations 24.00 

Allocations increase 

Urban allocations 0.00 

Irrigation allocations 0.00 

Industrial allocations 537.75 

Environmental flows ajdustment 

Decrease of inter-region claim on water of the entity 

In groundwater 

Allocation to demands 

Urban allocations 42.69 

  Irrigation allocations 482.35 

Allocations adjustment 

Urban allocations 0.00 

Irrigation allocations 0.00 

TOTAL DECREASE IN WATER RESOURCES (2) 2742.31 

Changes in net water resources (3) = (1) - (2) -1.92 

Unaccounted - for difference 1 = (6) in Figure 4 - (3) 56.45 

Figure A3. New proposed Statement of Changes in Water Assets and Water Liabilities for the 

Júcar System. Hydrological year 2007/08. 
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A2. Improved Statement of Changes in Water Assets and Water Liabilities and 

Demands outline table. 

Table A1. New proposed outline of water allocation, supply, return flow and supply deficit or 

surplus for each water demand. 

Demand 

Allocati

on 

(Mm3) 

Supply  

(Mm3) 

Supply 

deficit 

(Mm3) 

Supply 

surplus 

(Mm3) 

Return 

flows 

(Mm3) 

Consum

ption 

(Mm3) 

Albacete 15.00 15.70 0.00 0.70 7.85 7.85 

Valencia 94.61 84.10 10.51 0.00 0.00 84.10 

Sagunto 7.00 7.00 0.00 0.00 0.00 7.00 

La Ribera towns 20.58 20.58 0.00 0.00 14.40 6.18 

Albacete and Cuenca towns 29.51 29.61 0.00 0.10 15.60 14.01 

Total urban demands 166.70 156.99 10.51 0.80 37.85 119.14 

Mancha Oriental 384.95 381.00 3.95 0.00 57.15 323.85 

Júcar-Turia Canal 89.74 26.07 63.67 0.00 0.60 25.47 

Escalona and Carcaixent 37.50 20.08 17.42 0.00 4.29 15.79 

Júcar Royal Ditch 213.12 128.69 84.43 0.00 28.51 100.18 

Cuatro Pueblos 21.94 12.67 9.27 0.00 3.39 9.28 

Sueca 146.17 153.23 0.00 7.06 38.31 114.92 

Cullera 85.40 86.02 0.00 0.62 29.51 56.51 

Other irrigation demands 240.39 191.14 49.25 0.00 117.64 73.50 

Total irrigation demands 1,219.21 998.90 227.99 7.68 279.40 719.50 

Nuclear Plant Cofrents 24.00 32.24 0.00 8.24 13.79 18.45 

Hydro power station Cofrents 0.00 44.77 0.00 44.77 44.74 0.03 

Hydro power station Cortes-

La Muela 
0.00 225.56 0.00 225.56 221.83 3.73 

Hydro power station Millars 0.00 259.18 0.00 259.18 258.83 0.35 

Total industrial demands 24.00 561.75 0.00 537.75 539.19 22.56 
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A.2 Using ecosystem services to represent the environment in hydro-

economic models 

Abstract 

Demand for water is expected to grow in line with global human population 

growth, but opportunities to augment supply are limited in many places due 

to resource limits and expected impacts of climate change. Hydro-

economic models are often used to evaluate water resources management 

options, commonly with a goal of understanding how to maximise water use 

value and reduce conflicts among competing uses. The environment is now 

an important factor in decision making, which has resulted in its inclusion in 

hydro-economic models. We reviewed 95 studies applying hydro-economic 

models, and documented how the environment is represented in them and 

the methods they use to value environmental costs and benefits. We also 

sought out key gaps and inconsistencies in the treatment of the environment 

in hydro-economic models. We found that representation of environmental 

values of water is patchy in most applications, and there should be 

systematic consideration of the scope of environmental values to include 

and how they should be valued. We argue that the ecosystem services 

framework offers a systematic approach to identify the full range of 

environmental costs and benefits. The main challenges to more holistic 

representation of the environment in hydro-economic models are the 

current limits to understanding of ecological functions which relate physical, 

ecological and economic values and critical environmental thresholds; and 

the treatment of uncertainty. 

Keywords 

Water resources management; Hydro-economic models; Environmental 

impacts; Ecosystem Services Framework. 

1. Introduction

Adequate flows of fresh water in rivers support food and energy production, 

other economic activities such as river navigation and productive fisheries, 

as well as clean water provision through processes such as dilution and 

biological degradation (Momblanch et al., 2015). All these uses compete for 

water resources with diverse use rights (Babel et al., 2005), and different 
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opportunities and costs associated with adapting to less water availability 

(Booker, 1995). 

The 1972 amendment to the US Clean Water Act established national water 

quality standard to preserve aquatic life, recreational uses, and their values 

(Copeland, 2010). Since then, there has been an increased focus on 

understanding the environmental and socio-economic benefits of leaving 

water in streams, rivers and aquifers rather than extracting it for consumptive 

use. For example, in the Murray-Darling Basin in Australia, Connor (2008) 

found that additional flows in the river could significantly reduce costs of 

salinity damage through dilution, and Crossman et al. (2015) documented 

substantial carbon sequestration, tourism, and freshwater quality values, 

among others, from reducing water extraction. Grossmann and Dietrich 

(2012) assessed carbon sequestration, boating, habitat and biodiversity 

values of different water management options for the Spreewald Wetland in 

Germany. These studies used the ecosystem services (ES) concept to report 

on the benefits. The core ES notion is that a wide range of natural ecosystem 

processes help sustain and fulfil human life (Daily et al., 1997), and that these 

services can be translated into economic values. Many ES are only 

substitutable at high economic costs, and in some cases cannot be 

replaced (Costanza et al., 1997; Brauman et al., 2007). For example, 

wetlands have the capacity to purify water by means of biochemical 

processes (Turner et al., 2008) with capacity being a function of wetland 

condition and health. The degradation of wetland ecosystems could 

increase treatment costs of the water extracted for consumptive use (Maltby 

and Barker, 2009) and/or a reduce the recreation potential (Kahil et al., 

2015) leading to loss of income for the tourism industry. 

According to the 5th assessment report of the Intergovernmental Panel on 

Climate Change (2014), renewable fresh water resources are likely to 

decrease over the 21st century, most significantly in arid and semi-arid 

regions where increased frequency of drought occurrence is expected 

(Schwabe et al., 2013). Additionally, water demand is expected to grow with 

global population growth (UN 2015), resulting in more waste generation, 

pollution and land use expansion, which increases the pressure on land and 

water resources (Shama, 2004). Less water availability and lower quality, 

together with larger water demands, has led to increasing conflicts among 
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water uses. Examples include conflicts between hydropower production and 

fisheries in the Mekong River in China (Ringler et al., 2004); irrigation and 

urban water uses in the Jucar and Vinalopó rivers in Spain (Andreu et al., 

2009); and environmental and irrigation water uses in the Murray Darling 

Basin in Australia (Qureshi et al., 2007) and the Colorado River Basin in the 

United States (Booker and Young, 1991).  

Integrated water resources management, defined as the coordinated 

development and management of water, land and related resources to 

maximise economic and social welfare without compromising the 

sustainability of vital ecosystems (GWP 2000), can inform decisions about 

water sharing in the face of competing water demands and increasing 

scarcity (Booker et al., 2012). Hydro-economic models (HEMs) are one of the 

main tools used for integrated water resources management (Harou et al., 

2009; Booker et al., 2012). HEMs combine hydrological and water 

infrastructure representation of water resources systems with economic 

demand functions for key water uses in order to allocate water subject to 

physical and institutional constraints (Heinz et al., 2007). HEMs typically use a 

node network structure with nodes representing points of diversion, inflow, 

outflow, storage or treatment and links between nodes representing river 

reach processes (Harou et al., 2009). HEMs can use optimisation or simulation 

approaches, but typically have the goal of allocating water among multiple 

uses to optimize economic value (Brouwer and Hofkes, 2008). HEMs have 

been used to solve water management problems for more than 50 years, 

and have evolved from analysing single-water use problems at water supply 

scale (Lefkoff and Gorelick, 1990; Wilchfort and Lund, 1997) to integrated 

multiple-demand and multiple-source problems at single river basin scale 

(Divakar et al., 2011; Davidson et al., 2013b) and multi-basin scale (Fisher et 

al., 2002; Bekchanov et al., 2015c). Groundwater representation and its 

connection to the surface water system have also featured in HEMs (Pulido-

Velazquez et al., 2006; Pulido-Velazquez et al., 2008b; Daneshmand et al., 

2014). 

Several studies have reviewed HEMs. For example, Harou et al. (2009) focus 

on methodological aspects of HEMs, such as model formulation and design, 

economic valuation methods for the different water uses, and major 

applications. Heinz et al. (2007) discuss the role of economic approaches in 
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water management to address the European Water Framework Directive 

(EC 2000) objectives, analysing diverse assessment and performance 

criterion, water policies and management options. Booker et al. (2012) 

review the advances in economic representation, policy objectives and 

water institutions, and level of integration and complexity of HEMs. 

Consistent across reviews of HEMs is the conclusion that representation of 

environmental costs and benefits in HEMs is patchy and limited. For example, 

Harou et al. (2009) conclude that environmental water uses are rarely 

represented with economic value functions in HEMs, although minimum-flow 

constraints are included more often. They also highlight the importance of 

incorporating water quality processes and values which are mostly lacking in 

HEMs. Booker et al. (2012) argue for the expansion of HEMs to jointly tackle 

environmental, economic, hydrologic and institutional water resources 

management problems. Other reviews highlight the limited representation of 

environmental in-stream uses and processes in HEMs (Ringler and Cai, 2006; 

Ward and Pulido-Velázquez, 2008; Ward and Pulido-Velazquez, 2009), and 

the dearth of HEMs which account for water management changes on non-

market values provided by ecosystems (Griffin and Hsu, 1993; Kragt, 2013). 

There has not yet been any attempt at systematic cataloguing and critical 

assessment of the range of environmental impacts and values included in 

HEMs. Here we address this gap by: i) reviewing the range of environmental 

impacts included in HEMs; ii) documenting the methods used to represent 

the economic value of environmental impacts in HEMs, and; iii) making 

recommendations to improve the inclusion of environmental impacts and 

values in HEMs. 

We use ES as an organising framework because it offers a systematic way to 

analyse the potential environmental impacts of changes to water 

management using the environment-economy connection. This connection 

is best demonstrated by the ES cascade (Potschin and Haines-Young, 2011) 

which shows the causal links from a change in biophysical state as a result of 

altered management, to the ecosystem change and then the change to ES, 

economic values and human well-being (Figure 1). In recent years there has 

been a proliferation of ES frameworks (MA 2005; TEEB 2008; UK NEA 2011; 

Haines-Young and Potschin, 2013). Common to all ES frameworks is the 

provisioning category, which are directly consumed ES products. An 
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example is fish production in rivers that people value as food. All ES 

frameworks also include the regulating category for ES that arise from 

maintenance and moderation of environmental conditions. The capacity of 

wetlands to purify water by means of biochemical processes (Turner et al., 

2008) is an example. Also common to ES frameworks is a category for non-

consumptive values such as recreational, educational, aesthetic and 

spiritual. The major difference between ES frameworks is how intermediate 

ecosystem processes are treated. Some frameworks only include end-

products or services consumed or valued directly by humans (MA 2005; 

Wallace, 2007), while other frameworks include environmental processes 

which only indirectly contribute to human welfare, such as decomposition 

and nutrient cycling (Boyd and Banzhaf, 2007; Costanza, 2008; Fisher and 

Turner, 2008). We use the Common International Classification of Ecosystem 

Services (CICES) (Haines-Young and Potschin, 2013) as the reference 

framework to classify the environmental impacts addressed by our reviewed 

studies. CICES supports the System of Environmental-Economic Accounting 

(United Nations Statistics Division, 2012) and includes only final ES (Haines-

Young and Potschin, 2013) which leads to clear environment-economy links 

consistent with the need of HEMs to include economic demand functions. 

Figure 1. Ecosystem services cascade exemplifying some effects of river flow change due 

to water management. 

2. Methods

2.1 Literature search and selection 

We started with the set of papers reviewed by Heinz et al. (2007), Brouwer 

and Hofkes (2008) and Harou et al. (2009) (n = 124). These were 
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supplemented with papers from 2009 to the present using a SCOPUS search 

containing the key words ‘hydro-economic model’, ‘water management’, 

‘optimization’, and ‘network flow’ (n = 877). We then refined the scope to 

case studies dealing with economic analysis of water management, 

including environmental aspects, at river basin scale (n = 144). For 

environmental aspects we considered environmental flows, water quality in 

water bodies, nature related recreation activities, flood control, and broader 

concepts such as habitat or vegetation. We screened the titles, abstracts 

and journals to remove irrelevant papers (n = 135), and then downloaded 

and read the full papers in order to select the final collection of papers (n = 

95). 

