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Abstract 
 

 

The world is experiencing a global water crisis, caused by the compounded effects of 

overexploitation, population growth, mismanagement, and climate change. The design of 

water-adaptation strategies to address this crisis has traditionally relied on consolidative 

models that offer decision-makers point predictions on economic impacts, water 

conservation, etc. However, in recent decades, nonlinearities (e.g., in climate change, 

adaptive behavior) have challenged the reliability of these models and overwhelmed existing 

policies, which have systemically failed to achieve their targets due to new correlations 

across complex and interconnected socioeconomic and ecological systems that were not 

previously anticipated. In this context, planning for the future is characterized by a high 

degree of uncertainty, or deep uncertainty. Under deep uncertainty, we cannot associate 

probabilities to outcomes (as with risk), and therefore we cannot individuate with confidence 

a single strategy that is expected to outperform the alternatives. Instead of looking for 

optimality, under deep uncertainty, decision-makers should prioritize robustness, i.e., the 

identification of the strategy(ies) that achieve the objective of sustainable and equitable 

economic growth in the most plausible futures. This calls for water reallocations from 

economic to environmental uses in order to guarantee the good ecological status of 

ecosystems, complemented by reallocations among economic uses to enhance both 

efficiency and equity. Most reallocation strategies will target the agricultural sector, which is 

the largest water user and concentrates the marginal (i.e., least valuable) use of the resource. 

This thesis presents a modeling framework to design and inform robust adaptation strategies 

in the agricultural sector, structured in 5 chapters. In the first chapter, we introduce the topic, 

state the objective, and present the structure of the thesis. The second chapter presents the 

socioeconomic methodology used to assess farmers' behavior (Mathematical Programming 

Models – MPMs) and introduces a new model that allows deficit irrigation as an adaptation 

strategy to water scarcity, usually not considered in conventional MPMs. In the third chapter, 

we introduce a novel multi-model ensemble of MPMs to sample uncertainty and thus inform 

robust decisions. In chapter four, we explicitly include the water systems coupling the multi-

model ensemble of MPMs with a decision support system model used to manage water at 

basin level. Finally, chapter five includes the conclusions and recommendations of the 

author. The main purpose of our modeling framework is to deliver actionable science. Thus, 

it is designed to be modular, updatable, and ready to apply by policymakers. Thanks to the 

collaboration with Italian and Spanish regulatory authorities, we have applied our modeling 

framework to 5 policy cases: we tested the performance of two pricing policies, and a water 
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bank to buyback water for the environment, we assessed a pecuniary compensation scheme 

designed to sustain irrigation-dependent ecosystem services, and we calculated the resource 

cost of agricultural water. Our multi-model ensemble can inform the identification and 

adoption of robust strategies that contribute to the targets of equitable and sustainable 

economic and welfare growth. Moreover, the explicit inclusion of the water system allows for 

the consideration of the co-evolution of the water and human systems, in order to avoid 

unfavorable outcomes triggered by the possible two-way feedback between these systems.   
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Resumen  
 

El mundo está experimentando una crisis mundial del agua, causada por los efectos 

combinados de la sobreexplotación, del crecimiento demográfico, de la mala gestión y del 

cambio climático. Tradicionalmente las estrategias de adaptación para hacer frente a esta 

crisis se han basado en modelos de consolidación que ofrecen a los responsables políticos 

predicciones puntuales sobre los impactos económicos, la conservación del agua, etc. Sin 

embargo, en las últimas décadas, las no linealidades (por ejemplo, en el cambio climático, 

el comportamiento adaptativo, etc.) han desafiado la fiabilidad de estos modelos y abrumado 

las políticas existentes, que sistemáticamente no han logrado sus objetivos debido a nuevas 

correlaciones entre complejos e interconectados sistemas socioeconómicos y ecológicos 

que no se habían previsto previamente. En este contexto, la planificación para el futuro se 

caracteriza por un alto grado de incertidumbre o incertidumbre profunda. Bajo incertidumbre 

profunda, no podemos asociar probabilidades a los resultados (como con el riesgo), y por lo 

tanto no podemos destacar una sola estrategia que se espera actúe mejor de las alternativas 

con confianza. En lugar de la estrategia que mejor funciona, la incertidumbre obliga a los 

responsables políticos a dar prioridad a la robustez, es decir, a través de la identificación de 

la(s) estrategia(s) que logre(n) el objetivo de un crecimiento económico sostenible y 

equitativo bajo los futuros más plausibles. Esto requiere reasignaciones de agua de usos 

económicos a usos ambientales, para garantizar el buen estado ecológico de los 

ecosistemas, complementado con reasignaciones entre usos económicos para mejorar la 

eficiencia y la equidad. La mayoría de las estrategias de reasignación se dirigirán al sector 

agrícola, que es el mayor usuario de agua y concentra el uso marginal (es decir, el menos 

valioso) del recurso. Esta tesis presenta un marco de modelos para diseñar e informar 

estrategias de adaptación robustas en el sector agrícola, estructurado en 5 capítulos. En el 

primer capítulo presentamos el tema, el objetivo y la estructura de esta tesis. El segundo 

capítulo presenta la metodología socioeconómica utilizada para evaluar el comportamiento 

de los agricultores (Modelos de Programación Matemática - MPMs) y luego introduce un 

nuevo modelo que permite el riego deficitario como una estrategia de adaptación a la 

escasez de agua, generalmente no considerada en los MPMs convencionales. En el siguiente 

capítulo, presentamos un novedoso conjunto multimodelo de MPMs para reducir la 

incertidumbre y así fundamentar decisiones sólidas. A continuación, en el capítulo cuatro, 

incluimos explícitamente el sistema hidrológico juntando el conjunto de MPMs con un 

modelo de gestión del agua utilizado a nivel de cuenca. Finalmente, el capítulo cinco incluye 

las conclusiones y recomendaciones del autor. El propósito principal de nuestro sistema de 

modelos es ofrecer ciencia aplicable por los responsables políticos, por lo tanto, el sistema 

es modular, actualizable y listo para ser utilizado. Gracias a la colaboración con algunas 
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autoridades reguladoras italianas y españolas, aplicamos nuestro sistema de modelos a 5 

casos de estudio: evaluamos el rendimiento de dos políticas de precios y un banco de agua 

para comprar agua para el medio ambiente, Evaluamos un esquema de compensación 

pecuniaria diseñado para sostener los servicios ecosistémicos dependientes del riego, y 

calculamos el costo de los recursos de agua agrícola. Nuestro sistema de modelos puede 

ayudar en la identificación y adopción de estrategias sólidas que contribuyan a los objetivos 

de crecimiento económico y de bienestar equitativo y sostenible. Además, la inclusión 

explícita del sistema hidrológico permite considerar la co-evolución de los sistemas humanos 

y natural, para evitar resultados desfavorables desencadenados por la posible 

retroalimentación bidireccional entre estos sistemas.  
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Chapter 1. Introduction  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“We think we’ll always have enough, especially in the developed world where fresh 

water is only ever a tap turn away. We don’t realize that water is a finite resource 

that the planet is in serious danger of running out of” 

Richard Mills, Extreme Heatwave's Global Warming Catastrophe, 2022. 

(Mills, 2022) 
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1.1. Context: water scarcity and deep uncertainty 
 

 

Freshwater is the most essential resource for life and almost every economic activity. Due to 

its historic abundance in many populated areas of the world, humans have used it carelessly, 

both in quantitative and qualitative terms. Freshwater, however, is finite, vulnerable, and 

unevenly distributed across time (dry and wet seasons) and space (dry and wet regions). 

More recently, population growth and economic development have generated an 

unprecedented increase in water demand. Over the last 100 years, freshwater use has grown 

by 600% and it is still growing today at a 1% annual rate. On the other hand, water availability 

in water-scarce regions is decreasing due to climate change1 (UNESCO, 2020). As a result, 

freshwater scarcity and water stress, i.e., when the demand overcomes the renewable water 

supply, are growing almost everywhere in the world and are affecting human activities and 

the environment.  

Conventional engineering policies that aim to expand the supply base are a key pillar upon 

which the greatest human civilizations have been built, allowing the necessary water and 

food supply to develop, e.g., the first large cities. The key target of engineering policies is to 

build and expand storage, transportation, and delivery infrastructures in order to adapt the 

water supply to the growing demand (e.g., the number of large dams has globally exploded 

from 5,000 in 1950 to 45,000 in 2000) (WCD, 2000). Most recently, however, this approach 

has shown its limitations. Several water economies have reached a mature phase 

characterized by inelastic supplies with incremental costs, which cannot meet the expanding 

demand (Loch et al., 2020; WCD, 2000). This has led to an increase in the frequency and 

intensity of drought events: 10% of the global population already lives in areas with high or 

critical water stress (UNESCO, 2021), and the 2030 Water Resources Group (2020) predicts 

that under current water-use trends, the world will face a 40% water deficit in 2030. 

Furthermore, climate change endangers freshwater availability even more, and vulnerability 

is becoming evident also in some of the wetter regions of the world (Damania et al., 2017). 

Climate change is affecting and will affect freshwater resources in different ways: reducing 

the annual stream flow of rivers (Figure 1), increasing the periods of drought (Figure 2), and 

modifying trends and intensity of precipitations (Figure 3). Climate change, therefore, is 

exacerbating water volatility and scarcity, which will be further aggravated by other 

compounded effects, such as growing evapotranspiration demand from crops, a pressure 

that already stressed basins (Figure 4) cannot sustain (Caretta et al., 2022). Despite this dire 

 
1 Note that in this thesis “climate change” means human induced climate change or global warming, i.e., the 

effect of the rising concentration of greenhouse gases in the atmosphere caused by human activities on earth.     
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situation, water continues to be treated as a plentiful resource in many water-stressed parts 

of the world.  

This “perfect storm” of stable or decreasing supply, increasing demand, and ineffective 

policies is at the origin of an unprecedented global water crisis. This crisis could cost some 

regions “up to 6% of their gross domestic product while spurring migration and sparking 

conflict” (UNESCO, 2020), a figure that exceeds the losses during the first year of the COVID-

19 pandemic (–3.4% globally) (UN, 2022). The effects of the water crisis are particularly 

concerning for the food production system since the irrigation sector, globally, is responsible 

for 72% of freshwater use and is highly dependent on this resource to feed billions of people 

worldwide (FAO and UN Water, 2021). Irrigated agriculture, while covering only 20% of total 

cropland (see Figure 5) (FAO, 2021), is responsible for 40% of the total agricultural 

production (Cherlet et al., 2018). Moreover, irrigated land is still expanding, with a 117% 

increase from 1961 to 2009, compared to an almost stable rain-fed land over the same 

period (Dinar and Schwabe, 2015). This trend is expected to continue as an adaptation 

strategy to climate change (IPCC, 2021). Despite being such an important sector for human 

wellbeing and the largest consumer of freshwater by far, agriculture most often produces the 

least valuable use of this resource in terms of GDP – Gross Domestic Product (less than 7% 

globally), and is the least regulated and poorly managed user (World Bank, 2022). 

Accordingly, agriculture is the sector targeted by the majority of water policies, as the main 

source of much-needed water savings (OECD, 2015; UNDRR, 2021). 

Addressing the current water crisis calls for urgent and radical actions from the water 

management side through Transformational Adaptation Policies (TAPs), i.e., systemic 

(applied at a much larger scale) and/or paradigm shifts (truly new or never applied before in 

a certain location) in water resources management that integrate the adaptation of 

ecosystems and economic sectors to climate change. TAPs recognize the interconnection 

and cascading effect between different systems and coordinate the development and 

management of water, land, and related resources, leveraging both water-allocation systems 

and economic instruments (OECD, 2021; UNEP, 2021; UNESCO, 2020). 
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Figure 1: Percent change of mean annual river streamflow for a global mean temperature rise of 2°C (1980 - 

2010). Source: Jiménez Cisneros et al., (2014). 

 

 

 

Figure 2: Average mean changes in the frequency of dry days (days/year) by 2060–2089, relative to the 

historical period 1960–1989, using the RCP8.5 forcing scenario. Source: Polade et al., (2014) 
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Figure 3: Average percent change in (a) annual mean precipitation; (b) precipitation intensity during 

precipitating days. Values are computed over the period 2060–2089, relative to the historical period 1960–

1989, using the RCP8.5 forcing scenarios. Source: Polade et al., (2014). 
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Figure 4: Water stress per catchment. Source: Aqueduct Global Maps 3.0 Data (WRI, 2019). 
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Figure 5: Global irrigated and rainfed cropland area. Source: Cherlet et al., (2018, p. 56). 
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However, TAPs have proven to be ineffectual. New threats and correlations across complex 

and interconnected socioeconomic and ecological systems are emerging in ways that had 

not been anticipated or more quickly than previously thought possible (UNESCO, 2020). 

Consistently, decision-makers are “surprised and overwhelmed” by the systemic nature of 

water scarcity and climate change, which can trigger and aggravate other ecological (e.g., 

pests) and socioeconomic threats (e.g., commodity price fluctuations) via feedback loops and 

cascading impacts across systems (UNDRR, 2021). In this context, planning for the future is 

characterized by a high degree of uncertainty, or deep uncertainty, a situation where experts 

and policy makers do not know or cannot agree on: (i) the external context of the system and 

its evolution; (ii) how the systems work and interrelate; and/or (iii) how to evaluate the 

desirability of alternative and potentially conflicting outcomes (Lempert et al., 2006).  

While standard decision-making accounts for probabilistic risk, it typically does not account 

for uncertainty. Risk is the calculable and controllable part of what we do not know, while 

uncertainty is incalculable and uncontrollable (Knight, 1921). Risk is manageable because 

we can associate probabilities with it, while uncertainty is a broader concept with which we 

cannot associate reliable probabilities (Marchau et al., 2019). We can think of risk as a lower 

form of uncertainty. Uncertainty arises from the impossibility of identifying (all) the external 

changes that are relevant to describing the development of a system and assessing its 

responses to these external changes (Marchau et al., 2019). Instead of foreseeing the best 

prediction, under deep uncertainty, decision-makers should prioritize robustness, i.e., 

strategies that perform better under many plausible futures (see box 1 for more details on 

uncertainties and robust decision-making techniques). In the case of agricultural water 

management, uncertainty arises in both human and natural systems because of behavioral 

variability (human behavior, non-rationality, cognitive dissonance, non-standard behavior 

(Walker et al., 2003)); societal variability (macroeconomic behavior, markets, and societal 

processes); epistemic uncertainty (incomplete scientific or technical knowledge); and future 

conditions (related to the application of a model developed in the actual conditions that are 

associated with the unknown conditions of the future). 

Box 1: Deep Uncertainty and Decision Making under Deep Uncertainty (DMDU) 

 

A situation is deeply uncertain if it is not clear or there is no agreement on: “(1) the appropriate 

models to describe the interactions among a system’s variables, (2) the probability distributions to 

represent uncertainty about key variables and parameters in the models, and/or (3) how to value 

the desirability of alternative outcomes” (Lempert et al., 2003). When a decision must be made 

under deeply uncertain conditions, it is not possible to infer the probability of success of the 

selected strategy, although it is possible to identify different levels of uncertainty (Figure 6) and 

accordingly select the better strategy to deal with it.  

. 
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Figure 6: different levels of uncertainty from knowledge to no-knowledge. Source: adapted from Marchau et al., (2019); and 

Walker et al., (2003) 

 

In the first level of uncertainty (deterministic uncertainty), the future is clear enough to be correctly 

modelized and it is possible to obtain a certain estimation of the outcome. In this case, the decision-

makers carry out the better strategy to reach a clear objective. This is the case of some natural 

phenomena, e.g., in a reasonably stable system, it is possible to define the renewable quantity of 

water that is possible to extract from a water body. Statistical uncertainty is a situation in which 

statistics describes adequately the situation: it is possible to calculate precisely the uncertainty in 

every aspect of the problem, from the model to the outcome and a probability value can be 

assigned (Walker et al., 2003). This is the uncertainty of natural sciences: the measurement 

uncertainty associated with all data (sampling error, inaccuracy, or imprecision) is a clear example 

of this level of uncertainty. This kind of uncertainty is usually reduced with the advancement of 

knowledge and research. In the following level of uncertainty, scenario uncertainty, there is a range 

of possible outcomes, but it is not known, or it is not clear, how the outcomes were reached and, 

evidently, it is not possible to assign any probability. What is known, though, is how the system can 

react to some possible mechanism, but how, when, and the intensity in which they will occur 

remains unknown. Decisions are made considering alternative scenarios (the possible outcomes 

and how they are reached) instead of likelihood (Walker et al., 2003). Finally, there is a last level 

of uncertainty, before ignorance, that can be addressed with a series of techniques. The systemic 

uncertainty is the one in which the possible outcomes and how the systems interact are a wide 

range of possibilities, at which it is not possible to assign probabilities. Most of all, it is not possible 

to establish clear relations between the interactions within the system and with other systems. 

Finally in the two last levels of ignorance, recognized and total, the former refers to a kind of 

ignorance that can be resolved eventually, e.g., with further research, while the latter refers to an 

irreducible ignorance, of which “neither research nor development can provide sufficient 

knowledge about the essential relationships” (Walker et al., 2003). 

In the following table (Table 1), are summarized the different levels of uncertainty. In case of high 

degrees of uncertainty, scenario, and systemic uncertainty according to Table 1, several techniques 

were developed in recent decades to allow decision-makers to individuate the path(s) that will 

produce the best performance, i.e., that allow achieving the objectives even if the future is deeply 

uncertain. The DMDU is the recent field of literature that is developing to deal with these issues. 

DMDU techniques are necessary and valid only when it is not possible to consider the past “a 

reasonably reliable predictor of the future”, the basic assumption of classical statistics and 

probability (Marchau et al., 2019). However, if it is not the case, i.e., if the past can be a reliable 

predictor, statistics and probability techniques should be preferred. DMDU techniques include 

Robust Decision Making (RDM), Dynamic Adaptive Planning, Dynamic Adaptive Policy Pathways, 

Info-Gap  

 

Complete 
determinism

Deterministic 
uncertainty

Statistical 
uncertainty

Scenario 
uncertainty

Systemic 
uncertainty

Recognized 
ignorance

Total 
ignorance
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The uncertainty of climate change forced geophysical scientists (physicists, climatologists, 

hydrologists, etc.) to use model combinations through ensembles because classic models, 

Decision Theory, and Engineering Options Analysis (Marchau et al., 2019). The paradigm of DMUD is 

“monitor-and-adapt”, this is a systematic approach that deals with uncertainty being always prepared to 

change the strategy when an unpredictable event changes the simulated path chosen to reach the desired 

outcome. 

 

Table 1: Source: adapted from Marchau et al., (2019, p. 9) 

 Deterministic 

uncertainty 

Statistical 

uncertainty 

Scenario 

uncertainty  

Systemic 

Uncertainty 

Context Clear future

 

Alternative futures 

(with probabilities)

 

A few plausible 

futures

 

Many plausible 

futures

 

System 

model 

A single 

deterministic 

system model 

A single stochastic 

system model 

A few alternative 

system models 

Many alternative 

system models 

System 

outcomes 

A point estimation 

for outcome 

A confidence 

interval for 

outcome 

A limited range of 

outcomes 

A wide range of 

outcomes 

 

Under deep uncertainty, it is not foreseen the best predictor, but the one that yields the better decisions 

in this condition; this set of concepts, processes, and tools is known as RDM (Lempert, 2019).  RDM 

combines different techniques and performs recursive stress tests over many possible future paths; this 

allows the decision-makers to identify relevant scenarios and adaptive strategies. This combination of 

models, scenarios, and recursive runs is also known as “exploratory modeling”, it is a useful tool under 

deep uncertainty as it maps “a wide range of assumptions onto their consequences without privileging one 

set of assumptions over another” (Lempert, 2019). Exploratory models are extremely valuable if missing 

data, uncertainty, and competing objectives do not allow to validate a single model. Rather than using 

models to predict, RDM uses them to obtain a large dataset of plausible scenarios (the results of every 

run) and evaluates them with visualization and statistical methods to identify possible tipping points or 

problems that do not allow to reach the policy goals. Running models many times and in different 

conditions is not a sophisticated or accurate solution per se, but its results can be surprisingly useful if the 

appropriate scenarios and models are implemented, i.e., the ones that give insights to address the 

problems object of the study (Lempert, 2019). RDM is a suitable technique to advise policymakers under 

deep uncertainty, despite the high costs in terms of time, computational power, and complexity. 

 



Chapter 1. Introduction 

- 15 - 
 
 

even if globally consistent in average terms, “disagree on the magnitude, and in many cases 

even the sign, of change at a regional scale” (Schewe et al., 2014). The high degree of 

uncertainty led these researchers to rely on a modeling framework that consists of 

ensembles considering different disciplines, sectors, and scales, e.g., CIMIP (Coupled Model 

Intercomparison Project), (2022), ISIMIP (Inter-Sectoral Impact Model Intercomparison 

Project), (2022), AgMIP (Agricultural Model Intercomparison and Improvement Project), 

(2022), and HEPEX (Hydrologic Ensemble Prediction EXperiment), (2022). While geophysical 

researchers have embraced this approach, agricultural economics still relies on single 

models to produce point predictions that are vulnerable to uncertainty and may lack 

robustness. 

This calls for an urgent change of direction in (agricultural) water management that explicitly 

quantifies uncertainty across coupled human-water systems to inform the identification and 

adoption of robust TAPs.  

 

 

1.2. Thesis objective 

  

The main objective of this work is to develop and test a multi-model and multi-system 

modeling framework that can inform the identification and adoption of robust TAPs that 

contributes to the Integrated Water Resources Management targets of equitable and 

sustainable economic and welfare growth. The thesis is policy-oriented and aims to deliver 

actionable science through the development of modeling frameworks that policymakers can 

readily apply to address water scarcity and test robust TAPs in the agricultural sector, e.g., 

building upon the models already used by decision-makers in river basins. This overarching 

objective builds upon three specific activities: 

I. First, we analyzed the available methodologies used in agricultural economics to 

address water issues in the agricultural sector. Through this analysis, we identified 

and addressed a methodological gap of a specific MPM, therefore expanding the 

literature on socioeconomic modeling with a new model to assess farmers’ behavior. 

This innovation, from a strict modeling perspective, is not a real new model; rather, it 

relies on the TAPAS (Take A Previous model and Add Something) approach (Frenken, 

2006), thus improving an existing model. 

II. Second, this work introduces an innovative ensemble of socioeconomic models to 

address deep uncertainty and advise robust decisions. Inspired by Frenken, (2006), 

the TAPAS approach is stressed to address uncertainty by introducing the TAMAL 

(Take severAl Models And combine them alL) approach. The objective of TAPAS is to 

innovate by improving an existing and well-established methodology, while the TAMAL 
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approach combines different models to create an artificial world where it is possible 

to consider multiple plausible futures, to address possible unpredicted outcomes. 

The TAMAL approach is based on RDM (see box 1) and assesses robust decisions in 

the socioeconomic modeling. 

  

III. Finally, following sociohydrology and hydroeconomic literature (Harou et al., 2009; 

Heinz et al., 2007; Sivapalan et al., 2014), we integrate the ensemble of MPMs into 

a multi-systems modeling framework that considers the co-evolution of the human-

water systems and their bidirectional feedback. To this end, first, we developed a 

modular framework to integrate hydrologic and economic systems coupling a 

hydrologic model and the ensemble of socio-economic models. This framework is 

therefore fitted to sample modeling uncertainty and foresee robustness while 

simultaneously considering the bidirectional feedback between human and water 

systems. The coupling between the different systems is always modular, i.e., every 

model remains independent, to allow more specific rules “that help represent some 

degree of realistic agent […] behavior” (Erfani et al., 2014) but are capable of 

exchanging information with the other models.  

 

 

1.3. Thesis Outline 

 

This thesis is organized into five chapters, and every chapter has an introduction that states 

the objective of the successive pages and explains why it is relevant to the main objective of 

this study. Chapter 2 argues the rationale for using MPMs and briefly reviews the literature 

on these models, successively expanded in the publications included in this thesis. This 

chapter included the first publication of this thesis, where the first activity is completed. 

Chapter 3 includes two publications in which a multi-model ensemble of MPMs was built and 

used to advise robust decisions. Two different policies were tested: a pricing policy to assess 

a reform of the water licenses in the Piedmont region, Italy (3.2) and the introduction of a 

PWS (Payments for Watershed Services) scheme in the Reno River land reclamation and 

irrigation board, Emilia-Romagna, Italy (3.3). In chapter 4 the complexity of the system is 

increased by adding a hydrologic layer to the ensemble of MPMs. Chapter 4 includes two 

publications in which the modular framework that integrates human and water systems is 

presented: the multi-model ensemble of MPMs is coupled with the hydrologic DSS (Decision 

Support System) model AQUATOOL. In section 4.2, the modeling framework is used to 

calculate the resource cost of agricultural water to accurately apply the EU WFD (Water 

Framework Directive), while the second application (4.3) proposes an innovative water bank 
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system used to maintain the minimum environmental flows, (partially) without increasing the 

public budget. 

Finally, the last chapter depicts the conclusions of this work, evaluates how the main goal 

was achieved, and includes the recommendations of the author about future research that 

should be addressed to improve the actual modeling framework.  
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Chapter 2. Behavioral socioeconomic 

modeling: the adaptation strategies of 

farmers 
 

2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“All models are wrong, but some models are useful” 

George Box, 1979. 

(Box, 1979)  
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2.1.  Introduction 

 

The previous chapter pointed out the importance of changing the classic approach of 

agricultural economics modeling to address uncertainty challenges through ensembles of 

socioeconomic models. To do so, this chapter analyzes the different modeling approaches 

used in the agricultural sector to advise decision-makers and then presents an innovative 

methodology. Because this thesis focuses on water management, the methodology analyzed 

and proposed always refers to the case of water as the relevant input to be managed, but 

the same methodology remains valid to analyze adaptive responses to every other production 

input and/or political constraint (e.g., fertilizer use, labor). 

During the 20th century, the classic economic approach to evaluate agricultural water policies 

was the development of models based on production economics to evaluate the allocation 

and demand for input and how it would change. Several empirical models were developed: 

econometrics models, field experiments, hedonic pricing, contingent valuation, and MPMs 

(possibly the most common). MPMs are optimization models, that, according to classic 

economics, are appropriate to describe the economic problem of making the best use of 

finite resources (Mills, 1984). These models aim to reproduce the behavior of economic 

agents and their adaptation pathways after a change/shock (e.g., the reduction of an input, 

the water in the case of this study). The objective is to maximize a function that represents 

humans’ will in a simplified mathematical way.  

These models reduce the complexity of humans’ choices to a simple decision on the 

allocation of land to the different crops, according to the mathematical function that 

describes their behavior. Every choice in the crop portfolio represents, therefore, a unique 

combination of input applied in fixed proportions per unit of land (Arata et al., 2017; Gómez-

Limón et al., 2016; Graveline et al., 2014). This simplification allows us to simulate adaptive 

responses to shocks (e.g., a drought) or policies (e.g., caps or pricing) through extensive 

margin (i.e., land reallocations toward less water-intensive crops) and superextensive margin 

adjustments (i.e., land reallocations from irrigated to rainfed agriculture), i.e., water is used 

in fixed proportion (constant water requirement per crop). However, some more complex 

models also allow intensive margin adjustments (i.e., deficit irrigation), a relevant 

management option in water-stressed areas (Koundouri, 2004). In this case, the agents will 

choose how to allocate land and water to the different crops, and a water-production function 

is necessary for each crop. 

MPMs are widely used in agroeconomics, and different modeling techniques can be 

implemented depending on the data availability and the case study. Thus, it is useful to 

classify them into macro categories to opportunely identify, if possible, the best approach 

according to the issue that should be assessed. According to their mathematical 
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specification, MPMs can use a linear or non-linear objective function. The former approach 

assumes a linear substitution between inputs, which  can cause certain “rigidity” in 

responses (“over-specialized responses” and “jumpy behavior”), while the latter introduces 

non-linearities that usually represent smoother and more realistic changes (Graveline, 

2016). Despite these issues, linear models are widely used, especially when there is a large 

amount of available data, and it is possible to characterize farmers' behavior at farm level 

(Bartolini et al., 2007; Graveline et al., 2012). At a higher scale (e.g., regional), non-linear 

models should be preferable, but still, it is not a binding condition (Buysse et al., 2007; 

Graveline, 2016). 

The objective function (independently from its (non-)linear mathematical specification) is 

commonly characterized only by profit, but some authors have developed widener and more 

elaborated multi-attribute objective functions that also consider attributes other than profit 

(e.g., risk aversion) (Gómez-Limón et al., 2016; Rausser and Yassour, 1981). Multi-attribute 

objective functions are inspired by Theory of Planned Behavior of Ajzen, (1991), according to 

which humans’ behavior is extremely complex and driven by “multiple attributes of objects 

(including but not limited to profit) and farmers' beliefs regarding these attributes” (Pérez-

Blanco et al., 2017). Both single- and multi-attribute objective functions are equally valid and 

there is no agreement in the literature to establish which represents farmers better (Buysse 

et al., 2007; Graveline, 2016). Hence, single-attribute and multi-attribute objective functions 

are also used to classify MPMs. Usually, multi-attribute models need more data, and their 

availability is a typical constraint to their implementation (Pérez-Blanco et al., 2017). 

Finally, MPMs can be classified as normative or positive models (Graveline, 2016). Normative 

models are MPMs that are not calibrated, i.e., they follow a deductive approach that assumes 

an a priori objective function that represents the agent’s behavior. For example, if the 

modeler assumes that the outcome foreseen by the economic agent is to maximize their 

profit (a common practice in the economic field), the agent will choose the combination of 

inputs that yields the highest profit, e.g., in a simple case in which agents are irrigators that 

can cultivate only two crops and do not have any crop-specific constraints (policy caps, water 

restrictions, etc.), they will grow only the crop that has the higher expected profit. This means 

that normative models do not guarantee the reproduction of the observed reality if the 

modeler does not have perfect knowledge of every farmer (almost impossible in real-life 

modeling). Positive models (PMs) have a slightly different approach: they assume that the 

observed situation is the optimal one and that the model should be “adapted” to represent 

it in the best possible way. This hypothesis lays its roots in the classic economic theory 

according to which economic agents will always foresee their utility, i.e., if a model cannot 

reproduce the observed reality, it is because of a lack of knowledge. PMs rely on this 

assumption and perform a calibration procedure to elicit the parameters of the objective 
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function that better reproduces the observed input allocation, i.e., the observed crops’ 

distribution. The closer the results of the simulated model are to the observed situation, the 

better the calibration. The difference between the calibration and the observed situation is 

the calibration error.  

Some models have a perfect calibration per se, i.e., the calibration procedure mathematically 

elicits the parameters that result in a null error, while others follow other rationales and can 

have a positive calibration error. Arguably, models that perfectly calibrate are intrinsically 

better, but the rationale beyond the calibration procedures that set the error to zero is still 

an open debate (Gutiérrez-Martín and Gómez, 2011; Heckelei et al., 2012; Mérel et al., 

2011). Furthermore, Cloke et al., (2013) argue that calibration errors between different 

families of models (i.e., between models with different calibration procedures) are not 

comparable because they are independent, so it is not possible to use the calibration error 

as a metric to find the best model. Moreover, to the best of our knowledge, in the literature, 

there are no ex-post evaluations of MPMs’ performance, so it is not possible to rank these 

models according to their precision.  

Due to the impossibility of identifying an intrinsically better model, in this thesis, three 

different families of positive MPMs were used: linear positive modeling, Positive 

Mathematical Programming (PMP), and Positive Multi-Attribute Utility Programming (PMAUP). 

These models use different objective functions (single- and multi-attribute), specifications 

(linear and non-linear), and different calibration procedures that are discussed in 2.2 and 

3.2. The models selected to populate the ensemble are among the most common MPMs, 

and they were the best option with the available data of the different case studies.  

After the calibration, these models are ready to simulate the effects/outcome of a policy or 

water scarcity in the agricultural sector. Classic MPMs usually rely on extensive and super-

extensive margin adjustment, so agents in the model can only allocate land to the different 

crops to maximize their objective function. These two adaptation strategies were criticized 

for their unrealistic predictions due to the exclusion of the well-established strategy of 

reducing water applications at a sub-optimal level when the resource is constrained 

(Koundouri, 2004). In the literature on linear and PMP models, researchers addressed the 

problem including a (continuous or piecewise) water-production function or coupling 

economic and agronomic models to account for the intensive margin adjustment (see the 

literature review in 2.2). In the case of PMAUP models, however, no example of this 

integration was found in the literature. The first publication included in this thesis (2.2) fills 

this methodological issue. In this publication, intensive adjustment adaptation strategy is 

allowed through the integration of a continuous crop-water production function into the 

objective function, and the performance of this new model is compared with a classic PMAUP 

model. The methodology is illustrated with a policy application in an irrigation area of the 
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Jucar River basin in Spain. The results of this study reveal that, when the available data allow 

the calibration of a crop-water production function, this should be preferred to the classic 

approach that could under- or over-estimate the elasticity of the water demand. 

Unfortunately, this approach is extremely data-intensive because it requires site-specific data 

of the water production function for every crop, which are usually not available. In almost all 

the study cases of this work, these data were only partially available (e.g., only for a few crops) 

or not available. With the increase in data availability and agronomics models, MPMs that 

use water-production functions should be preferred to conventional ones. 
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2.2. Influence of crop-water production functions on the expected performance 

of water pricing policies in irrigated agriculture 

 

2.2.1. Resumen 

 

Los Modelos de Programación del Agua (en inglés WPM – Water Programming Models) de la 

economía agraria han evidenciado que los regantes en áreas con escasez de agua tienen 

una respuesta bastante inelástica a los precios del agua, por lo tanto, las políticas de precio 

del agua no parecen ser eficientes para su ahorro. En este estudio se plantea la hipótesis de 

que las previsiones de ahorro de agua de las políticas de precio estén significativamente 

subestimadas por cuestiones estructurales de los modelos de simulación, es decir debido a 

la exclusión del riego deficitario entre las posibles decisiones de los agentes en los WPM 

convencionales. Para probar nuestra hipótesis, desarrollamos un modelo que integra una 

función de producción continua de cultivos que depende del agua aplicada en un WPM 

positivo de múltiples atributos. Esto nos permite evaluar las respuestas de los agentes a la 

variación de precio del agua a través también del riego deficitario. El modelo se ilustra con 

una aplicación a la zona de regadío de El Salobral-Los Llanos en España. Los resultados 

muestran que la incorporación del riego deficitario como opción de adaptación hace que la 

curva de demanda de agua sea significativamente más elástica en comparación con un 

modelo alternativo donde se excluye el riego deficitario entre las posibles respuestas de los 

agentes. Se concluye finalmente que ignorar el riego deficitario puede llevar a una 

subestimación significativa de la rentabilidad de los precios del agua para el ahorro de agua.
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A R T I C L E  I N F O   

Keywords: 
Mathematical programming models 
Water pricing 
Deficit irrigation 
Water policy 

A B S T R A C T   

Agricultural economics Water Programming Models (WPM) has found that irrigators in water scarce areas have a 
rather inelastic response to water prices, making water pricing cost-ineffective towards water saving. We hy
pothesize that the predicted water saving performance of pricing is significantly underestimated by issues of 
model structure, due to the exclusion of deficit irrigation from the set of decision variables available to agents in 
conventional WPM. To test our hypothesis, we develop a model that integrates a continuous crop-water pro
duction function into a positive multi-attribute WPM, which allows us to assess agents’ adaptive responses to 
pricing through deficit irrigation. The model is illustrated with an application to the El Salobral-Los Llanos 
irrigated area in Spain. Our results show that incorporating deficit irrigation as an adaptation option makes the 
water demand curve significantly more elastic as compared to an alternative model setting where deficit irri
gation is precluded. We conclude that ignoring deficit irrigation can lead to a significant underestimation of the 
cost-effectiveness of water pricing towards water saving.   

1. Introduction 

1.1. Rationale 

Reconciling growing freshwater demand with finite supply is one of 
the great policy challenges of our time (WEF, 2020c). Given that agri
culture represents 70% of global water withdrawals, which contribute to 
6.4% of the world’s Gross Domestic Product (FAO, 2021a; World Bank, 
2020d), governments are increasingly constrained to adopt agricultural 
water saving policies to reallocate irrigation water towards higher 
value-added economic uses, households and the environment. One such 
policy are water charges, often referred to as pricing, which are defined 
as an administrative levy imposed on irrigators to recover the costs of 
water use.1 Theoretical and conceptual research has long argued that 

putting the “right price tag” on water can efficiently reallocate irrigation 
water towards other uses (Dinar and Subramanian, 1997; Tsur and 
Dinar, 1997). Echoing these results, several governments worldwide 
have integrated innovative water pricing instruments into their legal 
bodies to save water (Dinar et al., 2015a). For example, Article 9 of the 
EU Water Framework Directive states: “[…] water pricing policies 
provide adequate incentives for users to use water resources efficiently, 
and thereby contribute to the environmental objectives of this directive” 
(OJ, 2000). 

However, the claim that agricultural water pricing can save water for 
other uses, including the environment, is not substantiated by empirical 
evidence. Virtually no water scarce area uses pricing as a water con
servation/reallocation tool (the objective being mostly financial, 
through—partial—cost recovery of capital investments), which means 

* Corresponding author. 
E-mail address: fsapino@usal.es (F. Sapino).   