We classified all papers by year of publication and identified the water use 

sector to which each HEM was applied. We also documented the spatial 

scale of analysis, the major water management problem addressed based 

on the categories established in Harou et al. (2009), the assessment criteria 

used according to the proposal by Heinz et al. (2007), and how uncertainty 

was treated. We assessed whether the environment was considered as a 

constraint or valued in economic terms. For the papers in the latter group, 

we extended the review as described in sections 2.2 and 2.3. 

2.2 Classifying representation of the environment 

We used CICES to classify the representation of the environment in the 

reviewed studies. CICES uses the three main ES categories of provisioning, 

regulating and maintenance, and cultural services. Each of these broad ES 

types is successively split into divisions, groups and classes, following a 

hierarchical structure. The elements within a level of hierarchy are 

conceptually similar to one another according to the ways they are used by 

people (Haines-Young and Potschin, 2013). We identified which ES in CICES 

are potentially provided by freshwater bodies (Table 1). 
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Table 1. CICES framework for ecosystem accounting (v4.3) modified with the inclusion of 

the potential services provided by water bodies. 

Section Division Group Class Water 

bodie

s* 

Provisionin

g 

Nutrition Biomass Cultivated crops 

Reared animals and their outputs 

Wild plants, algae and their outputs √ 

Wild animals and their outputs √ 

Plants and algae from in-situ 

aquaculture 

√ 

Animals from in-situ aquaculture √ 

Water Surface water for drinking √ 

Ground water for drinking √ 

Materials Biomass Fibres and other materials from plants, 

algae and animals for direct use or 

processing 

√ 

Materials from plants, algae and 

animals for agricultural use 

√ 

Genetic materials from all biota √ 

Water Surface water for non-drinking 

purposes 

√ 

Ground water for non-drinking 

purposes 

√ 

Energy Biomass-

based 

energy 

sources 

Plant-based resources 

Animal-based resources 

Mechanical 

energy 

Animal-based energy 

Regulation 

& 

Maintenan

ce 

Mediation 

of waste, 

toxics and 

other 

nuisances 

Mediation 

by biota 

Bio-remediation by micro-organisms, 

algae, plants, and animals 

√ 

Filtration/sequestration/storage/accu

mulation by micro-organisms, algae, 

plants, and animals 

√ 

Mediation 

by 

ecosystems 

Filtration/sequestration/storage/accu

mulation by ecosystems 

√ 

Dilution by atmosphere, freshwater 

and marine ecosystems  

√ 

Mediation of smell/noise/visual 

impacts 

Mediation 

of flows 

Mass flows Mass stabilisation and control of 

erosion rates 

√ 

Buffering and attenuation of mass 

flows 

√ 

Liquid flows Hydrological cycle and water flow 

maintenance 

√ 

Flood protection √ 

Gaseous / 

air flows 

Storm protection 

Ventilation and transpiration 

Maintenan Lifecycle Pollination and seed dispersal √
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Section Division Group Class Water 

bodie

s* 

ce of 

physical, 

chemical, 

biological 

conditions 

maintenan

ce, habitat 

and gene 

pool 

Maintaining nursery populations and 

habitats 

√ 

Pest and 

disease 

control 

Pest control 

Disease control 

Soil 

formation 

and 

compositio

n 

Weathering processes 

Decomposition and fixing processes 

Water 

conditions 

Chemical condition of freshwaters 

Chemical condition of salt waters 

Atmospheri

c 

compositio

n and 

climate 

regulation 

Global climate regulation by 

reduction of greenhouse gas 

concentrations 

√ 

Micro and regional climate regulation √ 

Cultural Physical 

and 

intellectual 

interaction

s 

Physical 

and 

experiential 

interactions 

Experiential use of plants, animals and 

land-/seascapes 

√ 

Physical use of land-/seascapes √ 

Intellectual 

and 

representati

ve 

interactions 

Scientific √ 

Educational √ 

Heritage, cultural √ 

Entertainment √ 

Aesthetic √ 

Spiritual, 

symbolic 

and other 

interaction

s 

Spiritual 

and/or 

emblemati

c 

Symbolic √ 

Sacred and/or religious √ 

Other 

cultural 

outputs 

Existence √ 

Bequest √ 

* They comprise all the river basin elements that can be affected by water management

(quantity and quality): rivers including riverbed and riverbanks; wetlands considering the 

different types (e.g. US Hydrogeomorphic classification or the simplification proposed by 

Turner et al. (2008); aquifers; and reservoirs. 

2.3 Economic valuation methods 

The next step was to identify the economic valuation methods used to 

estimate environmental values included in the HEMs. We classified valuation 

methods into the standard typologies common throughout the literature (de 
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Groot et al., 2002; Chee, 2004a; Tietenberg and Lewis, 2009; TEEB 2010; 

Costanza et al., 2011). The typologies we used are: 

 Market value: Used when the valued ES is a good that has a market 

price, e.g. cultivated crop. However, for the ES whose price does not 

include the impact of abstraction/use on their availability for other 

users and the environment, e.g. drinking water, the value is derived 

from the marginal willingness-to-pay using econometric approaches. 

 Production-based: Used when the valued ES is a factor of production 

for a good or service traded on the market, e.g. water for 

agricultural production. Value is estimated as the contribution to the 

net revenues obtained from the produced good or service in the 

market. 

 Cost-based: This method approximates the value of the ES based on 

the costs of replacing it (replacement cost method). This approach is 

applicable to ES such as mediation of waste. The method can also 

consider the avoided damages given the presence of the ES 

(avoided cost method), e.g. flood protection. 

 Revealed preference: Often used to value recreation and amenity 

values of water. The travel cost method assumes that the value of an 

ES can be approximated with the expenses incurred to enjoy it. This 

method is applicable to ES such as aquatic recreation by 

considering transportation expenses, on site spending and protected 

area entrance fees. The hedonic price method relates the value of 

an ES with the price variation of associated goods for different 

production levels or quality of the ES. A common example is the 

difference in market prices for real estate with more and less 

aesthetic water related amenity, assuming all other variables 

influencing real estate sales are equal. 

 Stated preference: Surveys designed to elicit the values people 

ascribe to an ES. Respondents are usually asked how much they 

would be willing to pay for a specific improvement in the ES 

(contingent valuation method), or they are asked to select one 

among a number of alternatives for improvement of the ES, where 

price or cost required to pay for improved ES condition is a key 
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attribute (choice experiment method). This method is applicable to 

non-consumptive ES such as aquatic biodiversity. 

 Benefit transfer (or meta-analysis). Takes estimates of ES value from

one site and applies them to another site.

In HEMs, these valuation methods are used to produce a value function for 

the different water uses and environmental benefits and costs, given the 

variation in the physical variables such as water flow or volume. In the studies 

we assessed, these functions are estimated using econometric or statistical 

methods, or by combining mathematical representations of an ecological 

production function with a unit production value obtained with one of the 

valuation approaches. 

3. Results

3.1 General features of the studies 

As a result of the literature search and selection, 95 papers were reviewed. 

Table 2 cites the final set of papers which was assigned unique ID numbers 

for easy citation. 

Table 2. Final selection of papers reviewed. 

ID Citation ID Citation ID Citation 

1 
(Vaux and Howitt, 

1984) 
33 

(Pulido-Velazquez et al., 

2006) 
65 

(Yang and Cai, 2011) 

2 (Brown et al., 1990) 34 (Ringler and Cai, 2006) 66 (Ahmadi et al., 2012) 

3 
(Booker and Young, 

1991) 
35 

(Schoups et al., 2006) 
67 

(Grossmann and Dietrich, 

2012) 

4 
(Diaz et al., 1992) 

36 
(Tanaka et al., 2006) 

68 
(Ward and Pulido-

Velazquez, 2012) 

5 
(Booker and Young, 

1994) 
37 

(Ward et al., 2006) 
69 

(Yang et al., 2012b) 

6 
(Booker, 1995) 

38 
(Houk et al., 2007) 

70 
(Blanco-Gutiérrez et al., 

2013) 

7 
(Lund and Ferreira, 

1996) 
39 

(Mainuddin et al., 2007) 
71 

(Bryan et al., 2013) 

8 
(Ward and Lynch, 

1996) 
40 

(Medellín-Azuara et al., 

2007) 
72 

(Connor et al., 2013) 

9 
(Ward and Lynch, 

1997) 
41 

(Qureshi et al., 2007) 
73 

(Davidson et al., 2013a) 

10 (Hurd et al., 1999) 42 (Cai et al., 2008) 74 (Davidson et al., 2013b) 

11 
(Watkins Jr and 

McKinney, 1999) 
43 

(Harou and Lund, 2008) 
75 

(Divakar et al., 2013) 

12 
(Jenkins and Lund, 

2000) 
44 

(Medellín-Azuara et al., 

2008a) 
76 

(Geng and Wardlaw, 

2013) 
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ID Citation ID Citation ID Citation 

13 
(Rosegrant et al., 2000) 

45 
(Medellín-Azuara et al., 

2008b) 
77 

(Mullick et al., 2013) 

14 
(Bielsa and Duarte, 

2001) 
46 

(Pulido-Velazquez et al., 

2008a) 
78 

(Pulido-Velazquez et al., 

2013) 

15 
(Tisdell, 2001) 

47 
(Reynaud and 

Leenhardt, 2008) 
79 

(Riegels et al., 2013) 

16 (Cai et al., 2002) 48 (Volk et al., 2008) 80 (Roozbahani et al., 2013) 

17 
(Fisher et al., 2002) 

49 
(Ward and Pulido-

Velázquez, 2008) 
81 

(Wan et al., 2013) 

18 (Newlin et al., 2002) 50 (Li et al., 2009) 82 (Yang and Yang, 2013) 

19 
(Cai et al., 2003a) 

51 
(Medellín-Azuara et al., 

2009) 
83 

(Daneshmand et al., 

2014) 

20 (Cai et al., 2003b) 52 (Ward, 2009) 84 (Debnath, 2014) 

21 
(Draper et al., 2003) 

53 
(Ward and Pulido-

Velazquez, 2009) 
85 

(Erfani et al., 2014) 

22 
(Knapp et al., 2003) 

54 
(Alcoforado de Moraes 

et al., 2010) 
86 

(Hasler et al., 2014) 

23 (Burke et al., 2004) 55 (Harou et al., 2010) 87 (Yang and Yang, 2014) 

24 (Jenkins et al., 2004) 56 (Zoltay et al., 2010) 88 (Bekchanov et al., 2015b) 

25 (Letcher et al., 2004) 57 (Divakar et al., 2011) 89 (Bekchanov et al., 2015c) 

26 
(Pulido-Velazquez et 

al., 2004) 
58 

(George et al., 2011a) 
90 

(Bekchanov et al., 2015a) 

27 (Ringler et al., 2004) 59 (George et al., 2011b) 91 (Debnath et al., 2015) 

28 
(Assimacopoulos et al., 

2005) 
60 

(Grafton et al., 2011) 
92 

(Erfani et al., 2015) 

29 
(Babel et al., 2005) 

61 
(Munoz-Hernández et al., 

2011) 
93 

(Girard et al., 2015) 

30 (Booker et al., 2005) 62 (Grafton et al., 2011) 94 (Kahil et al., 2015) 

31 (Marques et al., 2006) 63 (Riegels et al., 2011) 95 (Roozbahani et al., 2015) 

32 
(Null and Lund, 2006) 

64 
(Varela-Ortega et al., 

2011) 

The 95 papers covered the period 1984 to 2015, with less than 2 papers 

published per year on average prior to 2002 (Figure 2). About 6 papers were 

published per year on average after 2002, with the most studies in 2013 (n = 

13). 

Figure 2. Number of papers published per year which suit the review scope. 
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We found that the water use sectors most represented by HEMs were urban, 

agricultural, industrial, and hydropower sectors (Table 3). Other sectors such 

as livestock, tourism, navigation, and industry were rarely included except 

within the twelve studies that included five or more sectors. The river basin 

was the most common spatial scale of the papers we reviewed. We also 

found that HEMs have been applied to administrative regions (15 papers: 1, 

18, 21, 22, 24, 26, 28, 32, 35, 36, 44, 45, 51, 55, and 81), water supply systems (7 

papers: 11, 12, 29, 31, 65, 84, and 91), and international regions (5 papers: 17, 

86, 88, 89, and 90). 