1 From an economic standpoint, charges are levies introduced administratively, while prices refer to the exchange value of any good arising from an interaction 
between supply and demand in a market environment. In the policy arena, though, many discussions on introducing ‘charging’ mechanisms for natural resources use 
the term “price” or “pricing”, as is the case in the Water Framework Directive (OJ, 2000). This use of the term “prices” as a synonym of “charges” is also common in 
the scientific literature (see e.g., Dinar et al., 2015a; Olmstead and Stavins, 2007). For the sake of simplicity, in this paper we use both terms interchangeably 
throughout. 
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that field data on the water saving performance of pricing is limited and 
inconclusive (Dinar et al., 2015a; Rey et al., 2018). Moreover, applied 
research through agricultural economics Water Programming Models 
(WPM), which we define here as “a system of equations including an 
objective function and a set of constraints including resource constraints 
as a minimum” that is used to represent the behavior of individual 
economic agents such as irrigators (Graveline, 2016), has found that 
water pricing can only achieve relevant savings in water scarce areas at 
disproportionate costs due to the inelastic response of irrigators to 
higher prices (including in the initial stretches of the demand function) 
(see e.g. Berbel et al., 2007; Cornish et al., 2004; Dinar and Sub
ramanian, 1997; Molden et al., 2010; Montilla-López et al., 2017; 
Pérez-Blanco et al., 2015; Steenbergen et al., 2007). This has led some to 
conclude that water pricing is cost-ineffective and even “irrelevant” as a 
water saving instrument (Berbel et al., 2007). 

Our research hypothesis is that the predicted water saving perfor
mance of agricultural water pricing policies is significantly under
estimated by issues of model structure, and specifically by the exclusion 
of deficit irrigation from the set of decision variables available to agents 
(irrigators) in conventional WPM applied to pricing. 

In real life, irrigators decide on the crop portfolio, timing, in
vestments (e.g. irrigation system) and water application, so to maximize 
their expected utility derived from one or a set of utility-relevant 

attributes (e.g. profit) provisioned through the production of agricul
tural goods, subject to a series of policy and resource constraints (i.e. 
feasible region). Conventional WPM reduce this complex choice to a 
decision on the crop portfolio, where each feasible choice represents a 
unique combination of crop, timing, investments, and water application. 
Note that this approach does not include an explicit crop-water pro
duction function; instead, water input is applied in fixed proportions to 
land (Arata et al., 2017; Gómez-Limón et al., 2016; Graveline et al., 
2014). While this simplification allows for simulating adaptive re
sponses to water conservation policies at the extensive margin (land 
reallocations towards less water intensive crops) and super-extensive 
margin (land reallocations from irrigated to rainfed agriculture), it 
does not allow for simulating intensive margin adjustments through 
deficit irrigation, a relevant management option in water stressed areas 
(Koundouri, 2004). Without water stress, it is reasonable to assume that 
economic agents will always apply water to the point where the mar
ginal utility equates the marginal cost of water and thus maximize utility 
(i.e., no intensive margin adjustment will ever take place, only 
super-extensive and extensive margin adjustments); however, under 
scarcity conditions where water is a binding constraint, intensive margin 
adjustments are likely to be observed as agents now aim to determine 
the point at which each additional unit of water is providing the 
maximum attainable utility from its application, which needs not match 

Table 1 
Type of crop water production functions used in WPM for the representation of farmers’ behavior.  

Authors Economic 
calibration 

Crop water 
production 
function 

Development of the crop water production function Application 

Adamson et al. (2007) No calibration Piecewise Expected yield penalties function of salinity Basin-wide water reallocation to maximize 
agricultural income under alternative states of 
nature 

Connor et al. (2009) non-linear 
WPM 

Continuous Quadratic yield function of applied water and rain, 
calibrated with observed yield values. 

Capital losses (death of permanent crops) under 
climate change 

Connor et al. (2012) PMP Piecewise Quadratic yield function of water and salinity, PMP 
calibration 

Costs of salinity and climate change in the 
agricultural sector 

Cortignani and 
Severini (2009) 

PMP Piecewise Expected yield calculated with FAO’s CropWat Optimal water reallocation through agricultural 
profit maximization under changing water 
availability scenarios 

Finger and Schmid 
(2008) 

No calibration Continuous Yield function of water and nitrogen estimated with robust 
regression 

Costs of climate change and related water 
availability uncertainty 

Frisvold and Konyar 
(2012) 

USARM Continuous Nested CES production function, PMP calibration States-wide adaptation to large reduction in water 
supplies. 

García-Vila and 
Fereres (2012) 

non-linear 
WPM 

Continuous 4 crops yield response to water application Profit maximization by farmers under climate 
change 

Graveline et al. (2012) LP Piecewise Different expected yield values Changes in utility through incremental/ 
decremental provision of profit and risk aversion 

Graveline and Mérel 
(2014) 

PMP Continuous Yield obtained as function of water with parameter 
estimated with non-linear least squares method, calibrated 
with agronomic function 

Homogeneous reduction in water availability to all 
crops. 

Howitt et al. (2009) SWAP Continuous CES production function, PMP calibration Optimal water reallocation through agricultural 
profit maximization 

Kampas et al. (2012) No calibration Continuous Yield function, fixed at optimal water application Changes in agriculture water demand through 
water pricing 

Loch et al. (2020b) No calibration Piecewise In the different state of nature the yield is different Basin-wide water reallocation to maximize 
agricultural income under alternative states of 
nature 

Medellín-Azuara et al. 
(2010) 

PMP Continuous Yield CES function with scaling parameter for different 
scenarios 

Farmers response to external shocks or new policy 

Medellín-Azuara et al. 
(2012) 

PMP Continuous Nested CES function with scaling parameter for different 
scenarios 

Farmers and regional responses to external shocks 
or new policy 

Ortega Álvarez et al. 
(2004) 

No calibration Piecewise Yield production function based on FAO’s methodology Basin-wide water reallocation to maximize 
agricultural income 

Peña-Haro et al. 
(2010) 

No calibration Continuous Quadratic crop production function, obtained with inputs 
from GEPIC model 

Profit maximization by farmers subject to max. 
nitrate concentration 

Peña-Haro et al. 
(2014) 

No calibration Continuous Quadratic crop production function depends on water and 
nitrogen; depends on GEPIC model agronomic simulation 

Profit maximization by farmers subject to max. 
nitrate concentration 

Reca et al. (2001) No calibration Piecewise Yield production function based on FAO’s methodology Basin-wide water reallocation to maximize 
agricultural income 

Note: PMP: Positive Mathematical Programming; SWAP: Statewide Agricultural Production Model; LP: Linear Programming; USARM: U.S. Agricultural Resource 
Model; CES: Constant Elasticity of Substitution. 
Source: Own elaboration with inputs from the papers listed in the first column of the table. 
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Fig. 1. Case study area. Legend: 1 Spain, 2 Albacete, 3 La Herrera, 4 Balazote, 5 Pozuelo, 6 Peña de San Pedro. 
Source: own elaboration. 
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the point at which marginal utility and costs are equated (which may be 
unfeasible under the new constraint). Accordingly, ignoring intensive 
margin adjustments can lead to biased estimates of human responses; 
biased estimates of the water saving potential and the economic impacts 
of pricing; and misleading policy recommendations (Frisvold and 
Konyar, 2012). This calls for the integration of crop-water production 
functions that reflect the biological processes occurring in the agricul
tural system into economic models assessing the impacts of pricing. 

1.2. Literature review of agricultural economics WPM that integrate crop- 
water prediction functions 

An expanding literature explores the integration of crop-water pro
duction functions in WPM to allow for intensive margin adjustments.  
Table 1 presents the WPM that incorporate a crop-water production 
function, classified in accordance with i) the calibration of the WPM, ii) 
the type of crop-water production function (functional form and 
development), and iii) the relevant policy issues addressed by these 
models. 

Among non-calibrated WPM, Reca et al. (2001) develop an expected 
utility model composed of three sub-models: the first optimizes the 
water application for every crop through a continuous crop-specific 
water production function inspired in FAO’s CROPWAT (FAO, 1992); 
the second approximates the crop water production function “to a 
discrete function considering a series of interval of irrigation depths” 
(Reca et al., 2001), and maximizes profit over the irrigated area subject 
to existing constraints (i.e. optimizing a linear objective function defined 
as crop-specific prices times yield minus per ha costs, multiplied by the 
crop’s area); while the third optimizes water allocation over the entire 
water system taking into account water availability and maximum and 
minimum flows. A similar approach is followed by the MOPECO model 
(Ortega Álvarez et al., 2004), which integrates FAO’s production func
tion into an economic optimization model to determine the seasonal net 
irrigation depths, simulate water distribution and maximize the total 
profit at farm level. Finger and Schmid (2008) use regression methods to 
estimate the parameters of a continuous crop water production function 
for Swiss corn and wheat under different water availability scenarios. 
Crop production functions are subsequently integrated into the objective 
function of a linear economic model that maximizes profit, and the 
optimization problem is solved under alternative climate and water 
availability scenarios. Authors use this information to estimate the 
certainty equivalent for each climate and water availability scenario 
considered and reveal the minimum payoff agents would be willing to 
make to avoid climate change and related water availability uncertainty. 
Kampas et al. (2012) build a quadratic and continuous crop production 
function where yield depends on water and nitrates application. The 
crop water production function is calibrated for key crops in a case study 
area in Thessaly (Greece), namely corn and cotton; while water is used 
in fixed proportions to land for the remaining crops. This results in a 
model that combines non-linear (corn and cotton) with linear optimi
zation (other crops). García-Vila and Fereres (2012) develop a 
non-linear programming model that uses FAO’s AquaCrop model to 
simulate yield responses to water application for the four most relevant 
crops in Santaella, Spain (namely cotton, corn, potato and sunflower), 
and optimizes farmer profit under alternative price and climate change 
scenarios. Peña-Haro et al., (2014, 2010) develop an integrated 
economic-agronomic model featuring a non-linear quadratic production 
function where yield is a function of water and nitrogen application, 
which is integrated in a normative economic model that maximizes ir
rigators profit subject to groundwater quality constraints (maximum 
nitrate concentration). Loch et al. (2020b) integrate a piecewise 
crop-water production function into a WPM that aims to optimally 
reallocate water so to maximize a linear function of profit at a catchment 
level, under alternative states of nature that represent hypothetical 
water availability conditions. For permanent crops, the model divides 
the crop water production function into two components: the minimum 

amount of input necessary to guarantee crop survival and ‘productive 
watering’ that returns effective crop yield. 

Among calibrated WPM, Graveline et al. (2012) integrate a piecewise 
crop water production function into a Linear Programming (LP) model 
to simulate stepwise changes in utility through the incremental/decre
mental provision of the two utility-relevant attributes considered, 
namely profit and risk aversion. Connor et al. (2009) develop a model 
for profit maximization with a quadratic crop water production function 
that distinguishes between annual and perennial crops, so to account for 
future penalization if the trees die or are damaged. The yield function is 
calibrated with observed values of water application and yield in the 
Murray-Darling Basin in Australia. Cortignani and Severini (2009) 
integrate a piecewise crop water production function into the objective 
function of a Positive Mathematical Programming (PMP) model; yield 
responses to water application are obtained from FAO’s CropWat. 
Connor et al. (2012) introduce a piecewise quadratic crop water pro
duction function in a PMP model to evaluate the impact of salinity and 
climate change in the agricultural sector. The model is calibrated 
following the method proposed by Röhm and Dabbert (2003), which 
follows the classical PMP approach of adding quadratic components in 
the cost function from dual values’ constraints while allowing for higher 
elasticity of substitution between groups of similar crops. The objective 
function distinguishes between annual and perennial crops to account 
for a future penalization in case of not reaching the minimum water 
supply that guarantees perennial crop survival. Frisvold and Konyar 
(2012) and Medellín-Azuara et al., (2012, 2010) integrate a continuous 
CES production function that assess crop yield responses to different 
inputs, including water, in a classical PMP and in the USARM2 models, 
so to account for the elasticity of substitution between inputs. Frisvold 
and Konyar (2012) nest the crop production function in two steps: in the 
first they include land and water, and in the second chemicals, fertil
izers, labor, capital and energy input. Medellín-Azuara et al. (2010) 
consider five inputs (land, applied water, supplies, a water capital 
bundle, and a composite input called effective water) and calibrate the 
parameters of a CES objective function for land, supplies, and effective 
water. Medellín-Azuara et al. (2012), add a new step to the calibration 
procedure of the CES production function above to consider the “sub
stitution relationship between water and capital irrigation investment”. 
In the SWAP model, Howitt et al. (2009) use a PMP model that adopts a 
CES objective function to maximize profit along 4 inputs (land, water, 
labor and supplies). The model has a multistage calibration process to 
specify the CES and exponential cost function parameters. Finally, 
Graveline and Mérel (2014) build on previous works by Mérel et al., 
(2014, 2011) to shift the non-linear components of the PMP objective 
function away from the cost function and into the production function. 
While conventional PMP models add a quadratic component to the cost 
function, so to introduce a non-linear component in the objective 
function that bounds the solution of the utility maximizing problem to 
observed decisions, Graveline and Mérel (2014) calibrate non-linear CES 
crop-water production functions to explicitly specify the “elasticities of 
substitution between land and water and calibrate them to replicate a set 
of exogenous agronomic crop yield responses to water application”. 
Following this approach, the non-linearity in the objective function now 
comes from “decreasing return to scale at the crop level, rather than 
increasing marginal cost” (Graveline and Mérel, 2014). Applying this 
approach authors identify the shadow value of water, while the shadow 
value of land is set exogenously from the observed agricultural land 
value. 

Three key commonalities emerge from our literature review of 
agricultural economics WPM that integrate a crop-water production 
function. The first commonality is that there are no applications of 

2 A PMP based model developed to simulate market and policy shocks in the 
US agricultural sector; it considers effects in land reallocation, water use, yield 
and production, labor and net farm income. 
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integrated WPM and crop-water production functions that assess the 
impacts of water pricing. Most applications research the impacts of 
water availability constraints and optimal basin-wade reallocations. 

The second commonality is that, although most applications of 
agricultural economics WPM that integrate crop-water production 
functions rely on calibrated models (Graveline, 2016), non-calibrated 
models account for almost half of the papers in our review on inte
grated WPM and crop-water production functions. 

The third commonality is that all the crop-water production func
tions in our literature review on agricultural economics WPM that 
integrate crop-water production functions study the relationship be
tween crop yield and water applied, instead of the (more stable) rela
tionship between crop yield and crop evapotranspiration that is typically 
reported in agronomic models (Steduto et al., 2007). This is because 
while irrigators can control water application, they cannot control crop 
evapotranspiration (which is a function of water applied and technol
ogy, but also of variables out of control of the irrigator such as wind or 
solar radiation). Thus, agricultural economics models that explore 
intensive margin adjustments use water applied as the argument of the 
objective function (together with land allocation) (Graveline, 2016). 

Crop-water production functions relating water applied to yield are 
site specific and depend on several local factors (soil type, topography, 
irrigation method, farm management practices, precipitation regime, 
percentage of crop water requirements satisfied by rainfall). Fereres and 
Soriano (2007) and Trout and DeJonge (2017) show how small amounts 
of applied water increase yield linearly until a threshold is reached, from 
which the relationship becomes curvilinear because part of the water 
applied does not contribute to crop evapotranspiration due to increased 
deep percolation, runoff or evaporation, and less effective use of pre
cipitation that reduces the efficiency of water application. Thus, when 
studying the relationship between crop yield and water applied, the use 
of a nonlinear concave crop-water production function is more realistic. 
In our literature review, the relationship between crop yield and water 
applied is approximated using either piecewise functions obtained from 
process-based crop simulation models or continuous functions parame
terized using statistical methods (typically quadratic). Independently of 
the form used (piecewise or continuous), all crop-water production 
functions in the review are deterministic. Use of deterministic 
crop-water production functions is instrumental to integrate agronomic 
modeling and data into the structure of WPM, where all variables in the 
objective function (including yields, but also e.g. revenues and costs) are 
defined as a deterministic function of the decision variables (crop 
portfolio, water application). 

1.3. Contribution of this research 

The contribution of this paper to the scientific literature is twofold. 
First, we integrate a continuous crop-water production function into a 
positive WPM with a multi-attribute utility function as objective of the 
optimization process – known as Positive Multi-Attribute Utility Pro
gramming (PMAUP) (Gómez-Limón et al., 2016; Gutiérrez-Martín and 
Gómez, 2011). To the best of our knowledge, this is the first time a 
crop-water production function is integrated into a multi-attribute 
WPM. Adding new modeling approaches to the literature on inte
grated WPM and crop-water production functions can improve our un
derstanding of irrigators’ adaptive responses; and is instrumental 
towards the development of ensemble experiments that sample param
eter and structural uncertainties arising from model choice. Ensemble 
experiments can be used to compare simulation results of the proposed 
integrated model against those of other integrated models in Table 1, 
under alternative model settings (i.e., exploring alternative functional 
forms and parameterization of the crop-water production functions and 
utility functions) and scenarios. The result is a large database of simu
lations in which each simulation represents the performance under one 
plausible future. This information can be used to identify futures where 
proposed policies meet or miss their objectives, explore potential tipping 

points, and inform the development of robust policies that show a 
satisfactory performance under most conceivable futures (Saltelli and 
Funtowicz, 2014; Sapino et al., 2020). 

Second, we use our newly developed model to assess the water saving 
and economic performance of water pricing considering all three 
possible adaptive responses: extensive, super-extensive and intensive 
margin adjustments. The net effect of considering the option to adapt 
through the intensive margin is revealed through a comparison with a 
classic PMAUP model where the continuous agronomic production 
function is substituted by point values that represent expected yield 
under irrigated and/or rainfed agriculture, thus allowing only for 
extensive and super-extensive margin adjustments. Methods are illus
trated with an application to the agricultural area of El Salobral-Los 
Llanos domain (SLD) located on the overallocated Mancha Oriental 
System (MOS), a major aquifer within the Júcar River Basin (south
eastern Spain). 

2. Background to the case study: El Salobral-Los Llanos domain 
in the mancha oriental aquifer (Spain) 

2.1. Water use and pressures 

The SLD comprises part or the totality of the municipalities of 
Albacete, Balazote, La Herrera, Peña de San Pedro and Pozuelo (Fig. 1). 
The SLD has an extension of 420 km2, of which 337 km2 are devoted to 
agriculture (80%) and 100 km2 are irrigated. Most relevant irrigated 
crops in the area include wheat, barley, corn, onion, garlic and almond, 
which have an average water allotment available of 1500 m3/ha. About 
90% of water withdrawals in the SLD come from irrigated agriculture, 
most of which are met through groundwater extractions from the MOS. 
On top of agricultural water demand, water bodies within the SLD 
supply water to a population of circa 5000 inhabitants (about 10% of the 
total demand) (Peña-Haro et al., 2014). 

The MOS in the Júcar River Basin is one of the largest groundwater 
bodies in Spain (7260 km2), encompassing parts of the provinces 
(NUTS33) of Albacete, Cuenca, and Valencia. In the last three decades, a 
significant increase in agricultural water demand and withdrawals has 
been observed in the MOS through the development of an intensive 
irrigated agriculture that represents a significant share of the employ
ment and value added of the region. At present, over 80,000 ha of land 
equipped with modern technologies are irrigated in the MOS, mostly 
with groundwater. Because of irrigation expansion, the aquifer has been 
subject to an intensive groundwater overexploitation since the 1980 s, 
which has resulted in a continued reduction in the piezometric levels, 
especially in the southern area where the SLD is located. Stream–aquifer 
interaction with the Júcar River has been substantially affected as a 
result of aquifer overdraft: previously, the MOS discharged water into 
the Júcar River and enhanced its streamflow, while today these dy
namics have been reversed and the Júcar River recharges the MOS (Sanz 
et al., 2011). Groundwater overdraft has led to a significant streamflow 
reduction in the Júcar River with non-trivial environmental conse
quences, such as the drying of a significant reach of the Júcar River in 
the summers of 1994 and 1995, which in turn has caused significant 
conflicts with downstream uses (Apperl et al., 2015). This situation is 
expected to be exacerbated by future climate and land use change sce
narios (Pulido-Velazquez et al., 2015). Some measures have been 
recently proposed to reduce agricultural water use and restore the bal
ance in the overexploited MOS Aquifer, notably water pricing 
(Peña-Haro et al., 2014). 

3 The Nomenclature of Territorial Units for Statistics (in French: Nomencla
ture des unités territoriales statistiques, or NUTS) is “a geocode standard for 
referencing the subdivisions of countries for statistical purposes” used by the EU 
(Eurostat, 2020a). NUTS3 is equivalent in Spain to provinces. 
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2.2. Water pricing 

In Spain, irrigators relying on surface water bodies pay river basin 
authorities a Water Use Fee (in Spanish: Tarifa de Utilización del Agua) 
and a Regulation Fee (Canon de Regulación) designed to recover the in
vestment and maintenance costs of conveyance and water storage 
infrastructure operated by the public administration (e.g. reservoirs, 
large canals, water transfers), for which cost recovery levels range from 
low to moderate (EEA, 2013). Water Use Associations (WUA) can also 
price water through an additional fee to recover the investment and 
maintenance costs of storage and distribution infrastructures operated 
by the WUA (e.g. canals within the WUA). Most irrigators across the 
MOS rely on groundwater bodies and do not use water storage and 
distribution infrastructure, and typically do not belong to any WUA, 
which makes them exempt from the payment of all the above-mentioned 
fees (Water Use, Regulation and WUA fees). On the other hand, the 
falling piezometric levels of aquifers are increasing the energy costs of 
groundwater pumping, which now are 0.1 EUR/m3 in average (up to 0.2 
EUR/m3 for the deepest extractions) in the SLD and other irrigated areas 
in the MOS (ITAP, 2020; JCRMO, 2009; JRBA, 2016). 

Aside from the fees to recover the investments in water storage and 
distribution infrastructures, and the variable costs of pumping ground
water and operating irrigation systems, no additional levies on agri
cultural water use exist in the irrigated areas of the MOS. This fails to 
comply with Article 9 of the EU Water Framework Directive, which calls 
for the implementation of pricing policies with a double role: cost re
covery (financial instrument) and demand management (economic in
strument to favor economic efficiency in water use). Those water prices 
should recover the “environmental and resource costs” of the resource 
on top of the financial costs from the construction and operation of 
irrigation system (OJ, 2000). Environmental costs are defined as the 
damage that water uses impose on ecosystems, which can be measured 
e.g., as the welfare loss experienced by those who enjoy those ecosys
tems4; while resource costs are defined as the opportunity cost (foregone 
economic benefits) of water allocation over space and time (Heinz et al., 
2007; Pulido-Velazquez et al., 2008; WATECO, 2003). Both of these 
costs are present and significant in the overallocated and overexploited 
MOS, but are not recovered (Peña-Haro et al., 2014). As a result, the 
water charge applied is significantly lower than the theoretical water 
charge that would allow for full cost recovery, and insufficient to 
effectively curb down demand (Olmstead and Stavins, 2007; 
Pulido-Velazquez et al., 2013). In our application of the model to our 
case study area, we simulate a pricing instrument that applies incre
mental water charges to recover the resource and environmental costs of 
water use. 

3. Methods and data 

3.1. PMAUP model setting 

This paper integrates, for the first time to the best of our knowledge, 
a continuous crop-water agronomic production function into a PMAUP 
model. PMAUP modeling builds on the Theory of Planned Behavior 
(Ajzen, 1991), which argues that agent’s responses stem from a “sum
mary of psychological evaluations based on farmers’ beliefs on the 
goodness or badness of an object”, which “can be associated to multiple 
attributes that are often conflicting” (e.g. expected profit v. risk) 
(Gómez-Limón et al., 2016). Accordingly, PMAUP models feature a 
characteristic multi-attribute utility function that typically includes 

measures of profit, risk and management complexity, albeit other at
tributes can be explored (Bartolini et al., 2007; Gómez-Limón et al., 
2016; Pérez-Blanco and Standardi, 2019; Rausser and Yassour, 1981). 
Agents in our PMAUP model decide on the allocation of land and water 
(i.e. the decision variables) so to maximize utility through the provision 
of the above-mentioned utility-relevant attributes within a feasible re
gion conformed by a series of constraints (e.g. water availability, land 
availability): 

Max
x,w

U = U(Z(X,W)) =
∏m

p=1
zap

p (X,W) (1)  

s.t. 

∑n

i=1
xi = 1.0 ≤ xi ≤ 1 (2)  

∑n

i=1
wixi ≤ WA (3)  

X,W ∈ F ∈ Rn (4)  

Z(X,W) ∈ Rm (5)  

Where U is the utility or objective function, which in our case adopts a 
Cobb-Douglas specification, as it is common practice in the PMAUP 
literature5 (see e.g. Sapino et al., 2020); X is the crop portfolio vector, 
which contains information on the fraction of land allocated to each 
crop i, xi; W is the water application vector, which contains information 
on the water applied to each crop per hectare, wi; WA represents the 
average water availability per hectare; Z(X, W) is the vector of attri
butes, a function of the decision variables in vectors X, W, which con
tains information on the provision of each utility-relevant attribute zp 

(all attributes are defined so that “more-is-better”, i.e. all else equal 
increasing the provision of a given attribute yields a utility gain); m is 
the number of individual attributes zp and parameters ap considered; and 
F is the feasible region, which includes the following constraints:  

• Land availability (see Eq. (2) above). Available agricultural land is 
assumed constant in all simulations considered.  

• Water availability (see Eq. (3)). In all simulations, water application 
has a maximum bound to the observed water allotment per hectare in 
the case study area. 

• Climate, soil, know-how. Due to the specific climatic and soil char
acteristics, and irrigator’s know-how, the crop portfolio is restricted 
to those crops that are already present in the area and observable in 
the database (which are also the only crops for which historical data 
is available and ad-hoc continuous crop-water production function 
can be calibrated) (Essenfelder et al., 2018). 

∑n

i=1
yixi = 0

⃒
⃒
⃒
⃒
⃒

yi ∈

{

0, 1

}

(6)  

where yi = 0 means the crop is observable and yi = 1 means the crop is 
not observable in the area. 

4 An alternative way of setting water charges is to define safe minimum 
standards for the quantitative status of water bodies, and then impose a set of 
prices sufficient to achieve these standards. While not Pareto-efficient, such 
approach can achieve safe minimum standards at a minimum cost for the 
economy (Baumol and Oates, 1971). 

5 Multiplicative functions such as the Cobb-Douglas are regarded as a supe
rior alternative to additive forms in multi-attribute modeling (Sampson, 1999). 
Cobb-Douglas functions comply with the Inada (1963) conditions and guar
antee the existence of a global optimum, provided the efficiency frontier is 
convex. Since attributes’ parameters (aj) are all lower than one, Cobb-Douglas 
functions are also consistent with the neoclassical postulate of decreasing 
marginal utility. Attributes’ parameters can be also interpreted as a weight or 
indicator of the relative importance of each attribute in driving agents’ 
behavior (for an early discussion on this see e.g. Bronfenbrenner, 1944; Brown, 
1957). 
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• Crop-specific constraints. Some crops in the portfolio have an upper 
and/or lower area bound. In our application to the SLD, this re
striction is used to set a minimum/maximum threshold for Almond 
trees of ± 5%. Although the pricing policy instrument is designed to 
work in the long run and it could result in more than ± 5% crop 
portfolio changes, this may lead to significant (dis)investments with 
impacts not accounted for in our models, which rely on yearly 
market variables (notably profit) (Essenfelder et al., 2018). For 
example, perennials add value outside the agricultural business itself 
through carbon sequestration and amenities (e.g., landscape value) 
that would be lost if perennials are substituted by annuals. On the 
other hand, perennials involve non-trivial investment costs that are 
not captured by yearly market variables such as profit and would not 
be recovered and remain as sunk costs if the perennial is replaced by 
an annual crop (Loch et al., 2020a) .6 Accurately representing long 
run changes in the surface of permanent crops would demand the 
inclusion of other relevant variables (e.g., carbon prices, Payment for 
Ecosystem Services) and is beyond the scope of this paper. Alterna
tively, a minimum (maximum) bound for ligneous trees is common 
practice in the literature (e.g. Gutiérrez-Martín and Gómez, 2011; 
Parrado et al., 2019). 

Note that the optimization problem above is resolved for a repre
sentative hectare, and all output variables are expressed in units per 
hectare. 

3.2. PMAUP model calibration 

In order to elicit the parameters of the utility function (α), we adapt 
the PMAUP calibration method originally developed by Gutiérrez-Mar
tín and Gómez (2011) for the case of a single decision variable X, to the 
case of a PMAUP with a crop-water production function and two deci
sion variables X,W. 

Following standard economic theory, the parameters of the objective 
function are elicited by means of equalizing the opportunity cost of 
trading one unit of attribute zk off for one unit of attribute zp, i.e. the 
slope of the efficient frontier or Marginal Rate of Transformation 
(MRTkp), to the willingness to give up one unit of attribute zk in ex

change for a unit of attribute zp, i.e. the slope of the indifference curve of 
the utility function or Marginal Rate of Substitution (MRSkp). Repeating 
this process for every possible combination of two individual attributes 
zk, zp within the finite set of attributes in the vector Z, yields a system of 
equations that, after being solved, provides the parameter values. 

The MRSkp is conditional on the specification used for the objective 
function. Under a Cobb-Douglas specification as the one used in this 
paper, the MRSkp can be obtained as follows: 

MRSkp = −
∂U
/

∂zp

∂U/∂zk
= −

αp

αk

zk

zp
(7) 

The main challenge in the calibration of PMAUP models concerns the 
elicitation of the efficient frontier to calculate the MRTkp. The efficient 
frontier is defined as the maximum value of attribute zp that can be 
achieved for a given value of attribute zk given a series of restrictions, 
and vice versa. Marginal displacements along the efficient frontier give 
information on the opportunity cost between attributes, i.e. the cost of 
increasing the provision of attribute zk in terms of attribute zp, also 
known as the MRTkp. Note that the term ‘opportunity cost’ implies 
convexity; if an efficient frontier is not found to be convex, there is no 
tradeoff between attributes and one of them should be removed from the 
attribute set. Since efficient frontiers “cannot be analytically defined 
using a closed function” (Gutiérrez-Martín and Gómez, 2011), numerical 
methods are typically used to estimate them. PMAUP literature reports 
several alternative methods to approximate the efficient frontier, among 
which the projection method developed by Gutiérrez-Martín and Gómez 
(2011) is the most commonly used (see e.g. Essenfelder et al., 2018; 
Gutiérrez-Martín et al., 2014; Parrado et al., 2019). 

In fact, it is not necessary to know every point of the efficient fron
tier, but only those landing points between the efficient frontier and the 
utility function, where the MRTkp will be equaled to the MRSkp, as well as 
the slope of the efficient frontier (MRTkp) in these points. The projection 
method starts by resolving two optimization problems in the two- 
dimensional space kp that calculate the maximum value that attribute 
zk can achieve when zp equals its observed value (i.e. zo

p), and vice versa, 
for every p ∕= k: 

Max zp(X,W)

x,w (8)  

s.t.: 

zk(X,W) = zo
k(X,W) ∀k ∕= p (9)  

And 

Max zk(X,W)

x,w (10)  

s.t.: 

zp(X,W) = zo
p(X,W) ∀p ∕= k (11) 

By solving the two optimization problems above we project the 
observed attribute values to the efficient frontier, thus obtaining two 
points (τ) within the efficient set: τzk ,zo

p and τzo
k ,zp (see Fig. 2). 

These two points are subsequently connected through a hyperplane 
to approximate the MRTkp through the slope βτ

kp as follows: 

MRTkp = βτ
kp =

zp − zo
p

zk − zo
k

(12) 

Next the MRSkp and the approximated MRTkp are equalized for every 
combination of two attributes zk and zp to elicit the parameters of the 
objective function, as follows: 

MRSkp = −
∂U
/

∂zp

∂U/zk
= −

αp

αk

zk

zp
= βτ

kp = MRTkp.∀p ∕= k (13) 

Fig. 2. Graphical representation of the approximation of the efficient frontier 
in the two-dimensional space pk using the projection method. 
Source: own elaboration. 

6 Note that in Spanish Drought Management Plans, perennials are allotted a 
high priority: perennials are guaranteed the minimum amount of water needed 
for their survival (not the amount of water towards achieving a positive yield, 
though), and only after this amount of water is satisfied, annuals can receive 
any water. 
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∑m

p=1
αp = 1 (14) 

The system of equations above is resolved for every possible attribute 
set (i.e. for alternative vectors Z) considered, to elicit the corresponding 
objective function parameters. Next, for each set of attributes considered 
and related objective function parameters, we resolve the optimization 
problem in Eqs. (1)–(5) and obtain the simulated land (X*) and water 
application (W*) vectors, and the corresponding provision of attributes 
(z*

p; p = 1,…,m). We next assess the performance of each set of attributes 
considered to represent observed behavior using three calibration re
sidual metrics: i) ex, the distance between the observed (xo) and simu
lated land allocation (x*), ii) ew, the distance between the observed (wo) 
and simulated water application (w*), and iii) eτ, the distance between 
the observed (zo

p) and simulated attributes provision (z*
p), which are then 

aggregated to calculate the average calibration residual em. 

ex =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n
∑n

i=1

(
xo

i − x*
i

xo
i

)2
√
√
√
√ (15)  

ew =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n
∑n

i=1

(
wo

i − w*
i

wo
i

)2
√
√
√
√ (16)  

eτ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
m
∑m

p=1

(
zo

p − z*
p

z0
p

)2
√
√
√
√ (17)  

em =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
e2

x + e2
w + e2

τ
√

3
(18) 

Of all the attribute sets explored and their related set of parameters 
and objective functions, the relevant attribute set and objective function 
that is used in the simulation exercises is the one that minimizes the 
average calibration residual em. 

3.3. PMAUP model attributes 

The attributes explored are selected based on a literature review on 
the Multi-Attribute Utility Theory (Bartolini et al., 2007; Gómez-Limón 
et al., 2016; Pérez-Blanco and Standardi, 2019; Rausser and Yassour, 
1981), and include expected profit, risk avoidance and hired labor 
avoidance, a proxy of management complexity. Expected profit is the 
only attribute considered in single-attribute WPM, and critical towards 
explaining agents’ choices. Risk avoidance reflects on the fact that 
agents are willing to sacrifice a fraction of expected profit so to reduce its 
variability. Finally, hired labor avoidance is a proxy of management 
complexity avoidance, which reflects on the fact that economic agents 
are willing to sacrifice a fraction of expected profit so to reduce the 
management complexity involved in their choices. The relevance of risk 
avoidance and management complexity avoidance attributes is visible in 
agents’ choices, who rarely select a single profit maximizing crop, but 
rather a crop portfolio that balances the provision of utility-relevant 
attributes. All attributes are defined so that “more-is-better”, i.e. all 
else equal increasing the provision of a given attribute yields a utility 
gain. Below we formally describe each of the attributes explored. 

Expected profit (z1) is obtained as the summation of the expected 
per hectare gross margin (πi) of each crop i times the fraction of land 
allocated to that crop (xi). The expected gross margin per hectare πi is 
obtained as price (pi, in EUR/kg) times yield (yi, in kg/ha) plus coupled 
farm subsidies (si) minus variable costs (ci, in EUR/ha). In the classical 
PMAUP model, pi, yi, si and ci are obtained as the average values of 
longitudinal data on prices, yields, subsidies and variable costs, 
respectively. The innovation presented in this work is the integration of 
continuous crop-water production functions into the PMAUP model, 

transforming the expected profit attribute as follows: 

z1(X,W) =
∑

i
xiπi(wi) =

∑

i
xi(piyi(wi)+ si − ci(yi(wi)) (19)  

where X represents the crop portfolio vector, the first-choice variable in 
the model that allows for extensive and super-extensive margin adjust
ments; W is the water application vector, the second choice variable in 
the model that allows for intensive margin adjustments; and yi(wi) and 
ci(yi(wi)) are the crop-water production function and the variable costs 
function, respectively, which now are variable and depend on the de
cision of how much water to apply. Consistent with the majority of 
papers in our review, we approximate the crop-water production func
tion through a quadratic function that adopts the following form: 

yi(wi) = aiwi
2 + biwi + di (20)  

Where yi(wi) is the yield in kg per hectare, and ai, bi and di are the pa
rameters of a quadratic function determining yield responses to alter
native water application levels wi (in m3/ha), for a given crop i. If the 
crop can be cultivated under rainfed agriculture, di is positive and equals 
expected yield under rainfed agriculture; otherwise, it is zero or negative 
(Peña-Haro et al., 2014). For our case study in the SLD, ai, bi, and di were 
elicited using data from field experiments, combined with simulation 
outputs from a process-based agronomic model (Peña-Haro et al., 2014). 
The rationale for the use of simulations on top of field experiments in the 
calibration of the crop-water production function comes from the need 
to account for the complex impact and variability of different factors 
governing crop growth and yield other than water. If a researcher cali
brates a production function using only a field experiment on 
water-yield relationship, she would be ignoring other factors that are 
responsible for the variation in crop yields from year to year (temporal 
variability) and across space (spatial variability). In fact the same plot, 
cultivated year after year in an identical way, without a priori limita
tions of any element (nutrients, water, other), has a temporal variability 
in yields due to climatic conditions, soil, etc. Similarly, there is also 
spatial variability across plots. To account for this variability, the liter
ature on crop-water production functions complements field experi
ments with simulation models. By combining field experiments with 
process-based crop growth models, it is possible to capture the inter
acting effects of farmers’ intra-seasonal irrigation decision-making, 
stochastic weather conditions, and physical and socio-economic water 
supply constraints on seasonal crop yield response to water. A recent 
review and application (through Aquacrop-OS) on how to simulate 
crop-water production functions using field experiments and 
process-based agronomic models is available in Foster and Brozović 
(2018). We adopt a similar approach in our model, where we use the 
process-based GIS-based Environmental Policy Integrated Climate 
(GEPIC) model (Liu et al., 2007) to account for temporal and spatial 
variability (GEPIC is the distributed GIS version of EPIC). The calibra
tion results for the crop-water production functions of irrigated crops in 
the SLD are available in Section 4.1.1. Note that the production func
tions adopted in our paper are local and only have validity in the context 
of the area where they have been developed. 

The variable costs function ci(yi(wi)) adopts a linear form with 
respect of yield (in kg/ha), as follows: 

ci(yi(wi)) = eiyi(wi)+ fi (21) 

Variable costs include plants and seeds, fertilizers, phytosanitary 
products, spare parts and repair services, subcontracting, hired labor 
and other supplies. Although national statistics only report two mea
sures of variable costs per year and crop (under rainfed and irrigated 
agriculture), variable costs will typically be higher (lower) the higher 
(lower) the yield (e.g. more labor during harvest). We adjust the crop- 
water production function to account for this by making the variable 
costs of crop i a linear function of yield with a fixed (fi, a parameter 
representing the minimum threshold for variable costs) and a variable 
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(ei) component, calculated as follows: 

ei =
(
ci, irrigated − ci, rainfed

)/( (
max(yi(wi))

)
= min

(
yi(wi)

))
(22)  

fi = ci, rainfed (23)  

where ci, irrigated are the average values of longitudinal data on variable 
costs for crop i under irrigated agriculture, ci, rainfed are the average 
values of longitudinal data on variable costs for crop i under rainfed 
agriculture, max(yi(wi)) is the maximum yield attainable in the crop- 
water production function for crop i and min(yi(wi)) represents rainfed 
yield for crop i. If no rainfed alternative is available for crop i, min(yi(wi))

and ci, rainfed equal 0. 
Risk avoidance (z2) is obtained as the profit variability (measured 

through the variance and covariance matrix) attached to the profit 
maximizing combination of land (X) and water inputs (W) minus the 
profit variability attached to the land (X) and water input (W) allocation 
chosen by the agent (recall attributes are defined so that “more-is-bet
ter”) (Gómez-Limón et al., 2016): 

z2 (X,W) = XtVCV
(

π
(

W
))

X − XtV CV(π(W))X (24)  

where VCV(π(W)) is the variance and covariance matrix of the gross 
variable margin, and π is a vector that contains the per hectare gross 
margin of each crop πi. Note that information on yields under deficit 
irrigation for the crops in the SLD is available for a maximum of two 
years. While this makes possible to calibrate a crop-water production 

function yi(wi) using a combination of field data and agronomic model 
simulations (Peña-Haro et al., 2014) (see Section 4.1), insufficient lon
gitudinal data on crop yield for alternative water application levels 
precludes the calculation of a variance and covariance matrix that dif
ferentiates between crop and water application levels. Alternatively, we 
can obtain the variance and covariance matrix using observed longitu
dinal data on yield per crop available in official statistics, which is ob
tained as total irrigated (rainfed if observed) crop production at an 
agricultural district level divided by the surface of that irrigated (rain
fed) crop in that agricultural district (i.e. without distinguishing water 
application levels). This means we have only one (two, if the series is 
available for both rainfed and irrigated technique) longitudinal series 
per crop, instead of one longitudinal series per crop and water appli
cation level. Thus, risk avoidance is assumed to be the same for different 
levels of water applied for the same crop. This is a limitation of the 
model that can only be addressed with additional longitudinal data that 
is currently unavailable. 

Hired labor avoidance (z3) is measured as the difference between 
the labor requirements of the profit maximizing combination of land (X) 
and water inputs (W) minus the labor requirements of the alternative/ 
simulated land (X) and water input (W) combination (recall attributes 
are defined so that “more-is-better”): 

z3 (X,W) =
∑

i
xiNi(yi(wi)) −

∑

i
xiNi(yi(wi)) (25)  

where: 

Ni(yi(wi)) = giyi + hi (26)  

gi =
(
Ni, irrigated − Ni, rainfed

)/( (
max(yi(wi))

)
− min

(
yi(wi)

))
(27)  

hi = Ni, rainfed (28)  

where Ni, irrigated are the average values of longitudinal data on labor 
requirements (number of days) per hectare for crop i under irrigated 
agriculture, Ni, rainfed are the average values of longitudinal data on labor 
requirements per hectare for crop i under rainfed agriculture. If no 
rainfed alternative is available for crop i, min(yi(wi)) and Ni, rainfed equal 
0. 

3.4. Data 

Table 2 summarizes data inputs for the PMAUP and crop-water 
production function model and related data providers. 

4. Results 

4.1. Calibration results 

4.1.1. Calibration of the crop-water production functions 
Crop-water production functions for annual crops in the SLD 

(namely, wheat, barley, corn, onion, garlic) were generated combining 
field data and agronomic simulations using the GEPIC model (Liu et al., 
2007), building on previous work by Peña-Haro et al. (2014) in the SLD. 

Table 2 
PMAUP model data inputs.  

Variable Abbreviation 
used 

Data provider Ref. year Granularity 

Crop portfolio 
(% over total 
surface) 

xi  2015 Hectares per 
crop at 
municipality 
level (NUTS4) 

Crop yield (kg/ 
ha) and 
water 
applied (m3/ 
ha) (crop- 
water 
production 
function, 
annual 
crops) 

yi, wi  Adapted from 
Fabeiro 
Cortés et al. 
(2003); ITAP 
(2005) and  
Peña-Haro 
et al. (2014) 

2000 and 
2009 

Water basin 
level 

Crop yield (kg/ 
ha) and 
water 
applied (m3/ 
ha) (crop- 
water 
production 
function, 
permanent 
crops) 

yi, wi  Adapted from 
Jiménez et al. 
(2004) and  
Peña-Haro 
et al. (2014) 

2000 and 
2009 

Water basin 
level 

Crop yield (kg/ 
ha) (only for 
the variance 
and 
covariance 
matrix) 

yi Adapted from 
MAGRAMA 
(2015) 

2008–2015 Agricultural 
District 
(Comarca) 

Prices (EUR/ 
kg) 

pi MAGRAMA 
(2015) 

2008–2015 National 
(NUTS1) 

Costs (EUR/ha) 
and subsidies 
(EUR/ha) 

ci, si Adapted from 
MAPA (2019) 

2008–2015 Agricultural 
District 

Number of 
working 
days (days/ 
ha) 

Ni Adapted from 
MAPA (2019) 

2008–2015 Region 
(NUTS2) 

Source: Own elaboration. MAGRAMA (2015) 

Table 3 
Calibration results of the crop-water production functions for the main crops in 
the SLD.   

a (kg⋅
ha
m6)  b (

kg
m3)  d (

kg
ha

)  Correlation 

Wheat -0.00111 4.9830 1788.0 0.72 
Barley -0.00081 3.5000 1700.0 0.96 
Corn -0.00033 5.5398 -5399.2 0.88 
Garlic -0.00010 2.7000 3511.3 0.98 
Onion -0.00159 27.7090 -35848.7 0.87 
Almond -0.00004 0.4553 302.2 0.96 

Source: Own elaboration. 
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GEPIC is a distributed version of the EPIC model (Williams et al., 1983) 
through a loose coupling between ArcGis and the EPIC model. In our 
application to the SLD, GEPIC was calibrated using the outcomes of field 
experiments that assessed the effect of water applied on the yield of 
annual crops. Field experiments were conducted in 2000 and 2009 
growing seasons at the experimental station “Las Tiesas” in the SLD 
(Fabeiro Cortés et al., 2003; ITAP, 2005). Paired values of crop yield per 
level of applied water in the field experiments v. modelled yield were 
compared using regression analysis in order to calibrate the production 
functions. Crop responses to different water application values in the 
different type of soils and climatic areas were simulated in order to 
generate enough variability to fit the coefficients of the crop-water 
production functions. Note that since the production of corn and 
onion is considered unfeasible under rainfed agriculture in the SLD, the 
d parameter adopts a negative value for these crops. 

Since there are no process-based agronomic models that simulate 
ligneous crops, crop-water production functions for ligneous crops in the 
SLD (almond) were directly calibrated from observed data using the 
results of deficit irrigation field experiments developed by the ITAP near 
the SLD area (Jiménez et al., 2004). Accordingly, crop-water production 
functions for almond trees do not account for the complex impact and 
variability of different factors governing crop growth and yield other 
than water. We consider nonetheless that having a production function 
with limitations is preferrable to ignoring a relevant crop in the case 
study area, and therefore have chosen to include this production func
tion in the model. 

Calibration results for the crop-water production functions in the 
SLD are reported in the Table 3. The table also reports the correlation 
between the values estimated with the agronomic model and the ones 
simulated with the quadratic function: the values range from 0 (worst 
performance of the quadratic function) to 1 (best performance) 
(Peña-Haro et al., 2010). The reader is referred to Peña-Haro et al. 
(2014) for a more detailed discussion of the results, methods and a 
discussion on the precision of the calibrated model. 

4.1.2. PMUAP model calibration 
PMAUP model calibration results and residuals for the SLD are 

shown in Table 4. 
The columns α1, α2 and α3 display the parameter values of the Cobb- 

Douglas utility function for the attributes profit (z1), risk avoidance (z2) 
and hired labor avoidance (z3), while em is the average calibration re
sidual. Calibration results show that the most relevant attribute driving 
agents’ decisions is profit. Risk avoidance has also a relevant role in 
explaining the behavior of irrigators in the SLD. The attribute measuring 
management complexity avoidance (z3) is marginally relevant. Caution 
must be exercised in interpreting the results. For example, it cannot be 
inferred that a high risk avoidance parameter will yield a low profit 
variability, since choices are ultimately constrained by the feasible re
gion. Nonetheless, attribute parameters offer valuable insights on 
agent’s preferences and can serve to project behavior, provided cali
bration errors are low. In the case of the SLD, metrics for performance 
evaluation are satisfactory, with a “very low” average calibration re
sidual (Pérez-Blanco et al., 2015). 

4.2. Simulation results 

We simulate a progressive increase of water prices in the SLD from 
0 to 1 EUR/m3 at 0.01 EUR/m3 intervals. For each simulation run, we 
obtain the crop portfolio and water application responses by irrigators 
and calculate the compensating variation (i.e. monetized foregone 
utility), foregone income and water saved. Simulations are run using the 
model setting described in Section 3, which integrates the crop-water 
production function of irrigated crops into the objective function and 
allows for adjustments at the intensive, extensive and super-extensive 
margin (W-PMAUP). The results thus obtained are subsequently 
compared with those from an alternative classic PMAUP model setting 
(C-PMAUP) where the continuous agronomic production functions are 
substituted by point values that represent average expected production 
under irrigated and/or rainfed agriculture for each crop (i.e., a 
maximum of two points per crop), thus allowing only for extensive and 
super-extensive margin adjustments (Pérez-Blanco and Gutiérrez-Mar
tín, 2017). The difference between the modeling outcomes from these 
two model settings reveals the net effect of intensive margin adjustments 
on the expected economic and environmental performance of water 
pricing. Note that only the W-PMAUP model is calibrated: the C-PMAUP 
model uses the same parameters obtained for the W-PMAUP, with 
different crop-water production functions (point values representing 
crop yield under rainfed and irrigated agriculture, instead of continuous 
crop-water production function). If we calibrated both models sepa
rately, considering a continuous production function for the W-PMAUP 
and point values for the C-PMAUP, calibration results would differ both 
because of the alternative model settings and because of the different data 
inputs. In reality, though, intensive margin adjustments are a feasible 
option, which is indeed frequently adopted by farmers in the SLD and 
elsewhere, meaning that any model calibrated on a database that 

Table 4 
Calibration results and calibration residuals of the PMAUP model.  

Attribute (zp) z1 z2 z3 em 

Parameter value (αp) 0.915 0.079 0.006 1.42% 

Source: Own elaboration. 

Fig. 3. Extensive and super-extensive margin adjustment (land allocation decisions) in W-PMAUP (a.) and in C-PMAUP model setting 
(b.) Source: own elaboration. 
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excludes this option would incur in data measurement errors. Therefore, 
we use a single database (the one closer to observed irrigators’ decisions, 
which includes continuous agronomic crop-water production functions) 
and, once the model is calibrated (W-PMAUP), we replace the contin
uous agronomic production functions by point values (C-PMAUP) to 
compare simulation outcomes with both settings, and thus reveal the net 
effect of intensive margin adjustments. 

Fig. 3 and Fig. 4 represent agents’ responses to incremental water 
pricing under the W-PMAUP and C-PMAUP model settings. In terms of 
land allocation to alternative crops (extensive and super-extensive 
margin adjustments), both model settings show similar responses in 
every simulation run (see Fig. 3); albeit dissimilarities arise regarding 
water application to crops (intensive water adjustment) (Fig. 4). Under 
the W-PMAUP model setting, agents can respond to higher prices by 
progressively decreasing the amount of water applied to irrigated crops 
(deficit irrigation). Deficit irrigation is observed in the W-PMAUP model 
for all crops with the exception of garlic, the most profitable crop in the 
case study area, which is fully irrigated in all simulations; and water 
intensive corn, for which irrigation abruptly stops in both models after a 
charge increase of 0.13 EUR/m3. On the other hand, in the C-PMAUP 
model agents are constrained to apply water in fixed proportions to land, 
meaning that intensive margin adjustments are not possible and crops 
receive a constant amount of water inputs until abruptly interrupting 

irrigation and shifting to rainfed agriculture. 
According to Graveline and Mérel (2014), there are three critical 

factors conditioning intensive margin adjustments: (i) water intensity 
(water-intensive crops are those that can contribute more significantly 
towards water saving); (ii) yield elasticity to water use (the higher yield 
elasticity to water use, the lower deficit irrigation is observed); and (iii) 
profitability (crops with higher profit will be less affected by deficit 
irrigation). It can be observed that these three factors explain water 
application responses to pricing in the W-PMAUP model setting. Garlic, 
the most profitable crop, can afford a price increase of up to 1 EUR/m3 

without applying deficit irrigation (i.e. a 600–1000% increase in the 
volumetric cost of water as compared to the observed groundwater 
pumping costs of 0.1–0.20 EUR/m3); while in the case of onion, the 
second most profitable crop, water applied per hectare remains constant 
until a charge increase of 0.78 EUR/m3 (a 490–780% water cost in
crease), at which point onion is replaced by other crops (with deficit 
irrigation briefly applied in the interim). Barley and wheat are the crops 
with the lowest yield elasticity to water use; accordingly, deficit irri
gation is observed from the initial water price increases, until both crops 
eventually shift to rainfed agriculture, which happens at a water charge 
increase of 0.19 (barley) and 0.44 EUR/m3 (wheat). Almond starts 
deficit irrigation in the initial simulation runs, with a slight rebound at a 
0.12 EUR/m3 price increase due to a substitution effect with corn. In the 
case of corn, the high yield elasticity to water application overtakes all 
the other effects, meaning that irrigated corn is abruptly substituted by 
less water-intensive crops without intermediary deficit irrigation at a 
charge increase of 0.12 EUR/m3. 

The possibility to adapt at the intensive margin in the W-PMAUP 
setting means crop yield per hectare is not constant anymore across the 
alternative price simulations, as happens in models where water input is 
applied in fixed proportions to land (C-PMAUP setting). Fig. 5 shows 
how different water application choices affect yield (in kg/ha) for each 
crop under the W-PMAUP model setting. For those crops that can be 
cultivated under rainfed agriculture (wheat, barley and almond), irri
gation water is progressively diminished and yield reduces, until irri
gation stops altogether and yield equates that under rainfed agriculture. 

Fig. 6 shows the water demand curve representing the relationship 
between water prices and water application, for both the W-PMAUP and 
C-PMAUP model settings. Simulation results using the C-PMAUP model 
setting displays a “jumpy” behavior with (quasi-)inelastic responses in 
the initial and final stretches of the demand function. This outcome is 
consistent with those coming from the literature on agricultural water 
pricing under scarcity, where the model structures adopted also ignore 
deficit irrigation/intensive margin adjustments. On the other hand, the 

Fig. 4. Intensive margin adjustment (water application decisions) in W-PMAUP (a.) and C-PMAUP model setting 
(b.) Source: own elaboration. 

Fig. 5. Yield (kg/ha) per crop in the W-PMAUP model setting under alternative 
water prices (logarithmic scale). 
Source: own elaboration. 
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W-PMAUP model setting that allows for deficit irrigation displays a 
gradual reduction in water use along with higher prices in the initial and 
middle stretches of the demand function, and a quasi-inelastic response 
for a price increase of 0.43 EUR/m3 or higher. This result suggests that 
having (or not) quasi-inelastic responses in the initial and middle 
stretches of the demand function is conditional on the model structure/ 
settings choice. The upshot is that where intensive margin adaptation 
responses are possible in the model, water pricing is cost-effective to
wards water saving in the initial stretches of the demand function, which 
thus far have been often assumed to be inelastic. For example, a price 
increase of 0.09 EUR/m3, which represents a non-trivial price increase 
of 45%− 90% in the SLD, is ineffective towards water saving in the C- 
PMAUP, but can save up to 390 m3/ha (11% of the average water 
application of 3606 m3/ha) in the W-PMAUP model setting. In addition, 
quasi-inelastic responses in the final stretches of the demand function, 
while appearing in both model settings, emerge at higher prices in the 
W-PMAUP (from 0.43 EUR/m3) as compared to the C-PMAUP model 
setting (from 0.25 EUR/m3). 

Fig. 7 reports the economic impact of higher prices in terms of 
foregone profit (a.) and the monetized utility loss or compensating 
variation (b.), i.e. the amount of money the irrigator would need to 
achieve his initial utility following price increases. The compensating 
variation is consistently higher for the C-PMAUP model setting in all 
simulations, indicating a larger utility loss as compared to the W-PMAUP 

model setting, which is particularly visible in the charge increase in
terval between 0.1 EUR/m3 and 0.4 EUR/m3 (between 1% and 8% 
higher compensating variation in the C-PMAUP than in the W-PMAUP 
model setting). A similar outcome is observed for the foregone profit, 
which again is higher in the C-PMAUP model setting up to 0.4 EUR/m3 

increase, with a marked gap in the 0.1 EUR/m3 - 0.4 EUR/m3 interval 
(between 0.7% and 8.3% higher foregone income in the C-PMAUP than 
in the W-PMAUP model setting). The superior economic performance 
under the W-PMAUP setting is attributable to the increased number of 
adaptive responses available in the W-PMAUP as compared to the C- 
PMAUP and reveals the net effect of intensive margin adjustments on 
economic outputs. 

5. Conclusion 

This paper integrates a continuous crop-water production function 
into a PMAUP model to assess the influence of intensive margin ad
justments on the expected water saving and economic performance of 
water pricing. The model is calibrated for an agricultural area in a water 
scarce agricultural area in southeastern Spain (El Salobral-Los Llanos in 
the Júcar River Basin), so to factor in climatic, soil and other local fac
tors conditioning the crop yield-water input relationship. Results reveal 
non-trivial dissimilarities in the economic and water saving performance 
of the W-PMAUP (intensive, extensive and super-extensive margin 

Fig. 6. Agricultural water demand curve. 
Source: own elaboration. 

Fig. 7. Forgone profit (a.) and compensating variation (b.), water charges. 
Source: own elaboration. 
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adjustments) and C-PMAUP (only extensive and super-extensive margin 
adjustments) model settings. The quasi-inelastic responses in the initial 
and middle stretches of the C-PMAUP demand function, which are 
consistent with findings in the literature on water charges in water 
scarce areas, are transformed into elastic responses in the W-PMAUP, 
suggesting a more cost-effective contribution of water pricing towards 
water saving. Ignoring intensive margin adjustments also tends to 
overestimate the economic impact of water pricing, with a higher 
foregone profit and compensating variation obtained in the C-PMAUP 
model setting as compared to the W-PMAUP model setting in all simu
lation runs. The compensating variation (foregone profit) is up to 1%−

8% (0.7%− 8.3%) higher in the C-PMAUP than in the W-PMAUP model 
setting for the water price increase range 80%− 200%. Given that deficit 
irrigation is a commonly used adaptation response in the SLD, we argue 
that ignoring it may not accurately reflect the actual adaptation options 
available to irrigators, and recommend the use of WPM that integrate 
crop-water production functions. 

The model proposed in this paper can be improved in several ways. 
Future efforts should aim at gathering longitudinal data on yields for 
alternative water application levels with high granularity through 
remote sensing, surveys, field experiments or other means, so to build 
increasingly accurate site-specific crop-water production functions and 
more detailed utility-relevant attributes (e.g. through the development 
of a variance and covariance matrix that differentiates between crop 
types and water application in the risk avoidance attribute). This will 
facilitate the application of the model and replication of the experiments 
elsewhere, a prerequisite to validate the preliminary findings obtained 
for our case study area in the SLD. Note that although calibration re
siduals are low in the case study area, performance may be less satis
factory elsewhere, which calls for exploring alternative/additional 
attributes (e.g. alternative definitions of the management complexity 
avoidance attribute) and more comprehensive and spatially detailed 
data (such as water use data) to better define the feasible region, e.g. 
leveraging on earth observation and in situ monitoring, digital data 
acquisition and management and predictive analytics. Furthermore, 
other input (e.g., fertilizer) could be introduced in the production 
function to consider other aspects of the complex mechanism that 
govern crop growth and yield, even though this goes beyond the object 
of this paper, which is to test the performance of a crop-water produc
tion function in saving water through pricing. Building multi-model 
ensemble experiments combining multiple WPM that allow for inten
sive margin adjustments can help us sample modeling uncertainty and 
establish confidence intervals for the environmental and economic 
performance of alternative water conservation policies (Sapino et al., 
2020). Beyond multi-model ensembles, decision-making should be also 
informed by multiple scenarios that complement the pricing simulations 
in our model, which may in turn reveal far-reaching and 
under-recognized implications for our policy (Pannell, 2006). For 
example, our findings rely on the assumption that both water charges 
and water allocations are effectively enforced; however, where agents can 
resort to alternative sources of water (e.g., through illegal aquifer 
withdrawals), higher charges may lead to an increase in the use of 
alternative sources (which calls for complementary policies, such as use 
of remote sensing and penalties in the case of water theft) (Loch et al., 
2020b). Coupling the proposed PMAUP model with a hydrologic model 
and a river basin management model is also necessary to assess the 
environmental impacts of water conservation across space, thus sup
porting the identification of potential distributive issues (e.g. upstream 
v. downstream water conservation). Finally, accurate estimates on the 
environmental and resource costs of water are needed to design realistic 
water pricing scenarios that substitute the hypothesized scenarios 
adopted in our simulations; albeit these costs are at present difficult to 
obtain given that there are “few standardized methods” to measure the 
economic value of water, and there are often “large differences between 
values obtained through different methods” (UN, 2021b). 
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3.1. Introduction 

 

In the previous chapter, we exposed that MPMs are the most suitable and used models to 

reproduce farmer choices and classified the principal families of these models in accordance 

with their objective function. However, conventional MPMs usually do not consider modeling 

and systemic uncertainty, and therefore, they can give misleading insights to policymakers. 

In this chapter, we argue the importance of considering modeling uncertainty when we use 

MPMs to advise decision-makers. To this end, we developed an innovative multi-model 

ensemble of MPMs capable of addressing robust decisions and we tested it in two study 

cases in Italy. The first publication (section 3.2) uses an ensemble of 5 MPMs to advise the 

water pricing reform designed by the regional authority of Piedmont, Italy. The second 

application (section 3.3) uses the same ensemble but in a slightly different policy approach: 

in this case, we assess the implementation of a PWS scheme to sustain irrigation-dependent 

ecosystem services. This second case was applied in the Reno River basin in the Emilia-

Romagna Region, Italy. In this area, the irrigation is almost completely supplied by the Po 

River, which has shown an alarming increase in drought events in recent years, with 2022 

as an emblematic example of the vulnerability of this supply (AdBPo, 2022). These 

applications are a valuable test of our ensemble approach to sampling modeling uncertainty 

through model spread, i.e., using the unweighted average of the results of each model. The 

unweighted average is considered the best estimation of an unknown variable if there is no 

evidence that one of the different models predicts better than the others. This approach 

allows us to advise robust policy through the application of the minimum regret principle and 

improves the robustness of the assessment compared to the classic approach of single-

model point prediction.  
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3.2. An ensemble experiment of mathematical programming models to assess 

socio-economic effects of agricultural water pricing reform in the Piedmont 

Region, Italy. 

 

3.2.1. Resumen 

 

La Región del Piamonte, en el noroeste de Italia, ha puesto recientemente en marcha una 

ambiciosa y pionera reforma de los precios del agua destinada a integrar y aplicar 

eficazmente los principios de recuperación de costes, quien contamina paga y asequibilidad 

definidos por la Directiva Marco del Agua. Este artículo desarrolla un conjunto multimodelo 

que abarca 5 modelos de programación matemática (2 modelos de programación 

matemática positiva (PMP) , 2 modelos de programación de utilidad multiatributo positiva 

(PMAUP) y 1 modelo de programación lineal) que representan el comportamiento observado 

de los agentes socioeconómicos para: 1) simular los impactos de la reforma piamontesa de 

los precios del agua sobre el cambio del uso de la tierra, la reducción del consumo del agua 

y  del beneficio de los agricultores, y la reducción de los ingresos de las tarifas del agua; 2) 

modelar la incertidumbre a través del conjunto; y 3) explorar posibles puntos críticos 

mediante el uso de técnicas de scenario discovery. Nuestra investigación sugiere que el reto 

clave para el complimiento de los objetivos reforma radica en la gestión de los cultivos de 

arroz, un cultivo extenso (17% de la superficie agrícola), exigente de agua y de relativamente 

bajo valor añadido que, sin embargo, ofrece servicios ecosistémicos significativos (p. ej., 

retención de agua) y de relevancia histórica y cultural para la región. El conjunto de modelos 

matemáticos sugiere que la agricultura arrocera disminuye rápidamente con un alza en el 

precio del agua entre 0.012 - 0.074 EUR/m3 dependiendo del modelo. Antes de alcanzar 

este punto de inflexión, el precio del agua agrícola puede reducir las extracciones hasta un 

1,7%-9,5%, mientras que reduce el beneficio entre 4,9% y 5,6% y logra un aumento de 57 a 

65 veces en los ingresos por tarifas de agua.  
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A B S T R A C T   

The Piedmont Region in NW Italy has recently deployed an ambitious and pioneering agricultural water pricing 
reform aimed at integrating and effectively enforcing EU’s Water Framework Directive principles of cost re
covery, polluter-pays and affordability. This paper develops a multi-model ensemble framework encompassing 5 
mathematical programming models (2 Positive Mathematical Programming models, 2 Positive Multi-Attribute 
Utility Programming models and 1 Weighted Goal Programming model) that represent the observed behavior 
of socioeconomic agents to: 1) simulate the impacts of the Piedmontese water pricing reform on land use allo
cation and management, water conservation, profit and water tariff revenue; 2) sample modeling uncertainty 
through the ensemble spread; and 3) explore potential tipping points through use of scenario-discovery tech
niques. Our research suggests that the key challenge to the reform lies in the management of rice fields, an 
extensive (17% of the agricultural area), water-demanding and relatively low-added-value crop that nonetheless 
delivers significant ecosystem services (e.g. water retention) of historical and cultural relevance to the region. 
The ensemble experiment suggests that rice agriculture rapidly dwindles in the price range 0.012–0.074 EUR/m3 

depending on the model. Before reaching this tipping point, agricultural water pricing can reduce withdrawals 
up to 1.7%–9.5%, while reducing profit between 4.9% and 5.6% and achieving a 57- to 65-fold increase in water 
tariff revenue.   

1. Introduction 

Water scarcity and related crises are among the greatest global so
cietal threats (WEF, 2019). In Europe, water scarcity is particularly felt 
in the closed or closing basins along the Mediterranean Basin, where 
inelastic water supply increasingly often falls short of commitments to 
fulfill growing demand. Restoring the balance in overallocated Medi
terranean basins will necessitate demand-side policies that reallocate 
available resources from commercial uses to the environment while 
enabling economic growth and increasing social welfare. One such 
policy is pricing, the only demand-side instrument explicitly mentioned 
in the EU legal acquis. In its Article 9, the EU Water Framework Directive 
(WFD) states: “[…] water pricing policies provide adequate incentives 
for users to use water resources efficiently, and thereby contribute to the 
environmental objectives of this directive” (OJ, 2000). Despite this solid 

legislative basis, the implementation of pricing policies in the EU has 
been sluggish, also in the agricultural sector, the largest human water 
use (EEA, 2013). Agricultural water prices are often set independently of 
the volume used (e.g. on a per area basis) and present low cost-recovery 
ratios, which prevents incentive-pricing water conservation and reallo
cation to higher value uses. Although EU bodies have reacted to member 
states institutional paralysis with lawsuits, ruling from EU judiciary has 
been dichotomic (J€a€askinen, 2014). As a result, 20 years after the 
adoption of the WFD, no member state in Southern Europe has imple
mented an agricultural water pricing reform that integrates the princi
ples of cost recovery, polluter-pays and affordability as stated in the 
WFD (Rey et al., 2018). 

The Piedmont Region in Northern Italy is set to change this trajec
tory. On July 24th, 2017, the Piedmont Region introduced two addi
tional ex-ante conditionalities to access critical EU’s Common 
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Agricultural Policy (CAP) funding, namely, i) “harmonization of the 
methods for quantifying irrigation water withdrawals and effective 
collection, communication and management of this data”, including the 
compulsory adoption of metering devices; and ii) “introduction of 
environmental and resource costs in the calculation of water prices”, 
while “observing affordability principle” (Regione Piemonte, 2017). 
Users not observing the additional ex-ante conditionalities will not have 
access to critical CAP funding. It should be noted that in Italy, regional 
authorities issue, monitor and enforce water abstraction rights and set 
the corresponding prices; with national institutions and the relevant 
river basin authority (the Po River Basin Authority in the case of Pied
mont) playing a secondary, advisory role (for a detailed description of 
the water allocation system in Italy and Piedmont the reader may refer 
to Santato et al., 2016). Under the current water abstraction regime, 
agricultural licenses are issued by the Piedmont Region for a maximum 
of 40 years, and prices are set on a per area basis (average charge: 1.22 
EUR/ha) or based on the average flow rate capacity (0.56 EUR/l/s). 
Piedmont’s agricultural water pricing reform is set to transition from the 
current pricing structure to a fully metered system (EUR/m3). The new 
pricing structure, which is available in Regione Piemonte (2017), is 
based on a comprehensive methodology that first estimates the finan
cial, environmental and resource costs of agricultural water use to then 
elicit the price increase that would enable a predefined cost recovery 
ratio; where the targeted cost recovery ratio is set based on a discre
tionary expert judgement that factors in affordability/disproportionate 
costs issues. 

Recent institutional reports using this methodology foresee an 
average agricultural water price increase from a 0.00012 EUR/m3 

equivalent under the current pricing structure up to 0.013 EUR/m3, 
which is expected to increase the contribution of agriculture to the re
gion’s water pricing revenues from less than 1% up to 32% (Frontuto 
et al., 2020). Noteworthy, the 0.013 EUR/m3 price increase is set based 
on experts’ opinion: beyond this point the impact of the pricing reform, 
albeit still moderate in terms of foregone income, is expected to have 
significant and potentially irreversible impacts on the structure of 
traditional irrigated agriculture (i.e. rice) and related (ecosystem) pro
cesses and services, which are regarded as disproportionate costs (Fron
tuto et al., 2020). Naturally this subjective pricing target needs to be 
further substantiated through a more profound assessment of irrigators’ 
responses and their impact on economic and environmental (i.e. water 
conservation) performance, the tradeoffs observed between these two 
variables, and an analysis of disproportionate costs. To this end, Regione 
Piemonte and three academic institutions (Universit�a di Torino in Italy, 
and Universidad de Salamanca and Universidad de C�ordoba in Spain) 
have partnered to develop a comprehensive database and calibrate 5 
mathematical programming models that represent the observed 
behavior of socioeconomic agents in an innovative multi-model 
ensemble experiment, in order to: 1) simulate the impacts of water 
pricing reform on land use allocation and management, water conser
vation, employment, profit and water tariff revenue; 2) sample uncer
tainty through the model spread (Cloke et al., 2013; IPCC, 2014); and 3) 
explore potential tipping points, with a focus on rice systems, through a 
scenario-discovery approach (Marchau et al., 2019). Unlike conven
tional consolidative modeling based on a single model and a complete 
probabilistic description of future scenarios, the ensemble experiment 
offers the advantage of providing policymakers with a more compre
hensive overview of possible responses through stress test (alternative 
forcings/scenarios and models). Outputs from multi-model ensemble 
and scenario-discovery techniques can in turn be used to identify 
no-regret water pricing policies through robust decision making 
methods (Marchau et al., 2019). 

The paper is structured as follows: Section 2 introduces the case 
study area, the Piedmont Region in the northwest of Italy; Section 3 
presents the multi-model ensemble framework; Sections 4 and 5 present 
and discuss, respectively, the results achieved; and Section 6 concludes. 

2. Case study area: The Piedmont Region in Italy 

The Piedmont Region is located in the Northwest of Italy, has a 
population of 4,392,526 (2017) and spreads over 25,387 km2 (Eurostat, 
2017). The region is located within the Po River Basin District (PRBD), 
the largest (24% of Italian territory and 21% of its agricultural area) and 
most economically relevant Italian river basin (35% of Italian GDP and 
30% of agricultural Gross Value Added (GVA)). The region comprises 
the upper stretches of the PRBD and 43% of its territory is classified as 
mountainous area (mostly the Alps), making the Piedmont Region a 
relatively water-abundant basin capable of supporting a water-intensive 
agriculture comprising 396,000 ha and largely based on annual crops 
such as rice, corn and cereal fodders (70% of Piedmont’s agricultural 
area). Rice, which is supplied through the third largest artificial 
watercourse in Italy, the Canale Cavour, with a flow rate of 110 m3/s 
and a length of 83 km, is the most iconic crop of the region. Piedmont’s 
rice represents 52% of total production of Italy, which is in turn the 
largest rice producer in Europe (ISTAT, 2016), and is the largest water 
user in the region (nearly 31,500 m3/ha on average) (Augusti et al., 
2018), although its profit-to-water use ratio is relatively low compared 
to that of other crops in the region (1300 EUR/ha on average, as 
compared to e.g. 1200 EUR/ha profit and 3400 m3/ha water use for 
corn) (INEA, 2018). Besides its market relevance, rice supplies relevant 
ecosystem services, most notably water retention services during the Po 
River’s discharge peak in the spring, with subsequent water release 
throughout the summer season (about 150 m3/s discharge in July), 
which is made available for other uses (Director of the Est Sesia Land 
Reclamation and Irrigation Board, 2019); but also historical and cultural 
services (rice production and the construction of related water draining 
and supply infrastructure in the Piedmont Region started in the 
mid-15th century) and aesthetic values, with rice fields defining the 
characteristic range of colors of the Piedmontese plains (blue in spring, 
green in summer, yellow in early autumn). Grassland is the most rele
vant crop in mountainous areas and represents 8% of Piedmont’s agri
cultural area. Among permanent crops (12% of agricultural area) 
vineyard stands out, with the Piedmont Region representing 12% of 
Italian DOC1 wine production (see Fig. 1). 

Agriculture represents 3.5% of the Piedmontese GVA, above the 
national average of 2.8% (Banca D’Italia, 2018), and 75%þ of the 
regional water withdrawals, approximately 5000 million m3/y (Regione 
Piemonte, 2018). Agricultural water use has significantly increased 
during the last 50 years due to wide-scale adoption of irrigated fodder 
and corn. This is coupled with a sustained reduction in average pre
cipitation and in the number of rainfall days, and retreating Alps’ gla
ciers (Regione Piemonte, 2018). As a result, the basin-wide water 
exploitation index (ratio of withdrawals to renewable resources) has 
increased from less than 20% (no water stress) to between 35% and 65% 
(severe water stress) over the last two decades (EEA, 2016). ARPA Pie
monte (2018) estimates that half of Piedmont Region water bodies are 
already affected by water scarcity during the irrigation campaign and do 
not reach the good ecological status. Scarcity is amplified downstream in 
the PRBD, where more vulnerable regions dependent on the runoff 
generated within the Piedmont Region, such as the Emilia Romagna 
Region, are located. 

3. Methods: the multi-model ensemble 

Conventional consolidative modeling relies on a known set of 
possible states and related probabilities to identify a single optimal 
strategy through optimization in a single-model environment. Learning 
is acquired through observation, interpreting signals that constrain the 
set of possible states and updating probabilities according to Bayes’ rule; 

1 Denominazione di Origine Controllata (controlled designation of origin): 
quality assurance for Italian wine. 
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Fig. 1. Location of the Piedmont Region in Italy and detail of agricultural land use. 
Legend: 1 Piedmont region, 2 Po River Basin District, 3 Po River. 
Source: own elaboration from CORINE land cover (EEA, 2018). 
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and revising model design in order to better represent observed de
cisions. However, modeling errors arising from “parameter and struc
tural uncertainties in the model design” (Tebaldi and Knutti, 2007) and 
the “impossible task” (Marchau et al., 2019) of accurately forecasting all 
possible future states in non-mechanistic complex socio-ecological sys
tems imply that conventional consolidative modeling may not be 
capable of predicting contingencies arising from policy choices (Hino 
and Hall, 2017), including catastrophic and potentially irreversible 
outcomes (tipping points). In our research, modeling and scenario un
certainties are addressed through: i) a multi-model ensemble framework 
that samples modeling uncertainty through the model spread (this sec
tion); and ii) the use of scenario-discovery techniques to relate alter
native simulation scenarios (water pricing scenarios in this case) to their 
implied consequences (see Section 4.1) (Marchau et al., 2019). The 
ensemble is populated with 5 positive economic calibrated models: 2 
Positive Mathematical Programming (PMP) models, 2 Positive 
Multi-Attribute Utility Programming (PMAUP) models and 1 Weighted 
Goal Programming (WGP) model. The following sub-sections present the 
basics of the 3 modeling families and the 5 models considered. For a 
more detailed description of each ensemble component, the reader may 
refer to Howitt (1995) and Júdez et al. (2002) (PMP) (G�omez-Lim�on 
et al., 2016; Guti�errez-Martín and G�omez, 2011); (PMAUP); and Sumpsi 
et al. (1997) (WGP). 