Table 3. Water use sectors considered in the reviewed HEM studies indicating the number of 

papers and their ID. 

Sectors 
Num. 

papers 
ID papers 

Single 

sector 
Environmental 2 65, 71 

Two 

sectors 

Environmental and agricultural 23 

15, 22, 23, 25, 31, 35, 38, 39, 41, 

48, 60, 61, 62, 64, 66, 67, 70, 72, 

76, 80, 88, 90, 92 

Environmental and hydropower 2 8, 9 

Environmental and urban 3 12, 50, 81 

Three 

sectors 

Environmental, agricultural and 

hydropower 
2 14, 89 

Environmental, agricultural and 

industrial 
3 82, 85, 86 

Environmental, agricultural and 

navigation 
1 77 

Environmental, urban and agricultural 23 

1, 18, 21, 24, 26, 28, 33, 37, 40, 

43, 45, 46, 47, 49, 51, 52, 53, 55, 

68, 69, 78, 93, 94 

Environmental, urban and 

hydropower 
2 84, 91 

Four 

sectors 

Environmental, urban, agricultural and 

hydropower 
13 

2, 6, 13, 16, 19, 20, 27, 32, 36, 

42, 44, 58, 59 

Environmental, urban, agricultural and 

industrial 
9 5, 17, 30, 73, 74, 79, 83, 87, 95 

Five or more sectors 12 
3, 4, 7, 10, 11, 29, 34, 54, 56, 57, 

63, 75 

 

The major water management problems tackled by the HEMs we reviewed 

were resource allocation, with emphases on inter-sectoral allocation (n = 48), 

water institutions (n = 13), and water supply infrastructure (n = 13). Other 

water issues such as drought or climate change management, trans-

boundary water management, conjunctive surface-groundwater use, and 
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land use management were less common. The HEMs used different types of 

assessment criteria to design and test water management solutions. We 

identified 58 papers which used a net benefit maximisation approach. Table 

4 presents the number of papers addressing each major issue and the type 

of assessment used. 

Table 4. Cross relationship between major issues and assessment criteria in the reviewed 

papers indicating the number of papers and their ID. 
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Conjunctive use 

of surface and 

groundwater 

0 0 
4 (26, 31, 35, 

83) 
1 (33) 0 0 5 

Drought/climate 

change 

management 

0 0 
4 (10, 30, 37, 

94) 

3 (36, 

44, 55) 
0 1 (6) 8 

Inter-sectoral 

water allocation 

4 (52, 

58, 59, 

67) 

3 (38, 

64, 

93) 

28 (3, 4, 8, 9, 

13, 14, 15, 20, 

25, 39, 41, 42, 

47, 50, 54, 56, 

57, 60, 61, 62, 

69, 70, 77, 79, 

84, 89, 90, 91) 

1 (46) 

11 (29, 65, 

66, 71, 75, 

76, 80, 81, 

82, 87, 95) 

1 (28) 48 

Land use 

management 
0 1 (48) 0 0 0 0 1 

Trans-boundary 

management 

and conflict 

resolution 

0 1 (86) 
5 (16, 17, 19, 

27, 34) 
1 (40) 0 0 7 

Water institutions 

(prices, markets, 

rights) 

0 0 

12 (1, 5, 18, 22, 

23, 49, 53, 63, 

78, 85, 88, 92) 

0 0 1 (72) 13 

Water supply, 

engineering 

infrastructures 

and capacity 

expansion 

1 (45) 0 
5 (24, 43, 68, 

73, 74) 

6 (7, 11, 

12, 21, 

32, 51) 

0 1 (2) 13 

Total 5 5 58 12 11 4 95 

 

We found that there were very few studies that treated uncertainty in 

physical variables and parameters. Uncertainty was analysed by means of 



Assessment of Ecosystem Services and Water Accounting Methodologies for 

Integrated Water Resources Management in water scarce basins 

 212 

probabilistic approaches (2 and 11) and sensitivity analyses in deterministic 

models (17 and 77). Only two studies (6 and 34) assessed uncertainty of 

economic parameters. 

We distinguished between HEMs that included economic valuation of the 

environment versus those that accounted for the environment using only 

biophysical units. We found that 61 papers considered environmental uses as 

constraints (e.g. 12, 33 and 93) or as decision variables in the optimisation 

function via ecological functions (e.g. 66 and 72). These studies mainly 

included minimum flows and, occasionally, water quality as environmental 

aspects. Some calculated the opportunity costs of environmental 

constraints, which provided useful economic information for decision making 

but did not allow comparison of environmental and other water use values. 

3.2 Environmental impacts classification 

Among the reviewed studies, 34 defined environmental benefits and costs 

and used economic functions to value these within water management 

analysis (2, 3, 5, 6, 7, 8, 9, 10, 11, 16, 27, 28, 29, 30, 34, 37, 49, 53, 57, 60, 65, 67, 

68, 71, 73, 74, 75, 77, 84, 88, 89, 90, 91, and 94). The aspects of the 

environment considered were diverse and broadly covered vegetation and 

fauna, water quality and flood control. Most studies analysed only one (2, 3, 

5, 8, 9, 16, 30, 37, 49, 53, 57, 60, 68, 73, 74, 75, 77, 84, and 91) or two (i.e. 6, 7, 

11, 27, 28, 29, 34, 65, 71, and 94) environmental aspects, and only five papers 

covered more than three (10, 67, 88, 89, and 90). Table 5 uses the CICES 

framework to summarise the environmental impacts included in the HEMs we 

reviewed. Some HEMs included components of ecosystems which could not 

readily be allocated to the CICES framework, such as wetlands and 

environmental flows (16, 27, 28, 29, 34, 60, 73, 74, 88, 89, 90, and 94). 

 

 

 

 

 

 



 

Annexes 

 

 
213 

Table 5. Classification of environmental and non-environmental impacts included in HEM 

studies (and papers ID) according to the CICES framework. 

Section Class Number of papers 

Provisioning 

Wild animals and their outputs 
Commercial fishing (11, 27, 

34, 77, 88, 89, and 90 ) 

Surface water for drinking Urban demands (2, 3, 5, 6, 

7, 10, 11, 16, 27, 28, 29, 30, 

34, 37, 49, 53, 57, 68, 73, 74, 

75, 84, 91, and 94) 
Ground water for drinking 

Surface water for non-drinking purposes Agricultural and/or 

Hydropower and/or 

Industrial and/or Navigation 

and/or Livestock and/or 

Commercial (2, 3, 5, 6, 7, 8, 

9, 10, 11, 16, 27, 28, 29, 30, 

34, 37, 49, 53, 57, 60, 67, 68, 

74, 75, 77, 84, 88, 89, 90, 91, 

and 94) 

Ground water for non-drinking purposes 

Regulation & 

Maintenance 

Filtration/sequestration/storage/accumulation 

by micro-organisms, algae, plants, and 

animals 
Water quality (28) + 

Wastewater treatment (10) 
Filtration/sequestration/storage/accumulation 

by ecosystems 

Dilution by atmosphere, freshwater and 

marine ecosystems  

Salt dilution (2, 3, 5, 6, 10, 

57, and 75) + Waste heat 

(10) 

Flood protection Flood control (7, 10, and 65) 

Global climate regulation by reduction of 

greenhouse gas concentrations 
Carbon sequestration (67) 

Cultural 

Experiential use of plants, animals and land-

/seascapes 
Tourism (88, 89, 90, and 94) 

Physical use of land-/seascapes 

Recreation (6, 10, 11, 29, 30, 

65, 84, and 91) + 

Recreational fishing (8, 9, 

37, 49, 53, and 68) + Boating 

(67) 

Symbolic 

Habitat (67) + Biodiversity 

(67) + Natural vegetation 

(71) + Native animals (71) 

 

We found no systematic approaches to valuation of the environment and 

ecosystems in HEMs although there were some recurring methods (Table 6). 

Production-based valuation methods were more commonly applied for 

provisioning ES such as commercial fishing. Water quality improvement (e.g. 

salt dilution and nutrients abatement) was most often valued using cost-

based methods (e.g. agricultural production losses due to salinity, and 

treatment for drinking water). Flood control and carbon sequestration 
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valuation were also valued with cost-based methods. Recreation activity 

related values were mainly estimated using the travel cost method. When 

valuing impacts on habitat and biodiversity, in general, or for specific natural 

vegetation types and native animals, stated preferences techniques were 

used, but in some cases results were obtained through the benefit transfer 

method rather than with case specific studies. Among the impacts which 

cannot be categorised according to CICES, benefit transfer was the main 

valuation technique for wetlands, and other non-specified or bespoke 

valuation methods were used for the environment as a general concept. 

The greatest diversity in valuation methods was found for environmental 

flows in rivers or volumes in aquifers. 

HEMs require demand functions which relate the value of the impacts to 

water supply. For most in-stream use studies, the values were dependent on 

river flows (3, 10, 27, 34, 77, 88, 89, and 90), whilst for uses in lakes and 

reservoirs values relied on the water level or the stored volume (49, 65, 84, 

and 91). Finally, there were few examples of more complex demand 

functions which captured the relationship between the value and the 

ecological response using more than one hydrological variable (67, 71, and 

94). 

Table 6. Valuation methods used in HEM studies for the considered environmental and non-

environmental impacts. The most used method on which the calculation was based is 

indicated with +++, the second most with ++, and the third most with +; empty values mean 

that the method was not used. Based on de Groot et al. (2002). 
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Commercial fishing 
 

+ + + 
     

Urban demands + + + 
      

Agricultural 

demands 
+ + + + + 

     

Hydropower 

demands  
+ + + 

     

Industrial demands + + + + + + 
    

Navigation demands 
 

+ + + 
    

+ + 

Livestock demands 
 

+ + + 
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 Water quality 

  
+ + + 

    
Wastewater treat. 

  
+ + + 

    
Salt dilution 

  
+ + + 

    
Waste heat 

  
+ + + 
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Consu

mer 

Surplus 

Produ

ction-

based 

Cost-

base

d 

Reveale

d 

preferen

ces 

State

d 

prefer

ences 

Benefit 

transfe

r 

Oth

er 

Flood control 
  

+ + + 
   

+ + 

Carbon 

sequestration   
+ + + 

    

C
u

lt
u

ra
l 

Tourism 
 

+ + 
 

+ + + 
   

Recreation 
   

+ + + 
 

+ + + 

Recreational fishing 
   

+ + + 
   

Boating 
   

+ + + 
   

Habitat 
     

+ + + 
 

Biodiversity 
     

+ + + 
 

Natural vegetation 
    

+ + + 
  

Native animals 
    

+ + + 
  

N
o

t 
in

 

C
IC

E
S
 

Wetlands 
 

+ + 
   

+ + + 
 

Environmental flows 
  

+ + + 
 

+ + + + + + 
+ + 

+ 

Environment 
      

+ + 

+ 

4. Discussion 

We selected 95 HEM studies which cover environmental aspects of water 

management at river basin or comparable scales. The majority of HEMs 

analysed inter-sectoral water allocation between two or three water use 

sectors, including environmental, agricultural and urban uses, with the aim of 

maximising net benefits. The consideration of uncertainty issues was rare. 

From the initial 95 studies, about two thirds considered environmental 

aspects in physical terms, mostly as constraints to realising other use values. 

The third which valued at least one environmental impact in economic terms 

were mostly limited to a single environmental aspect, or included very broad 

or vague environmental aspects. Recreation, commercial fishing and salt 

dilution were the most frequently valued in HEMs. We also found that 

established and traditional valuation methods were used to assign 

economic value to the environment, with little deviation from methods 

recommended in the ES literature (de Groot et al., 2002; TEEB 2010; Banerjee 

et al., 2013). 

We found that the use of the ES framework to identify the aspects of the 

environment likely affected by alternative water management actions is a 

systematic and thorough way to select relevant impacts and values. The ES 

framework should more comprehensively capture the ecological processes, 

values and interactions in HEMs. To some extent, the ES approach is already 
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influencing the inclusion of environmental and economic values in HEMs. For 

example, Bryan et al. (2013) selected environmental impacts based on the 

main water demands and the important river ecological and ES 

components were identified using river basin mapping. 