3.1. Economic calibrated models: objective function and domain 

Economic calibrated models for agricultural water management 
represent the pattern of yields, revenues and costs at different scales, 
from farm to agricultural district (Harou et al., 2009). In these models, 
agents (clusters in our application to the Piedmont Region, see Section 
3.5) decide on crop mix and timing, investments and water application 
in an optimization framework that aims to maximize a single or 
multi-attribute objective function within a domain. This complex choice 
is usually “reduced to a decision on the crop portfolio”, where each 
solution represents a “unique combination of crop, timing, investments 
and water application” (P�erez-Blanco et al., 2017). The general formu
lation of the utility maximization problem is as follows: 

Max UðXÞ¼
�
f
�
z1ðXÞ;…; zpðXÞ;…; zmðXÞ

�
(1) 

Subject to: 

xi � 0 (2)  

Xn

i¼1
xi¼ 1 (3)  

X 2 F (4)  

X 2 Rn (5)  

z1ðXÞ;…; zmðXÞ¼ZðXÞ 2 Rm (6)  

where UðXÞ is the utility/objective function. 
Agents in the model decide on the crop portfolio X 2 Rn, a vector 

representing the fraction of land allotted to each one of the n individual 
crops available xi ði ¼ 1;…;nÞ, so to maximize utility through the pro
vision of utility-relevant attributes z1ðXÞ;…; zmðXÞ (i.e. there are up to m 
relevant attributes), such as profit or avoided risk. Each attribute z1ðXÞ;
…; zmðXÞ 2 ZðXÞin the model is defined so that “more-is-better”, i.e. 
increasing the provision of one attribute while keeping the provision of 
the remaining attributes constant increases utility. Accordingly, “less-is- 
better” attributes such as risk or management complexity are trans
formed into avoided risk/management complexity. Note that each crop 
portfolio X yields a unique provision of attributes z1ðXÞ; …; zmðXÞ. 
Rational agents in the model will choose the crop portfolio that yields 
the provision of utility-relevant attributes that maximizes utility within 

the domain F. 
The individual attributes that conform the attribute set ZðXÞ used in 

the calibration and simulation of the models are described in the 
following paragraphs. We explored the relevance of three attributes in 
the ensemble, namely: expected gross variable margin (z1), risk avoid
ance (z2) and total labor avoidance (z3), a proxy for management 
complexity.  

� Expected profit, measured as the expected gross variable margin (z1). 
This is the only attribute considered in single-attribute mathematical 
programming models (PMP models in this ensemble). It is obtained 
as the summation of the expected per hectare gross margin of each 
crop πi (obtained as price (in EUR/kg) times yield (in kg/ha) plus 
coupled subsidies minus the variable costs (in EUR/ha)) multiplied 
by that crop’s land share (xi): 

z1ðXÞ¼
X

i
xiπi (7)  

where πi is the average gross margin for each crop i in the period 
2008–2016, i.e. the summation of the observed gross margin of crop i for 
every year during the period 2008–2016, divided by the number of years 
with available data in the series. In the case of PMP models, an addi
tional shadow cost is added to profit during calibration. Note that all 
variables used to calculate profit (prices, yield, subsidies, costs) are 
exogenous. In the case of prices, this implies that crops’ demand is 
perfectly elastic. Such “small open economy assumption” (Sch€ob, 1998) 
is consistent with EU reports showing that “patterns of crop price vari
ations are similar for all member states” (Kampas and Rozakis, 2017). 
Admittedly, regional differences in prices may arise, especially in face of 
asymmetric shocks such as the pricing policy discussed here. This could 
be modeled e.g. coupling the ensemble framework presented in this 
paper with a general equilibrium macroeconomic model (Parrado et al., 
2019). The development of a multi-system ensemble goes beyond the 
scope of the present research; we nonetheless reflect on this in the 
conclusions, where we propose a multi-model and multi-system 
ensemble as a means to explicitly model crops’ demand and prices 
endogenously, while accounting for modeling and scenario uncertainty.  

� Risk avoidance (z2), measured as the difference between the profit 
variability of the profit maximizing crop portfolio bX and that of an 
alternative crop portfolio X (Bartolini et al., 2007): 

z2 ðXÞ¼ bX
t
VCVðπÞbX � XtVCVðπÞX (8)  

where VCVðπÞ is the variance and covariance matrix of profit in the time 
period for which data is available (2008–2016). The first term in the 
right-hand side of the equation, bX

t
VCVðπÞbX, yields the risk of the profit 

maximizing crop portfolio, while the second term, XtVCVðπÞX, yields 
the risk of the observed crop portfolio. Provided there is a tradeoff be
tween risk and profit (the higher the profit, the higher the risk) 
(Guti�errez-Martín and G�omez, 2011), risk avoidance (z2 ðXÞ) will be 
positive.  

� Total labor avoidance (z3), a proxy for management complexity 
avoidance (Bartolini et al., 2007; Sumpsi et al., 1997) measured here 
as the difference between the total (family plus hired labor) expected 
(i.e. multi-annual average) labor requirements of the crop portfolio 
with the highest possible labor requirements within the domain, X, 
and those of an alternative crop portfolio X. 

z3 ðXÞ¼
X

i
xiNi �

X

i
xiNi (9)  

where Ni is the expected total labor requirements per hectare of crop i. 
Note that in PMP models profit is the only utility-relevant attribute 

explored in the objective function, while the WGP and the two PMAUP 
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models also explore the relevance of risk and management complexity 
aversion (multi-attribute). Accordingly, some of the constraints that 
conform the domain are not applicable/binding to all models, i.e. those 
referring to risk aversion and management complexity attributes do not 
apply in single-attribute PMP models. 

The set of constraints that conform the domain F used in the cali
bration and simulation of the models are described in the following 
paragraphs.  

� Land availability. Available agricultural land is assumed constant and 
equals the summation of observed agricultural land uses (see equa
tions (2) and (3)).  
� Water availability. It is assumed that water abstraction licenses 

remain constant before and after every simulation run, i.e.: 

Xn

i¼1
wixi � w (10)  

where wi is crop i’s specific water requirements and w is the total water 
allotment in the Piedmont Region.  

� Climate and soil. Since each agricultural area/climatic region has its 
own soil and climatic characteristics, agents in the model can only 
grow those crops that are observable in the database (Essenfelder 
et al., 2018). 

Xn

i¼1
yixi ¼ 0

�
�
�
�
�

yi 2 f0; 1g (11)  

where yi ¼ 0 means the crop is observable and yi ¼ 1 means the crop is 
not observable in the area.  

� Crop-specific constraints. Some crops in the portfolio have an upper 
and/or lower area bound because of specific policy restrictions. In 
our application to the Piedmont Region, this restriction is used to set 
a minimum/maximum threshold for ligneous trees of �5%. Admit
tedly, since the pricing policy instrument is designed to work in the 
long run, it could result in major crop portfolio changes involving 
permanent crops, which could eventually go beyond the 5% 
threshold. On the other hand, the reduction or expansion in the 
acreage of permanent crops beyond the 5% threshold would result in 
significant (dis)investments with potentially large impacts on e.g. 
carbon sequestration, whose economic value is not accounted for in 
the models, which focus on yearly market variables (notably profit) 
(Essenfelder et al., 2018). Accurately modeling agent’s responses in 
terms of permanent crops necessitates the inclusion of other relevant 
variables, notably carbon prices and/or Payments for Ecosystem 
Services, which are at present being tested in the European context; 
yet, this is beyond the scope of this paper. Against this backdrop, 
setting a minimum/maximum threshold for ligneous trees is com
mon practice in the literature (Guti�errez-Martín and G�omez, 2011; 
Parrado et al., 2019).  
� Crop rotation. In some cases, it is possible to observe that two or more 

crops rotate with each other. For example, if farmers in an area 
yearly rotate wheat with sunflower, aggregation over a sufficient 
number of farms (e.g. at a municipality level) typically results in a 
similar surface of wheat and sunflower (G�omez-Lim�on et al., 2016). 
Accordingly, the surface of wheat in the simulations cannot exceed 
the surface of sunflower, and vice versa. If the surface of sunflower 
(wheat) becomes binding and decreases below the surface of wheat 
(sunflower) (e.g. due to higher water prices), the surface of wheat 
(sunflower) must decrease to match that of sunflower. 

3.2. Calibration 

Economic calibrated models follow an inductive approach that aims 

to eliciting the parameters of an objective/utility function capable of 
reproducing observed agents’ choices within a domain/set of con
straints, in order to accurately predict future responses to policy shocks 
through simulation. Noteworthy, each modeling family considered ex
plores one specific functional form for the objective function: additive 
(WGP), Cobb-Douglas (PMAUP) and quadratic (PMP). 

The WGP approach used in our ensemble framework relies on the 
calibration method developed by Sumpsi et al. (1997) to elicit the pa
rameters of a multi-attribute, additive objective function. Note that due 
to the definition of the attributes above, our application includes a 
non-linear component in the additive objective function through the risk 
attribute. WGP allows for both single- and multi-attribute specifications, 
which makes the approach consistent with the Theory of Planned 
Behavior (TPB) (Ajzen, 1991). The TPB argues that decision-making is 
driven by “the multiple attributes of objects (including but not limited to 
profit) and farmers’ beliefs regarding these attributes” (P�erez-Blanco 
et al., 2017). TPB’s theoretical construct is substantiated by a large body 
of empirical research on the relevance that attributes other than profit, 
such as risk aversion or management complexity aversion, have in 
explaining agent’s behavior and choices (see e.g. G�omez-Lim�on et al. 
(2016)). On the other hand, use of an additive function may lead to 
over-specialized responses and even corner solutions: the agent sets the 
crop that delivers highest utility at the maximum level until a binding 
constraint prevents further specialization, which often results in a 
characteristic “jumpy behavior” (Graveline, 2016). 

PMP is possibly the most popular economic calibrated model to 
assess the behavior of agricultural agents, and irrigators in particular 
(Graveline, 2016). PMP relies on non-linear objective functions to cali
brate and accurately reproduce observed agent behavior. Through the 
use of non-linear functions, PMP avoids unrealistic outcomes such as 
corner solutions or abrupt discontinuities in agent’s responses, yielding 
instead smooth calibration results (Howitt, 1995). Due to these obvious 
advantages, PMP has been consistently used to assess agricultural and 
water policies, including water pricing, in several regions worldwide 
(Graveline, 2016). PMP calibration uses “information contained in dual 
variables of calibration constraints, which bound the solution of the 
original linear programming problem to observed activity levels” to 
“specify a non-linear objective function such that observed activity 
levels are reproduced by the optimal solution of the new programming 
problem without bounds” (Heckelei and Britz, 2005). This is done in 
three steps: (i) an additional area constraint that bounds the model 
calibration results to observed choices is introduced in the domain and 
the dual values associated to the constraint for each crop obtained; (ii) 
these dual values are used to add a non-linear component to the utility 
function (typically a quadratic cost function, or shadow cost); and (iii) 
the utility non-linear function obtained in (ii) is maximized subject to a 
similar set of constraints to those considered in the original problem, 
which perfectly reproduces the observed agent’s behavior (Henry de 
Frahan et al., 2007). The main critique to PMP modeling regards the 
challenge of providing an “economic or technological rationale for the 
non-linear terms in the objective function” (Heckelei et al., 2012). As a 
result, a modeler needs to resort to ad-hoc arguments to elucidate the 
outcomes of PMP models following a policy shock (Graveline, 2016). 
Moreover, while PMP has modeled risk aversion in a single-attribute 
environment through the use of mean-variance approach, its 
single-attribute approach struggles to explicitly measure and account for 
the utility-relevance of alternative attributes such as management 
complexity aversion. The ensemble framework in this paper relies on the 
classic calibration method (PMP_1) (Howitt, 1995) and a variation 
proposed by Júdez et al. (2002), that skips the first step using the 
average rent of land as dual value (PMP_2). 

PMAUP models “build on the axioms of revealed preference to 
construct a multi-attribute objective function that is both consistent with 
an observed (and finite) set of choices and prices and suitable as a basis 
for empirical analysis” (Parrado et al., 2019). PMAUP replaces the dual 
variables that would traditionally be added to the objective function to 
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make calibration possible in PMP with agent’s preference parameters 
represented as shares of a non-linear (typically Cobb-Douglas) utility 
function, the arguments of which are competing attributes (e.g. profits v. 
avoided management complexity). PMAUP is a data and computation
ally intensive approach consistent with the TPB that has been used to 
empirically explore the relevance of attributes other than profit 
(G�omez-Lim�on et al., 2016; Guti�errez-Martín and G�omez, 2011), 
particularly during the last decade, propelled by expanding frontiers in 
computational power and micro-data. Yet, since only observed behavior 
is used as an input and assumptions are limited (no engineering-based 
yield functions, no assumptions of fixed proportions, no limitation to 
profits as the sole relevant attribute of farmers), the calibration of 
PMAUP models is challenging where there is a large number of choice 
variables (several alternatives in the crop portfolio) and cross-sectional 
variation is low (time-series variation might be confounded with other 
trends), which may lead to some instability in the model calibration that 
is difficult to rationalize (e.g. abrupt changes in parameter values 
following the introduction of an additional attribute). The ensemble 
framework in this paper relies on two specific calibration methods: the 
projection method (Guti�errez-Martín and G�omez, 2011) (PMAUP_1) and 
the iteration method (G�omez-Lim�on et al., 2016) (PMAUP_2). 

3.3. Management of uncertainty and robust decision making 

Apart from PMP, which is a special case where the estimated residual 
is adjusted to zero, all economic calibrated models considered in our 
ensemble yield calibration residuals, which can be used to assess the 
internal performance of each model (readers can refer to Annex I in the 
supplementary material for a complete description of the calibration 
residuals used in the ensemble models). This does not mean PMP models 
can perfectly forecast behavioral responses to policy shocks; there 
remain “significant” sources of uncertainty outside calibration residuals, 
including those models where residuals are adjusted to zero (Phillips 
et al., 2001). Note also that calibration residuals are not directly com
parable between families of models, since modeling errors are inde
pendent (Cloke et al., 2013). 

The difficulty in assigning a reasonable metric of uncertainty to each 
model is at the core of the use of multi-model ensemble frameworks. 
Admittedly, forecasts from different models do not have the same like
lihood; however, since we do not know their probability and to the 
extent modeling errors are independent, we can explore uncertainty 
through the model spread (IPCC, 2014). It would be possible as well to 
apply Laplace “Principle of insufficient reason” to assume the ensemble 
behaves as a Bayesian System, and obtain a “best estimate” as the simple 
arithmetic mean of the forecasts from each model in every scenario 
considered. This approach may nonetheless assume more than is granted 
by available evidence (recall the likelihood of forecasts from different 
models is unknown) (Hino and Hall, 2017); to avoid maladaptation, this 
research adopts a robust decision making approach that minimizes 
regret. 

Robust decision making is a method that uses results from several 
simulation runs (using alternative models and/or scenarios through 
scenario-discovery techniques) to connect policy makers with model(s) 
capable of exploring uncertainty, so to identify robust adaptation 

options as those that “perform well compared to alternatives” (Marchau 
et al., 2019) and “hedge against uncertainty” (Graveline, 2019). Robust 
decision making process typically follows an iterative process between 
researchers and stakeholders/policy makers in five steps (Marchau et al., 
2019). Step 1 involves the definition of the decision-making framework, 
which in our case involves the exploration of alternative agricultural 
water pricing strategies through simulation, leveraging on 
scenario-discovery and multi-model ensemble techniques. Step 2 is the 
evaluation of the proposed pricing strategies (see Section 4.1). Step 3 
assesses vulnerabilities to pricing strategies, notably through the iden
tification of potential tipping points (Section 4.2). Step 4 assesses the 
tradeoffs between alternative strategies and involves the identification 
of robust policies that avoid tipping points and unfavorable surprises 
(decision-making process) (Section 4.2). The decision-making process 
can be implemented through the use of heuristics (expert judgement), 
through mechanistic constrained optimization algorithms, or through a 
combination of both (Marchau et al., 2019). If the 4 steps above do not 
yield a satisfactory outcome, an additional Step 5 can be included to 
explore alternative adaptation strategies. This step was not necessary in 
our research, since the task commissioned from Regione Piemonte 
explicitly demanded an analysis of incremental volumetric water prices 
in the agricultural sector, and no alternative policy was considered. 

3.4. Data 

Data was collected for the period 2008–2016, with 2016 as the 
calibration year. The database includes 28 crops representing 95% of 
total irrigated surface in the region. All attributes are defined so that 
“more-is-better” and are quantities of dimension one (i.e. normalized) 
(G�omez-Lim�on et al., 2016). Table 1 summarizes data inputs and related 
data providers. 

The only non-primary data source in the database are water with
drawals. The water abstraction license regime in Italy is “byzantine and 
substandard” (Santato et al., 2016): relevant data gaps on water with
drawals exist, and public statistics underestimate actual water use. Ac
cording to Regione Piemonte (2018) estimates, total withdrawals from 
irrigation amount to 5000 million m3/year; while ISTAT (2010) water 
use statistics (primary data source) set total withdrawals in the region at 
0.7 billion m3/year. To circumvent this data mismatch, we measured 
irrigation water withdrawals using the per crop irrigation water con
sumption estimates and irrigation efficiency data from Augusti et al. 
(2018), and obtained a figure of 4750 million m3 annual withdrawals. 

3.5. Economic agents and results aggregation 

The decision variable (i.e. land use) is available at a municipality 
level. This means that we have 1204 potential economic agents for the 
models. During the robust decision-making process, policy makers and 
stakeholders argued in favor of aggregating these 1204 units into more 
tractable agents that could yield easy-to-understand results and better 
inform their decisions. In order to define tractable agents for the cali
bration and policy simulation, this paper follows the work by 
G�omez-Lim�on et al. (2012) and handles municipalities as local aggre
gation units that can be grouped into clusters. To this end, we first obtain 

Table 1 
Models’ inputs and data providers.  

ID Data provider Variable Ref. year Disaggregation 

Agricultural land use Sistemapiemonte (2018) Crop portfolio 2016 Hectares per crop at a municipality level 
Crop yields, prices and costs INEA (2018) Crop yields (kg/ha), prices (EUR/kg) and 

costs (EUR/kg) 
2008–2016 Per crop and province (NUTS3) 

Water withdrawals and 
consumption and irrigation 
technology 

Adapted from Augusti 
et al. (2018) 

Water withdrawals, water consumption 
(m3/ha) and irrigation technology (%) 

2016 Per crop at regional level (water withdrawals and 
consumption); at regional level (irrigation 
efficiency) 

Working days (labor) INEA (2016) Number of working days 2016 Per crop at a regional level (NUTS2) 

Source: own elaboration. 
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Fig. 2. Piedmont agricultural clusters. 
Source: own elaboration. 
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information on the relevant data inputs described above for 1204 unique 
aggregation units/municipalities. We then employ a hierarchical ag
gregation procedure using the Euclidean distance measure and the 
Ward’s agglomeration algorithm to maximize the internal homogeneity 
of clusters (Murtagh and Legendre, 2014). The results of the hierarchical 
clustering are usually presented in dendrograms from which, after visual 
inspection, the number of clusters is selected. The visual criterion can 
nonetheless be misleading and inefficient in identifying the optimal 
number of clusters, and this research adopts instead numerical criteria. 
Different indices have been proposed to find the optimal number of 
clusters. Following Charrad et al. (2014), we use a set of 30 indices 
instead of just one of them. The clustering procedure is performed using 
the NbClust package of the R software and is available in Annex II in the 
supplementary material, along with the list of the indices used. Note that 
the results of the different indices may not be univocal; when this hap
pens, a simple majority rule is applied, which in our case led to 6 clusters 
as optimal grouping (Charrad et al., 2014) (see Fig. 2). 

The resultant clusters are: C1 – Cereals and cereal fodders, which 
features cereals (29%), cereal fodders (60%) and permanent crops (6%); 
C2 – Mountains, largely devoted to the production of fodders (48%) and 
corn (42%); C3 – Cereals, including corn (29%), wheat (22%) and cereal 
fodders (28%); C4 – Rice (76% of land use in the cluster); C5 – Perma
nent crops, which encompasses vineyards (12%), other permanent crops 
(25%) and cereals (32%); C6 – Vineyards (48% of land use). These 
clusters are the agents of the mathematical programming models in the 
ensemble. Calibration results for these agents are presented in Annex III 
in the supplementary material. 

Notably, simulation results using clusters as agents do not differ 
significantly from those obtained using individual municipalities as 
agents, which ensures consistence between the two aggregation levels 
while allowing for an easier-to-understand presentation of the results 
using a tractable number of agents (6 clusters v. 1204 municipalities). 

Finally, results are aggregated at regional level as the weighted mean 
of the 6 clusters using clusters’ land use shares as the weighting variable; 
i.e. attribute values for the Piedmont Region for every simulation run are 
obtained as the simulated attribute value for each cluster (per hectare), 
times the cluster’s corresponding land use share. On the other hand, the 
crop portfolio at a regional level is obtained from the aggregation of the 
simulated crop portfolios for every cluster. 

4. Results 

4.1. Simulation 

Once the five models are calibrated, they are used to run a number of 
simulations in which water prices are increased from 0 (baseline sce
nario) to 0.2 EUR/m3 (i.e. 1666.7 times higher than the original price of 
0.00012 EUR/m3) at 0.002 EUR/m3 intervals. Such pricing scenarios 
were co-developed with Regione Piemonte following a series of itera
tions (see Robust decision-making steps in Section 3.4). After every 
simulation run, agents in the model reassess their crop portfolio choices 
so to maximize their utility function within the domain. The result is a 
database representing the socio-economic effects of agricultural water 
pricing reform under multiple plausible futures, which is used to detect 
pricing policies that may potentially lead to contingencies/tipping 
points and underpin the implementation of a robust pricing policy. 

Fig. 3 summarizes crop portfolio responses by ensemble component/ 
model for relevant crops, namely fodders, corn, rice, wheat and grass
land. The complete results including all crops are presented in Annex IV 
in the supplementary material. Fig. 3 also includes a “best estimate” 
obtained as the arithmetic mean of the forecasts from ensemble com
ponents in every scenario considered. It should be recalled that the “best 
estimate” is merely informative, since the likelihood of forecasts from 
different models is unknown, and the objective of this work is finding a 
robust pricing policy. 

Overall, ensemble simulation results for the Piedmont Region show a 

Fig. 3. Crop portfolio responses to incremental water prices for selected crops. 
Source: own elaboration. 
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trend towards the progressive substitution of water-intensive crops, such 
as corn and cereal fodders, by rainfed crops (wheat and grassland), 
although adaptation patterns to incremental prices may differ between 
models. For the case of cereal fodders, acreage reduction is constant and 
consistent across models. A similar trend is observed for corn, which 
nonetheless shows higher resilience to price increases and retains a 
relevant crop portfolio share throughout all simulations. Note that the 
land share of corn and cereal fodders (models WGP, PMAUP_1 and 
PMAUP_2) may experience some acreage expansion in the price range 
0.012–0.032 EUR/m3, as irrigators adapt to the new water price by 
substituting rice by less water intensive crops. Such land use changes are 
not observed in PMP models, where corn and cereal fodders experience a 
continued decrease and rice is substituted solely by grassland. 

Rice responses to price shocks are heterogeneous and complex: while 
WGP and PMAUP models predict a significant reduction of rice beyond a 
price increase of 0.008 EUR/m3 (PMAUP_1) and 0.018 EUR/m3 (WGP 
and PMAUP_2), PMP models show a smooth reduction in acreage along 
price increases. In a series of interviews with representatives from the 
regional authority, river basin authority and Piedmontese land recla
mation and irrigation boards, all stakeholders showed concern 
regarding this potential outcome, which had already been identified in a 
previous report as a critical barrier to the pricing reform (Frontuto et al., 
2020) due to its potentially irreversible impact on the structure of 
traditional irrigated agriculture (i.e. rice) and related (ecosystem) pro
cesses and services of historical and cultural relevance to the region. 
Finally, like corn, cereal fodders and rice subside, grassland and wheat 
expand their acreage along with price increases. 

Most water conservation is achieved at the 0.008–0.032 EUR/m3 

interval (0–0.074 EUR/m3 for PMP models), when rice is replaced by 
less water-intensive corn/cereal fodders and rainfed crops in all the 
models, and water withdrawals fall from an average of 7000 m3/ha to 
1800 m3/ha (see Fig. 4). Price increases below 0.012 EUR/m3 slightly 
affect cereal fodders and yield modest water conservation figures. Price 
increases in the range of 0.034–0.19 EUR/m3 for PMAUP and WGP 
models and 0.07–0.19 EUR/m3 for PMP models lead to the gradual 
substitution of fodder and corn by rainfed crops, reducing water with
drawals from 1800 to 800 m3/ha. Further price increases >0.19 EUR/m3 

meet an inelastic demand curve and are ineffective towards water 
conservation in the price range considered. This is explained because i) 
water withdrawals have already been removed from marginal lands and 

are now concentrated in highly productive areas capable of absorbing 
the price shock; and ii) agronomic restrictions, including crop rotations 
and planting constraints. Notably, although irrigators can reduce or 
expand permanent crops such as vineyard, we set a lower and upper 
bound of �5% deviations from the original crop area. This is done to 
prevent significant capital (dis)investments, including the disruption in 
the provision of carbon sequestration services, which may conflict with 
other policies such as the Common Agricultural Policy (Essenfelder 
et al., 2018). Note that this constraint does not become binding until 
price increases beyond 0.19 EUR/m3 due to the profitability of vine
yards in the Piedmont Region. 

Profit (see Fig. 5) falls consistently along price increases in both 
single-attribute PMP and multi-attribute PMAUP models, although the 
impact on PMP models is initially higher due to the presence of the 
quadratic cost function, which penalizes the shift towards less water 
intensive and/or rainfed crops that occupy a marginal area in the 
observed crop portfolio. WGP features a characteristic “jumpy” behavior 
where profit typically decreases but can also increase despite growing 
water prices. 

The impacts of agricultural water pricing on employment (hired and 
family labor) is reported by the three multi-attribute ensemble compo
nents (PMAUP_1, PMAUP_2 and WGP). Initially employment increases 
along with prices, as rice is substituted by more labor-intensive corn. 
After a price increase of 0.096 EUR/m3, when corn starts to decline 
consistently in all multi-attribute models, labor decreases as well (see 
Fig. 6). Note that information on employment (hired labor) is valuable 
to obtain information on GVA beyond profit/gross margin (the other 
component of GVA being labor income). For consistency among single- 
and multi-attribute models, this study reports information on profit and 
employment separately. 

Water tariff revenue refers to the public revenue obtained directly 
from water pricing. Tariff revenue does not include other impacts on 
public revenue e.g. through a reduction in the income tax due to 
declining farmers’ profits. Simulation results show that tariff revenue 
typically increases along with higher prices, although there are some 
significant exceptions where price increases trigger the substitution of 
water-intensive crops by less water intensive and rainfed crops (see 
Fig. 7). This is particularly visible for rice in the price range 0.012–0.074 
EUR/m3 for all models in the ensemble, and for corn in the price range 
0.084–0.094 EUR/m3 for multi-attribute PMAUP and WGP models. In 

Fig. 4. Agricultural water demand curve. 
Source: own elaboration. 

F. Sapino et al.                                                                                                                                                                                                                                  



Journal of Environmental Management 267 (2020) 110645

10

these instances, the water conservation effect overcomes the price in
crease effect and tariff revenue falls. 

4.2. Robust decision making 

Robust decision making was implemented following the steps 

described in Section 3.3. In Step 1, the two leading authors, policy 
makers (Regione Piemonte) and stakeholders (representatives from 
Land Reclamation and Irrigation Boards) gathered in a kick-off meeting 
to discuss and agree on the methodological approach to the research, 
and the initial set of pricing scenarios. In Step 2, preliminary results 
obtained using the approach agreed in Step 1 were presented and 

Fig. 5. Profit. 
Source: own elaboration. 

Fig. 6. Employment. 
Source: own elaboration. 
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discussed in a second meeting. The range of pricing scenarios was 
revised and delimited to increase detail (from an initial range of 0–1 
EUR/m3 at 0.01 EUR/m3 intervals to a range of 0–0.2 EUR/m3 at 0.002 
EUR/m3 intervals, which remained unchanged), and the ensemble 
approach and its components were validated. In Step 3, the results ob
tained in Step 2 were used to assess vulnerabilities to pricing strategies. 

At the beginning of the research, policy makers and stakeholders had 
already shown concern on the impact that water pricing policies may 
have on traditional rice fields and permanent crops, most notably 
vineyard. Simulations showed resilience of the latter crop to price in
creases; in contrast, rice systems were found to be highly vulnerable, 
with their area completely disappearing in all ensemble components in 
the price range 0.032–0.074 EUR/m3. This was somewhat expected due 
to its intensive use of water (nearly 31,500 m3/ha on average) and 
relatively low return as compared to alternative crops in the region 
(average, 1300 EUR/ha). As shown in the previous section, multi- 
attribute models suggest a rapid reduction in rice area in the interval 
0.008–0.032 EUR/m3, while single-attribute PMP models predict a less 
sharp, yet steady decrease in the interval 0–0.074 EUR/m3. Among 
multi-attribute models, PMAUP_1 predicts a smooth decline of rice in the 
interval 0.008–0.012 EUR/m3, which becomes more pronounced in the 
interval 0.012–0.018 EUR/m3 (44% of rice area has already disappeared 
at this point) and again in the interval 0.02–0.032 EUR/m3, after which 
rice systems disappear; PMAUP_2 predicts a faster decline of rice area, 
which goes from 18% to 0% of agricultural area in the interval 
0.02–0.024 EUR/m3; while WGP predicts the almost complete with
drawal of rice from the crop portfolio after prices increases of 0.02 EUR/ 
m3 (83% of the original area), followed by a progressive reduction of the 
remaining rice area in the interval 0.02–0.032 EUR/m3. This suggests 
the existence of a tipping point for rice systems beyond a price increase 
of 0.012–0.02 EUR/m3 for 3 of the 5 ensemble components. 

Step 4 involves the decision on the policy to be adopted. We started 
by using constrained optimization methods through the utilization of 
the Minimization of Maximum regret algorithm (MinMax regret). Min
Max regret measures regret as “the distance between the indicator for an 
instrument and the best indicator in a given scenario” (Graveline, 2019). 

In our case, we are looking for the pricing policy that yields the mini
mum maximum regret considering results from all models; in other 
words, the pricing policy that minimizes surprise/tipping points with 
potential disproportionate costs. The MinMax regret approach does not 
demand any additional information besides what is already available in 
the previous section; however, it tends to be highly conservative. Use of 
the MinMax regret approach suggested a maximum price increase of 
0.008 EUR/m3, i.e. the price at which the maximum regret is 0 (no loss 
of rice area in any model). At this price increase, water conservation is 
fairly small (0–650 m3/ha), profit falls slightly (49–57 EUR/ha) and 
tariff revenue is quite significant (35–38 EUR/ha). 

Constrained optimization methods were subsequently com
plemented with the use of heuristics through expert judgement, with the 
aim of exploring more ambitious and feasible water conservation-rice 
area tradeoffs. Through expert judgement, the feasible price increase 
was expanded to 0.012 EUR/m3, right before the tipping point identified 
in Step 3. At a price increase of 0.012 EUR/m3, the rice area diminishes 
but the impact is still moderate (16.7% reduction in PMP, 5.6% in 
PMAUP and 0% in WGP models), water conservation is limited (84–985 
m3/ha), foregone profit is small (73–85 EUR/ha) and tariff revenue is 
significant (49–56 EUR/ha). It should be noted that this price increase is 
slightly lower but still close to the 0.013 EUR/m3 (Frontuto et al., 2020) 
price increase proposed by experts in a report prior to our analysis. 

5. Discussion 

Water crisis are among the greatest global societal threats – and 
Europe is not spared (WEF, 2019). The “total cost of droughts over the 
past thirty years amounts to EUR 100 billion”, with the yearly average 
cost quadrupling over the same period (EC, 2017). Structural water 
scarcity is an expanding phenomenon affecting at least 17% of the Eu
ropean territory. 55% of surface water bodies in the EU have failed to 
meet good ecological status, and although the first cycle River Basin 
Management Plans predicted a 10% improvement in this figure by 2015, 
“delays in implementing many of the improving measures” have caused 
deferrals, further disruptions and irreversible damage in the supply of 

Fig. 7. Tariff revenue. 
Source: own elaboration. 
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valuable ecosystem services (EC, 2017). Against this backdrop, EU in
stitutions have called on policy makers to find “the right price tag on 
water” (EC, 2012). Such price should: i) be volumetric to enhance 
incentive-pricing water conservation; ii) recover not only financial, but 
also resource and environmental costs to convey adequate price signals; 
and iii) avoid disproportionate costs through affordable prices for stra
tegic sectors and related users. 

Balancing these three aspects has proven to be challenging. While the 
seminal literature on water pricing substantiates the effectiveness of the 
instrument towards achieving water conservation (Dinar and Sub
ramanian, 1997), full cost recovery in overallocated basins typically 
involves a significant increase in prices with non-negligible impacts on 
income and employment (Perry, 2005). Where water has been histori
cally perceived as plentiful and irrigation techniques have remained 
essentially unchanged for decades or even centuries, responses to pric
ing generally involve reducing water use. This results in significant 
water conservation at low or medium price ranges (Rey et al., 2018), 
albeit (traditional) agricultural systems may suffer abrupt trans
formations with non-trivial impacts on the local economy, which can be 
further amplified economy-wide (Parrado et al., 2019). On the other 
hand, where autonomous adaptation to water scarcity has given rise to 
sophisticated and relatively profitable irrigation systems, we may 
observe high ability to pay and inelastic responses to prices at low or 
medium price ranges, which results in limited crop portfolio changes 
despite significant pricing-induced income losses (Zuo et al., 2015). This 
is e.g. the case of the absolute water scarce basins of southern Spain, 
where farmers have invested on greenhouses or irrigation moderniza
tion, among other techniques (Berbel and Mateos, 2014). The upshot is 
that farmers will shift to less-water intensive and less profitable crops at 
relatively high prices, thus increasing the economic costs of water con
servation. This can be aggravated by non-virtuous adaptation strategies 
such as shifting from surface water to more loosely controlled ground
water, thus transferring the overallocation problem to water bodies 
where norms and regulations are more difficult to supervise and enforce 
(G�omez and P�erez-Blanco, 2012). 

The non-trivial tradeoffs between economic efficiency and water 
conservation highlighted above raise barriers to the political accept
ability of pricing (Rausser et al., 2011), which have de facto precluded 
the implementation of full cost recovery (Berbel and Mateos, 2014). 
Notwithstanding the difficulty to fully recover water use costs, pricing 
still represents a powerful incentive that can contribute towards 
achieving collectively agreed environmental goals if certain conditions 
are met. For example, where demand is inelastic, pricing can be 
“leveraged against the high willingness to pay of users” to raise revenues 
that contribute towards enhancing the environmental status of water 
bodies (e.g. payment for ecosystem services). 

The challenges and opportunities above are observable in our case 
study area in the Piedmont Region. According to Piedmont Region es
timates, achieving full cost recovery necessitates a 2500-fold water price 
increase (0.30 EUR/m3 price increase equivalent) (Frontuto et al., 
2020), which following our estimates would not only significantly 
reduce agricultural profit (� 36% on average) but also be inconsequen
tial in terms of water conservation beyond a price increase of 0.2 
EUR/m3 (ensemble average) due to increasingly inelastic response to 
higher prices. Perhaps not surprisingly, experts advising the water policy 
reform found the costs of such price increase disproportionate, also on 
the grounds of potential irreversible impacts on the structure of tradi
tional irrigated agriculture, and suggested a (maximum) price increase 
of up to 0.014 EUR/m3 (Frontuto et al., 2020). According to our 
modeling exercise, although the impacts in terms of foregone profit may 
not be regarded as disproportionate (5%–11% foregone profit in the 
price increase interval 0.012–0.032 EUR/m3, up to 20% in PMP at 0.074 
EUR/m3), a price increase beyond 0.012 EUR/m3 results in the rapid 
substitution of the traditional Piedmontese rice landscape by rainfed 
crops and corn, with rice completely disappearing from the crop port
folio following a price increase of 0.032 EUR/m3 (0.074 EUR/m3 for 

PMP). This is expected to have a critical impact on water retention ca
pacity during the summer discharge peak. Furthermore, the forward and 
backward linkages of agriculture with related economic sectors (e.g. 
food industry) are likely to amplify the economic impact of rice systems 
removal, which may also affect historical water drainage and supply 
infrastructures. 

The downside of setting a maximum 0.012 EUR/m3 price increase is 
a modest water conservation potential: an ensemble average of 350 
million m3 of water conserved annually, or 6.82% of current with
drawals (between 1.7% and 9.5% depending on the ensemble compo
nent). On the other hand, tariff revenues increase consistently and 
almost peak for some models in the price interval 0–0.012 EUR/m3 (up 
to 56 EUR/ha), while profit reduction is relatively low (4.9%–5.7% 
depending on the model). This suggests that if rice systems are to be 
preserved, water pricing is not an effective instrument to conserve 
water, but still retains some potential as a revenue raising tool. 

6. Conclusions 

This work develops a mathematical programming multi-model 
ensemble framework to sample uncertainty and underpin robust deci
sion making. This is, to the best of our knowledge, the first ensemble 
experiment to assess the local impacts of agricultural water policy re
form. Its development, implementation and subsequent iterative policy 
formulation along with stakeholders provided insights into modeling 
and scenario uncertainty that proved valuable towards the identification 
of robust pricing policy in the Piedmont Region. The ensemble could be 
improved through its connection to complementary ensemble experi
ments that sample uncertainty in physical systems, notably the water 
system (Cloke et al., 2013), and in other human systems (e.g. macro
economics, which would allow us to model crops’ demand and prices 
endogenously) (Parrado et al., 2019). Modularity and protocols could be 
used to connect such complex systems among them, in line with recent 
contributions to the area of socio-hydrology (Essenfelder et al., 2018). 
The ensemble could be also expanded through the inclusion of addi
tional mathematical programming models (Graveline, 2016). The indi
vidual ensemble components could also benefit from further research 
through: i) exploration of new attributes in multi-attribute models, such 
as seasonal forecasts, where this data is available; and ii) expansion of 
the crop portfolio to explicitly differentiate management techniques in 
agriculture in general and irrigation in particular. Such improved 
ensemble could be used to assess the impact of adaptation policies other 
than pricing in the irrigation sector, to complement our assessment of 
agricultural water pricing with that of alternative/complementary pol
icies; although the current institutional and legal context and policy 
agenda suggest the feasibility of such instruments in the Piedmont 
Region/Italy may be unclear, as previously discussed. 
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3.3. Economic Sustainability of Irrigation-Dependent Ecosystem Services Under 

Growing Water Scarcity. Insights From the Reno River in Italy 

 

3.3.1. Resumen 

 

A medida que aumenta la escasez de agua, los regantes están adoptando sistemas de riego 

modernos para aumentar la proporción de agua consumida por los cultivos y mitigar los 

efectos de la escasez sobre la producción. Este aumento del consumo beneficioso se debe 

fundamentalmente a los menores flujos de retorno – escorrentía y filtración – hacia el medio 

ambiente, que son fundamentales para mantener los humedales y otras infraestructuras 

verdes dependientes del riego que proporcionan valiosos servicios ecosistémicos. 

Adoptamos un innovador conjunto multimodelo de modelos de programación matemática 

para evaluar las respuestas de los regantes a las compensaciones pecuniarias diseñadas 

para sostener los servicios ecosistémicos dependientes del riego (en ingles Payments for 

Watershed Services – PWS), bajo múltiples escenarios. El resultado es una base de datos de 

pronósticos que representa el rango de estados futuros plausibles, que se utiliza para 

evaluar el rendimiento económico e identificar una estrategia robusta de adaptación a la 

creciente escasez. Nuestro análisis de la Confederación Hidrográfica del Río Reno en Italia 

muestra que, bajo la mayoría de los modelos y escenarios, la estrategia conservacionista 

tiene un rendimiento económico superior al de la estrategia de adaptación autónoma donde 

se adoptan sistemas de riego modernos. La estrategia conservacionista también se 

encuentra más robusta que la estrategia autónoma. Sin embargo, a menos que se 

establezcan incentivos razonables, los regantes pueden adoptar tecnologías de riego. En 

escenarios de cambio climático moderado, la eliminación de los subsidios existentes a los 

sistemas de riego modernos es suficiente para disuadir su adopción. En los escenarios de 

cambio climático severo, se necesitarán PWS adicionales para los regantes para asegurar la 

sostenibilidad de los servicios ecosistémicos dependientes del riego. 



1.  Introduction
Throughout the world, the surface and subsurface return flows that leave agricultural systems following water 
withdrawal and application have created and sustained wetlands, forested areas and other green infrastructures 
that supply valuable ecosystem services (Grafton et al., 2018). Examples of irrigation-dependent ecosystem ser-
vices include habitat conservation (e.g., wetlands for migrating waterfowl), climate regulation (e.g., carbon se-
questration), soil retention, cultural heritage (e.g., spiritual fulfillment, intellectual development) and amenity 
services (such as esthetic enjoyment or recreation), among others. Since these ecosystem services are typically 
outside of the market, their provision by irrigated systems is not included in the valuation of agricultural produc-
tion, nor is their eventual loss where the underlying green infrastructure is degraded (TEEB, 2015).

Irrigation-dependent ecosystem services are under threat by rising water scarcity and adaptive responses by 
farmers through modern irrigation systems, such as sprinkler or drip irrigation systems, laser leveling of fields, 
piped delivery systems, canal lining, and other physical rehabilitation of irrigation and delivery systems (Perry 
& Steduto, 2017). Modern irrigation systems are designed to increase the proportion of beneficial consumption 
per unit of water use. As scarcity grows, this allows irrigators to negate reductions in biophysical production from 
diminished water supply. This increased beneficial consumption is partially sourced by lower non-beneficial con-
sumption (e.g., evaporation from wet fields), but the predominant source is a reduction in return flows—runoff 
and percolation—back into the environment, which are often reused by irrigation-dependent ecosystem services 
downstream. The upshot is a sustained reduction of return flows due to increased beneficial consumption, degrad-
ed green infrastructures and a deterioration of irrigation-dependent ecosystem services (Figure 1; Pérez-Blanco 
et al., 2020).

Exceptions will arise in cases where irrigators can participate in incentive schemes that encourage environmental 
performance, such as payments for ecosystem services (PES). PES are a pecuniary compensation that internalizes 

Abstract  As water scarcity grows, irrigators are adopting modern irrigation systems to increase the 
proportion of water use consumed by crops and mitigate impacts on production. This increased beneficial 
consumption is fundamentally sourced by lower return flows-runoff and percolation-back into the environment, 
which are critical to sustain wetlands and other irrigation-dependent green infrastructures that supply valuable 
ecosystem services. We adopt an innovative multi-model ensemble of mathematical programming models to 
assess irrigators' responses to pecuniary compensations designed to sustain irrigation-dependent ecosystem 
services (Payments for Watershed Services-PWS), under multiple scenarios. The upshot is a database of 
forecasts that represents the range of plausible future states, which is used to assess economic performance and 
identify a robust adaptation strategy to growing scarcity. Our analysis of the Reno River Land Reclamation and 
Irrigation Board in NE Italy shows that, under most models and scenarios, the conservationist strategy has a 
superior economic performance than the autonomous adaptation strategy where modern irrigation systems are 
adopted. The conservationist strategy is also found more robust than the autonomous strategy. However, unless 
sensible incentives are put in place, irrigators may adopt irrigation technologies nonetheless. Under mild to 
moderate climate change scenarios, removing existing subsidies to modern irrigation systems is sufficient to 
deter their adoption. Under severe climate change scenarios, additional PWS to irrigators will be necessary to 
ensure the sustainability of irrigation-dependent ecosystem services.
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the positive externalities generated by providers (e.g., irrigators) through the protection or enhancement of green 
infrastructure (Asbjornsen et al., 2015). PES include both private (where individuals and/or private and non-gov-
ernmental organizations are the sole buyer) and public sector payments, although there are relatively few exam-
ples of the former in the case of watershed ecosystem services, where most funding comes from supranational, 
national or regional governments acting on behalf of their constituency. PES have received growing attention 
and funding due to their perceived capacity to enhance environmental and economic performance, including 
through the generation of relevant co-benefits such as increased and/or more stable incomes in rural areas (Brem-
er et al., 2016). The literature records over 400 water-related PES (also known as Payment for Watershed Ser-
vices, PWS) in more than 60 countries, rehabilitating a surface one and a half times the size of India for a total 
financial value of $25 billion (Bennett & Franziksa, 2016). However, “few rigorous evaluations” on the economic 
performance of PWS programs exist (Bhaduri et al., 2021). Lack of economic rigor is attributed to two main fac-
tors: (a) the oversimplistic representation of human agency and (b) the treatment of uncertainty (or lack thereof).

1.	 �Most economic assessments of PWS rely on oversimplistic representations of human agency (e.g., through 
linear objective functions) built entirely on the basis of relationships observed in historical data (e.g., pro-
jections from baseline conditions; Bhaduri et al., 2021; Harou et al., 2009; Pérez-Blanco et al., 2021). This 
contravenes the Lucas Critique, after the Nobel Laureate Robert Lucas, which states that it is inadequate 
to predict the effects of policy shocks on human behavior entirely on the basis of relationships observed in 
historical data (Lucas, 1976). This is because the parameters of models elicited this way are not structural, 
that is, not policy-invariant, and would necessarily change whenever the policy (e.g., PWS adoption) changes. 
Instead, historical data should be used to reveal the micro-foundations or deep parameters (utility, preferenc-
es, resource constraints) driving agent's responses, for example, through mathematical programming models 
(Graveline, 2016); and use these models for prediction.

2.	 �Available PWS economic assessments typically disregard scenario and modeling uncertainty. Scenarios in 
PWS studies are typically built either using simplistic point predictions or through probabilistic descriptions 
of plausible future states; which are then fed to a single model that is used to produce a forecast. Yet, in deeply 
uncertain socio-ecological systems, where researchers and stakeholders typically do not know/cannot agree 
on the model that relates scenarios to outputs, or the probability of these scenarios, such consolidative ap-
proach risks providing more information than what we can reasonably claim to know (Marchau et al., 2019). 
Disregard of scenario and modeling uncertainty becomes problematic where PWS performance is highly 
sensitive to future states. For example, a recent assessment of PWS in Colorado (US) found that the potential 
financial returns to beneficiaries was expected to be positive, but also warned that these returns would vary 
considerably depending on the scenario and only hold under specific model assumptions (Jones et al., 2017). 
Unfavorable surprises, especially those resulting in abrupt change, can lead to tipping points that significantly 
and irreversibly deviate expected from realized policy performance (Anderies, 2015). This is closely related 
to issues of permanence, that is, whether PWS will lead to sustained restoration/conservation of water-related 
ecosystem services, especially when future conditions (e.g., climate) may abruptly change (Rode et al., 2015).

This paper builds on the concepts of micro-foundations (Lucas,  1976), exploratory modeling (Kwakkel & 
Pruyt, 2013) and multi-model ensemble (IPCC, 2014; Sapino et al., 2020) to develop an economic assessment 
framework for PWS that uses mathematical programming methods to elicit the deep parameters driving human 
behavior, while thoroughly sampling scenario and modeling uncertainty in the analysis of irrigators' responses. 
The ensemble includes 2 Positive Mathematical Programming (PMP) models, 2 Positive Multi-Attribute Utility 
Programming (PMAUP) models and 1 Linear Programming (LP) model. The assessment framework is used to 
simulate the economic performance (through utility) of an hypothetical conservationist strategy (i.e., no irrigation 
modernization and reallocation of water toward the environment) v. autonomous adaptation strategy (i.e., irriga-
tion modernization and reallocation of water toward agriculture). By comparing the monetized foregone utility 
experienced by irrigators under the conservationist strategy v. the monetized foregone utility experienced by 
irrigators under the autonomous adaptation strategy we can obtain the minimum compensation irrigators would 
be willing to accept to sustain the PWS scheme. This information is subsequently compared with estimates of 
the economic value of ecosystem services to assess the economic performance of the proposed PWS. Repeating 
this process for multiple models and scenarios (climate change, irrigation modernization costs, economic values 
of ecosystem services) yields a database of forecasts that represents the range of plausible future states. Coupled 
with automated robust decision methods, this database is used to identify robust adaptation strategies that avoid 
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unfavorable outcomes that can be identified ex-ante. Methods are flexible and replicable, and are illustrated with 
an application to the PWS program presently being discussed between the Regione Emilia Romagna and the Reno 
River Land Reclamation and Irrigation Board (Reno River LRIB, in Italian: Bonifica Renana) to conserve the 
ecosystem services provided by irrigation-dependent wetlands in NE Italy.

2.  Case Study Background: The Reno River Land 
Reclamation and Irrigation Board
Since Roman times, irrigators in Northern Italy have built water retention, 
distribution and drainage infrastructures to expand the surface available for 
agricultural and urban developments. Canals, irrigation systems, detention 
basins, drainage systems and other water works have transformed the land-
scape and created a complex network of man-made gray and green infrastruc-
tures that is managed, monitored, maintained and modernized by LRIBs, a 
public-private partnership that brings together all the owners of land and 
buildings (public and private) within its area of influence.

The Reno River LRIB, located to the Southeast of the Po River Basin, man-
ages an area of 341,953 ha across five provinces (Bologna, Firenze, Modena, 
Ferrara, Ravenna, Prato, and Pistoia). Of this surface, 56,067 ha are lowland 
alluvial plains that are drained using 1,667 km of canals, 26 detention ba-
sins (with the capacity to store over 42 million m3 of rainfall water) and 26 
pumping systems. The same network of infrastructures (plus 63 additional 
pumping systems for irrigation) is used to support the irrigation of 18,000 ha, 
which are divided into 5 irrigation districts (the agents in the mathematical 
programming model): C001 (Dep. Bologna-Po), C002 (Po), C003 (Reno, Re-
no-Po, Dep. Bologna), C004 (Quaderna, Sillaro, Dep. Ozzano Emilia, Dep. 
Castel S. Pietro), C005 (Ghironda, Lavino, Rii Pedecollinari, Dep. Anzola 
Emilia, Dep. Calcara, Dep. Calderara di Reno, Dep. Padulle di Sala). To this 
end, the Reno River LRIB distributes on average 68 million m3/year of wa-
ter for irrigation, which comes exclusively from surface water sources: 73% 
from the nearby Po River, via the Emiliano Romagnolo Canal (in Italian: 
Canale Emiliano-Romagnolo—CER); 16% from the Reno River; and the re-
mainder from detention basins (see Figure 2; Nomisma, 2019a).

Transportation and application technical efficiencies vary across the LRIB, 
being estimated on average at 50% and 85%, respectively (Nomisma, 2019b). 
As a result, drainage and irrigation activities produce non-trivial surface re-
turn flows, which have created and sustain 160 ha of protected areas with 

Figure 1.  Water accounting balance. All water entering the irrigation system goes to either: (a) beneficial consumption, water that is purposefully converted to 
water vapor, primarily crop transpiration; (b) non-beneficial consumption, water that is not purposefully converted to vapor, such as through transpiration by weeds 
or evaporation from wet surfaces; (c) reusable return flows, water reaching a useable water body with downstream demand; and (d) non-reusable return flows, water 
flowing without benefit to a sink such as the sea, and therefore not useable.

Figure 2.  The Reno river LRIB.
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wetlands across the LRIB. These wetlands provide valuable services beyond the conventional water supply and 
flood protection services typically attributed, and paid, to the Reno River LRIB, including: provisioning (e.g., 
food production, water storage), regulating (e.g., carbon sequestration, water purification), habitat (e.g., genetic 
diversity) and cultural services (e.g., esthetic, spiritual, educational and recreational; Nomisma, 2019a). Annex I 
in the Supporting Information S1 offers a comprehensive description of the ecosystem services provided by the 
Reno LRIB, which leverages on a review of the scientific literature complemented with the feedback provided by 
local stakeholders in a workshop held in Bologna (Italy) in April 2019.

On the other hand, in a context of diminishing water supply due to climate change, the same inefficiencies that 
maintain these valuable ecosystem services constrain water availability for irrigated agriculture. This has led 
agricultural landowners within the Reno River LRIB to call for investments toward the modernization of irriga-
tion and drainage infrastructures, particularly the network of canals. Irrigation modernization plans have been 
received with caution by the government of the Emilia-Romagna Region (where most of the lowlands are located) 
and the Reno River LRIB itself, which are concerned of the impact this intervention would have on protected 
areas and their wetlands (Nomisma, 2019b). Following a series of exchanges between the regional government 
and the Reno River LRIB, a research project was commissioned to the authors to explore the economic feasibility 
and sustainability of a PWS between the regional government (buyer) and the irrigators of the Reno River LRIB 
(providers), whose methods, results and conclusions are reported below.

3.  Methods
This paper develops an economic assessment framework for PWS that uses mathematical programming methods 
to elicit the deep parameters driving human behavior, while thoroughly sampling scenario and modeling uncer-
tainty in the analysis of irrigators' responses. This mechanistic methodology is complemented with automated 
robust decision methods to identify a non-regret adaptation strategy.

3.1.  Multi-Model Ensemble

While simplification through model conceptualization helps to effectively convey insights into how to better 
allocate resources in complex systems, it also leads to imperfections in the representation of the system and 
errors (Tebaldi & Knutti, 2007). Unawareness of these errors can result in misleading policy recommendations, 
significant deviations of expected from realized performance, and maladaptation (Hino & Hall, 2017), which can 
be aggravated by issues of non-convexity and irreversibility (Anderies, 2015). Despite these problems, economic 
performance evaluations of PES, and PWS specifically, typically rely on a single model and model setting to 
produce forecasts, which makes these schemes vulnerable to modeling uncertainty.

Ecological sciences have addressed modeling uncertainty through ensemble experiments that use multiple models 
to sample uncertainty (see e.g., Cloke et al., 2013; IPCC, 2014). Yet, ensemble experiments are under-researched 
in all disciplines of social sciences. In this paper, we sample uncertainty in human behavior and responses using a 
multi-model ensemble of mathematical programming models consisting of 2 PMP, 2 PMAUP and 1 LP models—
all of which are widely used methods in the literature on economic models for agricultural water management. In 
these models, farmers decide on the crop portfolio so to maximize the utility provided by a set of utility-relevant 
variables, subject to a series of constraints (Graveline, 2016):

Max � (�)
�

= � (�1(�); �2(�); �3(�)… ��(�))� (1)

�.�.∶ 0 ≤ �� ≤ 1� (2)

∑�

�=1
�� = 1� (3)

𝒙𝒙 ∈ 𝐹𝐹 (𝒙𝒙)� (4)

𝒛𝒛(𝒙𝒙) ∈ 𝑅𝑅
𝑚𝑚� (5)
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where x is the crop portfolio, a vector representing the share of land allotted to each crop i; z(x) is a vector of 
utility-relevant attributes defined so that “more-is-better” (i.e., increasing the provision of one attribute, caet-
eris paribus, increases utility); U(x) is a parameterized objective function that relates inputs (the provision of 
utility-relevant attributes under a given crop portfolio) to outputs (utility); and F(x) is the set of constraints con-
forming the domain, which are common to all models in the ensemble, and whose mathematical formulation is 
available in Annex II in the Supporting Information S1. Of particular relevance is the water allocation constraint:

∑�

�=1

��

eff�
�� ≤ ��� (6)

where wi are the net water needs or evapotranspiration (i.e., excluding inefficiencies) of crop i (in m3/ha), effi is 
the irrigation efficiency (which ranges between 0 and 1), wc/effc are the gross water needs or water applied to crop 
i (i.e., including inefficiencies), xi is the share of land allotted to crop i and Wg is the total water allocation for the 
agent (m3/ha). Adopting modern irrigation systems increases effi and reduces wi/effi.

Differences across the mathematical programming models considered in the ensemble stem from the form and 
calibration of the utility function (Graveline, 2016). Regarding the form, the utility functions used by mathe-
matical programming models can be single- (the case of PMP) or multi-attribute (the case of LP and PMAUP). 
Single-attribute utility functions use expected profit as the sole utility-relevant attribute; while multi-attribute 
utility functions typically explore the relevance of expected profit, risk aversion, and management complexity 
aversion. A comprehensive description and mathematical formulation of the attributes explored in the ensemble 
(namely, expected profit, risk aversion and management complexity aversion), as well as the related data inputs, 
is available in Annex III in the Supporting Information S1. Utility functions can also adopt different functional 
forms across mathematical programming models, typically Cobb-Douglas (PMAUP), additive (LP) and quadratic 
(PMP).

Regarding the calibration, each mathematical programming model used in the ensemble (PMP, LP, PMAUP) has 
a unique calibration method, which are discussed in Annex IV in the Supporting Information S1. The calibration 
results for the five irrigation districts/agents in the Reno River LRIB using the five models above are presented 
in Annex V in the Supporting Information S1.

3.2.  Exploratory Modeling and Scenarios

Exploratory modeling is a technique that uses computational experiments to study the behavior of complex sys-
tems over a set of plausible scenarios given a priori knowledge (Kwakkel & Pruyt, 2013). Exploratory modeling 
has been used to study structural transformations under uncertainty, and to inform the design of robust adaptation 
strategies (Bankes et al., 2013; Marchau et al., 2019). In this paper, exploratory modeling is used to create a set of 
plausible scenarios whose outcomes are subsequently tested, for each adaptation strategy (conservationist v. au-
tonomous adaptation strategy), using the multi-model ensemble of mathematical programming models presented 
above. The following sets of scenarios are considered: (a) climate change, (b) irrigation modernization, and (c) 
environmental valuation scenarios.

Climate change scenarios. Climate change scenarios are based on the hydrologic projections for the Po River 
Basin in the Italian Climate Change Adaptation Plan (MITE, 2018), which are summarized in Annex VI in the 
Supporting Information S1. The Italian Climate Change Adaptation Plan foresees a reduction in runoff for the 
Po River Basin that ranges between 30% (RCP4.5) and 45% (RCP8.5) by 2,080, which will be coupled with an 
increase in upstream demand of up to 25% due to irrigation expansion. This will lead to increased agricultural 
water deficit, particularly downstream (up to 20%–40% reduction in agricultural water allocation). A total of 45 
climate change scenarios were simulated using mathematical programming methods (agricultural water alloca-
tion reduction in Equation 6 from 0% to 45% at discrete intervals of 1%).

Irrigation modernization scenarios. The Reno River LRIB has designed a plan to implement canal lining and 
increase the average technical efficiency of transportation systems from 50% to 85%. The cost of canal lining for 
irrigators, based on available budget estimates, interviews with local experts (which were asked to account for 
overbudgeting in their responses) and subsidies (the modernization of collective irrigation infrastructures such 
as canals is eligible to receive direct payments from the Common Agricultural Policy (CAP) of 40%–90% of the 
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investment cost, on the basis of a supposedly higher environmental performance (Official Journal of the Euro-
pean Union, 2013)), is estimated at 90,000–120,000 EUR/km (9,000–72,000 EUR/km with subsidies); which 
applying the standard amortization period (50 years) and interest rate (2%; Nomisma, 2019a) yields an annuity 
of 2,865–3,820 EUR/km (286.5–2,291 EUR/km with subsidy). This value is then multiplied by the total length 
of the canals in the lowlands, divided by the total number of irrigated hectares in the lowlands, and multiplied 
by the number of irrigated hectares in each irrigation district to obtain the irrigation modernization cost for each 
economic agent/irrigation district. Irrigation modernization costs are then charged to economic agents through 
a flat rate (EUR/ha). Local experts advised against using a volumetric charge (i.e., EUR/m3) because metering 
devices are still unavailable for most irrigators in the area. A total of 112 irrigation modernization scenarios 
were simulated using mathematical programming methods (irrigation modernization costs from 9,000 to 120,000 
EUR/km, at intervals of 1,000 EUR/km).

Environmental valuation scenarios. The two sets of scenarios above are used to estimate the utility perceived 
by irrigators under the two alternative strategies considered (conservationist v. autonomous adaptation), and the 
minimum compensation irrigators would be willing to accept to sustain the PWS scheme. This information is 
subsequently compared with the economic value provided by these ecosystems, to assess the economic perfor-
mance of the PWS scheme.

The literature on ecosystem services does not prescribe a single technique to measure their economic value, and 
several methods can be used to this end (TEEB, 2015). With sufficient time and resources, original environmental 
valuation studies (such as contingent valuation or contingent ranking) are typically preferred (Arrow et al., 1993). 
However, original environmental valuation studies demand large research teams, and necessitate careful study 
design and data analysis before methods and results can be validated. Alternatively, benefit transfer methods can 
be used to approximate the economic value of ecosystem services through estimates obtained by other studies 
performed elsewhere. The benefit transfer approach, which is adopted here, transfers an “estimate from another 
study/studies to a different context”, usually by multiplying the mean economic value for a person/family of the 
ecosystem service(s) X in location A by the population/number of families in location B, so to obtain the value of 
the ecosystem service(s) in B (Rosenberger & Loomis, 2003). Use of benefit transfer has the additional advantage 
of generating multiple plausible environmental valuation estimates for ecosystem services (one per study in the 
sample), instead of one point prediction as original valuation studies would do. This can be used to create multiple 
environmental valuation scenarios that more thoroughly sample scenario uncertainty.

Annex VII in the Supporting Information S1 presents the outcome of a literature survey from the Environmental 
Values Reference Inventory (www.evri.ca) on the economic benefits of the ecosystem services generated by (ir-
rigated) agriculture. The relevant studies for our research were screened in three stages: (a) a review of the gray 
and academic literature concerned with the measurement of the total economic value of the ecosystem services 
provided by water-dependent ecosystems was performed, which led to 323 studies; (b) of this list, those studies 
that focused on at least 4 of the ecosystem services of relevance for the Reno River LRIB (see Annex I in the 
Supporting Information S1) were selected, which led to 47 studies; (c) the list was further reduced to account only 
for the most recent studies (last 15 years, 2007–2021), studies estimating annuity values (instead of lump sum 
values, to avoid discount rate uncertainties) and studies providing pecuniary values (i.e., qualitative studies were 
excluded), which led to 9 studies. Estimates in the original studies are reported in Annex VII in the Supporting 
Information S1 in current year's values in foreign currency, either per person, family or unit of surface, and were 
converted to 2,020 values using exchange rate and GDP deflator data from World Bank (2020). This resulted in 
an annuity value of ecosystem services in the Reno River LRIB that ranges between 57 and 372.4 EUR/ha/year, 
with a median of 126 EUR/ha/year.

3.3.  Managing Uncertainty Through Robustness

Arguably, model selection techniques could be used to choose among candidates the model that performs better, 
for example, through minimization of calibration errors (see Annex V in the Supporting Information S1), instead 
of relying on an ensemble. Nonetheless, assessing model performance is controversial and goes beyond a straight-
forward comparison of calibration errors. Notably, models in our ensemble are designed as a substitute for direct 
experimentation, which means that we cannot evaluate the predictive performance of the models within the en-
semble, a critical step in model selection (Konishi & Kitagawa, 2008). It may occur that a model with a relatively 
low calibration error performs poorly against non-observed data as compared to alternatives (poor predictive 
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performance; Pindyck, 2015). Moreover, calibration errors are not directly comparable among different models, 
since modeling errors are independent (Cloke et al., 2013). Alternatively, multi-model ensemble modeling can be 
used to generate a probability distribution function that combines all models to generate a point prediction that 
avoids model selection bias. Yet, this is challenging due to the subjectivity involved in defining prior assumptions 
about the distribution and the accuracy and weight attributable to each model (Tebaldi & Knutti, 2007). Besides, 
a populated ensemble including several models is necessary to infer an accurate probability distribution function, 
and this requires a large amount of resources (computational, personnel, etc.) that may not be available. A similar 
argument could be made for consolidative v. multi-scenario analysis, since scenarios are typically the result of 
model predictions (e.g., climate models, environmental valuation models).

Therefore, rather than selecting those models/scenarios that better predict or using a weighting approach, which 
may artificially reduce uncertainty (Hino & Hall, 2017), this work considers multiple scenarios/models and an 
un-weighted approach. The result is a database that offers information on uncertainty regarding model design 
through the ensemble spread, as well as on scenario uncertainty through exploratory modeling. It has been argued 
that when “probabilistic information is not considered, each potential vulnerability is equally important on the 
overall robustness, which can also be interpreted as an implicitly equal weighting” (Taner et al., 2019). Yet, as 
noted above, in our case we cannot claim that each scenario/model has an equal weight, because these weights are 
essentially unknown. In this context, robustness is advised in decision making, so to minimize potential regret.

A robust decision can be informed through heuristic (i.e., inductive reasoning, building on the expertise of de-
cision makers) and/or mechanistic methods. Since the design of the PWS in the Reno River LRIB is still in an 
exploratory stage, and a formal and structured discussion of the results that allows to articulate heuristic-based 
robust decision methods is ahead in time, this research adopts two widely used mechanistic robust decision 
algorithms to inform PWS performance: Minimization of maximum loss (Minimax) and Minimization of Max-
imum regret (MinMax regret; Aissi et al., 2009), two conservative decision making approaches that choose the 
strategy that minimizes the potential loss (Minmax) and regret (Minmax regret) under the models and scenarios 
considered.

4.  Results
4.1.  Simulation Results

The methods proposed above are used to assess the performance of the conservationist strategy (i.e., no irrigation 
modernization and reallocation of water toward the environment) v. autonomous adaptation strategy (i.e., irriga-
tion modernization and reallocation of water toward agriculture) under multiple scenarios and models. The up-
shot is a database of simulations informing on the expected irrigators' choices and related economic performance 
of the two strategies (including profit, employment, Gross Value Added and, most notably, utility). Figure 3 
informs on the crop portfolio choices of irrigators under alternative climate change scenarios/reductions in water 
allocations, for the conservationist strategy (Figure 3a) and the autonomous adaptation strategy (Figure 3b), in 
each model of the ensemble. Note that since irrigation modernization costs/PWS are charged/paid through a flat 
rate on a per hectare basis, they do not alter the relative position in terms of utility return among alternative crops, 
and do not affect crop portfolio responses.

Irrigation modernization under the autonomous adaptation strategy increases the proportion of beneficial con-
sumption per unit of water allocated for irrigation, which increases efficiency (effi) and allows irrigators to reduce 
the gross water needs of each crop i, or wi/effi (see Equation 6), and thus negate/reduce the impacts of climate 
change and water scarcity on yields. As a result, under the autonomous adaptation strategy, the crop portfolio 
remains largely stable (although marginal changes are observed) under all scenarios and models, until water 
allocation is reduced by >30%. When water allocation is reduced by 30% or more, those irrigated crops with a 
lower utility return (mostly corn) are partially replaced by rainfed cereals (mostly wheat or barley, depending on 
the model). On the other hand, under the conservationist strategy where no irrigation modernization plan is im-
plemented, the reduction of water allocation constrains water availability and leads to a substitution of relatively 
low return irrigated crops (corn, sugar beet and pasture) by rainfed wheat or barley (depending on the model) 
from the onset (>0% water allocation reduction). The surface of high return irrigated crops (vegetables, fruit 
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Figure 3.  Crop portfolio choices: conservationist strategy (Figure 3a) v. autonomous adaptation strategy (Figure 3b).
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trees) remains constant in the initial simulation steps (<20% water allocation reduction); and is progressively 
substituted by less water intensive irrigated and/or rainfed (wheat or barley) crops with a lower return when water 
allocation is reduced by >20%.

Figure 4 assesses the economic performance of the PWS scheme by comparing the willingness to accept (WTA) 
to the willingness to pay (WTP) for an hypothetical PWS in the Reno LRIB, under alternative combinations of 
scenarios and models. The WTP is obtained from a literature review using benefit transfer methods (see Annex 
VII in the Supporting Information S1). The WTA is obtained in two stages using mathematical programming 
methods. First, we use the utility function calibrated in Equations 1–6 to calculate the monetized foregone util-
ity (through the compensating variation, CV) experienced by irrigators in every possible scenario g under each 
strategy s, as follows:

CV𝑔𝑔𝑔𝑔𝑔 =
𝑒𝑒 (𝑈𝑈𝑔𝑔=0,𝑠𝑠,𝑊𝑊𝑔𝑔)

Surface
� (7)

Where e is an expenditure function representing the minimum amount of money agents would need to attain 
the utility level they experience in the baseline scenario g = 0 (Ug=0), where there is neither climate change nor 
irrigation modernization, starting from an alternative scenario g.

Figure 4.  Willingness to accept v. Willingness to pay for PWS in the Reno LRIB for (a) each model of the ensemble and (b) all models of the ensemble.
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Second, by comparing the CV of the autonomous adaptation strategy (s = A) v. conservationist strategy (s = C), 
the WTA in every possible scenario g is obtained as follows:

WTA𝑔𝑔 = CV𝑔𝑔𝑔𝑔𝑔 − CV𝑔𝑔𝑔𝑔𝑔� (8)

A positive WTA denotes a preference for the autonomous adaptation strategy; while a negative WTA indicates 
that irrigators would experience a higher utility loss from the adoption of irrigation modernization v. the conser-
vationist strategy, and therefore the latter would be preferred even in the absence of pecuniary compensations to 
irrigators through PWS.

When reductions in water allocation are null or low (<9%), the WTA is negative for all models and scenarios con-
sidered. At this stage the costs of irrigation modernization exceed the benefits from additional water availability, 
which is mostly used to irrigate crops with a low utility return. This results in a lower utility and higher CV under 
the autonomous adaptation strategy relative to the conservationist strategy, and a negative WTA. As climate 
change strengthens the water allocation constraint and threatens the irrigation of crops with a higher return, utility 
(CV) under the autonomous adaptation strategy increases (decreases) relative to utility (CV) under the conser-
vationist strategy, and the WTA for the PWS scheme increases. Beyond a water allocation reduction of 9%, the 
WTA starts exceeding a value of 0 EUR/ha for some models and scenarios—meaning that irrigators will demand 
a compensation for not adopting irrigation modernization and conserving the Reno LRIB green infrastructures 
and ecosystem services instead. Beyond a water allocation reduction of 22%, the WTA starts exceeding the lower 
threshold of the WTP for some models and scenarios, indicating that irrigators would prefer the autonomous ad-
aptation to the conservationist strategy even in presence of a pecuniary compensation (minimum WTP) through 
PWS. Eventually, the median WTP is also surpassed, although this only happens for severe climate change 

Figure 4.  (Continued)
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scenarios (water allocation reduction >38%) and only in a few models and irrigation modernization scenarios. No 
combination of models and scenarios leads to a WTA that exceeds the maximum WTP.

Importantly, in the absence of irrigation modernization subsidies the WTA only becomes positive beyond a water 
allocation reduction of 26%; and exceeds the minimum WTP beyond a water allocation reduction of 35%. Neither 
the median nor the maximum WTP are surpassed by the WTA in those scenarios without irrigation moderniza-
tion subsidies.

Figure 5 compares the WTP to the WTA for each agent/irrigation district under selected scenarios. This informa-
tion is relevant to identify and redress potential asymmetries in the implementation of PWS (e.g., through direct 
payments to those who experience losses and/or water reallocations among farmers). The WTA is calculated 
here as a simple average of all the models in the ensemble—sometimes referred to as best estimate (IPCC, 2014).

Those irrigation districts with a larger share of high return crops (mostly vegetables) are more likely to experience 
losses from the adoption of PWS, especially under severe climate change scenarios. Under a water allocation 
reduction of 40%, the irrigation district C004 is better off adopting the autonomous adaptation strategy, provided 
infrastructures are subsidized and the minimum or median WTP is paid. The irrigation district C005 is better 
off adopting the autonomous adaptation strategy even if no subsidy toward the adoption of modern irrigation 
infrastructures is paid.

4.2.  Robustness

Robustness is assessed using two mechanistic robust decision algorithms: Minimax and Minmax regret.

The performance indicator used in the case of the Minimax algorithm is the gain/loss experienced in each sce-
nario as compared to the baseline scenario g = 0 (no climate change, no irrigation modernization). Under the 
autonomous adaptation strategy, the Minimax performance indicator equates −CVg,A; while under the conser-
vationist strategy, the Minimax performance indicator equates WTP−CVg,C. The Minimax performance indica-
tor is obtained for every model, scenario and strategy considered. Subsequently, for each of the strategies, the 

Figure 5.  Economic performance (measured as WTP minus WTA, in EUR/ha) of PWS and spatial asymmetries. (a) 25% of 
water allocation reduction; (b) 40% of water allocation reduction.
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maximum loss is obtained across all models and scenarios. The strategy that minimizes the maximum potential 
loss (Minmax) is found to be more robust; which in our case is the conservationist strategy.

The performance indicator used in the case of the Minmax regret is obtained in two steps. First, the best perfor-
mance indicator for each scenario among the Minmax performance indicators (see above) is obtained. Then, a 
regret indicator is obtained by subtracting actual gain/loss (again obtained as −CVg,A for the autonomous adap-
tation strategy, and as WTP−CVg,C for the conservationist strategy) from the best performance indicator under a 
given scenario. The strategy that minimizes regret is then chosen; which is found to be, again, the conservationist 
strategy.

4.3.  Discussion

Farmers are in charge of managing the land and are given the responsibility to protect it. An important part of 
this stewardship role involves the conservation of natural resources, such as water, and the environmental assets 
and ecosystem services that depend on them. Historically, landscape stewardship has included environmentally 
friendly adaptive strategies such as no-till, planting cover crops, collecting water runoff to reduce nutrient load to 
water bodies, integrating crop and pasture rotations, and others. However, without adequate rules and incentives, 
adaptation strategies may as well be unsustainable (e.g., water theft, aquifer overdraft).

We show that as climate and water resource allocations change, farmers may decide to deploy modern irrigation 
systems that increase agricultural water consumption to mitigate/negate production losses, while reducing water 
availability for other uses—including valuable ecosystems and their services. This autonomous adaptation strat-
egy is being encouraged by ill-designed incentive schemes—most notably the subsidization of modern irrigation 
systems (Perry & Steduto, 2017). In our study in the Reno LRIB we find that, under mild to moderate climate 
change scenarios (water allocation reduction <26%), removing infrastructure subsidies is sufficient to prevent 
maladaptation through modern irrigation technologies that deplete environmental water allocations. This critical 
result aligns well with research at the global (Pérez-Blanco et al., 2020) and private irrigator level (Adamson & 
Loch, 2021), which has shown that when subsidies are removed, expected water savings are often insufficient on 
their own to motivate private irrigation modernization investments.

Figure 5.  (Continued)
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This is likely to change under moderate to severe climate change scenarios, when water scarcity will affect in-
creasingly valuable crops and new schemes of incentives such as PWS may be necessary to prevent autonomous 
(mal)adaptation. In our study in the Reno LRIB we find that, if no infrastructure subsidies are applied, PWS 
would have a cost (measured through the WTA) that is below the minimum WTP for irrigation-dependent eco-
system services until a water allocation reduction of >35%; and below the median and maximum WTP for all 
scenarios considered. In the presence of subsidies, the cost of PWS can exceed the minimum WTP earlier (water 
allocation reduction >22%), while the median WTP can be also surpassed, albeit only at severe climate change 
scenarios (water allocation reduction >38%). This suggests a satisfactory economic performance of PWS for 
most scenarios and models considered. Applying automatic robust decision-making methods, the PWS is found 
to be a more robust strategy than the adoption of modern irrigation systems.

Our findings have relevant implications for water policy design in the EU and in other areas where modern ir-
rigation systems are being adopted, often with the support of public subsidization programmes (Pérez-Blanco 
et al., 2020). In the EU, the Common Agricultural Policy (CAP) subsidizes up to 90% of the investment cost of 
modern irrigation systems, on the basis of a supposedly higher environmental performance of these technologies 
(Official Journal of the European Union, 2013). According to CAP reasoning, if an irrigation system X with 50% 
technical efficiency is substituted with an irrigation system Y with 75% technical efficiency, the original water 
needs can be satisfied with a fraction (50/75) of the original water applied (e.g., 100 v. 66.67 units of water), and 
therefore 33.33 units of water will be saved. This confuses water applied with water consumed and assumes that 
economic agents will behave the same way (planting exactly the same crop portfolio) after the modernization, as 
before—two widespread but incorrect assumptions among policymakers. In reality, unless water use is curtailed 
following the adoption of modern irrigation systems, we should expect the farmer to increase consumption, re-
duce return flows, and limit water availability for third party uses, including green infrastructures, so to increase 
farm income (Grafton et al., 2018; Pérez-Blanco et al., 2020; Perry & Steduto, 2017). Therefore, subsidies to 
modern irrigation technologies are not only ineffective to save water—they can also exacerbate water scarcity by 
increasing the consumed fraction of water applied.