A reason for the poor representation of the environment, especially in 

economic terms, in many HEMs is the limited availability of data and models 

characterising relevant environmental processes and associated economic 

values (Dandy et al., 2013). Although good quality information is complex 

and costly to obtain, we think that in well studied river basins omissions may 

be a result of the single issue focus of many studies. Many river basins have a 

good knowledge base which can be used to include more environmental 

values. For example, water quality processes related to flow are reasonably 

well understood and they are not difficult to value using cost-based methods 

(Keeler et al., 2012; La Notte et al., 2015; Terrado et al., 2016a). Similarly, it is 

possible to estimate values of recreational opportunities related to flow or 

water level (Hurd et al., 1999; Grossmann and Dietrich, 2012), and obtain 

values of provisioning services such as fisheries using production functions 

and market values (Ringler and Cai, 2006; Mullick et al., 2013), although for 

these ES the difficulty relies on having reliable data about underlying 

biophysical processes for water bodies in the basin. Environmental impacts 

can be valued with more than one method and, in agreement with de 

Groot et al. (2002), we suggest that following a rank ordering of valuation 

methods for each type of ES adds rigour and value comparability. Selection 

of the appropriate method depends on the data available and on the type 

of ES. Market valuation methods are generally more suited to provisioning ES 

or use values, cost-based methods to regulating ES, and revealed and 

stated preferences methods to cultural ES (Turner et al., 2008; TEEB 2010).  

Uncertainty in ES values can be a consequence of the valuation approach 

and of the quality of the economic data. For instance, revealed and stated 

preference valuation methods have been criticised for their subjectivity and 

bias (Chee, 2004a; Bateman et al., 2006; La Notte et al., 2015), while market 

value, production and cost based valuation techniques are more objective. 

Benefit transfer can increase the range of values included in HEMs when 

local valuation studies are absent. However, transferring values introduces 

additional uncertainty if there is inadequate correspondence between the 
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original and new studies (Plummer, 2009). This uncertainty may lead to highly 

variable results that would prevent decision makers from using HEMs to 

support decisions. 

Expanding the representation of the environment and its values in HEMs will 

likely increase model uncertainties. Since the number of ES values associated 

with environmental impacts can be the greatest source of uncertainty 

(Boithias et al., 2016), there will need to be more systematic incorporation of 

uncertainty analyses into HEMs, including assessment of implications of 

uncertainty in decision making (Cai et al., 2002). We show that very few 

HEMs currently treat uncertainty, a conclusion drawn by a number of other 

studies (Lund and Ferreira, 1996; Bateman et al., 2006; La Notte et al., 2015). 

We suggest that Monte Carlo based analysis, an approach used more often 

in integrated analysis such as integrated assessment of global climate 

change impacts and adaptation (Gao et al., 2016), be also used to assess 

uncertainty in HEMs. Monte Carlo analyses consider non-linearities and are 

probabilistic, which is in line with actual measurement processes 

(Papadopoulos and Yeung, 2001). 

Although there are arguments for expanding the number of monetised 

environmental values in HEMs, not all the potential environmental values 

impacted by water management need to be included to support good 

decisions. It may be the case that inclusion of additional environmental 

values does not influence the decision path. For example, in the case of a 

decision that has high net benefit based on the social, economic and 

environmental benefit values that are already quantified, quantifying 

additional benefits in monetary terms may add little to the conclusion 

(Kandulu et al., 2014). It may also be the case that monetised environmental 

values, such as those characterising productivity of wetlands or 

environmental flows (e.g. €/ha and €/m3, respectively), disguise the diverse 

pluralistic values of the environmental assets. These aggregated values are 

incompatible with ES classification and valuation, though in some cases they 

may provide information that could be unpacked into distinct components 

that could be valued in an ES framework. 

Something that is rarely dealt with explicitly in HEMs, despite many studies 

noting its importance, is the role of critical thresholds and system 

irreversibilities in the ecosystems response functions (Scheffer et al., 2001; 
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Folke et al., 2002; Folke et al., 2004; Spangenberg et al., 2014). An exception 

is Kahil et al. (2015) who use a piecewise function to consider the shifts in the 

benefits provided by a wetland depending on inflow critical thresholds. 

Another aspect, not often considered in valuation functions in HEMs, is the 

correlation between ecological functions and other biophysical variables 

apart from water flows and volumes. Water quality has an important bearing 

on environmental aspects such as fauna and flora, and so water quality 

should be represented with environmental processes and linked to valuation 

functions. Although none of our reviewed studies consider the impact of 

water quality on environmental uses of water, some studies do consider 

impacts on traditional uses. For instance, Hurd et al. (1999) account for the 

impact of salinity on agricultural, urban and industrial uses. We suggest water 

quality variables (e.g. salinity, temperature) should be sufficiently detailed in 

HEMs to assess environmental impacts. 

5. Conclusion 

We used an ES framework to catalogue how HEMs have represented and 

valued the environment. Even though water management affects many 

environmental values, the HEMs we reviewed did not apply any systematic 

approaches to identify potential environmental impacts. This unsystematic 

approach to inclusion of the environment in HEMs risks over-looking potential 

trade-offs (between environment and economy) and unintended 

ecosystem impacts from water management decisions. The ES framework 

can be used to screen many environmental impacts that could be more 

widely applied in setting scope of analysis for water management actions. 

Some important challenges remain. Firstly, the biophysical variables 

impacted by water management should be better understood in order to 

undertake a proper impact assessment and valuation. Aggregated 

environmental indexes which lose information about relevant detailed 

environmental impact values should then be avoided. Secondly, 

environmental functions which capture non-linearities and thresholds in 

ecological processes should be better defined, as should the role that water 

quality plays in broader aspects of environmental quality. Finally, uncertainty 

in both biophysical and economic variables should be more often 

addressed to improve the decision-support capabilities of HEMs. 
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A.3 Integrating ecosystem services in river basin management plans 

Summary 

1. According to the European Union Water Framework Directive, river basin 

management plans must include a programme of measures, with a series of 

management actions aiming to achieve good ecosystem status of all water 

bodies within the basin. The design and later prioritization of these 

management actions is, in theory, done through cost-effectiveness analysis 

(CEA), which compares management action costs with expected 

improvements in ecosystem status. However, such an approach does not 

consider the effects of management actions on human well-being resulting 

from changes in the provision of ecosystem services. 

2. We propose to complement the current CEA approach with a cost–

benefit analysis (CBA) integrating the effects of management actions on the 

provision of ecosystem services, therefore moving from a single-objective to 

a multiobjective approach. We propose a flexible methodological 

framework based on a combination of CEA and CBA that can be easily 

adapted to different case studies. 

3. To test the applicability of our approach, we applied it to an impaired 

basin, the Llobregat River basin (north-eastern Iberian Peninsula). The analysis 

considers management actions selected from the programme of measures 

under implementation: establishment of environmental river flows, 

improvement of river connectivity, treatment of urban wastewater and 

reduction in saline pollution; and the effects on a series of ecosystem 

services: water provisioning, waste treatment and habitat for species. 

4. Results revealed that management actions designed to improve 

ecosystem status do not necessarily improve human well-being through 

changes in the provision of ecosystem services.  

5. The implementation of the CEA and CBA allowed the identification of 

management actions providing the best trade-offs between improvements 

of ecosystem status and human well-being. For example, the establishment 

of environmental river flows in the upper Llobregat River was the 

management action that maximized the balance between gains in 

ecosystem status and human well-being. 
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6. Synthesis and applications. Overall, the combination of cost-effectiveness 

analysis and cost–benefit analysis supports a more informed and transparent 

decision-making in the implementation of river basin management plans, 

better assisting stakeholders to prioritize those management actions 

providing the optimal win–win results. 

Key-words 

Cost–benefit analysis, cost-effectiveness analysis, decision-making, 

ecosystem services, ecosystem status, human well-being, programme of 

measures, river basin management plan, Water Framework Directive. 

Introduction 

The management of river basins plays a key role in the conservation and 

improvement of the general state of water bodies world-wide because it 

allows for the consideration of resource protection while meeting social and 

ecological needs. In the European Union, river basin management is 

implemented through river basin management plans (RBMPs) defined in the 

context of the Water Framework Directive (WFD, 2000/60/EC). The core of 

these RBMPs is the programme of measures, which includes a series of 

management actions designed to achieve good ecosystem status of all 

water bodies within the basin. The design and later prioritization of the 

management actions of the programme of measures is sometimes done 

through cost-effectiveness analysis (CEA) (Balana, Vinten & Slee 2011; Berbel, 

Martin-Ortega & Mesa 2011). CEA compares management action costs with 

expected improvements in ecosystem status aiming to identify those 

measures allowing the achievement of environmental objectives at the 

minimum cost. However, it has been suggested that CEA might not be the 

most appropriate decision-making approach (Berbel, Martin-Ortega & Mesa 

2011), as it does not consider the effects of management actions on human 

well-being resulting from changes in the provision of ecosystem services. In 

fact, CEA is a single- rather than a multiobjective approach, and it does not 

reflect trade-offs between environmental and social objectives (Berbel, 

Martin-Ortega & Mesa 2011; Martin-Ortega 2012). Thus, the consideration of 

improvement of the ecosystem status as the unique objective in the design 

and prioritization of management actions may lead to undesired negative 

consequences for human well-being as a result of a decrease in the level of 
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certain ecosystem services.  

Given this background, we believe that the integration of ecosystem 

services into the design and prioritization of management actions within the 

programme of measures might allow to better address multibenefit goals 

(Everard 2014), although the practical application of the ecosystem services 

concept requires focusing on stakeholder needs and counting on their 

collaboration (Böck et al. 2015). In fact, the consideration of costs and 

benefits of measures has been progressively included in the decision-making 

process (Adams 2014), reinforcing the idea of nature being incorporated as 

an economic value in environmental decisions. Some authors have argued 

against the use of monetary values to weight non-market ecosystem services 

and biodiversity (McCauley 2006). Others have argued that intrinsic 

valuation of nature (i.e. that nature should be protected for its own sake) 

and instrumental valuation of nature (i.e. that valuation should be used in 

contexts where support for conservation is essential) are compatible 

approaches; these approaches have been proposed to comprise a unified 

and diverse conservation ethic (Tallis et al. 2014). The assessment of the 

effects of management actions on human well-being through the changes 

in the provision of ecosystem services allows the comparison of the 

management action costs with the economic benefits related to their 

implementation. Specifically, a cost–benefit analysis (CBA), performed 

comparing management action costs with the marginal benefits resulting 

from the implementation of the management actions, allows for a direct 

comparison of alternative management actions and provides planners more 

information than a CEA alone (Alcon et al. 2012). Although in an ambiguous 

way, CBA is one of the instruments that the WFD suggests to determine 

whether the costs of reaching certain environmental objectives are 

disproportionate (i.e. costs to implement management actions are too high 

compared to the obtained improvement in ecological status) or an 

extension of a deadline should be granted because environmental 

objectives cannot be attained by the date established in the WFD (Molinos-

Senante, Hernández-Sancho & Sala-Garrido 2011). Still, numerous questions 

remain regarding the CBA approach. In particular, whether CBA represents 

society’s collective well-being rather than particular interests (Turner 2007), 

whether economic valuation can adequately capture the complexity of 

people’s preferences or whether CBA considers the appropriate factors 
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when considering public benefits, including social justice (Norgaard 2010). 

Even acknowledging its limitations, CBA can be useful for clarifying certain 

trade-offs, and this has favoured its growing use by government agencies 

interested in quantifying the outcomes of proposed management actions. 

The progressive integration of economic theory and the ecosystem services 

concept to inform decision-making has crystallized in estimations of 

proportionality between the costs of implementing particular actions and 

the obtained benefits in the specific context of the WFD (Birch et al. 2010; 

Laurans et al. 2013; Vlachopoulou et al. 2014). The use of CBA to assess the 

effect of management actions has included the establishment of 

environmental flows or the treatment of wastewater on ecosystem services 

at the basin scale (Del Saz-Salazar, Hernández-Sancho & Sala-Garrido 2009; 

Martin-Ortega, Giannoccaro & Berbel 2011; Honey-Roses et al. 2013). These 

studies have shown that benefits often overcome costs but also provide 

evidence of the large information gap between the ideal CBA and what is 

feasible in the context of each particular case. 