In light of the overwhelming available scientific evidence showing that modern irrigation systems increase con-
sumption and aggravate scarcity, why do policymakers continue to subsidize them to save water? First, despite 
the growing consensus among scientists that modern irrigation systems increase water consumption (Grafton 
et al., 2018), there is a widespread belief among non-experts that modern irrigation systems will save water. 
Once a belief has been established, individuals are more likely to accept (or even build) arguments that conform 
to that belief (Nickerson, 1998; Shermer, 2011), even when more recent information discredits it (Johnson & 
Seifert, 1994). This makes very challenging to debias and debunk the belief that modern irrigation systems will 
save water (Lewandowsky et al., 2012), particularly among policymakers that are not familiar with the behavioral 
drivers explaining farmer's responses to modern irrigation systems. Second, those who benefit from modern ir-
rigation systems (e.g., adopting farmers, equipment suppliers) exert political pressure and other lobbying efforts 
to obtain public subsidies that develop new resources and increase farm income—often at a marginal cost that 
exceeds marginal value. This is visible in our study in the Reno River LRIB, where in the absence of public sub-
sidies, the autonomous adaptation strategy is preferred to the conservationist strategy only under severe climate 
change scenarios (water allocation reduction of >35%); while with subsidies, modern irrigation technologies are 
preferred to PWS following a water allocation reduction of >22% (moderate climate change).

Since modern irrigation systems worsen rather than alleviate water scarcity, it is necessary that policymakers 
abandon the preconceived idea that these technologies will almost always save water and start adopting new 
frameworks that contribute to align individual farmer choices with collectively agreed policy goals, such as 
alleviating water scarcity while mitigating and potentially reverting income losses under climate change (i.e., 
sustainable growth). A prerequisite to achieve this goal is to conduct debiasing and debunking exercises among 
policymakers to put to rest the belief that modern irrigation systems will almost always save water (examples 
of debunking and debiasing exercises are available in Cook et  al.,  2018; Lewandowsky et  al.,  2012; Linden 
et  al., 2017). Additionally, achieving sustainable growth under increasing water scarcity necessitates sensible 
water reallocations that conform to basic economic principles, including:

•	 �The theory of economic policy, which argues that in order to meet a number of goals, an equal number 
of instruments are necessary (Tinbergen, 1952). Thus, if the objective is to save water (objective 1) while 
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enhancing/protecting farm income (objective 2), two instruments will be necessary (e.g., decoupled subsidies 
to farmers to enhance/protect income and quotas to save water)

•	 �The Assignment Principle, which argues that each instrument should be assigned to the objective to which it 
is best suited, and that this instrument should not be used to pursue another objective (Mundell, 1962). The 
Assignement Principle complements Tinbergen's  (1952) work and can be interpreted as a warning against 
water panaceas or “win-win” solutions, where a single instrument is adopted to pursue two (often conflicting) 
objectives

•	 �A framework for the effective design of interventions, where the objectives and the instruments set by pol-
icymakers do not directly affect behavioral responses (in our case, the decision of whether to adopt or not 
modern irrigation systems; Ciriacy-Wantrup & Bishop, 1975). For example, instead of subsidizing modern 
irrigation systems (which directly affects behavioral responses by promoting the adoption of modern irriga-
tion technologies by farmers), policymakers should set the objectives to be met (e.g., ecological flows) and the 
instruments to achieve them (e.g., quotas, pricing), and let farmers respond to these new conditions through 
changes in inputs and technology (e.g., reduced water use, modern irrigation technologies)

These basic economic principles suggest that the failure of modern irrigation systems to save water is the con-
sequence of flawed policy design. Policymakers promoting subsidies to modern irrigation systems “talk” about 
saving water but “dream” about increasing production (Connell, 2007), and thus violate the Tinbergen Principle 
(two objectives, one instrument). Moreover, scientific evidence shows that there are “much more cost-effective” 
alternatives to save water than modern irrigation systems (Qureshi et al., 2011), such as quotas or pricing, mean-
ing modern irrigation systems also violate the Assignement Principle. Finally, coupled subsidies such as subsi-
dies to modern irrigation systems directly affect the operational decisions by farmers, instead of setting objectives 
and instruments farmers have to comply/deal with. These basic economic principles further underpin the findings 
obtained using our quantitative framework, namely, that the conservationist strategy (sometimes complemented 
with PWS) has a superior economic performance than the (subsidized) autonomous adaptation strategy where 
modern irrigation systems are adopted under most models and scenarios, and is also more robust.

Does all the above mean that modern irrigation systems are always ineffective toward saving water? No. Modern 
irrigation systems can yield savings while protecting and/or enhancing agricultural income if they are comple-
mented with effective water saving policies (such as quotas or pricing) that strengthen water allocations to farm-
ers, so to ensure that any additional agricultural consumption following the adoption of modern irrigation systems 
is equal or lower than the foregone non-beneficial consumption and non-beneficial return flows (see Figure 1). 
Under conventional return flow regimes where return flows are beneficial, the water savings and/or additional 
farm income that can be achieved this way are rather marginal, and typically do not justify investments in modern 
irrigation systems (Adamson & Loch, 2021). This is not the case under (infrequent) escape flow regimes where 
return flows are non-beneficial and can be appropriated by farmers at no economic cost (i.e., higher farm income 
without reducing water availability to third party users; Huffaker, 2008).

5.  Conclusions
This paper develops a multi-model and multi-scenario method to assess irrigators' responses to, and the economic 
performance of, pecuniary compensations designed to sustain irrigation-dependent ecosystem services through 
PWS. We find that, under most models and scenarios, the conservationist strategy (sometimes complemented 
with PWS) has a superior economic performance than the autonomous adaptation strategy where modern irriga-
tion systems are adopted. The conservationist strategy is also found more robust than the autonomous strategy.

We envision several ways in which our model and research could be improved. First, the ensemble of mathe-
matical programming models used in this paper could be expanded by including other models available in the 
literature, so to more thoroughly sample uncertainty. Second, a sensitivity analysis is also warranted to further 
sample uncertainty. This could be done exploring additional attributes in the multi-attribute models, PMAUP 1 
and PMAUP 2; or considering alternative crops and adaptation strategies in the portfolio, for example, allow-
ing for continuous yield functions and deficit irrigation instead of fully irrigated v. rainfed crops (Graveline & 
Mérel, 2014). Third, our ensemble focuses on the microeconomic aspect of a human system, which is one of 
the two components of complex human-water systems. Future research should study the interconnection of our 
human system multi-model ensemble with existing multi-model ensembles that represent the water system (see 
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e.g., Cloke et al., 2013). This would make possible to model the two-way feedbacks between human and water 
systems and their consequences (e.g., how the value of ecosystem services increases/decreases during periods 
of scarcity/abundance; Sivapalan et al., 2014), and sample the cascading uncertainties across them. Fourth, the 
representation of the human system could be also enhanced by modeling the interconnection between the micro 
level explored in this paper and the macro level, for example, through price feedbacks, which can be modeled 
endogenously in macroeconomic models (Parrado et al., 2020). Finally, efforts to produce more comprehensive 
and robust models should be complemented with debiasing and debunking exercises—a prerequisite to over-
come locked-in policy failures that subsidize ineffective water saving policies (Cook et al., 2018; Lewandowsky 
et al., 2012).

Data Availability Statement
The data used for the calibration of the ensemble of mathematical programming models and for the benefit 
transfer exercise is available free of charge at the online supplementary material and in an online repository at the 
following link: https://doi.org/10.5281/zenodo.5578968.
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“The man of system, …, seems to imagine that he can arrange the different 

members of a great society with as much ease as the hand arranges the different 

pieces upon a chess-board. He does not consider that the pieces upon the chess-

board have no other principle of motion besides that which the hand impresses 

upon them; but that, in the great chess-board of human society, every single piece 

has a principle of motion of its own, altogether different from that which the 

legislature might chuse [sic] to impress upon it. If those two principles coincide and 

act in the same direction, the game of human society will go on easily and 

harmoniously, and is very likely to be happy and successful. If they are opposite or 

different, the game will go on miserably, and the society must be at all times in the 

highest degree of disorder.” 

Adam Smith, Theory of Moral Sentiments, 1759. 

(Smith, 1759) 
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4.  

4.1. Introduction  

 

In the previous chapter, we presented the multi-model ensemble of MPMs used to advise 

robust decisions. Even if this methodology reduces the uncertainty and allows us to advice 

robust decision, it still fails to address a critical issue of conventional modeling tools, i.e., it 

does not consider the feedback between the natural and the socioeconomic systems. In fact, 

when farmers allocate water differently, the natural system reacts as well, so affecting water 

availability in other parts of the basin. Following the socio-hydrology literature, which aims to 

“observe, understand and predict the co-evolution of coupled human-water systems” 

(Sivapalan et al., 2012), we develop a multi-system ensemble that simultaneously considers 

both the hydrologic and socioeconomic systems. Our approach follows the TAMAL approach 

and is therefore based on previous models that are combined in a modular hierarchy. The 

modularity provides the foreseen outcome of simulating the co-evolution of the two systems, 

but in an easier-to-understand way (than, e.g., presenting a completely new model). 

Moreover, it also allows easier changes and updates to adapt the modeling framework to 

other study cases. 

In the following sections, we present two applications of our multi-model and multi-system 

ensemble: in 4.2 we calculate the resource cost of agricultural water, while in 4.3 we propose 

an innovative water bank system used to enhance environmental and economic 

performance. 
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4.2. A hydro-economic model to calculate the resource costs of agricultural 

water use and the economic and environmental impacts of their recovery 

 

4.2.1. Resumen 

 

Hemos estimado los costes del recurso del uso del agua agrícola y hemos simulado los 

impactos ambientales y económicos de su recuperación. Con este fin, desarrollamos un 

método inspirado en la socio-hidrología modular, dinámico y basado en protocolos que 

interconecta los módulos económico e hidrológico a través de protocolos bidireccionales. El 

módulo hidrológico se lleva a cabo con el modelo AQUATOOL, el Decision Support System 

utilizado por las confederaciones hidrográficas españolas; mientras que el módulo 

económico se lleva a cabo con un conjunto de cuatro Modelos de Programación Matemática 

(MPM) que capturan el comportamiento de los agricultores y sus reacciones. Esto nos 

permite evaluar la incertidumbre y estimar un rango de costes del recurso y los impactos 

ambientales y económicos de su recuperación, en lugar de una estimación puntual. El 

método se ilustra con una aplicación a la cuenca hidrográfica del Órbigo, una subcuenca de 

la cuenca del río Duero en España. Nuestros resultados sugieren costes del recurso 

significativos (que causarían un aumento de entre el 34% y el 62% en los cargos existentes, 

dependiendo del modelo) con impactos significativos sobre los ingresos (reducción de entre 

el 2% y el 27%) y el medio ambiente (el ahorro de agua oscila entre el 6% y el 69%), mientras 

que el impacto sobre la recaudación fiscal es ambiguo, pero potencialmente significativo 

(entre -2,3 millones de euros/año y 5 millones de euros/año). 
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1. Introduction

Water is essential for life, food production, and a key input for virtually all
economic activities (UN 2021). However, water demand is growing at a pace that
cannot be met by the increasingly volatile and overall diminishing supply (IPCC
2021). Climate change, population growth, and changing distributions of wealth
are expected to intensify water scarcity and droughts in already water-stressed
areas, putting water users under further pressure. This holds particularly true for
irrigation, which represents 70% of global freshwater withdrawals (FAO 2021),
concentrates the least valuable uses of the resource (less than 7% of the world’s
Gross Domestic Product) (World Bank 2020), and is accordingly targeted as the
main source of much-needed water savings (OECD 2015; UNDRR 2021). A key
policy to achieve such savings, as substantiated in the fourth Dublin Principle, the
first Rio Principle, and recent flagship reports, is water charging — also referred to
as water pricing1 (UN 1992a,b; UNESCO 2021).

Water pricing is widely regarded and used as an instrument for cost recovery;
but it is also a behavioral incentive that can align individual decisions with key
societal objectives such as environmental sustainability and economic efficiency
(Delacámara et al. 2014; Dinar et al. 2015), as well as building environmental and
economic resilience through an appropriate linkage between current uses and fu-
ture water availability — where misleading price tags can lead to overdraft, in-
creased exposure to extreme events, and non-trivial disinvestments into the future,
e.g. through the loss of natural capital or perennial crops (Loch et al. 2020a). To
this end, it is critical that the price conveys information on the full cost of water
use, including any externalities and opportunity costs that may emerge now or into
the future (Adamson and Loch 2021; Dinar and Subramanian 1997; Tsur and Dinar
1997). While it has been often assumed that mature water economies with full-
fledged water markets will deliver price tags that fully internalize all costs (Randall
1981), reality has proved otherwise (Loch et al. 2020b), making government in-
tervention necessary to address negative externalities, improve market outcomes,
and ensure that the opportunity costs of water use (including resource costs) are
well understood. In this context, several governments worldwide have integrated
water pricing instruments into their legal acquis to recover costs and reallocate
water towards other productive uses and the environment (Bogardi et al. 2021).
This is the case of EU and its Member States through the Water Framework

1In the policy arena, the term ‘charge’ (a levies introduced administratively) and the term “price” (the
exchange value of a good) or “pricing”, as is the case in the WFD (European Commission 2000) are
commonly used interchangeably; this is also common in the scientific literature (see, for example,
Dinar et al. 2015; Olmstead and Stavins 2007).
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Directive (WFD) (European Commission 2000), which aims to put the “right price
tag” on water through the full recovery of water use costs, including not only the
financial costs of the resource typically charged to users (O&M and investment
payback), but also the environmental (costs of associated negative environmental
effects) and resource costs (forgone opportunities of alternative water uses) of
water. However, whereas O&M and investment costs of water are measured and
(at least partially) recovered across several countries, environmental and resource
costs are rarely measured by water institutions. Moreover, the relatively low-cost
recovery levels achieved in agriculture (often through flat rates that fail to reduce
demand) make it unlikely that any relevant share of environmental or resource
costs is charged to users (Bhaduri et al. 2021; EEA 2020).

Two key barriers explain the limited institutional measurement and recovery of
environmental and resource costs. First, agricultural economics research and
modeling have long argued that bridging the gap between observed water prices
and the full cost of water use could substantially reduce agricultural income
without significantly reducing water use due to the inelastic water demand of
farmers (Berbel and Expósito 2020; Cornish and Perry 2003; Molden et al. 2010).
In this context, partial cost recovery plays the role of an implicit subsidy to
irrigators to prevent income losses and distributive imbalances (Rey et al. 2019).
On the other hand, some have questioned whether this equity target could be
alternatively addressed through a more environmentally sustainable instrument
such as a decoupled subsidy, possibly funded via higher cost recovery (Young
2014). Moreover, the inelastic response of irrigators to prices predicted in tradi-
tional economic models has been challenged by recent research that finds a more
elastic demand curve for irrigation water once intensive margin adaptation (deficit
and supplementary irrigation) is considered (Graveline and Mérel 2014; Sapino
et al. 2022), albeit inelastic responses can be still observed for perennials,
particularly until minimum water requirements to ensure survival are met (Loch et al.
2020a). Second, and critical for this research, the lack of standardized accounting
and monetization frameworks for environmental and resource costs remains a
major barrier that hinders their recovery (Barraqué 2020; EEA 2013; UNESCO
2021). While several studies have provided definitions and conceptual frameworks
for the assessment of environmental and resource costs (Berbel and Expósito 2020;
EEA 2013; WATECO 2003), the number of studies that attempt to measure them
and assess their impact empirically is significantly more limited — and appears
biased towards the assessment of environmental costs (see e.g. Chaikaew et al.
2017; García de Jalón et al. 2017; Pérez-Blanco et al. 2021).

Applied studies on resource costs in the agricultural sector are limited. Pulido-
Velazquez et al. (2013) and Pulido-Velázquez et al. (2006) estimate the resource
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cost of water use for all economic sectors in the Andra and Tous systems (Spain)
by coupling a Decision Support System (DSS) model with a linear mathematical
programming model (MPM) that simulates the optimal land allocation that
maximizes users’ net profit. By comparing the observed and the optimal allocation,
the authors calculate the marginal opportunity cost of water — which ranges
between 0.02 and 0.3 EUR/m3 in the Andra system (Pulido-Velázquez et al. 2006)
and between 0.02 and 0.75 EUR/m3 in the Tous system depending on the type of
water use. Alamanos et al. (2020) estimate the resource cost of water in Lake Karla
(Greece) using two alternative methods: (i) as the expected foregone income using
an agronomic model that proportionally allocates the water deficit among existing
crops in the area; and akin to Pulido-Velazquez et al. (2013) and Pulido-Velázquez
et al. (2006), (ii) as the “benefit differential between the existing water use and the
optimum water use” using a linear MPM (Alamanos et al. 2020). The authors find
resource cost estimates in the range of 10.5–22.4 million EUR/year. Looking at the
demand side, Martin-Ortega et al. (2011) estimate the environmental and resource
benefits of water in the Guadalquivir River Basin (Spain) under scarcity conditions
through a choice experiment that yields a Willingness To Pay (WTP) ranging
between 7 and 10EUR/household, suggesting that water services hold a high value
for society and pointing towards the need for water reallocations from agricultural
to urban and environmental uses.

Four major research gaps emerge from the literature above. First, there is a
weak integration between human and water systems in models. Most resource cost
estimates rely on full-fledged economic or hydrological models, which ignore the
feedbacks between human and water systems that are necessary to understand and
interpret the human-modified water cycle (Sivapalan et al. 2014). Those few
studies that couple human and water systems into hydroeconomic models rely on
linear representations of the human system, which are subsequently integrated
into the architecture of the hydrological model through piecewise equations. This
approach “oversimplifies” human agency by failing to capture the relevant non-
linearities that characterize individuals’ adaptive behavior (Di Baldassarre et al.
2017), which can hinder our ability to predict and understand the evolving
trajectories of coupled human and natural systems (UNDRR 2019). Two examples
of nonlinearities in human agency can be found in Olmstead and Stavins (2007),
which find growing price elasticities in water demand; and in Adamson et al.
(2017), who find that shifts in water availability can induce non-trivial and
sometimes abrupt changes in output decisions or water trading.

Second, and closely connected to the first point, coupled human-water systems
are characterized by complex non-mechanistic dynamics and cascading uncer-
tainties, which makes it challenging to accurately value and monetize the impact
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that a specific water use may have on others. However, and despite this limitation,
resource cost studies typically offer single point predictions, which may lead to
“unreliable” and unprecise estimates (Puy et al. 2022).

Third, while all studies produce resource cost estimates, no study offers an analysis
of the economic and environmental impacts of implementing resource costs recovery.

Finally, the models developed by researchers to assess resource costs remain
concealed in the academic arena and are generally not adopted by decision-makers
to inform policy design (Berbel and Expósito 2020). This disconnection between
scientific advances and actual decision-making is often attributed to the non-trivial
time, monetary and knowledge barriers faced by decision-makers, which constrain
the breadth and scope of their policy assessments (Driscoll et al. 2011; Nkiaka and
Lovett 2019). Rather than adopting brand-new methods and models, which would
demand a significant amount of limited resources, decision-makers typically follow
a pragmatic approach in which they try to complete as many tasks and achieve as
many objectives as possible with the resources and expertise available. This
has hampered the measurement and recovery of resource costs, which require
economic modeling and expertise that is typically not available in river basin
authorities dominated by engineering technicians (Di Baldassarre et al. 2019;
Sivapalan and Blöschl 2015). In this context, it is critical to design actionable
science that allows for more effective integration of state-of-the-art economics
research into the day-to-day operations of river basin authorities. One way to
achieve this is by developing modular hierarchies in which the DSS already used
by decision-makers are complemented by additional modules that incorporate new
functions (e.g., an economic module to measure resource costs), to “respond
progressively to the scale of the analysis, budgets, capacity, and timeframes of the
river basin authority or competent body” (Acreman and Ferguson 2010).

From these research gaps emerges the research question this paper is set to
address, namely: can we design actionable human-water system models that
quantify the uncertainty involved in the environmental and economic assessment
of resource costs, to inform robust decision-making?

To address this question, this paper develops a socio-hydrology-inspired,
dynamic, protocol-based modular approach that interconnects economic and
hydrologic modeling via two-way feedback protocols. The hydrologic module is
populated with the AQUATOOL model, the DSS used in Spanish river basin
authorities, which makes the proposed framework actionable and facilitates its
uptake by decision-makers and other relevant stakeholders (Andreu et al. 1991);
while the economic module is populated with an ensemble of four MPMs that
captures human agency and responses (Sapino et al. 2020). The coupling between
the human water system builds on recent work by Pérez-Blanco et al. (2021),
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which is expanded to couple multiple MPMs, rather than just one, to the hydro-
logical module. This allows us to sample uncertainty and provide a range rather
than a point prediction. In a first simulation, the proposed modeling framework is
used to estimate the resource costs of agricultural water use; which are subse-
quently used as inputs for a second simulation that assesses the economic and
environmental (through water-saving estimates) impacts of implementing resource
costs recovery. Methods are illustrated with an application to the Órbigo Catch-
ment, a sub-basin of the Douro River Basin in Spain.

2. Background to the Case Study

2.1. Resource costs and water charges in the EU context

In its Article 9, the WFD states that “water pricing policies provide adequate
incentives for users to use water resources efficiently”, while asking the Member
States to “take account of the principle of recovery of the costs of water services,
including environmental and resource costs” (European Commission 2000). The
WFD identifies three key cost categories that should be “fully” recovered through
pricing (European Commission 2000): financial, environmental, and resource
costs. Resource costs were originally defined by the WATECO (WATer and
ECOnomics) Working Group of the WFD Common Implementation Strategy as
the “cost of forgone opportunities that other users suffer due to the depletion of the
resource beyond its natural rate of recharge or recovery” (European Commission
2003). Later definitions substantiate the notion of resource costs as an opportunity
cost for alternative uses, including a more recent definition by the Working Group
ECO2, in which resource costs are defined as “the opportunity cost or forgone
benefits in the best alternative use” (Heinz et al. 2007).

Full-cost recovery of water use, including resource costs, is mandatory in the
EU — albeit the WFD also states that “disproportionate” costs on users caused by
the implementation of cost recovery should be avoided (European Commission
2000). However, resource (and environmental) costs are typically not included in
water prices (OECD 2017). This implicit subsidy, coupled with other explicit
subsidies to agriculture (e.g., for the modernization of irrigation systems), is often
cited in the literature as a key factor explaining irrigation expansion and growing
water demand and consumption across the EU despite diminishing supply and
growing scarcity (Pérez-Blanco et al. 2020; Rey et al. 2019).

2.2. The Órbigo Catchment in Spain

Methods are illustrated with an application to the Órbigo Catchment in NW Spain,
a historically water-abundant catchment within the larger Douro River Basin.
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Annual water supply in the Órbigo has shown a consistent decrease over the past
40 years and now totals 1,436.5 million m3 (average over the 1980–2018 period),
or nearly three times as much as the average withdrawals of 484.9 million m3

(DRBA 2016). This worsening supply-demand imbalance is reflected in the WEI+
(the ratio of freshwater use to total renewable water resources), which has grown
steadily over the period and is now estimated at 33.8%, above the water scarcity
threshold of 20% and rapidly approaching the absolute water scarcity threshold of
40% (DRBA 2021; EEA 2016). The frequency and intensity of drought events
have significantly increased as well over the period (DRBA 2017; MAGRAMA
2017).

In the Órbigo Catchment irrigation represent 96.7% of the total water demand
(DRBA 2021), and our case study comprises 12 Agricultural Water Demand Units
(AWDUs), the basic irrigation unit in Spain (Figure 1). AWDUs are “local irri-
gation communities with common hydrological (e.g., water source), spatial (i.e.,
territory), and administrative characteristics” (DRBA 2016). The irrigated area
object of this study comprises 41,000 ha, which are dominated by maize (73%),
wheat (8%), sugar beet (7%), sunflower (4%), alfalfa (4%), hop plant (1%), barley
(1%), and other crops (2%). The average Gross Value Added (GVA2) in the Órbigo
Catchment irrigated land is 771 EUR/ha, 93% of which comes from profit
(716 EUR/ha, significantly lower than in other irrigated areas in Spain but still well
above the average profit of 390 EUR/ha for rainfed agriculture) and the remaining
7% from labor income (55 EUR/ha). The 12 AWDUs are supplied by a large
reservoir located in the headwaters of the catchment, the Barrios de Luna Reser-
voir. Barrios de Luna has a capacity of 308 million m3 and supplies approximately
272 million m3/year for irrigation, plus 80 million m3/year for higher priority uses
including urban, industrial, and environmental (to sustain environmental flows in
the Órbigo and Luna rivers) (DRBA 2017). The imbalance between water supply
and demand (annual demand exceeds water stock by 44 million m3) becomes
apparent during the increasingly recurrent and intense drought periods when low-
priority agricultural uses can experience water restrictions. Attempts to enlarge and
increase the reliability of water supply through additional water infrastructures
have been unsuccessful thus far: the Omaña Reservoir project (200 million m3)

2GVA is obtained as profit plus labor income. Profit (in EUR/ha) is obtained as price (in EUR/kg)
times yield (in kg/ha), plus coupled subsidies, and minus the variable costs (in EUR/ha). Labor
income (in EUR/ha) is obtained as hired labor (in numbers of working days/ha) times daily wage (in
EUR/working day). Both labor and profit are attributes ZðXÞ whose relevance is explored by the
ensemble of models, and their mathematical formulation is available in Annex I. The GVA is initially
obtained per hectare and per crop, and then combined with the crop portfolio X to obtain the GVA at
an AWDU level.
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was discarded in 1993 due to environmental concerns, while the smaller La Rial
and Los Morales reservoirs project (23 and 11 million m3, respectively) is on
standby and both reservoirs were excluded from the latest river basin management
plan for the 2021–2027 period due to concerns over their economic and financial
sustainability (DRBA 2021)

As in other basins across Spain and the EU, agricultural water prices in the
Órbigo Catchment are an instrument for financial cost recovery rather than for
modulating the use of increasingly limited water resources. The average water

Figure 1. Study Area: The Órbigo Catchment

Source: Own elaboration.

F. Sapino, C. D. Pérez-Blanco & P. Saiz-Santiago
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charge in the Órbigo Catchment is estimated at 0.047 EUR/m3, which allows a
recovery of about 70% of the total financial costs (DRBA 2021). This cost re-
covery figure drops to 45% if recent estimates of environmental costs are included
(Pérez-Blanco et al. 2021). No estimates of resource costs are available for
the basin.

3. Materials and Methods

This paper develops a modular hierarchy of human and water systems to estimate
the resource cost and then assess the effect of the full recovery of this cost in the
agricultural sector. The water system is populated with the DSS used by Spanish
river basin authorities, AQUATOOL; while the human system is populated with an
ensemble of four conventional MPMs that reproduce the behavior of irrigators. The
human-water model was developed under the auspices and with the collaboration
of the Douro River Basin Authority in the context of one European and two
national research projects in which the Universidad de Salamanca and the Douro
River Basin Authority collaborate (see Acknowledgements Section for details on
the projects). Model co-development efforts between scientists and stakeholders
helped us to deliver an actionable modeling framework that can be readily used by
stakeholders to inform actual decision-making. The following sections present
each system/module and the models that populate them, the coupling protocol
developed to integrate human and water systems, and the simulation setup adopted
for the resource costs application.

3.1. Hydrologic module

AQUATOOL is the DSS model used by Spanish river basin authorities to advise
decision-making at a basin level (Andreu et al. 1991). AQUATOOL is a complex
interface including several modules, each addressing key aspects of the hydro-
logical system: SIMGES (simulates watershed management), GESCAL (simulates
water quality at basin scale), OPTIGES (optimizes watershed management),
SIMRISK (risk assessment and management), EGRAF (shows the graphical
results of the previous modules), and EXTOPO (exports spatial data to vector
format) (PUV 2020). In this paper, the AQUATOOL and SIMGES modules were
used for setup and simulation, respectively. These two modules import and manage
information on many aspects of the water system, namely flows and stocks in
surface and “groundwater bodies, discharge under natural conditions, river-aquifer
interaction, infrastructures (reservoirs, canals, irrigation systems), water demand
units (including AWDUs), conveyance, distribution, and application inefficiencies
(and related return flows and non-beneficial consumption), evaporation from
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reservoirs, environmental flows, water rights, and water operation rules” (Pérez-
Blanco et al. 2021).

A key input for AQUATOOL is the discharge series under natural conditions,
which are produced by treating daily precipitation data from 1950 to 2015 with the
EVALHID tool, which integrates several rainfall-runoff models (Lerma et al.
2017). This 1950–2015 series is then integrated with data from the SIMPA
(Sistema Integrado para la Modelación del proceso Precipitación Aportación)
model to obtain the final 1940–2018 series (CEDEX 2020). In case of discrepant
values, we correct the series with more specific data records from reservoirs and
monitoring stations. Following the guidance provided by MAGRAMA (2017) and
observed by the Douro River Basin Authority, discharge series are subsequently
adjusted to account for climate change impacts under a RCP4.5 scenario (an 11%
reduction of the discharge in the whole basin).

Using discharge data inputs, AQUATOOL assesses the impacts on water
availability in water bodies “through a longitudinal simulation that offers spatial
information on surface and subsurface water flows on a monthly basis” (Pérez-
Blanco et al. 2021). Then, a network optimization algorithm simulates the water
allocations for each use following the management rules of the river basin au-
thority. This algorithm follows a multi-objective optimization that includes (i)
satisfying the environmental flows targets, (ii) minimizing water deficits among
users, (iii) the maintenance of the minimum water stock in reservoirs, and (iv)
achieving hydropower generation targets.

In this paper, we used the latest version of AQUATOOL which was set up and
calibrated by the Douro River Basin Authority to produce the 2021 Douro River
Basin Management Plan (DRBA 2020).

3.2. Economic module

Positive MPMs are widely used calibrated microeconomic models that represent
agents’ behavior and their responses to key stimuli. Agents can be defined at
different scales, from farmers to entire regions, and in this case are the AWDUs —
which are the agricultural water demand unit adopted in AQUATOOL. Agents in
MPMs decide on the crop portfolio, timing, water application, and key investments
aiming to maximize an objective or utility function subject to a series of constraints
(e.g., land availability, water caps). This complex decision is usually reduced to a
decision on the crop portfolio, where each alternative portfolio yields a unique
combination of crops, timing, investments, and water application (Graveline 2016).
The general formulation of the problem is as follows:

MaxUðXÞ ¼ f ðz1ðXÞ, . . . , zmðXÞÞ ð1Þ

F. Sapino, C. D. Pérez-Blanco & P. Saiz-Santiago
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Subject to:

xi � 0, ð2Þ
Xn

i¼1

xi ¼ 1 ð3Þ

X 2 F ð4Þ
X 2 R

n, ð5Þ
z1ðXÞ, . . . , zmðXÞ ¼ ZðXÞ 2 R

m: ð6Þ
Agents in the model decide on the crop portfolio X 2 Rn, a vector that repre-

sents the share of land allotted to each of the n individual crops available
xiði ¼ 1, . . . , nÞ, to maximize their utility within the domain F. Utility UðXÞ is a
function of m attributes z1ðXÞ, . . . , zmðXÞ, including e.g., profit, risk avoidance,
and management complexity avoidance. The attributes are defined so that “more-
is-better”, i.e., if the provision of one attribute increases and the provision of the
remaining attributes remains constant, then total utility increases. Accordingly,
“less-is-better” attributes (e.g., risk) are transformed into “more-is-better” attributes
(e.g., risk avoidance). Annex I presents the mathematical formulation of the
attributes employed in this ensemble, the data inputs, and a mathematical formu-
lation of the constraints that conform the domain.

We assess uncertainty in human behavior and responses using a multi-model
ensemble of MPMs consisting of two Positive Mathematical Programming (PMP)
models (Howitt 1995; Júdez et al. 2002), one Weighted Goals Programming
(WGP) model (Sumpsi et al. 1997) and a Positive Multi-Attribute Utility Pro-
gramming (PMAUP) model (Gutiérrez-Martín and Gómez 2011). Differences
across the MPMs considered in the ensemble stem from the form and calibration
of the utility function (Sapino et al. 2020). Regarding the form, the utility functions
used by MPMs can adopt a non-linear Cobb-Douglas (PMAUP), non-linear qua-
dratic (PMP), and linear additive (WGP) form. The utility functions can also be
single- (in the case of PMP) or multi-attribute (in the case of WGP and PMAUP)
(Graveline 2016; Pérez-Blanco and Sapino 2022). Single-attribute utility functions
consider only expected profit as the relevant attribute; whereas the multi-attribute
utility functions also include risk avoidance and management complexity aversion.
Another relevant difference between each MPMs regards the calibration method,
which is discussed in Annex II. The calculation of the calibration residuals is
presented in Annex III. Finally, the calibration results for the agents in the Órbigo
Catchment using the four models above are presented in Annex IV.
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3.3. Coupling

The coupling between the hydrologic and economic modules (Figure 2) adopts
a time-variant and sequential fashion in six steps and using two protocols, as
follows:

In Step 1, a discharge shock that accounts for future climate change impacts
forces AQUATOOL.

In Step 2, AQUATOOL assesses water availability and runs a simulation to
determine water allocation using its network optimization algorithm.

In Step 3, the first protocol is activated, and information on the water allocation
for every agent/AWDU simulated in AQUATOOL is conveyed to the economic
module.

In Step 4, the MPMs within the economic module simulate the crop portfolio
responses of agents/AWDUs to the water allotments determined in AQUATOOL.
MPMs produce key information on hired labor, profit, and effective water use per
AWDU, from which we can estimate income changes through the GVA.

In Step 5, the second protocol is activated, and information on effective water
use by AWDUs is conveyed to the hydrologic module. This second protocol is
relevant because effective water use may be lower than water allocation to
AWDUs, particularly during relatively water-abundant years, and this has impli-
cations for water flows and stocks in the water system. Note that while AQUA-
TOOL operates at a monthly timescale, the MPMs in the economic module operate

Figure 2. Flowchart of the Coupled Human and Water Systems

Source: Adapted from Pérez-Blanco et al. (2021).
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on a yearly basis. Accordingly, the information on water use produced by the
economic module is distributed over the months of the irrigation season and then
imported to AQUATOOL.

In Step 6, AQUATOOL combines the information on effective water use by
AWDUs and discharge data over the following months to reassess the status of the
water system and estimate water availability and allocation in t þ 1.

This process is repeated in sequence for a predefined time, which follow best
practices in Spanish basins is set to 38 hydrological years3 (1980/1981 to 2017/
2018) (MAGRAMA 2017).

3.4. Setup of the resource costs simulation

Resource costs are obtained by comparing the results obtained in two alternative
sets of simulations using the coupled hydroeconomic model presented above:

In the first simulation (SIM00), we use the original model setup presented in
the previous sub-section to estimate the total GVA per AWDU;

in the second set of simulations (SIMr, where r ¼ 01,02, . . . ,12) we run 12
independent simulations identical to that in 1), but in each of them we exclude one
of the AWDUs (in SIM01 we exclude AWDU01, in SIM02 we exclude AWDU02,
and so on). Again, we calculate the total GVA per AWDU; finally, the resource cost
in EUR/m3 for a given AWDU r is obtained as the difference between the total
GVA in SIM r and the total GVA in SIM00 excluding AWDU r, divided by the
total water allotted to AWDU r.

Note that resource costs can be obtained on a yearly basis (where resource costs
will be higher during droughts, and low or even zero during water-abundant years)
or as an annuity over the entire simulation period (arithmetic mean). In compliance
with existing water charging mechanisms for the recovery of financial costs in
Spanish river basins, the Douro River Basin Authority declared a preference for the
latter mechanism (annuity), which we used to calculate resource costs in the
Órbigo Catchment.

On the other hand, the annuity can be recovered through a user-specific charge
or by applying the same annuity across all users. In compliance with existing water
charging mechanisms, to prevent regressive impacts (see next section), and due to
the technical challenge of measuring and monitoring resource costs for each user,
the Douro River Basin Authority declared a preference for the latter mechanism.

3Discharge data were available for the entire time-series 1940–2018 (78 hydrological years), but in
Spain hydrological studies normally adopt shorter discharge series starting from 1980. The short
series should represent more accurately the current water regime, significantly modified by human
activities (DRBA 2020; MAGRAMA 2017).
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The Douro River Basin authority also manifested a preference for volumetric
prices. Accordingly, we simulated the economic and environmental impacts of
implementing resource costs recovery through a volumetric and homogeneous
annuity payment across irrigators.

4. Results and Discussion

Figure 3 displays the resource costs per AWDU for the four MPMs explored in the
economic ensemble. Average resource costs range between 0.016 EUR/m3 and
0.029 EUR/m3 (i.e., between 34% and 62% of the current water charge in the
Órbigo Catchment of 0.047 EUR/m3Þ. The range of resource costs is significantly
widened by the WGP model, which consistently estimates higher values. This is
because the WGP model linearizes the objective function for its calibration, and as
a result is more likely to lead to corner solutions: the agent specializes in a crop and
once a tipping point is reached, this crop is abruptly replaced by another one
(typically with a lower return). These abrupt changes in the crop portfolio translate
into more pronounced changes in water use, profit, labor, and GVA in the WGP,
which explains the differences in resource costs estimates when compared to other
MPMs with nonlinear utility functions.

The two AWDUs with the lowest surface and water allocation, AWDU03
and AWDU08, are those showing the highest resource costs. This may come as
a surprise if we consider that these two AWDUs are those showing the higher

Figure 3. Resource Cost for AWDUs

Source: Own elaboration.
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GVA/m3 of water use. This apparently paradoxical result is explained due to the
limited water use of these AWDUs: when farmers elsewhere receive water
resources from these two AWDUs, they initially use these resources to irrigate
those crops with a higher return and then move progressively to crops with a lower
return. Thus, the resource cost per unit of water used (EUR/m3Þ for a given AWDU
is likely to be higher the lower its water use, and will decrease as water use
increases, creating a regressive effect that can penalize less intensive water users.
Preventing this undesirable distributive impact calls for a volumetric and homogeneous
(in EUR/m3) charge across all AWDUs — the type of charge adopted here.