In this study, we aimed to test whether the integration of ecosystem services 

into the design and prioritization of management actions through CBA allows 

for the accounting of trade-offs among different management actions and, 

when combined with CEA, could help prioritizing actions that provide win–

win results for both human wellbeing and ecosystem status. Thus, we applied 

CEA and CBA for a series of management actions within the programme of 

measures of the Llobregat River basin (northeastern Iberian Peninsula). This 

river basin has a strong human influence and a complex management 

(Marce et al. 2012) and therefore provides a good setting to test the 

complementarity of both approaches. The management actions considered 

address some of the most striking problems in the basin, such as the 

establishment of environmental river flows (the minimum flow necessary to 

sustain freshwater ecosystems), improvement of river connectivity, treatment 

of urban wastewater and reduction in saline pollution. The ecosystem 

services considered include water provisioning, waste treatment and habitat 

provision for species. To our knowledge, few studies have relied on a 

combination of CBA and CEA within the framework of the WFD (Barton et al. 

2008; Galioto et al. 2013), and only the latter related ecosystem services to 

the implementation of a programme of measures. We compared the results 

obtained by CBA and CEA for the selected management actions in the 
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Llobregat and assessed whether gains in terms of ecosystem services also 

correspond to improvement in ecosystem status. Furthermore, we also 

developed a framework to link management actions of a given programme 

of measures with a series of benefits and monetary values that could guide 

similar approaches in other basins. 

Materials and methods 

Study site 

The Llobregat River flows from the Pyrenees Mountains to the Mediterranean 

Sea and is one of the main water sources for the city of Barcelona and its 

metropolitan area, with a population of more than 3 million people (Fig. 1). 

Covering an area of 4950 km2, the Llobregat basin is an example of a highly 

populated, severely exploited and highly impacted area in the 

Mediterranean region. More than 100 small hydropower plants are located 

in the basin (Fig. 1b), taking water from the river, routing it through derivation 

channels to the hydropower plants and returning it to the river after several 

metres (Marcé et al. 2012). The diverted water is not consumed, but 

repeated diversions leave river segments with residual flow. Residual flows, 

weirs from the hydropower plants, gauging stations and other obstacles 

located along the river channel disrupt river connectivity and constitute a 

barrier for fish movement upstream and downstream. The river also receives 

the discharge from several urban and industrial wastewater treatment plants 

(WWTPs), especially at its lower course, where these anthropogenic activities 

mainly concentrate (Fig. 1a). The mining activity existing in one of the 

Llobregat tributaries is responsible for high salinity concentrations in the river. 

A brine collector transporting mining waste directly to the Mediterranean 

was built (Marcé et al. 2012). Finally, two drinking water treatment plants 

(drinking WTPs) are located close to the outlet. 
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Figure 1. Llobregat River basin land uses (a) and spatial locations of the selected measures 

to be implemented (b). WWTP stands for wastewater treatment plant. Measures: 

establishment of environmental river flows in the upper Llobregat and Cardener rivers 

(M1.1) and in the lower Llobregat and Anoia rivers (M1.2), improvement of river 

connectivity (M2), treatment of urban wastewater (M12), reduction in saline pollution (M16). 

Selected measures 

Eighteen different types of measures were included by the regional water 

agency (the Catalan Water Agency) in the programme of measures for the 

Llobregat RBMP (ACA 2010a). Among those, we selected four types to 

perform the CEA and the CBA: implementation of environmental river flows 

(M1), improvement of river connectivity (M2), treatment of urban 

wastewater (M12) and reduction in saline pollution (M16). The rationale 

behind the selection of those four types of measures was to use some of the 

most commonly implemented management actions in Europe (EEA 2012), to 

show the usefulness of the proposed approach rather than to assess the 

impact of the implementation of all the programme of measures in that 

particular river basin. For each measure, we selected one or more actions 

depending on data availability regarding the expected effects of the action 

(Table 1). It is important to note that a single action can affect the provision 

of more than one ecosystem service and therefore it might accrue for 

multiple benefits. Although the efficacy of different actions varies when they 
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are implemented individually or in combination with other actions, we 

analysed the effect of each action individually for the sake of simplicity. 

Measure Action 
Action code in 

PoM 
Description 

Representation of the 

effect 

M1 

M1.1 01.0.00.0007 

Establishment of environmental 

flow rates in the upper Llobregat 

and Cardener rivers 
Increase of water in the 

river and decrease of 

the apportionment for 

other uses M1.2 01.0.00.0008 

Establishment of environmental 

flow rates in the lower Llobregat 

and Anoia rivers 

M2 M2 02.0.00.0006 
Improvement of river 

connectivity 

Elimination/restoration 

of particular obstacles 

in the river channel 

priority reaches (weirs, 

gauge stations...) 

M12 

M12.1 12.1.01.0065 

New wastewater treatment plant 

with nutrient reduction in 

Mediona Reduction efficiency 

objectives for the 

treatment of urban 

wastewater (BOE 1996) 

M12.2 12.1.01.0066 

New wastewater treatment plant 

with nutrient reduction in 

Balsareny 

M12.3 12.1.01.0067 
New wastewater treatment plant 

with nutrient reduction in Moià 

M16 

M16.1 

16.1.01.0001 

16.1.01.0002 

16.1.01.0003 

16.1.01.0004 

Reduction of saline pollution in 

the medium-low Llobregat basin 
Attainment of the 

environmental 

objectives (for 

conductivity) for 

chemical and 

ecological status of 

surface water bodies 

(ACA 2010c) 

M16.2 
16.2.01.0001 

16.2.01.0002 

Reduction of saline pollution in 

the medium-low Llobregat basin 

M16.3 16.2.02.0001 
Minimization of the impact of salt 

mines 

M16.4 
16.3.01.0001 

16.3.01.0002 

Minimization of the impact of salt 

mines 

Table 1. Description of the actions selected in the Llobregat basin and expected effects in 

the model. 

Modelling approach 

Ecosystems and Biodiversity (TEEB 2010), which describes the pathway from 

ecosystems and biodiversity to human well-being (Fig. 2) in order to assign 

the relevant benefits to each considered ecosystem service. This approach 

clearly differentiates among ecological phenomena (functions), their direct 

and indirect contribution to human well-being (services) and the gains they 

generate in well-being (benefits). Thus, benefits correspond to the gains in 

well-being from each of the three considered services potentially affected 
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by the selected management actions (Fig. 2). To quantify the effects of the 

management actions on these benefits, we used two different models: 

AQUATOOL (Andreu, Capilla & Sanchis 1996) and InVEST (Integrated 

Valuation of Ecosystem Services and Tradeoffs) (Tallis et al. 2011), which can 

be complementary for issues that cannot be adequately assessed within a 

single model platform. AQUATOOL is a monthly Decision Support System Shell 

for integrated water resources management at the river basin scale, and we 

applied two of its modules: SIMGES and GESCAL. SIMGES is a simulation–

optimization module based on a flow network algorithm that solves the 

water allocation of complex water resource systems with surface and 

groundwater storage, intake, transport, artificial recharge, use and 

consumption elements; GESCAL simulates the evolution of water quality in 

the river network. The water quality variables considered were temperature, 

dissolved oxygen, organic matter, nutrients and toxic pollutants, among 

others. InVEST is a spatially explicit ecosystem service tool consisting of a suite 

of models available to estimate levels of different benefits at the annual 

scale. Information about data requirements and outputs of the models 

applied is listed in Table S1 in Supporting Information. 

 

Figure 2. Pathways from biophysical structures and processes to human well-being for three 

freshwater-related ecosystem services. WTP stands for willingness to pay. 



Assessment of Ecosystem Services and Water Accounting Methodologies for 

Integrated Water Resources Management in water scarce basins 

 244 

Given the selection of services, we considered in our study as many benefits 

as possible as long as we could maintain the possibility of applying at least 

one valuation metric to calculate its annual monetary value. 

Effect of management actions 

The effect of management actions was calculated as the change in 

ecosystem status (subsequently integrated in a CEA) and the change in the 

provision of benefits from ecosystem services (subsequently integrated in a 

CBA).  

Cost-effectiveness analysis 

The effects of management actions on the ecological status of water bodies 

were estimated from the induced changes in threat levels. The relationship 

between ecosystem status and threat level was based on a study performed 

by the regional water agency, which related the current 13 main threats in 

the Llobregat basin to the current ecosystem status (ACA 2014). Specifically, 

this study assigned a value between 0 (no pressure) and 3 (high pressure) to 

each of the 13 identified threats for each water body. The threat values 

were based on the threat’s magnitude, the water bodies’ vulnerability and 

the environmental objective defined for each threat. Environmental 

objectives corresponded to values from which a perturbation on the 

ecosystem was expected to occur. Thus, when the effect of the threat 

equalled the environmental objective, the threat was assigned a value of 1 

(i.e. the risk of not meeting the environmental objective was low). In contrast, 

when the effect of the threat exceeded the objective, a value of 2 or 3 was 

assigned (i.e. the risk of not meeting the environmental objective was 

higher). To estimate the total threat level for the scenario previous to the 

implementation of the management action, we aggregated the threat 

values of the individual threats for the whole river basin (Table S2). The effects 

of management actions were estimated by assigning a threat level of ‘0’ to 

those threats directly affected by the specific management actions: the 

establishment of environmental river flows minimized the threats posed by 

water abstraction; the improvement of river connectivity affected the 

threats posed by dams and weirs; the treatment of urban wastewater 

minimized the threats posed by urban discharge; and the reduction in saline 

pollution minimized the threats posed by salinization. To sum up, the threat 
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level after the implementation of the management actions was calculated 

after aggregating the values of individual threats for the whole river basin 

(Table S2). The effect of each management action in terms of ecosystem 

status was calculated as the difference between the total threat level 

before and after the implementation of the management action. Then, this 

change in ecosystem status was compared with the net present value of 

costs. The considered costs included the implementation costs and the 

exploitation and maintenance costs of management actions. 

Cost–benefit analysis 

The considered benefits are listed in Table S3, and the equations applied to 

calculate the monetary value of each benefit are described in Table S4. 

When the same benefit was assessed using more than one valuation metric, 

an average result is reported. For each of the selected management 

actions, the benefits expected to be affected by the action were 

calculated (1) with the implementation of the action and (2) without the 

implementation of the action. The marginal value of the action was 

calculated as (1–2), accounting for the change in benefit provision after 

implementation of the action. Calculations were performed at the subbasin 

scale (sub-basins associated with each water body) and eventually 

aggregated to obtain a value for the whole basin. The obtained marginal 

values can be positive or negative; positive values mean that the 

implementation of the action increases gains in well-being (coherent to 

benefit gains in the economic analysis), whereas negative values imply the 

increase in well-being losses or ‘dis-benefits’ (TEEB 2010) (coherent to 

opportunity costs or benefit losses in the economic analysis). 

The considered costs included the implementation costs, the exploitation 

and maintenance costs and the opportunity costs of foregone alternatives. 

Both marginal benefits and costs were expressed as net present values, 

calculated considering a period of 15 years and a discount rate of 5%. 

Fifteen years is a commonly selected period because it often corresponds to 

the useful life span of certain measures (i.e. those involving wastewater 

treatment plants, although other life spans have also been considered 

elsewhere according to plant-specific technology) (Del Saz-Salazar, 

Hernandez-Sancho & Sala-Garrido 2009; Molinos-Senante, Hernandez-

Sancho & Sala-Garrido 2011). This timespan coincides approximately with 
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the time frame for the implementation of the WFD (by 2027). The 5% discount 

rate was selected based on the recommendation of the European 

Commission of this value as an indicative benchmark for public investment 

projects (EC 2006). However, lower discount rates (2% and 3%) also have 

been tried in order to assess the sensitivity of the results to this parameter. 

Results 

Cost-effectiveness analysis 

The management action providing the highest gain in ecosystem status at 

the river basin scale was the establishment of environmental river flows, 

followed by the management actions for the reduction in saline pollution 

and the improvement of river connectivity (Fig. 3a; see Table S5 for more 

detail). The ranking of management actions differed when considering the 

costs, as the management action with the best cost-effectiveness was one 

of the actions for the reduction in saline pollution (M16.3). After that, actions 

for the treatment of urban wastewater held the second position in terms of 

cost-effectiveness. The management action with the lowest cost-

effectiveness was one of the actions for the reduction in salinity (M16.1), 

because it incurred a considerably higher cost than the other actions 

selected in this study. 



 

Annexes 

 

 
247 

 

Figure 3.  Cost-effectiveness analysis (a) and cost–benefit analysis (b) of the selected 

actions of the programme of measures in the Llobregat River basin. Cost in (a) refers to the 

cost of implementation + the cost of exploitation and maintenance. Cost in (b) is the cost of 

implementation + the cost of exploitation and maintenance + the cost of opportunity. 

Effects of management actions on benefits 

The management actions providing the highest gain in the benefits 

associated with the considered ecosystem services were actions for the 

establishment of environmental river flows (M1.1 and M1.2) (Table 2). 