Figure 4 shows the GVA reduction following the recovery of resource costs
through a homogeneous and volumetric annuity payment across agricultural water
users. Unsurprisingly, the WGP model that estimates (and charges) a higher re-
source cost also yields the larger GVA losses in more than half of the AWDUs,
albeit in this case differences are less marked than the results in Figure 3. PMP
models predict lower GVA losses for most of the AWDUs as compared to the two
multi-attribute models (PMAUP and WGP). The difference in the impact between
PMP 1 and PMP 2 is explained by the different calibration mechanisms and the
dual value used by the two models (see Annex II): PMP 1 dual value is associated
with the land constraint for every crop, while PMP 2 dual value uses the average
value of land rent price (typically lower). The GVA impacts predicted by the
PMAUP model typically range between those predicted by the PMP models and
the WGP. Among AWDUs, AWDU03 and AWDU08 show the lowest GVA losses

Figure 4. GVA Reduction Per AWDU Following Resource Costs Recovery

Source: Own elaboration.
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(below 5%). Recall that these are the AWDUs with the most profitable crops and
the highest ability to pay for water. In our simulations for AWDU03 and
AWDU08, the resource costs estimated (all MPMs) are not high enough to induce
significant changes in the crop portfolio, and only marginally erode profit and
GVA. Importantly, in all the remaining AWDUs GVA losses are at least 2� larger
than in AWDU03 and AWDU08 and can exceed 25% of baseline GVA. This
nonlinear outcome is in line with the findings of Adamson et al. (2017) and
Olmstead and Stavins (2007). Importantly, when a water charge has a “dispro-
portionate” cost, for example through a significant reduction in profit and GVA that
exacerbates inequality or triggers farm exit, the EU WFD allows an exception to
the principle of full cost recovery (European Commission 2000). Alternatively,
complementary compensation mechanisms such as decoupled subsidies may be
adopted to prevent inequitable redistributions of income/farm exit while ensuring
more efficient water allocations.

Figure 5 shows water savings (in %) following the recovery of resource costs
through a homogeneous and volumetric annuity payment. The PMAUP and WGP
models predict the highest water savings for most of the AWDUs, which are
largely achieved through the substitution of irrigated maize with rainfed cereals.
Since the dual values used by PMP models in their calibration tend to penalize
changes in the crop portfolio, PMP models report lower water savings as compared
to the PMAUP and WGP models. The WGP model predicts zero water savings in

Figure 5. Water Savings Per AWDU Following Resource Costs Recovery

Source: Own elaboration.
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AWDU08 and AWDU09, while PMAUP predicts a very small saving in AWDU03
(only 2.3m3/ha or �0.04%). Zero water savings indicates a corner solution, a
characteristic behavior of linear models: the crop portfolio remains unchanged until
a tipping point is reached and all the area assigned to a specific crop is suddenly
replaced. In these two AWDUs, the tipping point is not reached for any specific
crop, which results in zero water savings. Unsurprisingly, the AWDUs with the
highest expected income per hectare (AWDU03 and AWDU08) show the lowest
water savings due to their relatively more inelastic demand. Overall, the recovery
of resource costs yields significant water savings over the entire Órbigo Catchment
at a relatively lower (yet non-trivial) economic cost: while GVA over the entire
Órbigo Catchment is reduced by 17.56% following the recovery of resource costs,
water use is reduced by 29.45% (ensemble average).

Finally, Figure 6 shows the net revenue raised through resource cost recovery.
Tax revenues are predicted to increase in all AWDUs for the PMP models fol-
lowing full resource costs recovery, while the PMAUP and the WGP predict both
higher and lower tax revenues depending on the AWDU. Reductions in the tax
revenue occur when the negative effect on tax revenue from reduced water use
offsets the positive effect from higher prices. Over the entire Órbigo Catchment,
implementing full cost recovery is expected to change the tax revenue between
�2.3 million EUR/year (�30%) and 5 million EUR/year (þ45.6%), depending on
the model, with the two multi-attribute models (PMAUP and WGP) predicting a
reduction in tax revenue and the two PMP models predicting an increase.

The results above substantiate the role of pricing as a behavioral incentive with
the potential to align individual decisions with key societal objectives such as

Figure 6. Changes in Tax Revenue Per AWDU Following Resource Costs Recovery

Source: Own elaboration.
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environmental sustainability. WATECO defines resource costs as the “cost of
forgone opportunities that other users suffer due to the depletion of the resource
beyond its natural rate of recharge or recovery” (European Commission 2003).
Giving back these opportunities to users requires, in the first place, preventing the
depletion of the resource, which in the case of the overallocated Órbigo Catchment
involves a reduction in water use that restores the balance between demand and an
increasingly volatile and overall decreasing supply. This will enhance environ-
mental performance (higher savings) and reduce economic performance (through
GVA losses), with tax revenue potentially experiencing non-trivial changes as well
(between �30% and 45.6%).

Noteworthy, and as noted above, “disproportionate” costs may trigger excep-
tions of the cost recovery principle (European Commission 2000). In addition,
recent rulings from the European Court of Justice suggest that the precise instru-
ment to achieve the good ecological status of water bodies is at the discretion of
Member States (Jääskinen 2014), who may find more adequate alternatives to
manage demand than charges, such as buyback, caps, or others (Rey et al. 2019).
At the very least, if resource costs are to be recovered in the Órbigo Catchment, it
appears sensible to accompany the implementation of higher charges with com-
plementary measures (e.g., decoupled subsidies) that address the relevant and
asymmetric income losses across AWDUs. Critically, a decrease in tax revenue
implies that returns from resource cost recovery cannot be used to compensate
those users that suffer the most from additional charging (recall that GVA
losses per AWDU range from 2% to 27%). Mitigating these imbalanced income
losses would require additional resources that will result in further budgetary
pressures.

5. Conclusions

This paper presents a methodology to estimate the resource costs of agricultural
water use and assess the environmental and economic impacts of implementing
their recovery. To this end, we develop a socio-hydrology-inspired, dynamic,
protocol-based, modular hydroeconomic model that interconnects human and
water systems through two-way feedback protocols. The hydrologic module is
populated with the AQUATOOL model, the DSS used by Spanish river basin
authorities (Andreu et al. 1991); while the economic module is populated with an
ensemble of four MPMs that captures human agency and responses (Sapino et al.
2020). Results for the Órbigo Catchment in NW Spain show significant resource
costs (between 0.016 EUR/m3 and 0.029 EUR/m3 depending on the model, i.e., a
34–62% increase in existing charges of 0.047 EUR/m3) that have a significant
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impact on the GVA (2–27% reduction) and the environment (water savings range
between 6% and 69%), while tax revenue experiences only marginal changes
(between �2.3 million EUR/year and 5 million EUR/year).

There are several ways in which the proposed modeling framework and re-
search could be improved. First, additional ecological (e.g., an agronomic module)
and human systems (e.g., a macroeconomic module) can be incorporated into the
modeling framework to account for relevant feedbacks and cascading effects (e.g.,
changes in commodity and input prices in a macroeconomic context, which would
in turn condition irrigators’ decisions) (Parrado et al. 2020). The new modules
could be populated with several models each, leading to a grand ensemble (i.e., an
ensemble of ensembles) that more thoroughly samples risk and uncertainty and
better informs robust decision-making. Including macroeconomic aspects into our
model would allow us to reveal backward and forward linkages across sectors and
help us track the roots of environmental stressors and their economic drivers (i.e.,
those using the production obtained through agricultural water use, such as tourism
or food industries, but also society benefiting from enhanced food security or the
repopulation and conservation of rural landscapes), as well as those benefiting
from the charge, to better understand costs and benefits. It may also be that the
benefits from enhanced water availability largely exceed the costs experienced by
farmers facing cost recovery, or that collecting from those who benefit has an
impact on the overall surplus well below than charging users (e.g., because charges
are distributed across a much larger group and marginal utility losses will be
lower). In this context, there exists “a possible system of compensations and
collections such that everyone would be better off than before” (Hotelling 1938).
But without information on who benefits and who pays, such adjustments would
not in fact be made. The debate between social and private beneficiaries of water
use (either direct or indirect) is not trivial in this context and is a solid justification
as to why resource and other water use costs are not fully recovered. Tracking and
identifying the drivers of water use can support the design of a more compre-
hensive policy mix that includes, for instance, cross-subsidization mechanisms to
distribute the economic repercussions of cost recovery more efficiently and equally.

Second, the MPMs used could be improved to explore the relevance of addi-
tional attributes in multi-attribute models, and to allow for alternative adaptation
strategies, notably adaptation at the intensive margin through deficit irrigation;
albeit a key constraint to this is data availability and the limited number of models
tackling this aspect — which would reduce the number of ensemble elements
(Koundouri 2004; Loch et al. 2020a; Sapino et al. 2022). Additionally, attributes
could be revisited to include new variables such as fixed costs, to assess farm exit
scenarios in the longer run.
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Third, the ensemble of MPMs can be expanded by considering additional
models, and an ensemble of hydrologic models could be incorporated. The latter
was explored alongside stakeholders, and finally discarded for this exercise due to
two key factors: (i) an ad-hoc network optimization algorithm that accurately
represents water reallocations by decision-makers should be programmed in the
new models, which is resource and time consuming; and more importantly, (ii) the
actionable nature of our modeling framework resides, to a large extent, on the use
of AQUATOOL, which is the DSS used by decision-makers in Spanish river
basins. The use of additional hydrologic models would demand more time and
resources that are presently not available in the river basin authority.

Fourth, the number of scenarios considered, particularly climate change sce-
narios, could be expanded to further sample uncertainty and underpin robust de-
cision-making. This was challenging to communicate to stakeholders, which are
presently conducting river basin planning considering one climate change scenario
(RCP4.5) following guidance from the relevant Spanish ministry (MAGRAMA
2017).

Fifth, while our paper estimates resource costs and assesses the economic and
environmental impacts of their recovery assuming all else is kept equal, comple-
mentary policies such as decoupled subsidies may be necessary to address some of
the (sometimes disproportionate) negative impacts of water charges. In line with
the thinking of Tinbergen (1952), to address several policy objectives an equal
number of policy instruments are necessary — one per objective. Moreover, in line
with Mundell (1962) Assignment principle, each instrument should be used to
target the objective to which it is best suited. Following the Tinbergen and As-
signment principles, if charges target cost recovery, they may underperform in
terms of water savings, which may require an additional instrument to ensure
sustainable use, such as caps or buyback.

Sixth, the AQUATOOL model could be downscaled from a hydrologic (it now
works at sub-catchment level) and water user perspective (e.g., using irrigation
communities instead of AWDUs, which would provide higher granularity) (Fiseha
et al. 2014).

Finally, aside from the modeling aspects that this paper targets, it is of critical
importance to explore how the engagement of stakeholders can be further
strengthened beyond the model co-development efforts conducted in this research
(see Sec. 3). Indeed, co-development is part of a more comprehensive co-creation
process that involves several science-policy interactions through (i) co-design of
climate and socioeconomic scenarios (closely connected to the fourth point above)
and strategies (see fifth point above), (ii) co-development of the model(s) to be
used, (iii) co-evaluation of adaptation outcomes to identify strengths and
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vulnerabilities of alternative strategies, (iv) co-identification of the robust strategy
to achieve the selected goal(s), and (v) co-implementation of the policy, including
monitoring and adoption of corrective actions where needed (Prahalad and
Ramaswamy 2000 2004). Co-creation process is intricate and typically requires the
development of cohesive and lasting knowledge networks (Eikebrokk et al. 2021),
as well as engagement mechanisms such as serious gaming (Solinska-Nowak et al.
2018). While the development of knowledge networks or serious gaming is out of
the scope of our research, future co-creation processes can greatly benefit from the
use of actionable models that are trusted by the key stakeholders involved in
decision-making — an input that this paper delivers.

Acknowledgments

The research leading to these results has been developed with the support of the
PRIMA Foundation’s TALANOA-WATER Project (Talanoa Water Dialogue for
Transformational Adaptation to Water Scarcity under Climate Change), of the
Spanish Ministry for the Ecological Transition and Demographic Challenge
through Fundación Biodiversidad (ATACC Project - Adaptación Transformativa al
Cambio Climático en el Regadío), and of the Ministry of Science and Innovation’s
IRENE Project (Integrated socioeconomic and environmental modelling using
remote sensing data for the management of unauthorized water abstractions).

Credit Author Statement

Francesco Sapino: Conceptualization, Formal analysis, Methodology, Data
curation, Investigation, Software, Validation, Visualization, Writing — original
draft; C. Dionisio Pérez-Blanco: Conceptualization, Formal analysis, Funding
acquisition, Investigation, Resources, Project administration, Supervision, Writing
— review & editing; Pablo Saiz-Santiago: Methodology, Software, Validation,
Visualization.

Supplementary Material

The Supplemental Materials are available at: https://www.worldscientific.com/doi/
suppl/10.1142/S2382624X22400124.

References

Acreman, MC and AJD Ferguson (2010). Environmental flows and the European Water
Framework Directive. Freshwater Biology, 55, 32–48. https://doi.org/10.1111/
j.1365-2427.2009.02181.x.

A Hydro-Economic Model

2240012-21

January 10, 2023 6:41:48pm WSPC/296-WEP 2240012 ISSN: 2382-624X
PageProof

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39



Adamson, D and A Loch (2021). Incorporating uncertainty in the economic evaluation of
capital investments for water use efficiency improvements. Land Economics,
100119. https://doi.org/10.3368/wple.97.3.100119-0143R.

Adamson, D, A Loch and K Schwabe (2017). Adaptation responses to increasing drought
frequency. Australian Journal of Agricultural and Resource Economics, 61, 385–
403. https://doi.org/10.1111/1467-8489.12214.

Alamanos, A, D Latinopoulos and N Mylopoulos (2020). A methodological framework for
an easy and reliable estimation of the full cost of irrigation water. Water and Envi-
ronment Journal, 34, 529–539. https://doi.org/10.1111/wej.12556.

Andreu, J, J Capilla and E Sanchis (1991). AQUATOOL: A computer-assisted support
system for water resources research management including conjunctive use, In
Decision Support Systems, DP Loucks and JR da Costa (eds.), NATO ASI Series,
pp. 333–355. Springer, Berlin, Heidelberg.

Barraqué, B (2020). Full cost recovery of water services and the 3T’s of OECD. Utilities
Policy, 62, 100981. https://doi.org/10.1016/j.jup.2019.100981.

Berbel, J and A Expósito (2020). The theory and practice of water pricing and cost
recovery in the water framework directive. Water Alternatives, 13(3), 659–673.

Bhaduri, A, CD Pérez-Blanco, D Rey, MS Iftekhar, A Kaushik, A Escriva-Bou, J Cala-
trava, D Adamson, S Palomo-Hierro, KW Jones, H Asbjornsen, MA Altamirano,
E Lopez-Gunn, M Polyakov, M Motlagh and M Bekchanov (2021). Economics of
water security, In Handbook of Water Resources Management: Discourses, Concepts
and Examples, Handbook of Water Resouces. Berlin (Germany): Springer Interna-
tional Publishing. https://doi.org/10.1007/978-3-030-60147-8 10.

Bogardi, JJ, T Tingsanchali, KDW Nandalal, J Gupta, L Salamé, RRP Nooijen, AG van
Kolechkina, N Kumar and A Bhaduri (eds.) (2021). Handbook of Water Resources
Management: Discourses, Concepts and Examples. Springer International Publishing,
Berlin (Germany). https://doi.org/10.1007/978-3-030-60147-8.

CEDEX (2020). SIMPA. Sistema Integrado para la Modelación del proceso Precipitación
Aportación [WWW Document]. URL http://ceh-flumen64.cedex.es/Hidrologia/pub/
proyectos/simpa.htm [19 January 2021].

Chaikaew, P, AW Hodges and S Grunwald (2017). Estimating the value of ecosystem
services in a mixed-use watershed: A choice experiment approach. Ecosystem
Services, 23, 228–237. https://doi.org/10.1016/j.ecoser.2016.12.015.

Cornish, G and C Perry (2003). Water charging in irrigated agriculture; lessons from the
field (Report No. OD150). HR Wallingford Ltd., Wallingford (UK).

Delacamará, G, T Dworak, CM Gomeź, M Lago, A Maziotis, J Rouillard and P Strosser
(2014). Design and development of Economic Policy Instruments in European water
policy (Report No. D5.2). 7th Framework Contract Project EPI-Water Project
(GA 265213).

Di Baldassarre, G, F Martinez, Z Kalantari and A Viglione (2017). Drought and flood
in the Anthropocene: Feedback mechanisms in reservoir operation. Earth System
Dynamics, 8, 225–233. https://doi.org/10.5194/esd-8-225-2017.

Di Baldassarre, G, M Sivapalan, M Rusca, C Cudennec, M Garcia, H Kreibich, M Konar,
E Mondino, J Mård, S Pande, MR Sanderson, F Tian, AViglione, J Wei, Y Wei, DJ
Yu, V Srinivasan and G Blöschl (2019). Sociohydrology: Scientific Challenges in
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4.3. First-degree price discrimination water bank to reduce reacquisition costs 

and enhance economic efficiency in agricultural water buyback. Insightful 

results from the Douro River Basin in Spain.  

 

4.3.1. Resumen 

 

En los programas de recompra de agua, una institución pública compra una cantidad 

predeterminada de agua a vendedores dispuestos; parte de esa agua puede reasignarse a 

los usuarios en una fase posterior de arrendamiento. Esto hace posible comprar agua a 

(bajos) precios monopsonistas y vender una fracción de esta agua a (altos) precios 

monopolistas, donde el agua readquirida en exceso de las ventas se utiliza para restaurar 

los bienes naturales. Proponemos un banco de agua con discriminación de precios donde la 

institución pública aprovecha su posición monopsonista (monopolista) para pagar (pedir) un 

precio por cada unidad de agua vendida (comprada) que coincida con el precio de reserva 

de cada comprador (vendedor) en el mercado. Tanto los excedentes de los consumidores 

como de los productores se transforman totalmente en ingresos públicos, lo que reduce la 

carga presupuestaria de la restauración medioambiental sin afectar negativamente a la 

eficiencia económica. Ilustramos el desempeño del banco de aguas con discriminación de 

precios bajo incertidumbre a través de un conjunto hidroeconómico multimodelo que se 

aplica a la subcuenca del Alto Duero (España). Nuestros resultados muestran que el banco 

de agua con discriminación de precios puede lograr el mismo objetivo de readquisición de 

agua que un banco de agua convencional (sin discriminación de precios, sin fase de 

arrendamiento) a un costo significativamente más bajo (59.5% - 288.8% de reducción) 

mientras se logra un superávit productivo significativamente mayor (aumento del 331% al 

570%). 



Ecological Economics 205 (2023) 107694

Available online 29 November 2022
0921-8009/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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A B S T R A C T   

In water buyback programs a public institution (the water bank) purchases predetermined amount of water from 
willing sellers, part of which can be reallocated to users in a subsequent lease phase. This makes possible to buy 
water at low monopsonistic prices and sell a fraction of this water at high monopolistic prices, where the water 
reacquired in excess of sales is used to restore natural assets. We propose a price discrimination water bank 
where the public institution leverages its monopsonistic (monopolistic) position to pay (ask) a price for every 
unit of water sold (bought) that matches the reserve price of every willing buyer (seller) in the market. Thus, both 
the consumer and producer surpluses are wholly transformed into public revenues, which reduces the budgetary 
burden of the environmental restoration without negatively impacting economic efficiency. We illustrate the 
performance of the price discrimination water bank under uncertainty through an hydroeconomic multi-model 
ensemble that is applied to the Upper Douro sub-basin (Spain). Our results show that the price discrimination 
water bank can achieve the same water reacquisition target as a conventional water bank (no price discrimi
nation, no lease phase) at a significantly lower cost (59.5%–288.8% reduction) while achieving a significantly 
higher productive surplus (331%–570% increase).   

1. Introduction 

Water supply is unevenly distributed across time and space, resulting 
in markedly wet and markedly dry periods and regions, which are 
becoming increasingly polarized due to climate change (IPCC, 2019). In 
addition, population growth, improving living standards, changing 
consumption patterns and irrigation expansion are causing water de
mand to rise sharply (UN, 2020). The resultant temporal and 
geographical supply-demand imbalances have been traditionally 
addressed through the construction of waterworks to expand the supply 
base (Hassan, 2010). Yet, as the limits to total water supply are reached, 
and surpassed, a growing number of basins are entering a contraction 
phase where total water demand must be decreased to reach a new 
sustainable level (Loch et al., 2020a). To this end, the scientific com
munity and policymakers have advised the adoption of demand-side 
policies that reallocate available supply among existing uses, including 
environmental ones, to address the economic and environmental im
pacts of growing scarcity and droughts (OECD, 2015; World Bank, 
2017). One such policy is the public reacquisition of water, or buyback, 

which is gaining momentum in areas like Australia's Murray-Darling 
Basin (AUD 3.1 billion for the period 2009–2024), SE Spain (EUR 
829.9 million for the period 2007–2027) and the US, notably California 
(USD 547 million during 1987–2011, 55% of which after 2003) 
(Adamson and Loch, 2018; Hanak and Stryjewski, 2012; Rey et al., 
2019). 

In conventional water buyback programs, a public institution (the 
water bank) issues purchase tenders to reacquire a predetermined 
amount of water from willing sellers—usually irrigators, who concen
trate the least value-added uses of the resource. Water reacquisitions are 
subsequently used to preserve or restore natural assets (Adamson and 
Loch, 2018). While adequately designed water markets can generate 
Pareto improvements and enhance economic efficiency (Mendelsohn, 
2016), buyback typically comes along with non-trivial value-added 
losses in the agricultural sector and a significant burden on the public 
budget, with non-negligible opportunity costs for highly indebted water 
scarce economies (Pérez-Blanco and Standardi, 2019). This is com
pounded by information asymmetries and agency costs, which may 
inflate market prices and the extent of the compensation, thus 
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hampering the ability of buyback programs to restore natural assets 
(Iftekhar et al., 2013). Accordingly, buyback research has largely 
focused on developing models and techniques that produce information 
on the environmental outcomes and costs of the program, including the 
reserve price of potential sellers. Table 1 summarizes the literature on 
water banks in agricultural water buyback programs. A more detailed 
account of this literature is available in the online supplementary ma
terial (Annex I). 

Critically, buyback literature assumes that the water bank will elicit 
and pay the equilibrium price that would emerge from a hypothetical 
competitive market, although the water bank is often the sole buyer (and 
subsequently the sole water allocator and potential seller) in the market. 
Most recently, Gutiérrez-Martín et al. (2020) and Gómez-Limón et al. 
(2020) have researched buyback programs where water banks use their 
monopolistic-monopsonistic position to set monopoly-monopsony pri
ces during the buyback (monopsony) and a subsequent lease phase 
(monopoly). This makes possible to buy water at low monopsonistic 
prices and sell a fraction of this water at high monopolistic prices, where 
the quantity of water not sold is used to restore natural assets. In their 
research, authors make the critical assumption that society's demand 
function for water is known. Under this assumption, the sale price for 
productive uses can differ from the marginal value of environmental 
uses, and this difference can be measured. Thus, while lowering pur
chase prices and increasing sale prices with respect to equilibrium prices 
in a competitive market reduces the consumer and producer surpluses of 
productive users, it also increases the environmental surplus through 
water reallocations towards environmental uses (see Fig. 1.c). Authors 
show that, if optimally managed, this water bank outperforms 

conventional buyback programs in competitive markets both in terms of 
economic and environmental outcomes. 

However, there are several limitations that obstruct the imple
mentation of the monopolistic-monopsonistic water banks proposed by 
Gutiérrez-Martín et al. (2020) and Gómez-Limón et al. (2020) in prac
tice. First, although the inclusion of a society's demand curve for envi
ronmental water offers an optimal and elegant solution to the problem of 
how much water to reallocate towards the environment, eliciting such a 
curve is challenging. On the one hand, there is a large and growing 
literature that estimates the demand for environmental goods in general 
and water-related ecosystem services in particular. This literature pro
vides a wide range of methods and tools to estimate societal demand for 
environmental water within or across sectors, including, inter alia, 
contingent valuation (Loomis, 2002; Loomis et al., 2000), choice ex
periments (Carlsson et al., 2003), production function (Gutiérrez-Martín 
et al., 2014; Sapino et al., 2020), hedonic pricing (Moore et al., 2020; 
van Dijk et al., 2016), defensive costs (Cooley et al., 2019), travel costs 
(US EPA, 2019) and benefit transfer (Honey-Rosés, 2008; Pérez-Blanco 
and Sapino, 2022). On the other hand though, there are few standard
ized approaches to the economic valuation of environmental water, and 
there are often “large differences between values obtained through 
different methods” (UN, 2021). As Gómez-Limón et al. (2020) duly 
noted, “there is no robust empirical estimate available for the maximum 
value that society would be willing to pay for environmental water”. For 
example, the world's “most advanced” (Seidl et al., 2020a) water market 
in Australia's Murray-Darling Basin lacks standardized approaches to 
valuation, which leads to significant differences in water values reported 
(Seidl et al., 2020b). More importantly, there are many different 

Table 1 
– Literature review on water banks in agricultural buyback programs.  

Author(s) Model Region Market Traders Settlement 

Burke et al. (2004) Integrated hydrologic and economic model Klamath Project (US) Competitive Farmers and public agency Spot market 
Hollinshead and 

Lund (2006) 
Multistage linear programming model San Francisco Bay/ 

Sacramento-San Joaquin 
Delta (US) 

Competitive Farmers and public agency Long-term trade, spot 
market, and option 
contract 

Kirby et al. (2006) Hydrology model combined with economic 
information that drives land and water use 
(ARISCtrade) 

Murray-Darling Basin 
(Australia) 

Competitive Farmers and Environmental 
Steward (public agency) 

Counter-cyclical 
trading 

Qureshi et al. (2007) Mathematical programming model with a 
hydrologic and an agronomic component 

Murray River Basin 
(Australia) 

Competitive Irrigation regions, public 
agency 

Spot market 

Dixon et al. (2011) Computable General Equilibrium model Southern Murray-Darling 
Basin 

Competitive Farmers and public agency Spot market 

Dixon et al. (2012) Computable General Equilibrium model Southern Murray-Darling 
Basin 

Competitive Farmers and public agency Spot market 

Connor et al. (2013) Dynamic integrated hydrologic, economic, and 
environmental model 

Murrumbidgee 
Catchment (Australia) 

Competitive Farmers and public or not- 
for-profit environmental 
water holders 

Spot market 

Iftekhar et al. (2013) Agent-Based Model Murray-Darling Basin 
(Australia) 

Competitive Farmers and public or not- 
for-profit environmental 
water holders 

Spot market 

Lane-Miller et al. 
(2013) 

Review of buyback programs Australia & US Competitive Farmers and public agency Spot market and 
derivatives 

Loch et al. (2014) Irrigators survey Murray-Darling Basin 
(Australia) 

Competitive NA NA 

Rey (2014) Mathematical programming model Tagus-Segura Water 
Transfer (Spain) 

Competitive Farmers and public agency Option contract 

Kahil et al. (2015) Reduced form hydrological model combined with 
mathematical programming economic model and 
institutional and environmental variables 

Júcar Basin (Spain) Competitive Public agency, irrigators, 
and municipalities 

Spot market 

Adamson and Loch 
(2017) 

State-Contingent Approach Murray-Darling Basin 
(Australia) 

Competitive Farmers and public agency Spot market 

Pérez-Blanco and 
Gutiérrez-Martín 
(2017) 

Positive Multi-Attribute Programming Segura Basin (Spain) Competitive Farmers and public agency Spot market 

Pérez-Blanco and 
Standardi (2019) 

Coupled mathematical programming and 
Computable General Equilibrium model 

Region of Murcia (Spain) Competitive Farmers and public agency Spot market 

Gómez-Limón et al. 
(2020) 

Mathematical programming model Guadalquivir Basin 
(Spain) 

Monopoly- 
monopsony 

Farmers and public agency Spot market 

Gutiérrez-Martín 
et al. (2020) 

Mathematical programming model Guadalquivir Basin 
(Spain) 

Monopoly- 
monopsony 

Farmers and public agency Spot market  
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perspectives of what ‘value’ specifically means to various decision 
makers and water users, which makes challenging to quantitatively 
compare the value of water for economic uses such as agriculture v. the 
value of environmental water or the human right to water (UN, 2021). 
This leads to unresolved tradeoffs that complicate decision making. 
When confronting this dilemma, decision-makers typically opt for cost- 
effectiveness methods to inform their decisions, where the objective is to 
achieve a predefined target (e.g., minimum environmental flows) at the 
least cost—thus disregarding the economic benefits of reallocations. 
This is notably the case of the EU Water Framework Directive (OJ, 
2000). Since a key objective of our research is that of producing an 
actionable method that conveys information of value towards the 
implementation of first-degree price discrimination water banks in real 
life, we also adopt a cost-effectiveness approach. 

Second, the research on agency costs and water banks above uses a 
single system model to generate point predictions of human behavior 
and supply and demand functions (i.e., consolidative modeling), which 
artificially reduces uncertainty. This may lead to “surprises” arising from 
“the non-mechanistic dynamics of complex adaptive socio-ecological 
systems” (Anderies et al., 2006, p. 867). For example, if the willing
ness to pay for productive water uses is overestimated, or the willingness 
to pay for environmental water underestimated, the optimal water 
allocation in equilibrium may lead to an insufficient provision of water- 
dependent ecosystems with non-trivial and potentially irreversible 
environmental and economic impacts. Accordingly, some legislations 
have made the application of the precautionary principle a statutory 
requirement, as is the case in European law (OJ, 2012, chap. 191.2). 
This is illustrated by the EU Water Framework Directive, whose main 
objective is to achieve the “good ecological status” of water bodies (OJ, 
2000). 

Third, buyback and water markets research often relies on economic 
models that do not observe hydrological integrity. As a result, large- 
scale water markets that consider the basin as a single homogeneous 
entity are often proposed, which may lead to large reacquisitions in 
areas where water is cheap but also abundant, and small and insufficient 
reacquisitions in areas where water is expensive but scarce—which are 
often disconnected from one another (Young, 2014). Moreover, water 
markets and buyback programs are designed to trade withdrawal rights, 

and ignore the return flow externalities that occur where buyers 
consume a higher fraction of the water withdrawn than the previous 
user and thus reduce water supply for downstream users not directly 
involved in the trading (Pérez-Blanco et al., 2020). Bridging the hy
drological integrity gap calls for “limiting trading to the seller's 
consumptive water use” (Huffaker and Whittlesey, 2000), as well as 
market segmentation to consistently address supply-demand imbalances 
across the basin (Delacámara et al., 2015), which can only be addressed 
through a comprehensive understanding of water system dynamics (e.g., 
through hydrologic modeling). 

The objective of this research is to assess how water banks operating 
under a monopoly-monopsony position can outperform existing 
buyback programs while addressing the key limitations above. To this 
end, we propose a water bank that operates under a monopsony- 
monopoly setting à-là-Gutiérrez-Martín et al. (2020), with the purpose 
of 1) restoring the balance between supply and demand during droughts 
and 2) identifying and realizing Pareto improvements through water 
reallocations among users, in this order (i.e., in line with the precau
tionary principle, first supply-demand gaps are addressed, and only at 
that point are reallocations towards productive uses allowed). The 
defining characteristic of the proposed water bank is that it uses first- 
degree price discrimination. Under first-degree price discrimination, the 
water bank pays/asks a different price for every unit of water sold/ 
bought, which matches the maximum/minimum price that every buyer/ 
seller in the market is willing to pay/accept (reserve price). Thus, both 
the consumer and producer surpluses are wholly transformed into public 
revenues, which reduces the budgetary burden of the environmental 
restoration without negatively impacting economic efficiency (see 
Fig. 1). Examples of first-degree price discrimination are typically 
observed in markets that are operated through tenders (e.g., online ads 
bids such as Google Ads, art auctions, etc.), which is also the case of 
buyback programs. Use of price discrimination in buyback programs has 
been previously theorized in the literature (Pérez-Blanco and Gutiérrez- 
Martín, 2017). In fact, the mechanics of public purchase tenders in 
existing water buyback programs already offer water banks information 
to price-discriminate potential sellers according to their willingness to 
accept: bidders make m bids to meet the public demand of n units of 
water; next, the m > n bids received are ranked in ascending order, and 

Fig. 1. Alternative water bank settings under a monopolistic-monopsonistic position. Source: a., b., c. Gutiérrez-Martín et al. (2020) and d. own elaboration.  
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the less costly n bids are accepted; finally, a clearing price that is equal to 
that of the last accepted (higher) bid is established, and all successful 
bidders receive that compensation. Under first-degree price discrimi
nation, this last step is removed, and sellers would receive their reserve 
price. 

To assess the potential of the proposed water bank we use a modular 
and time-variant hydroeconomic model (Essenfelder et al., 2018) that 
integrates the hydrological Decision Support System (DSS) AQUATOOL 
(Andreu et al., 1991) and an ensemble of 4 mathematical programming 
models: 1 Positive Multi-Attribute Utility Programming (PMAUP) model 
(Gutiérrez-Martín and Gómez, 2011), 2 Positive Mathematical Pro
gramming (PMP(models (Cortignani and Severini, 2009; Howitt, 1995) 
and 1 linear Weighted Goals Programming (WGP) model (Sumpsi et al., 
1997). AQUATOOL is the DSS adopted by Spanish river basin authorities 
for water resources planning and management, and it is used to generate 
estimates of water allocation to productive (including irrigation, but 
also households, industry, fish farming, hydropower, cooling) and 
environmental uses over a time period, which are subsequently used as 
inputs to the ensemble of microeconomic models, so to elicit reserve 
prices under the water bank. By using AQUATOOL we aim to mimic 
actual decision making and ensure replicability of our methods, to 
deliver actionable science. The rationale for the use of an ensemble 
approach is that of sampling uncertainty in the estimation of the will
ingness to pay/accept of economic agents in the model, to obtain a 
robust estimation of the reserve price and a reliable range for the eco
nomic performance of the proposed water bank. Markets are segmented 
based on the basin's hydrological features: in each monitoring station in 
the hydrological model, the minimum environmental flow threshold set 
by the basin authority must be achieved; and reallocations among pro
ductive users are only possible where they are hydrologically connected. 
In addition, trading is limited to the original seller's consumptive use to 
ensure no harm to third parties not directly involved in the reallocation. 
Methods are illustrated with an application to the Upper Douro in Spain, 
an otherwise water-abundant basin increasingly affected by drought 
events. 

2. Water banks and the role of price discrimination 

We present below four alternative water bank settings that can be 
adopted under a monopolistic-monopsonistic position, to provide the 
background and rationale for our proposed water bank that uses first- 
degree price discrimination. The first setting presents a conventional 
competitive water bank where the objective is that of maximizing pro
ductive efficiency (i.e., all water reacquired is allocated to productive 
uses such as irrigation). The second and third settings briefly summarize 
the research by Gutiérrez-Martín et al. (2020) and Gómez-Limón et al. 
(2020). The second setting refers to a self-financed water bank (i.e., 
buyback expenditures equal revenues from the lease) à-là-Gutiérrez- 
Martín et al. (2020) that aims to maximize the volume of water that is 
reacquired for environmental uses, irrespectively of the economic effi
ciency achieved. The third setting presents a water bank that aims to 
maximize economic efficiency considering the social demand for envi
ronmental water, as proposed by Gutiérrez-Martín et al. (2020) and 
Gómez-Limón et al. (2020). Finally, the fourth setting presents the main 
innovation of this paper, namely a water bank that uses first-degree 
price discrimination to minimize the budgetary burden and the dead
weight efficiency loss where the social demand for environmental water 
is unknown. 

2.1. Competitive water bank 

Under this setting, the water bank aims to temporarily reallocate 
water among productive users during drought events to maximize pro
ductive efficiency (i.e., the efficiency derived from productive uses of 
water, such as irrigation). Productive efficiency is measured as the ag
gregation of the consumer (Ssa) and producer surplus (Sp) (see Fig. 1.a). 

The consumer surplus (Ssa) is the difference between the buyer's will
ingness to pay/reserve price of water and the equilibrium price in the 
market (Pp = Ps), and equals the area APsa

0 Psunder the demand curve 
Qsa(Ps) in Fig. 1.a; while the producer surplus is the difference between 
the seller's willingness to accept/reserve price of water and the price 
observed in the market, and equals the area APp

0Pp above the supply 
curve Qp(Pp) in Fig. 1.a.1 

Productive efficiency maximization entails a reallocation of the 
water traded in the bank entirely to productive uses, meaning that no 
water is devoted to environmental uses. Therefore, the water bank has 
no buyback purpose and cannot remedy overallocation problems. This 
limitation is addressed in the next sub-sections. 

2.2. Self-financed water bank for the maximization of water reacquired 
for the environment 

In this setting proposed by Gutiérrez-Martín et al. (2020), the 
objective of the water bank is shifted from maximizing productive effi
ciency to maximizing the volume of water reacquired for the environ
ment (Fig. 1.b). The water bank is self-financed: it buys water at a 
monopsonistic price (Pp) below the equilibrium price of the competitive 
water bank, and sells a fraction of this water at a high monopolistic price 
(Ps) above the equilibrium price of the competitive water bank, while 
ensuring that expenditures from purchases equal revenues from sales. 
The water purchased (Qp) in excess of sales (Qsa) is used to restore 
natural assets (Qse). On the other hand, although efficiency is increased 
as compared to the situation without a water bank, it is lower than the 
efficiency achieved under the competitive water bank: the producer 
surplus (Sp) now equals to BPp

0Pp while the consumer surplus (Ssa) equals 
to CPsa

0 Ps, which as can be seen in Fig. 1.b, are both significantly below 
the surplus achieved under the competitive water bank due to the 
deadweight efficiency loss incurred. However, this ignores the economic 
surplus that is generated by environmental water. Like the consumer 
surplus obtained from productive uses, there is another type of con
sumer surplus derived from the provision of water to water-dependent 
ecosystem services, also known as environmental surplus (Se). Such 
surplus can only be assessed if we incorporate society's demand for 
environmental water into the demand function of the market. 