Actually, the establishment of environmental flows in the upper Llobregat 

basin (M1.1) caused both benefit gains and losses, which were estimated to 

amount to 10.8 M€ and -1.51 M€, respectively. The greatest losses were 

related to the hydropower production, followed by losses of water use by 

industry, drinking and irrigation. The highest gains were related to the 

enjoyment of recreational areas and environmental/social benefits. The 

assessment of hydropower production gave different economic estimations 

depending on the applied valuation metric (see Table S3 for a compilation 

of the applied metrics): a loss value of -2.3 M€ year -1 was obtained using 

the market price of electricity, whereas -0.048 M€ year -1 was obtained 

when the avoided cost of CO2 emissions was used instead. This difference is 

highly relevant and demonstrates that a different result is obtained 
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according to the valuation metrics applied in the calculation of the benefit. 

To reduce the overall uncertainty of results, the average value obtained with 

the different valuation metrics is reported in Table 2. Similarly, two different 

values were estimated for the enjoyment of recreational areas, one through 

contingent valuation and the other through the market price, and an 

average value of 5.46 M€ is reported in Table 2. The same benefits assessed 

for the establishment of environmental flows in the upper basin were also 

assessed in the lower basin (M1.2), except for environmental/social benefits, 

for which we lacked appropriate data since the lower Llobregat basin 

receives much higher urban and industrial pressures. The total annual gains 

and losses estimated by the implementation of environmental river flows in 

the lower Llobregat basin amounted to 1.1 M€ and -4.2 M€, respectively. The 

highest losses corresponded to water for drinking, followed by hydropower 

production, water for irrigation and water for industry, whereas the highest 

gains corresponded to enjoyment of recreational areas. Unlike in the upper 

basin, the market price of fishing licences was not calculated in the lower 

basin because this metric was only applied to river reaches with trout fishing, 

which are only present in the upper part. 

Action Benefits/Opportunity costs Value (€ basin-1 y-1) 

M1.1 

 

Hydropower production -1 173 088 

Water for drinking -85 024 

Water for irrigation -33 855 

Water for industry -221 175 

Environmental/social benefits 5 334 487 

Existence/conservation of species diversity 97 

Enjoyment of recreational areas 5 468 681 

M1.2 

 

Hydropower production -371 109 

Water for drinking -3 857 581 

Water for irrigation -2 844 

Water for industry 0 

Existence/conservation of species diversity 752 

Enjoyment of recreational areas 1 097 904 

M2 

 

Hydropower production -70 374 

Existence/conservation of species diversity 109 461 

Enjoyment of recreational areas 0.4 

M12.1 

 

Higher surface water quality 23 404 

Enjoyment of recreational areas 1 773 261 

M12.2 

 

Higher surface water quality 37 968 

Enjoyment of recreational areas 209 566 

M12.3 

 

Higher surface water quality 102 709 

Enjoyment of recreational areas 819 933 

M16.1 Higher surface water quality 0 

M16.2 Higher surface water quality 0 
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Action Benefits/Opportunity costs Value (€ basin-1 y-1) 

M16.3 Higher surface water quality 0 

M16.4 Higher surface water quality 0 

Table 2. Annual marginal benefits after the implementation of the selected actions in the 

entire Llobregat basin. Positive values refer to benefit gains, and negative values to benefit 

losses. 

The management action for the improvement of river connectivity (M2) 

caused total annual gains estimated to amount to 0.1 M€ for the whole 

basin. The highest gains were obtained for existence/conservation of species 

diversity. Actions for the treatment of urban wastewater (M12.1 to M12.3) 

were responsible for total estimated annual gains of 1.8 M€, 0.25 M€ and 0.9 

M€, respectively. The highest gains were obtained for the enjoyment of 

recreational areas, followed by improvement in surface water quality. 

Improvement in water quality was valued both through the avoided cost of 

the treatment of water for drinking and through the avoided cost of 

ecosystem damages (see average in Table 2). In this case, the value of the 

avoided cost of drinking water treatment was zero because before the 

application of the measure the average annual concentrations of nutrients 

and organic matter at the two drinking WTPs were already below the legal 

threshold for drinking water (80/778/CEE and 98/83/EC). Thus, no further 

treatment was needed to reduce the concentration of nutrients and organic 

matter to meet legal specifications. Conversely, the valuation of the 

improvement of water quality through the avoided cost of ecosystem 

damages reported gains because nitrogen concentrations considered to 

have effects on ecosystems (which are not regulated) were exceeded in 

some water bodies affected by this management action. Thus, nitrogen 

reduction in these water bodies was needed in order to protect the quality 

of the ecosystem. We could only assess one benefit affected by actions for 

the reduction in saline pollution (M16.1 to M16.4). The benefit corresponded 

to a gain through the avoided cost of treating water for drinking purposes. In 

all cases, the annual gains were 0 € because the average annual 

conductivity at the two drinking WTPs already fulfilled the legal threshold 

before the application of the management actions, and therefore, no 

further salinity reduction was needed. 
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Spatial distribution of marginal benefits 

The variation of benefits resulting from the application of actions was 

heterogeneously distributed across the basin. Figure 4 displays the marginal 

benefit gains (in blue) and losses (in red) after the establishment of 

environmental flows in the upper Llobregat (M1_1). The spatial distribution of 

marginal benefits affected by the other actions is detailed in Figs S1–S3. For 

all the benefits derived from action M1_1, the sub-basins in the lower 

Llobregat basin received zero marginal value because this action affected 

only the upper Llobregat River. Hydropower production was the only 

category with losses in all the sub-basins affected by the action (Fig. 4a). 

Losses were greater in headwaters and decreased downstream. When 

regarded at industry showed gains or losses depending on the region of the 

basin (Fig. 4b–d). The highest losses in all cases continued to be associated 

with the upper part of the basin, whereas gains were associated with areas 

downstream of those water bodies with implemented environmental flows 

and upstream of water demand intakes. This finding is related to the water 

resource production pattern and the defined water management strategy 

in the model, which aims to satisfy multiple objectives of supply to the various 

demands. The benefit categories experiencing gains presented a 

substantially different spatial distribution (Fig. 4e–g). Environmental/social 

benefits tended to be greater in areas of greater population concentration, 

benefits to the existence/conservation of species diversity were inversely 

related to the sites of water abstraction, and enjoyment of recreational 

areas had higher benefit values in headwaters, where the main water 

sources were found. 



 

Annexes 

 

 
251 

 

Figure 4. Effects of the establishment of environmental river flows in the upper Llobregat 

basin on the potential benefits for hydropower production (a), water for drinking (b), water 

for irrigation (c), water for industry (d), environmental/social benefits (e), 

existence/conservation of species diversity (f) and enjoyment of recreational areas (g). 

Results are expressed as marginal values in € per kilometre of river per year. 

Total marginal benefits of actions 

When the marginal values of all the benefits assessed for a particular action 

were aggregated, a map of the total marginal benefit of the action was 

obtained, corresponding to a change in the partial total economic value of 

the basin (Fig. 5). The upper part of the basin experienced the greatest total 

losses after the establishment of environmental river flows, whereas total 

gains were more heterogeneously distributed (Fig. 5a). The establishment of 

environmental river flows in the lower Llobregat basin resulted in net losses in 

the upper Llobregat (Fig. 5b), even though the action was only implemented 

in the lower part of the river. This effect occurred because for one of the 

assessed benefits (hydropower production), all subbasins located upstream 
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from the water demand intakes (hydropower plants) were affected and 

received a marginal value, which in this case corresponded to a loss of 

hydropower production. This connectivity between upstream and 

downstream areas did not apply in the case of the other benefits assessed 

for the establishment of environmental river flows in the lower basin (Fig. S1). 

The improvement of river connectivity got the greatest total gains in the 

middle part of the basin and downstream, where a larger population was 

concentrated (Fig. 5c). Actions for the treatment of urban wastewater 

resulted in net gains downstream from their implementation, that is 

downstream of the new WWTPs (Fig. 5d–f). 

 

Figure 5. Total marginal benefit after the implementation of the selected actions in the 

Llobregat River basin: establishment of environmental river flows in the upper Llobregat 

basin (a), establishment of environmental river flows in the lower Llobregat basin (b), 

improvement of river connectivity (c), treatment of urban wastewater in Mediona (d), 

treatment of urban wastewater in Balsareny (e) and treatment of urban wastewater in 

Moi_a (f). Results are expressed as marginal values in € per kilometre of river per year. 
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Cost-benefit analysis 

The action with the highest net balance (difference between the net present 

value of benefits and costs) was the establishment of environmental river 

flows in the upper Llobregat basin (see Table S6 for more detail) (Fig. 3b). 

Management actions for the treatment of urban wastewater also returned a 

positive net balance, with action M12.1 resulting in the highest value gain. All 

other management actions had a negative net balance, as costs were 

greater than the estimated benefits. The ranking slightly changed when 

analysing the benefit-to-cost ratio, as the action resulting in the highest 

benefit-to-cost ratio was the treatment of urban wastewater from action 

M12.1, followed by the establishment of environmental river flows in the 

upper basin, and the treatment of urban wastewater at the two other 

WWTPs (M12.2 and M12.3) (Fig. 3b). Actions for the establishment of 

environmental river flows in the lower Llobregat basin and the improvement 

of river connectivity resulted in a small benefit-to cost ratio, and the benefit-

to-cost ratio was zero for all actions devoted to the reduction in saline 

pollution because calculated benefits were zero in that case. The use of 

lower discount rates (2% and 3%) increased the benefits obtained for 

management actions more than the costs, although changes were not high 

(around 10% for benefits and around 4% for costs). Consequently, some 

actions received a different benefit-to-cost ratio, even though observed 

trends in the CBA remained the same.  

Discussion 

The ecosystem services approach presented here allows for a spatially 

explicit quantification of the marginal benefits of management actions 

proposed by river authorities in the programme of measures of RBMPs. 

Management actions identified as the most cost-effective in the CEA 

differed sometimes from those receiving the best benefit to-cost ratio 

according to the CBA, stressing that gains in ecosystem status do not 

necessarily involve gains in benefits derived from ecosystem services, or at 

least not those quantified here. Overall, CBA proved to be complementary 

to the CEA, and the integration of ecosystem services in the implementation 

of river basin management plans is therefore proposed to move from a 

single- to a multiobjective decision-making approach in the design and 

prioritization of management actions. 
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Considerations about the approach 

Caution should be taken when analysing the results of the performed 

assessment of CBA for a series of management actions, as in our study only 

four types of management actions were considered, and not all the 

ecosystem services but a subset of them were included in the analysis. As a 

result, the estimates of environmental benefits have an associated 

uncertainty often combined with a lack of information that might 

compromise the informative capacity of the applied tools. Our assessment 

was performed considering a best-guess range of benefits based on a 

compilation of past cases and scientific literature that certainly excludes 

many potentially influenced benefits that may be important, among these 

the lack of a valuation technique converting benefits to a monetary value, 

or the impossibility of assessing ecosystem functions that entrain relevant 

services with the models applied in the context of the study. For example, 

the effect of the reduction in saline pollution on the enjoyment of 

recreational areas of the Llobregat basin (i.e. angling) could not be assessed 

because of the inability to find a relationship between individual willingness 

to pay and improvement in water quality caused by a reduction in water 

salinity. Similarly, the effect of the treatment of urban wastewater on the 

existence/ conservation of species diversity was not quantified because of 

the limitations of the applied habitat quality model, which was not sensitive 

enough to small changes in wastewater treatment plant performance. 

However, the inability to estimate some benefits in our work does not prevent 

their assessment in other case studies that do not show such limitations. 

Additional uncertainty can also be introduced in the analysis through the 

application of benefit transfer (i.e. to value environmental/social benefits 

derived from the establishment of environmental river flows), as this 

technique uses data obtained from other sites (Plummer 2009). Regardless of 

the constraints in the modelling approach, we should be aware that the 

value of the parameters used to assess the different benefits can also highly 

influence the outcome of CBA, and for this reason, the use of a range of 

possible values is preferred to account for uncertainty (Boithias et al. 2016). 

Likewise, caution should be taken when analysing CEA results, as the 

expected changes in ecosystem status of management actions are not 

based on models comparing the changes in the threat level to changes in 

the ecosystem status of water bodies. Instead, we applied an approach in 
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which the threat directly affected by the management action was set to 

zero after the application of the action. Establishing this type of relationship 

would require a notable amount of work and was beyond the scope of our 

study. 

Cost-effectiveness and cost–benefit analyses in the llobregat case study 

The performed CBA and CEA indicate that the establishment of 

environmental river flows in the upper Llobregat River was the management 

action that maximizes the balance between the marginal increase in 

ecosystem services and the ecosystem status in the basin. The management 

actions for the treatment of urban wastewater were also identified as win–

win, since they yield a positive balance for both ecosystem services and 

ecosystem status in the basin. However, the increase in ecosystem status was 

lower than that obtained with all the other selected management actions. 

This is because the actions for the treatment of urban wastewater are more 

locally focused; only involving particular wastewater treatment plants. When 

environmental river flows were implemented in the lower Llobregat River, the 

expected gain in ecosystem status was much lower than that obtained in 

the upper basin, and there was a marginal decrease in ecosystem services. 

The same happened with the management action for the improvement of 

river connectivity. In regard to the management actions for the reduction in 

saline pollution, they did not yield net gains for ecosystem services according 

to the assessed benefits, but were expected to result in ecological gains at 

the basin scale. The mismatch between gains in ecosystem status and 

human well-being was not an unexpected result, as other studies have 

stressed that the delivery of ecosystem services is not necessarily related to 

species richness (Adams 2014; Winfree et al. 2015). A clear example of this 

mismatch in the Llobregat is exemplified by dams and weirs, which certainly 

favour the benefits associated with hydropower production (Terrado et al. 

2014), but constitute a threat to freshwater habitat quality (Terrado et al. 

2016). 

The results obtained from the CBA revealed the importance of considering 

opportunity costs together with benefits in the decision-making process, as 

opportunity costs for the assessed actions can range from 0% to 100% of the 

total costs. Those of 0% corresponded to measures for which no cost of 

opportunity could be assessed. Those of 100% corresponded to measures 
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with no implementation and exploitation/maintenance costs, or to those 

with implementation costs conceived as compensation to beneficiaries 

potentially negatively affected by the measure. One of these latter cases 

would be the establishment of environmental river flows, where negatively 

affected beneficiaries would be hydropower plants, farmers, industries, etc. 

Efficiency gains from including opportunity costs (not fully taken into account 

in a CEA) in the process of environmental planning have already been 

demonstrated in previous studies (Naidoo et al. 2006; Adams, Pressey & 

Naidoo 2010). 

Integration of ecosystem services in river basin management plans 

The proposed assessment approach of the marginal benefits resulting from 

management actions in river basins can be used in CBA to identify the 

trade-offs among multiple benefits affected by different actions. More 

importantly, the CBA proved to be complementary to the CEA, and the 

integration of ecosystem services in the river basin management plans is 

therefore proposed to move from a single- to a multiobjective decision-

making approach in the design and prioritization of management actions. In 

fact, this methodological approach addresses better multibenefit goals, 

allowing the identification of win–win management actions that maximize 

simultaneously ecosystem status and human well-being. The approach 

makes a contribution to already available management approaches and 

helps policymakers to gain insights and evaluate policy impacts 

comprehensively. 

In summary, we provide a flexible and systematic framework to assess the 

effect of management actions proposed in the programme of measures for 

the fulfilment of the WFD objectives (see Table S4 for a list of ready to- use 

equations) that can be easily extended to the valuation of other benefits 

and services and adapted to other river basins. The implementation of the 

ecosystem service concept into existing frameworks such as the WFD and its 

consideration through CBA allows for the accounting of trade-offs among 

different management actions. However, although ecosystem services are 

obviously a strategic tool for conservation, caution should be taken in 

creating schemes based exclusively on the value of ecosystem services, 

since they may not parallel gains in ecosystem status. To prevent such an 

outcome, our approach is based on a combination of CEA and CBA, 
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therefore allowing the selection of optimal management actions 

simultaneously maximizing the value of ecosystem services and the gains in 

ecosystem status of river basins. Although win–win outcomes may not always 

be possible in practice, adding a systematic basis to decision support that 

addresses interdependencies between human well-being and ecosystem 

status provides transparency and a more inclusive basis for decision-making. 
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A.7 Detailed water accounts for the Júcar River Basin in the hydrological year 

2007/2008 in its original and improved versions. 

WATER ASSETS     Original Improved 

Surface water assets       

  Landscape Water Storage     

    Soil moisture - unsaturated zone 285.90 - 

  Surface water storage - unregulated     

    Unregulated river channel storage     

    Valdemembra 0.20 - 

    Arquillo-Canal MªCristina 0.25 - 

    Reconque 0.00 - 

    Escalona 0.02 - 

    Sellent 0.00 - 

    Unregulated major storages (>1Mm3)     

    Escalona 4.56 4.56 

  Surface water storage - regulated     

    Regulated river channel storage     

    Júcar 1.95 - 

    Cabriel 0.90 - 

    Magro 0.30 - 

    Albaida 0.40 - 

    Regulated major storages (>1Mm3)     

    Alarcón 98.42 98.42 

    Contreras 112.58 112.58 

    Tous 55.36 55.36 

    Bellús 17.45 17.45 

    Forata 5.54 5.54 

    Regulated minor storages (<1Mm3)     

    Escalona 0.38 - 

    Antella 0.27 - 

    Sueca 0.35 - 

    Cullera 0.57 - 

    La Marquesa 0.19 - 

  Water transport system storage     

    Distribution network carrier storage     

    Tajo-Segura aqueduct 0.00 - 

    Júcar-Turia Canal 0.47 - 

    Júcar Royal Ditch 0.00 - 

    Within transport system storage 0.00 - 

  Other surface water assets     

TOTAL SURFACE WATER ASSETS 586.07 293.91 
          

Groundwater assets       
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  Groundwater storages     

    Unconfined aquifer     

    Mancha Oriental 4,797.42 4,797.42 

    Plana de Valencia Sur 472.71 472.71 

    Other aquifers 8,696.19 - 

TOTAL GROUNDWATER ASSETS 13,966.32 5,270.13 

          

Other water assets       

  Water rights 0.00 0.00 

TOTAL OTHER WATER ASSETS 0.00 0.00 
          

TOTAL WATER ASSETS   14,552.39 5,564.04 

          

WATER LIABILITIES         

Allocation remaining   - - 

Other water liabilities   - - 

TOTAL WATER LIABILITIES   0.00 0.00 

          

 
Final net water assets 14,552.39 5,564.04 

  Initial net water assets 14,411.52 5,509.52 

  Changes in net water resources 140.87 54.53 

          

  Final  water storage  14,552.39 5,564.04 

  Initial water storage  14,411.52 5,509.52 

  Changes in water storage  140.87 54.53 

Table 23. Detailed statement of Water Assets and Water Liabilities for the JRB for the 

hydrological year 2007/2008 in its original and improved versions. Figures are in Mm3. 
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WATER ASSET INCREASES   Original Improved 

In surface water       

  Precipitation       

    Into landscape   6,448.83 - 

    Into surface water - unregulated     

    River channel       

      Vademembra River 0.14 - 

      Arquillo  River-MªCristina Canal 0.12 - 

      Reconque River 0.02 - 

      Escalona River 0.03 - 

      Sellent River 0.02 - 

    Major storages       

    
 

Escalona reservoir 3.79 3.79 

    Into surface water - regulated     

    River channel       

      Júcar River 2.44 - 

      Cabriel River 0.73 - 

      Albaida River 0.06 - 

      Magro River 0.13 - 

    Major storages       

      Alarcón reservoir 29.54 29.54 

      Contreras reservoir 12.83 12.83 

      Tous reservoir 6.82 6.82 

      Bellús reservoir 6.20 6.20 

      Forata reservoir 1.39 1.39 

    Minor storages       

      Escalona weir 0.12 - 

      Antella weir 0.09 - 

      Sueca weir 0.16 - 

      Cullera weir 0.20 - 

      La Marquesa weir 0.14 - 

    Into other surface waters      

    Transport system       

      Tajo-Segura Aqueduct 0.55 - 

      Júcar-Turia Canal 0.41 - 

      Júcar Royal Ditch 0.28 - 

  Transfer of inter-region claim on water of another entity     

      Tajo-Segura Interbasin Transfer 242.97 242.97 

  River inflow to region       

    To unregulated water storage 786.74 624.05 

    To regulated water storage  363.28 363.28 

  Groundwater discharges to surface water     
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    To soil moisture - unsaturated zone 0.00 - 

    To surface water storage - unregulated 0.00 0.00 

    To surface water storage - regulated     

      
Mancha Oriental aquífer to 

Júcar River 
36.94 36.94 

      
Plana de Valencia Sur aquifer 

to Júcar River 
12.26 12.26 

      Other aquifers 28.05 - 

    To transport system       

      Talave Tunnel leakages 6.50 6.50 

  Groundwater extraction for surface water storage 0.00 0.00 

  Surface returns from urban demands      

      Albacete 7.85 7.85 

      La Ribera towns 15.60 14.40 

      Albacete and Cuenca towns 33.65 15.60 

  Surface water returns from irrigation demands     

      Júcar-Turia Canal 0.62 0.62 

      Escalona and Carcaixent 1.54 1.54 

      Júcar Royal Ditch 32.17 32.17 

      Cuatro Pueblos 2.97 2.97 

      Sueca 38.31 38.31 

      Cullera 21.51 21.51 

      Other irrigation demands 27.00 27.00 

  Surface returns from industrial demands     

      Cofrents Nuclear Plant 13.79 13.79 

      Cofrents Hydropower Station 44.74 44.74 

      
Cortes-La Muela Hydropower 

Station 
221.83 221.83 

      Millars Hydropower Station 258.83 258.83 

  Desalinated water   0.00 0.00 

  Increase of inter-region claim on water of another entity 0.00 0.00 

            

In groundwater       

  Recharge from surface water      

    From landscape       

    Precipitation       

      Mancha Oriental aquifer 124.64 124.64 

      Plana de Valencia Sur aquifer 79.38 79.38 

      Other aquifers 267.71 - 

    Irrigation demands returns     

      Mancha Oriental aquifer 63.75 63.75 

      Plana de Valencia Sur aquifer 91.53 91.53 

      Other aquifers 96.88 - 
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    From surface water storage - unregulated     

      Mª Cristina Canal 12.87 12.87 

    From surface water storage - regulated     

      
Júcar River to Mancha Oriental 

aquifer 
0.00 0.00 

      
Júcar River to Plana de 

Valencia Sur aquifer 
0.00 0.00 

    From transport system       

      Tajo-Segura Aqueduct 6.00 6.00 

      Júcar-Turia Canal 3.15 3.15 

      Júcar Royal Ditch 4.00 4.00 

  Entries of external groundwater      

      Mancha Oriental aquifer 0.00 53.95 

      Plana de Valencia Sur aquifer 0.00 36.52 

      Other aquifers 0.00 - 

  Artificial recharge   0.00 0.00 

TOTAL WATER ASSET INCREASES   9,462.08 2,523.52 
            

WATER LIABILITIES DECREASES      

In surface water       

  Allocations adjustment       

    Urban allocations   9.71 9.71 

    Irrigation allocations   187.61 187.61 

    Industrial allocations   0.00 0.00 

  Environmental flows adjustment  - - 

  Decrease of inter-region claim on water of the entity 0.00 0.00 
            

In groundwater       

  Allocations adjustment       

    Urban allocations   0.24 0.00 

    Irrigation allocations   38.42 32.70 

TOTAL WATER LIABILITY DECREASES   235.98 230.02 
            

TOTAL WATER RESOURCES INCREASES  9,698.08 2,753.54 

            

WATER ASSET DECREASES      

In surface water       

  Evapotranspiration       

    From landscape   6,373.36 - 

    From surface water storage - unregulated     

      Vademembra River 0.29 - 

      Arquillo  River-MªCristina Canal 0.33 - 

      Reconque River 0.03 - 

      Escalona River 0.04 - 
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      Sellent River 0.02 - 

      Escalona reservoir 6.29 6.29 

    From surface water storage - regulated     

      Júcar River 4.87 - 

      Cabriel River 1.56 - 

      Albaida River 0.18 - 

      Magro River 0.08 - 

      Alarcón reservoir 15.59 15.59 

      Contreras reservoir 5.68 5.68 

      Tous reservoir 3.07 3.07 

      Bellús reservoir 1.46 1.46 

      Forata reservoir 0.25 0.25 

      Escalona weir 0.18 - 

      Antella weir 0.14 - 

      Sueca weir 0.18 - 

      Cullera weir 0.24 - 

      La Marquesa weir 0.17 - 

    From transport system      

      Tajo-Segura Aqueduct 1.57 - 

      Júcar-Turia Canal 0.60 - 

      Júcar Royal Ditch 0.43 - 

  Groundwater recharges from surface water     

    From landscape   471.73 - 

    From surface water storage - unregulated     

      Mª Cristina Canal 12.87 12.87 

    From surface water storage - regulated 0.00 0.00 

    
From transport 

system 
      

      Tajo-Segura Aqueduct 6.00 6.00 

      Júcar-Turia Canal 3.15 3.15 

      Júcar Royal Ditch 4.00 4.00 

  Environmental flows allocation  0.00 0.00 

  Artificial recharge   0.00 0.00 

  Outflows from  region       

    Transfer of inter-region claim on water of the entity     

      Tajo-Segura Interbasin Transfer 245.29 245.29 

    Treated wastewater   30.57 22.60 

    To the sea   253.47 253.47 

    To wetlands       

     Júcar to Albufera through Júcar Royal Ditch 30.01 30.01 

     Júcar to Albufera through Sueca Ditch 7.06 7.06 

     Júcar to Albufera through Cullera Ditch 0.62 0.62 
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    To external surface bodies  24.54 24.54 

            

In groundwater       

  Groundwater discharges to surface water     

    To soil moisture - unsaturated zone 0.00 - 

    To surface water storage - unregulated 0.00 - 

    To surface water storage - regulated     

     Mancha Oriental aquífer to Júcar River 36.94 36.94 

     Plana de Valencia Sur aquifer to Júcar River 12.26 12.26 

      Other aquifers 28.05 - 

    To transport system       

      Talave Tunnel leakages 6.50 6.50 

  Groundwater extraction for surface water storage 0.00 0.00 

  Evapotranspiration from aquifers  0.00 0.00 

  Outflows from region       

    To wetlands       

     Plana de Valencia Sur aquifer to Albufera 83.82 83.82 

    To the sea       

     Plana de Valencia Sur aquifer to the sea 26.34 26.34 

    To other aquifers   43.44 0.00 

TOTAL WATER ASSET DECREASES   7,743.26 807.82 
            

WATER LIABILITIES INCREASES      

In surface water       

  Allocation to demands       

    Urban allocations      

      Albacete 15.00 15.00 

      Valencia 94.61 94.61 

      Sagunto 7.00 7.00 

      Albacete and Cuenca towns 7.40 7.40 

    Irrigation allocations      

      Mancha Oriental 11.55 11.55 

      Júcar-Turia Canal 38.62 38.62 

      Júcar Royal Ditch 213.12 213.12 

      Escalona and Carcaixent 37.50 37.50 

      Cuatro Pueblos 21.94 21.94 

      Sueca 146.17 146.17 

      Cullera 85.40 85.40 

      Other irrigation demands 182.56 182.56 

    Industrial allocations      

      Cofrents Nuclear Plant 24.00 24.00 

  Allocations increase       

    Urban allocations  0.00 0.00 
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    Irrigation allocations  0.00 0.00 

    Industrial allocations  537.75 537.75 

  Environmental flows adjustment  - - 

  Decrease of inter-region claim on water of the entity 0.00 0.00 

            

In groundwater       

  Allocation to demands       

    Urban allocations      

      Albacete and  Cuenca towns 48.46 22.11 

      La Ribera towns 20.58 20.58 

    Irrigation allocations      

      Mancha Oriental 373.40 373.40 

      Júcar-Turia Canal 51.12 51.12 

      Other irrigation demands 223.55 57.83 

  Allocations adjustment       

    Urban allocations  0.00 0.00 

    Irrigation allocations  0.00 0.00 

TOTAL WATER LIABILITY INCREASES   2,139.73 1,947.66 
            

TOTAL DECREASE IN WATER RESOURCES  9,882.99 2,755.48 

            

Changes in net water resources   -184.91 -1.92 
            

Unaccounted - for difference 1   325.78 56.45 

Table 24. Detailed statement of changes in water assets and water liabilities for the JRB in 

the hydrological year 2007/2008 in its original and improved version. Figures are in Mm3. 
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WATER INFLOWS   Original 

To surface water     

  Precipitation     

    Into landscape   6,448.83 

    Into surface water - unregulated   

    River channel     

      Vademembra River 0.14 

    Arquillo  River-MªCristina Canal 0.12 

      Reconque River 0.02 

      Escalona River 0.03 

      Sellent River 0.02 

    Major storages     

    
 

Escalona reservoir 3.79 

    Into surface water - regulated   

    River channel     

      Júcar River 2.44 

      Cabriel River 0.73 

      Albaida River 0.06 

      Magro River 0.13 

    Major storages     

      Alarcón reservoir 29.54 

      Contreras reservoir 12.83 

      Tous reservoir 6.82 

      Bellús reservoir 6.20 

      Forata reservoir 1.39 

    Minor storages     

      Escalona weir 0.12 

      Antella weir 0.09 

      Sueca weir 0.16 

      Cullera weir 0.20 

      La Marquesa weir 0.14 

    Into other     

    Transport system     

      
Tajo-Segura 

Aqueduct 
0.55 

      Júcar-Turia Canal 0.41 

      Júcar Royal Ditch 0.28 

  Transfer of inter-region claim on water of another entity   

      Tajo-Segura Interbasin Transfer 242.97 

  River inflow to region     

    To unregulated water storage 786.74 

    To regulated water storage  363.28 
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  Groundwater discharges to surface water   

    To soil moisture - unsaturated zone 0.00 

    To surface water storage - unregulated 0.00 

    To surface water storage - regulated   

     Mancha Oriental aquífer to Júcar River 36.94 

     Plana de Valencia Sur aquifer to Júcar River 12.26 

      Other aquifers 28.05 

    To transport system     

      Talave Tunnel leakages 6.50 

  Groundwater extraction for surface water storage 0.00 

  Surface returns from urban demands    

      Albacete 7.85 

      La Ribera towns 15.60 

      Albacete and Cuenca towns 33.65 

  Surface water returns from irrigation demands   

      Júcar-Turia Canal 0.62 

      Escalona and Carcaixent 1.54 

      Júcar Royal Ditch 32.17 

      Cuatro Pueblos 2.97 

      Sueca 38.31 

      Cullera 21.51 

      Other irrigation demands 27.00 

  Surface returns from industrial demands   

      Cofrents Nuclear Plant 13.79 

      Cofrents Hydropower Station 44.74 

     Cortes-La Muela Hydropower Station 221.83 

      Millars Hydropower Station 258.83 

  Desalinated water   0.00 

  Increase of inter-region claim on water of another entity 0.00 
          

To groundwater     

  Recharge from surface water     

    From landscape     

    Precipitation     

    Mancha Oriental aquifer 124.64 

    Plana de Valencia Sur aquifer 79.38 

      Other aquifers 267.71 

    Irrigation demands returns     

    Mancha Oriental aquifer 63.75 

    Plana de Valencia Sur aquifer 91.53 

      Other aquifers 96.88 

    From surface water storage - unregulated   

      Mª Cristina Canal 12.87 
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    From surface water storage - regulated   

     Júcar River to Mancha Oriental aquifer 0.00 

     Júcar River to Plana de Valencia Sur aquifer 0.00 

    From transport system     

      Tajo-Segura Aqueduct 6.00 

      Júcar-Turia Canal 3.15 

      Júcar Royal Ditch 4.00 

  Entries of external groundwater    

      Mancha Oriental aquifer 0.00 

      Plana de Valencia Sur aquifer 0.00 

      Other aquifers 0.00 

  Artificial recharge   0.00 

TOTAL INFLOWS   9,462.08 

          

WATER OUTFLOWS     

From surface water     

  Evapotranspiration     

    From landscape   6,373.36 

    From surface water storage - unregulated   

      Vademembra River 0.29 

      Arquillo  River-MªCristina Canal 0.33 

      Reconque River 0.03 

      Escalona River 0.04 

      Sellent River 0.02 

      Escalona reservoir 6.29 

    From surface water storage - regulated   

      Júcar River 4.87 

      Cabriel River 1.56 

      Albaida River 0.18 

      Magro River 0.08 

      Alarcón reservoir 15.59 

      Contreras reservoir 5.68 

      Tous reservoir 3.07 

      Bellús reservoir 1.46 

      Forata reservoir 0.25 

      Escalona weir 0.18 

      Antella weir 0.14 

      Sueca weir 0.18 

      Cullera weir 0.24 

      La Marquesa weir 0.17 

    From transport system     

      Tajo-Segura Aqueduct 1.57 
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      Júcar-Turia Canal 0.60 

      Júcar Royal Ditch 0.43 

  Groundwater recharges from surface water   

    From landscape   471.73 

    From surface water storage - unregulated   

      Mª Cristina Canal 12.87 

    From surface water storage - regulated 0.00 

    From transport system     

      Tajo-Segura Aqueduct 6.00 

      Júcar-Turia Canal 3.15 

      Júcar Royal Ditch 4.00 

  Supply to demands     

    Urban allocations   114.30 

    Irrigation allocations   549.25 

    Industrial allocations   561.75 

  Environmental flows allocation  0.00 

  Artificial recharge   0.00 

  Outflows from  region     

    Transfer of inter-region claim on water of the entity   

      Tajo-Segura Interbasin Transfer 245.29 

    Treated waste water   30.57 

    To the sea   253.47 

    To wetlands     

     Júcar to Albufera through Júcar Royal Ditch 30.01 

     Júcar to Albufera through Sueca Ditch 7.06 

     Júcar to Albufera through Cullera Ditch 0.62 

    To external surface bodies  24.54 

          

From groundwater     

  Groundwater discharges to surface water   

    To soil moisture - unsaturated zone 0.00 

    To surface water storage - unregulated 0.00 

    To surface water storage - regulated   

     Mancha Oriental aquífer to Júcar River 36.94 

     Plana de Valencia Sur aquifer to Júcar River 12.26 

      Other aquifers 28.05 

    To transport system     

      Talave Tunnel leakages 6.50 

  Groundwater extraction for surface water storage 0.00 

  Evapotranspiration from aquifers   0.00 

  Supply to demands     

    Urban allocations   68.80 
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    Irrigation allocations   609.65 

  Outflows from region     

    To wetlands     

     Plana de Valencia Sur aquifer to Albufera 83.82 

    To the sea     

     Plana de Valencia Sur aquifer to the sea 26.34 

    To other aquifers   43.44 

TOTAL OUTFLOWS   9,646.99 

          

Changes in net water storage   -184.91 
          

Unaccounted - for difference 2   325.78 

Table 25. Detailed statement of physical water flows for the JRB in the hydrological year 

2007/2008 in its original version. Figures are in Mm3. 

Demand Alloc. Supply Deficit Surplus Return Cons. 

Albacete 15.00 15.00 0.00 0.00 7.85 7.15 

Valencia 94.61 84.10 9.71 0.00 0.00 84.10 

Sagunto 7.00 7.00 0.00 0.00 0.00 7.00 

La Ribera towns 20.58 20.58 0.00 0.00 14.40 6.18 

Albacete and Cuenca towns 29.51 29.51 0.00 0.00 15.60 13.91 

Total urban demands 166.70 156.19 9.71 0.00 37.85 118.34 

Mancha Oriental 384.95 381.00 3.95 0.00 57.15 323.85 

Júcar-Turia Canal 89.74 80.71 9.03 0.00 0.62 80.09 

Escalona and Carcaixent 37.50 20.08 17.42 0.00 4.29 15.79 

Júcar Royal Ditch 213.12 128.69 84.43 0.00 32.17 96.52 

Cuatro Pueblos 21.94 12.67 9.27 0.00 3.39 9.28 

Sueca 146.17 146.17 0.00 0.00 38.31 107.86 

Cullera 85.40 85.40 0.00 0.00 29.51 55.89 

Other irrigation demands 240.39 136.44 96.21 0.00 113.96 22.48 

Total irrigation demands 1,219.21 991.16 220.31 0.00 279.40 711.76 

Nuclear Plant Cofrents 24.00 32.24 0.00 8.24 13.79 18.45 

Hydrop.st. Cofrents 0.00 44.77 0.00 44.77 44.74 0.03 

Hydrop.st. Cortes-La Muela 0.00 225.56 0.00 225.56 221.83 3.73 

Hydropower st. Millars 0.00 259.18 0.00 259.18 258.83 0.35 

Total industrial demands 24.00 561.75 0.00 537.75 539.19 22.56 

Table 26. Detailed statement of physical water flows for the JRB in the hydrological year 

2007/2008 in its improved version. Figures are in Mm3. 

 