2.3. Water bank considering the social demand for environmental water 

Under this water bank setting proposed by Gutiérrez-Martín et al. 
(2020) and Gómez-Limón et al. (2020), the aggregate water demand Qs 
includes a productive demand function Qsa(Ps) and a society's demand 
function for environmental uses Qse(V) (Fig. 1.c). The productive de
mand function Qsa(Ps) and the supply function Qp(Pp) are the same as in 
the competitive and self-financed water banks. By means of accounting 
for the society's demand for environmental water, it is now possible for 
the water bank to target the maximization of the total economic effi
ciency, which includes the producer (Sp = BPp

0Pp), consumer (Ssa =

CPsa
0 Ps), and environmental surplus (Se = DV0QseO). As it is shown in 

Fig. 1.c, this setting involves lower purchase prices (Pp) and higher sale 
prices (Ps) as compared to the equilibrium price in the competitive 
market (Pp = Ps), which leads to a reduction in the producer and con
sumer surplus; but also creates an environmental surplus due to the 
water reallocation towards environmental uses. The water bank can be 
self-financed, where the revenues from sales (Ps * Qs) equal the expen
ditures on purchases (Pp * Qp) (Gutiérrez-Martín et al., 2020); alterna
tively, this constraint can be loosened, allowing for a deficit in the cash 
flow of the water bank that is covered through an ad-hoc budget (Pp * Qp 

1 Note that throughout all water bank settings, we assume that transaction 
costs are zero. Transaction costs larger than zero would displace the supply 
function leftwards, increase equilibrium prices and contract the volume of 
water traded for all settings considered. 
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− Ps * Qs) (Gómez-Limón et al., 2020). Irrespectively of the budgetary 
constraint adopted, authors demonstrate theoretically and empirically 
that when the social demand for environmental water is known, their 
proposed water bank outperforms a competitive water market in terms 
of overall economic efficiency (i.e., Sp + Ssa + Se). 

2.4. Water bank under the precautionary principle and the role of first- 
degree price discrimination 

Since society's demand function for environmental uses is unknown 
(UN, 2021), the water bank setting proposed by Gutiérrez-Martín et al. 
(2020) and Gómez-Limón et al. (2020) and described in Section 2.3 
cannot be implemented under real-life conditions. The other water 
banks considered above (sections 2.1 and 2.2) offer no satisfactory 
alternative: the competitive water bank entirely reallocates water to 
productive uses, meaning that no water is devoted towards environ
mental uses; while the self-financed water bank for the maximization of 
water reacquired for the environment has no clear environmental (it is 
not informed by ecological and hydrologic criteria, it does not observe 
hydrological integrity) or economic rationale (it is suboptimal in terms 
of efficiency and cost-effectiveness). Yet, as we will show below, it is still 
possible to find a realistic water bank setting that exploits its 
monopolistic-monopsonistic position to address overallocation prob
lems in a way that is consistent with basic economic and hydrologic 
principles. 

Environmental water reacquisitions in real-life buyback programs 
are not based on a hypothetical society's demand function for environ
mental uses. Rather, the decision of how much water to reallocate to
wards the environment is based on hydrological and ecological criteria 
leveraging the precautionary principle, where the objective is that of 
achieving a minimum performance in a series of environmental in
dicators, for which a water reacquisition target is set (e.g., the volume of 
water needed to achieve minimum environmental flows as is the case in 
the EU) (EC, 2015; Tonkin et al., 2018). Accordingly, the demand 
function for environmental uses Qse now adopts an inelastic form as 
shown in Fig. 1.d, where the volume of water to be reacquired is fixed. 
The productive demand function Qsa(Ps) and the supply function Qp(Pp) 
are the same as in the water bank settings above. If the sole objective of 
the water bank is that of reacquiring the volume Qse for the environment, 
as happens in conventional buyback programs, it can do so at a market 
price Pp

1, for a total cost of Pp
1 * Qse. 

It is also possible to establish a competitive water bank that reallo
cates water among productive users rightwards of Qse. This would ensure 
that safe minimum environmental standards are met, while productive 
efficiency is maximized within the constraints imposed by the precau
tionary principle. Thus, the producer surplus would be Sp = DPp

0A, while 
the consumer surplus would be Ssa = ABC. However, maximizing effi
ciency does not alleviate the budgetary burden that is faced by public 
agencies operating water banks; quite the contrary, such burden is 
aggravated. By including productive water users into the aggregate 
water demand Qs, the purchase price would grow from Pp

1 to the equi
librium price in a competitive water bank (Pp = Ps), and the cost of the 
water reacquisition for the environment would increase from Pp

1 * Qse to 
ODCQse. Thus, increased productive efficiency would come at the 
expense of higher costs for the agency operating the water bank, which 
worsens the cost-effectiveness of the buyback program. 

We propose the use of first-degree price discrimination to address 
overallocation problems in a cost-effective and (productively) efficient 
way while observing the precautionary principle. Under first-degree 
price discrimination, the water bank pays/asks a different price for 
every unit of water sold/bought, which matches the reserve price of 
every buyer/seller in the market. The reserve price of potential buyers, 
or willingness to pay, is signaled by the productive demand function 
Qsa(Ps) rightwards of Qse; while the reserve price of potential sellers, or 
willingness to accept, is signaled by the supply function Qp(Pp). Under 
price discrimination, both the consumer (Ssa = ABC) and producer (Sp =

DPp
0A) surpluses are wholly transferred to the public sector (either 

through revenues, in the case of the consumer surplus, or through 
foregone costs, in the case of the producer surplus), while productive 
efficiency is maximized within the constraints imposed by the precau
tionary principle and equals Sp + Ssa =DPp

0A +ABC. This minimizes both 
the cost of the program/budgetary burden (cost-effectiveness) and the 
deadweight loss (efficiency) (see Fig. 1.d). 

3. Background to the case study: water markets in Spain and the 
Upper Douro Basin 

3.1. Spanish water markets in the EU context 

In compliance with the Water Framework Directive (WFD) that aims 
to achieve the “good ecological status” of water bodies (OJ, 2000), 
overallocated EU basins are identifying and adopting measures to real
locate scarce water resources towards environmental uses. At minimum, 
basin authorities should define and achieve safe minimum standards 
through minimum environmental flows; although more ambitious 
environmental targets are also pursued, e.g., through pulse flows that 
use water infrastructures to mimic natural flow regimes and restore 
water bodies. To underpin and coordinate the work by river basin au
thorities, the Commission published in 2015 a guidance document for 
the implementation of environmental flows in all EU basins (Bussettini 
et al., 2015). Both the WFD and the guidance document recommend the 
adoption of Polluter-Pays Principle (PPP)-based instruments, notably 
caps and charges, to implement environmental flows. PPP-based in
struments fit well in the Spanish concessional model, where water rights 
are awarded for a fixed term (a maximum of 75 years), charged under 
the principle of full cost recovery (including environmental costs), and 
subject to forfeiture, expropriation, and waiving (BOE, 2001, chaps. 52, 
53, 59). De iure, river basin authorities are entitled to limit (e.g., through 
higher charges or caps) or even terminate a water concession that harms 
the environment, without any compensation (BOE, 2001, chaps. 3, 14, 
65). De facto, the relevant transaction costs of capping granted rights 
and/or applying incremental charges (Loch and Gregg, 2018), and 
concerns over the negative economic impact this may have on rural 
areas (Rey et al., 2019), result in caps and charges only being partially 
implemented, and also in recurrent infringements of minimum envi
ronmental flows. In this context, water buyback programs have emerged 
as a pragmatic response to achieve environmental flows targets while 
overcoming resistance from farmers through financial compensations, 
and compensating other possible negative feedbacks2 (Pérez-Blanco and 
Gutiérrez-Martín, 2017). 

Spain is the first and only EU country where water markets and 
buyback programs have been made legally feasible (Rey et al., 2019). 
The 1999 reform of the Water Law created the so-called exchange cen
ters (in Spanish: centros de intercambio), a water bank managed by the 
public sector that operates under a monopolistic-monopsonistic position 
(BOE, 1999). The Royal Decree 9/2006 allowed public institutions to 
use the centros de intercambio to purchase water rights from productive 
uses and reallocate them to environmental uses (BOE, 2006). Since then, 
buyback programs have been used to achieve environmental flows tar
gets in overallocated Spanish basins, including the Júcar River Basin, the 
Segura River Basin, and the Guadiana River Basin (Gómez et al., 2017). 
Importantly, water trading in Spain has been conducted only during 
emergency droughts and requires formal approval from the central 
government to take place, which has limited thus far its scope. 

2 Other possible negative feedbacks from water buyback are typically 
balanced out through complementary policies including, inter alia, subsidies for 
economic diversification, water efficiency improvements, and new trans
portation, communication and energy infrastructures (GRBA, 2008; MDBA, 
2012). 
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3.2. The Upper Douro River Basin 

The Upper Douro in NW Spain is one of the 13 sub-basins of the 
Douro River Basin, the largest basin in the Iberian Peninsula. The Upper 
Douro Sub-basin occupies an area of 8905 km2 that runs through the 
easternmost part of the Douro River Basin. Historically considered a 
water-abundant sub-basin, climate change, and demand growth are 
aggravating scarcity, and the frequency and intensity of drought events 
are increasing. Annual water supply since 1980 has been, on average, 
817.9 million m3, a reduction of − 23.4% as compared to the average 
supply of 1068.2 million m3 per year since 1940 (DRBA, 2016a; 
MAGRAMA, 2017). Annual water demand in the basin is estimated at 
187.9 million m3, of which 83.7% originate from agriculture (DRBA, 
2016a). Accordingly, the ratio of freshwater withdrawals to the 
renewable resources available in the basin is estimated at 23%. Under 
climate change, when water resources are projected to decrease to 768.8 
million m3 per year already by 2030, this ratio will increase to 24.4% 
(DRBA, 2020). This means that the basin is already beyond the water 
scarcity threshold (set at 20%) and moving towards the severe water 
scarcity threshold (40%) as per the EU's Water Exploitation Index +
(EEA, 2021). 

In compliance with the WFD, since 2009 the Douro River Basin 
Authority has designed and progressively implemented minimum 
environmental flows (defined on a monthly basis) for all rivers in the 
basin, including those in the Upper Douro.3 Environmental flows are 
assessed through a network of control points (see Fig. 2), which in the 
case of the Upper Douro report an acceptable performance with limited 
monthly infringements. Such performance has been achieved thus far at 
a relatively low economic cost through moderate caps on agricultural 
withdrawals defined in the Drought Management Plan (DRBA, 2017); 
albeit occasionally, where droughts have been more extreme, caps have 
not been fully enforced and environmental demands have not been met 
(DRBA, 2020). Future climate is expected to aggravate scarcity and 
droughts in the Upper Douro (MAGRAMA, 2017), and meeting mini
mum environmental flows in this context will call for reduced supplies 
for productive uses, notably irrigated agriculture, a low priority use—i. 
e., the first use to suffer supply restrictions when water availability is 
reduced (DRBA, 2017). Decreasing water allocations to a new sustain
able level will constrain farmers to choose new crop portfolios that use 
less water and have a lower return (Parrado et al., 2020), which will 
likely increase opposition to PPP-based instruments such as caps. In this 
context, several Spanish basin authorities are exploring the use of water 
markets to implement buyback programs that compensate irrigators. 

>46,900 ha of the Upper Douro is farmland, of which 40% is irri
gated (Table 2). The most relevant irrigated crops in the area are barley 
(34.3% of the irrigated surface), sunflower (11.8%), wheat (11.2%), 
sugar beet (7.8%), and maize (7.6%) (see Table 2). Irrigated farmland is 
divided into 24 Agricultural Water Demand Units (AWDUs), the basic 
irrigation unit in Spain, which are defined as “groups of irrigators 
sharing a common source of water, territorial, administrative, and hy
drological characteristics” (see Fig. 2) (DRBA, 2016a). AWDUs are the 
economic agents in the multi-model microeconomic ensemble. The ag
gregation of individual farmers into representative economic agents is 
well documented in the literature, and in the case of Spain is typically 
done through Water User Associations WUAs (García-Mollá et al., 2013), 
agricultural districts (Gutiérrez-Martín and Gómez, 2011), or AWDUs 
(Calatrava and Martínez-Granados, 2012). Here we work with AWDUs 
due to two key reasons: 1) AWDUs are the relevant aggregation unit for 
water allocation decisions, including buyback programs and definition 
of environmental flows; and 2) AWDUs are the aggregation unit used by 

AQUATOOL. Fig. 2 represents the case study area and its AWDUs, as 
well as the location of the control points for the assessment of envi
ronmental flows in AQUATOOL. Control points are also used to segment 
the market and ensure hydrological connectivity across AWDUs (i.e., 
reallocations that would comply with hydrological integrity). 

4. Methods 

We build on previous work by Essenfelder et al. (2018) and Pérez- 
Blanco et al. (2021b) to develop a time-variant hydroeconomic model 
that integrates a hydrologic module and a microeconomic module 
through a protocol that conveys information on water allocation de
cisions from the hydrologic to the microeconomic module. The hydro
economic module is populated with the hydrological DSS AQUATOOL 
(Andreu et al., 1991), the DSS used by Spanish river basin authorities to 
inform water allocation to economic and environmental uses at a basin 
level. The microeconomic module is populated with an ensemble of 4 
mathematical programming models that elicit the behavior of irrigators 
and simulate their responses to changes in water allocations. In this way, 
uncertainties regarding parameter calibration and model development/ 
design in the microeconomic module are sampled considering at once (i. 
e., for each input from the hydrological module) 4 representations of the 
economic system that use the same dataset and rely on alternative 
calibration methods, instead of using a single model to produce a point 
prediction. 

4.1. Microeconomic multi-model ensemble 

The behavior of agricultural agents and their responses to changes in 
water or agricultural policies are typically assessed through structural 
microeconomic models that incorporate the “deep parameters” or 
microfoundations (relating to preferences, technology, and resource 
constraints) driving human responses to change. Structural microeco
nomic models are mathematically stated representations of human 
agency that are calibrated to mimic the observed behavior of economic 
agents and can be used to understand key behavioral drivers and predict 
responses to exogenous shocks. The range of plausible responses is 
limited by a domain F(x) conformed by a set of physical and socioeco
nomic restrictions (Graveline, 2016). Agents in the models are assumed 
to be rational, i.e., they allocate available production inputs (in our case, 
through a decision on land use, x) to maximize the economic return 
within the domain, where the economic return is measured through a 
utility function U(x) conformed by one (single-attribute) or multiple 
(multi-attribute) utility-relevant attributes z(x) (e.g., profit, risk 
avoidance): 

Max U(x)
x = U(z1(x) ; z2(x) ;z3(x)…zm(x) ) (1)  

s.t. : 0 ≤ xi ≤ 1 (2)  

∑n

i=1
xi = 1 (3)  

x ∈ F(x) (4)  

z(x) ∈ Rm (5)  

where x is the decision variable or crop portfolio, a vector indicating the 
share of land used by each crop xi, which is revised yearly (irrigation 
campaign). Each crop xi delivers a unique combination of the j utility- 
relevant attributes zj(xi)z(xi). F(x) represents the set of constraints that 
conform the domain, including the water availability constraint, of 
particular relevance for our research: 3 Pilot pulse flows have been designed and tested for a number of sub-basins 

across the Douro River Basin, although their development is still in a pre
liminary phase that will not be concluded until the next planning cycle (2021- 
2027). 
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∑n

i=1

wi

eff
xi ≤ Wg (6)  

where wirepresents water consumption by crop i; eff is a parameter 
capturing technical efficiency in the irrigation system, which is obtained 
using data on return flows, conveyance, distribution, and application 
inefficiencies per AWDU from the hydrologic model. wi

effi 
is, therefore, the 

water use per crop (i.e. including water consumption and return flows); 
∑n

i=1
wi
eff xi represents the total water use by the economic agent (again, 

water consumed plus return flows); and Wg represents the water allo
cation constraint (per hectare), i.e. the amount of water that is assigned 
to each AWDU in a given irrigation campaign, which is determined by 
the hydrologic model. Note that to avoid return flow externalities (i.e., 
reduced water availability to downstream users not directly involved in 
trading), reallocations among productive users through the water bank 

are limited to the seller's consumptive water use, namely 
∑n

i=1wi xi. 
The attributes in the utility function and their parameter values can 

be elicited using normative methods based on value judgments by ex
perts (e.g., the agent aims to maximize total profit); or positive methods 
that use mathematical programming models to identify the utility- 
relevant attributes and calibrate the parameters that more accurately 
reproduce observed decisions. Positive methods are typically preferred 
by researchers due to their ability to more accurately reproduce 
observed behavior (Graveline, 2016). Most frequently used positive 
models include Linear Programming (both single- and multi-attribute), 
Positive Mathematical Programming – PMP (single-attribute), and Pos
itive Multi-Attribute Utility Programming – PMAUP (multi-attribute). 
This paper uses an ensemble of 4 positive microeconomic models to 
model agent behavior, including a multi-attribute linear programming 
model, termed Weighted Goals Programming (WGP) following Sumpsi 
et al. (1997) calibration; two PMP models that follow the calibration 

Fig. 2. Location of the Upper Douro Sub-basin in the Iberian Peninsula and detail of its AWDUs and the network of control points for environmental flows. Source: 
own elaboration. 
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procedure of Howitt (1995) (PMP1) and Cortignani and Severini (2009) 
(PMP2); and a PMAUP model calibrated á-la-Gutiérrez-Martín and 
Gómez (2011). A comprehensive description of the domain, attributes, 
and database used by the models in the microeconomic ensemble is 
available in the literature above and in the online supplementary ma
terial, which includes the mathematical formulation of the domain F(x) 
(Annex II); the attributes explored, which include expected profit (the 
only relevant attribute for single-attribute models), risk avoidance, and 
management complexity avoidance (of which the latter is measured 
through three proxy attributes: total labor avoidance, hired labor 
avoidance, and direct costs avoidance), as well as the related data inputs 
(Annex III); and the calibration methods and results (Annex IV). Rather 
than running the water bank simulations with those models that better 
reproduce observed behavior, or generating a probability distribution 
function that combines all models to generate a point prediction, which 
may artificially reduce modeling uncertainty (Hino and Hall, 2017), this 
work adopts an un-weighted multi-model ensemble approach (IPCC, 
2014). The result is a database that offers information on uncertainty 
regarding model design through the ensemble spread.4 

4.2. AQUATOOL 

AQUATOOL is a DSS for the edition, operation, review, and analysis 
of hydrologic models for river basin management that produces infor
mation on the quantitative and qualitative status of water bodies. The 
AQUATOOL DSS features several modular blocks, each with its own 
software/model suitable for alternative tasks: AQUATOOL is the general 
interface for editing data and managing the other blocks; SIMGES is the 

block for simulating watershed management, including conjunctive use; 
GESCAL is the block for simulating water quality at the basin scale; 
OPTIGES is the block for optimizing watershed management; SIMRISK is 
the block for risk assessment and management; EGRAF is the block for 
the graphical visualization of the results obtained through SIMGES, 
OPTIGES, GESCAL and SIMRISK; and EXTOPO is the block for exporting 
spatial data to vector format (PUV, 2020). Our study in the Douro River 
Basin uses the AQUATOOL (setup) and SIMGES (simulation) blocks to 
conduct a longitudinal and spatial assessment of water allocations under 
climate change conditions. 

The different elements of the water system that are incorporated into 
the AQUATOOL block include surface water bodies, groundwater 
bodies, discharge series under natural conditions, river-aquifer inter
action, infrastructures (reservoirs, canals, irrigation systems), water 
demand units (including AWDUs—the agent in the microeconomic 
model, but also other agricultural uses, households, industry, fish 
farming, hydropower, cooling, and other minor uses), return flows, 
conveyance, distribution and application inefficiencies (a key input to 
obtain water consumption by economic agents), evaporation from res
ervoirs, environmental flows, water rights, and water operation rules. 
All the necessary data for the setup of AQUATOOL in the Douro River 
Basin is accessible from online databases made available by the Douro 
River Basin Authority (DRBA, 2017; 2016a; 2016b), except for the 
discharge series under natural conditions, which need to be produced. 
Discharge series under natural conditions are derived by processing 
daily series of precipitation for the 1950–2015 period using the EVAL
HID tool, which integrates several rainfall-runoff models (Lerma et al., 
2017). The resultant 1950–2015 series is further expanded using data 
from the SIMPA (Sistema Integrado para la Modelación del proceso Pre
cipitación Aportación) rainfall-runoff model for the 1940–1950 and 
2015–2018 periods (CEDEX, 2020). Data records from reservoirs and 
monitoring stations representative of the natural regime were used to 
address discrepant values. Given the applied policy focus of our paper, 
for all modeling exercises in this paper, we adopt the latest version of 
AQUATOOL that was set up and calibrated by the Douro River Basin 
Authority to inform its 2021 Douro River Basin Management Plan 
(DRBA, 2020). 

Once the AQUATOOL block has been set up, the SIMGES block can be 
used to run longitudinal simulations that offer spatial information on the 
impacts of several exogenous shocks (e.g., climate change) on surface 
and subsurface water flows on a monthly basis. For surface water bodies, 
water flows are obtained by continuity or balance, while for ground
water bodies this is obtained through unicellular and multicellular 
models. Next, the management of the water system by the river basin 
authority that determines water allocations among alternative uses 
(including irrigators and the environment through environmental flows, 
but also other productive uses such as households or industry) is simu
lated using a network optimization algorithm. This algorithm de
termines water allocations across the basin conditional to the 
achievement of several objectives, including: i) meeting environmental 
flows targets but also ii) minimizing water deficits among uses, iii) 
achieving a certain water stock in reservoirs, and iv) achieving hydro
power generation targets. The management algorithm is calibrated 
using up-to-date data on water rights and observed water allocations 
among uses, to match simulation outputs with the historical discharge 
and water stock in reservoirs (PUV, 2020). Thus, although one key 
objective in AQUATOOL is that of enforcing environmental flows, dur
ing periods of scarcity where there are relevant tradeoffs between this 
and other objective(s), environmental flow targets may not be fully 
achieved. For example, the basin authority will not deplete the water 
stock in reservoirs beyond a minimum threshold to achieve environ
mental flows; nor will reduce water allocations to productive uses below 
historical allocations in historical drought events. This can lead to in
fringements of environmental flows, particularly where water discharge 
is reduced due to climate change, which can be addressed through water 
banks. Importantly, the network optimization algorithm also provides 

Table 2 
Irrigated surface in the Upper Douro. Source: own elaboration from ITACyL 
(2019).  

Crop Irrigated area (ha) Crop Irrigated area (ha) 

Barley 6437.21 Onion 203.10 
Sunflower 2216.70 Oats 166.30 
Wheat 2095.70 Escarole 118.20 
Sugar Beet 1486.00 Pumpkin & Zucchini 115.50 
Maize 1427.00 Walnut 63.30 
Alfalfa 1236.50 Green chicory 36.00 
Potato 1121.00 Forage vetch 34.20 
Apple tree 510.54 Forage corn 19.00 
Carrot 291.00 Pepper 11.00 
Green peas 286.20 Cauliflower 10.00 
Garlic 273.60 Peas 8.40 
Lettuce 257.70 Other irrigated 81.31 
Vineyard 243.74 Total 18,749.2  

4 Arguably, model selection techniques could be used to choose among can
didates the model that performs better, for example through minimization of 
calibration errors, instead of relying on an ensemble. Nonetheless, assessing 
model performance is controversial and goes beyond a straightforward com
parison of calibration errors. Notably, models in our ensemble are designed as a 
substitute for direct experimentation (there is no sufficient data on the per
formance of water markets in Europe or Spain), which means that we cannot 
evaluate the predictive performance of the models within the ensemble, a crit
ical step in model selection (Konishi and Kitagawa, 2008). It may occur that a 
model with a relatively low calibration error performs poorly against non- 
observed data as compared to alternatives (poor predictive performance) 
(Pindyck, 2015). Alternatively, multi-model ensemble modeling can be used to 
generate a probability distribution function that combines all models to 
generate a point prediction that avoids model selection bias. Yet, this is chal
lenging due to the subjectivity involved in defining prior assumptions about the 
distribution and the accuracy and weight attributable to each model (Tebaldi 
and Knutti, 2007). Besides, a populated ensemble including several models is 
necessary to infer an accurate probability distribution function, and this re
quires a large amount of resources (computational, personnel, etc.) that may 
not be available. 
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information on water allocation to other productive uses, albeit this 
information is not considered in our microeconomic analysis of the 
supply costs of water banks. This is because in the Douro and elsewhere 
in Spain agriculture is a low priority use—i.e., the first use to suffer 
supply restrictions when water availability is reduced (DRBA, 2017). 
Moreover, agriculture concentrates the least valuable uses—i.e., it is the 
most cost-effective alternative to reacquire water. Therefore, any re
strictions or reacquisitions to meet environmental demand will focus on 
this sector, which is also the largest water user (83.7% of total demand) 
in our case study site and elsewhere in Spain and Southern Europe 
(around 80% of total demand) (EEA, 2021). 

4.3. Coupling and simulation 

In our simulations, a climatic shock (modified discharge under 
climate change) forces the hydrologic module, which simulates the 
water allocations to environmental and productive uses (including 
water allocation to irrigators/AWDUs, WAq) in each year t using the 
network optimization algorithm (see Fig. 3). Following the river basin 
management plan (DRBA, 2020), the climate shock is produced by 
adjusting the historical discharge series produced with EVALHID and 
SIMPA with inputs from MAGRAMA's (2017) report on the impact of 
climate change on water resources. Although relevant hydrological data 
is available for the period 1940–2018 (78 hydrological years), in our 
simulations we use a short series starting from 1980 (being 2018 the last 
year with available data as of April 2022, i.e., 38 hydrological years). 
The use of a short hydrological series is common practice in Spain and is 
the approach adopted by river basin authorities, including the Douro 
River Basin Authority, to inform their river basin management plans (see 
e.g., DRBA, 2020; 2016a). This is because short series are considered 
more representative of the current water regime, which has been 
significantly affected by anthropogenic activities (MAGRAMA, 2017). 

Next, information on water allocations to environmental uses and 
irrigators/AWDU (WAq) under climate change obtained through 
AQUATOOL's network optimization algorithm is conveyed to the multi- 
model ensemble of mathematical programming models. If the amount of 
water allocated to the environment is insufficient to meet the minimum 
environmental flows established in the basin plan in one or more of the 
control points (see Fig. 2), the water bank intervenes and purchases 
water from the AWDUs located upstream of the relevant control point 
until the environmental flow deficit Qse (the environmental demand in 
the water bank, see Fig. 1.d) is addressed. During the water reac
quisition, the water bank leverages its monopsonistic position to target 
the lower bids and pay the reserve price. To elicit the reserve price, we 
quantify utility (Ug) under a series of simulations in which the water 
allocation Wg in eq. 6 is progressively reduced in each AWDU at equal 
intervals (g = 0, 1, 2, …, G), where the scenario without water re
strictions corresponds to g = 0, and the scenario where the water allo
cation is fully relinquished corresponds to g = G. Then, the reserve price 
is obtained as the compensating variation, i.e., the monetized utility loss 
derived from a marginal change in the water allocation constraint (in 
EUR/m3): 

CVg =
e
(

U*
g− 1,Wg

)

Wg − Wg− 1
(7) 

Where e is an expenditure function representing the minimum 
amount of money agents would need to attain the utility level in g − 1 
given a water constraint Wg. Using information from AQUATOOL's 
network optimization algorithm on the initial water allocation to each 
AWDU before the water bank is activated (g = Aq), it is possible to 
delimit the range of relevant reserve prices for each AWDU (agents can 
only sell the water they have been allocated, i.e., g ≤ Aq), and rank 
reserve prices within that range from lower to higher to obtain the 
supply function (Qp(Pp) in Fig. 1). Note that since the water bank aims to 
restore minimum environmental flows in all control points, some of 

which are not hydrologically connected, markets can be segmented (i.e., 
multiple supply functions). 

Once the environmental demand Qse has been met, the water bank 
starts reallocating water among irrigators. Water reallocations among 
productive users take place until the economic surplus is fully captured 
by the water bank, i.e., until the marginal reserve price of potential 
sellers (supply function) exceeds that of potential buyers (productive 
demand function—corresponding to Qsa(Ps) in Fig. 1). The productive 
demand function is obtained by ranking AWDUs reserve prices from 
higher to lower in the range from g = 0 to g = G.5 Again, markets can be 
segmented to ensure hydrological connectivity; while trading is limited 
to the sellers' consumptive use to avoid return flow externalities. 

The process above is repeated for every year in the short series 
(1980–2018), and for each model in the microeconomic ensemble. 

5. Results 

Table 3 below reports the economic performance of the proposed 
water bank (precautionary principle, first-degree price discrimination, 
surplus maximization through reallocations among productive uses) 
over the entire time series modeled (1980–2018, total values). The 
performance of the proposed water bank is compared to that of a con
ventional water bank that aims to reacquire the same amount of water 
for the environment, without price discrimination and reallocations 
among productive uses. 

Our results show that the price discrimination water bank increases 
economic efficiency (higher productive surplus) and reduces the costs of 
water reacquisition for the public sector (higher net public revenue) as 
compared to the conventional water bank. Note that in both water banks 
the precautionary principle is applied and thus the quantity of water 
reacquired for the environment (which equals the volume of water 
needed to achieve minimum environmental flows in the Upper Douro) is 
the same. In terms of efficiency, implementing price discrimination in
creases the performance of the water bank between 331% (PMP1) and 
570% (WGP), depending on the model. Price discrimination also re
duces the public costs of water reacquisition, for all models considered: 
while the conventional water bank yields a negative net public revenue 
ranging between EUR -37,908.6 and − 1,453,864.9 (i.e., the public 
sector experiences losses), the price discrimination water bank yields a 
positive net public revenue for all models except PMP1 (between EUR 
62,105.8 and 162,201.8). Moreover, although in the PMP1 model the 
net public revenue is negative under both the conventional and price 
discrimination water bank, the costs of water reacquisition are consid
erably lower (− 59.4%) in the latter. Figs. 4 and 5 show, respectively, the 
time (Fig. 4) and spatial (Fig. 5) distribution of water sales and pur
chases and their economic value, under the price discrimination water 
bank. 

Both the PMP1 and PMP2 models yield significantly larger public 
expenditures and public revenues from the water bank as compared to 
the PMAUP and WGP. This is owed to the calibration methods used by 
PMP models (see Annex IV). To calibrate a PMP model, the researcher 
must introduce an ad-hoc area constraint to the domain that bounds the 
calibration results to the observed crop portfolio and thus obtain the 
dual values associated with this constraint for each crop. Next, these 
dual values are used to add a non-linear component to the objective 
function (a quadratic cost function in this case), to “specify a non-linear 
objective function such that observed activity levels are reproduced by 
the optimal solution of the new programming problem without bounds” 
(Heckelei and Britz, 2005). This procedure penalizes the shift towards 
rainfed or less water-intensive crops that represent a minor share in the 
original crop portfolio because they have been assigned a high quadratic 
cost. Accordingly, the compensating variation in PMP models increases 

5 Note that this implies that agents can only purchase water up to W0—i.e., 
they cannot purchase more water than the formal right they have been granted. 
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Fig. 3. Flowchart diagram of the modeling framework. Source: adapted from (Pérez-Blanco et al., 2021a).  
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at a significantly faster pace than in PMAUP/WGP models, particularly 
during severe droughts where large areas of conventional crops are 
substituted by rainfed and less water-intensive crops with high quadratic 
costs. 

6. Discussion 

Two broad categories of demand-side water policies are available to 
decisionmakers to restore the balance in overallocated basins: those 
based on PPP, such as charges or caps, where the costs of demand 
contraction fall on the water user; and those based on the beneficiary- 
pays principle (BPP), such as water buyback, where the costs of de
mand contraction fall on society as a whole, which pays a compensation 
to the water user for relinquishing an agreed share of its water allocation 
(OECD, 2015). The PPP pervades several environmental legislations, 
including that of EU countries (OJ, 2000), and over-abstraction is often 
interpreted as pollution due to the environmental cost it generates 
(Lindhout et al., 2014). Accordingly, instruments such as caps and water 
charges have been repeatedly endorsed by EU institutions as a means to 
restore the balance in overallocated basins in compliance with the PPP 
(EC, 2012; EEA, 2013). Caps and charges are effective in protecting and 
restoring the environment, albeit costs for water users are often non- 
trivial—particularly in water-scarce areas where demand is inelastic 
(Rey et al., 2019). This wealth transfer from water users to society has 
been typically met with resistance from those negatively affected, 
notably irrigators (the largest water user worldwide), and has raised 
significant institutional transaction costs—i.e., the costs of arranging a 
resource reallocation ex-ante, and then monitoring and enforcing it ex- 
post (Matthews, 1986). The high institutional transaction costs of PPP 
demand-side policies are quoted as a major cause for the delay or 
obstruction of much-needed water reallocations (Gómez et al., 2017). 

BPP-based instruments such as buyback can help unblock transition 
by setting a bidirectional wealth transfer, where the restoration of nat
ural assets for the society comes at the expense of financial compensa
tions to water users who relinquish (part of) their water allocation. On 
top of that, adequately designed buyback programs can generate Pareto 
improvements and enhance economic efficiency (Mendelsohn, 2016). 
Yet, a key limitation to buyback and other BPP programs is that they can 
create a significant budgetary burden for the public budget with non- 
negligible opportunity costs, which can be aggravated by information 
asymmetries and agency costs. Our paper shows how this budgetary 
burden can be mitigated (if not surmounted) through price discrimina
tion water banks, which can significantly reduce the cost of water 
reacquisitions for the water bank, and even generate net revenues while 
enhancing the productive surplus of the market. 

Despite the promising performance of price discrimination water 
banks for agricultural water buyback, several barriers and caveats exist 
that should be carefully considered when assessing the design and 
implementation of this instrument in practice. We discuss these barriers 

below. 
First, there are legal barriers. In most regions of the world, including 

the EU, water is a public good, managed by the government on behalf of 
its people (Lane-Miller et al., 2013). This poses the question of whether a 
government should pay private users for a resource that already belongs 
to the public, even if the transaction costs of implementing PPP-based 
instruments exceed the reacquisition costs of BPP-based instruments. 
In the EU context, the European Commission has issued lawsuits against 
nine member states for their (allegedly) incorrect application of Article 9 
of the Water Framework Directive, which states that member states 
“shall take account of the principle of recovery of the costs of water 
services” through PPP-based water charges (OJ, 2000). However, legal 
ruling in this regard has been dichotomic. In 2014, in Case C-525/12 
European Commission v Federal Republic of Germany, the European 
Court of Justice concluded that member states “may decide which 
economic instruments and design are to be implemented, as long as they 
meet WFD objectives”, and that charges “are not the central and defin
itive instrument for addressing the problems facing Europe in terms of 
water resources, but rather a specific measure which should be applied 
in connection with [other measures]” (Jääskinen, 2014). This paved the 
way for the implementation of BPP-based instruments that, as the price 
discrimination water bank proposed here, restore the ecological status of 
water bodies while compensating users. However, a more recent ruling 
from European legal bodies has contradicted this interpretation. 
Notably, the Supreme Court of Spain (the first and only EU member state 
that has implemented water markets) recently ruled against BPP-based 
reallocations included in the Júcar River Basin Management Plan 
(BOE, 2017). Moreover, water markets and buyback in Spain are only 
temporary allowed, and conditional to the formal approval by the 
government (which has been limited to extreme droughts). 

Second, there are distributive and economic barriers. By con
tracting agricultural production, buyback programs can induce non- 
trivial economy-wide impacts that can significantly affect third parties 
not directly involved in the trading, through forward and backward 
linkages across sectors (Dixon et al., 2011). This pecuniary externality 
affects more strongly those economic sectors that are heavily dependent 
on agricultural commodities for their production, such as the food in
dustry, or those supplying agricultural inputs such as fertilizers. Pecu
niary externalities can be offset at a regional level by the increase of 
agricultural commodity prices and the reallocation of agricultural pro
duction factors, albeit at a national level there is typically a net loss 
(Dixon et al., 2012). Noteworthy, water banks that include a partial 
lease of water reacquisitions towards high value-added agricultural 
uses, such as the mechanism proposed here, can contribute to mitigating 
this impact (Lane-Miller et al., 2013). 

Third, there are institutional barriers. Some of the preconditions to 
ensure hydrological integrity in water buyback and trading adopted in 
this paper may be difficult to implement in practice. Notably, water 
allocations in Spain and most places worldwide are currently based on 

Table 3 
Economic performance of a conventional water bank and a water bank with price discrimination over the simulated period (38 hydrological years).  

Conventional water 
bank 

Water purchased 
[M m3] 

Water 
sold 
[M m3] 

Public revenues 
[EUR] 

Public expenditure 
[EUR] 

Net public revenue 
[EUR] 

Water reacquired for 
environment [M m3] 

Productive surplus 
[EUR] 

PMAUP 0.58 – – 37,908.62 − 37,908.62 0.58 41,120.75 
WGP 0.58 – – 43,292.80 − 43,292.80 0.58 35,533.46 
PMP1 0.58 – – 858,899.30 − 858,899.30 0.58 545,252.23 
PMP2 0.58 – – 1,453,864.93 − 1,453,864.93 0.58 780,719.79 

Price discrimination 
water bank 

Water purchased 
[M m3] 

Water 
sold 
[M m3] 

Public revenues 
[EUR] 

Public expenditure 
[EUR] 

Net public revenue 
[EUR] 

Water reacquired for 
environment [M m3] 

Productive surplus 
[EUR] 

PMAUP 2.14 1.56 147,199.95 85,094.13 62,105.82 0.58 178,108.14 
WGP 2.35 1.77 186,583.57 104,814.78 81,768.79 0.58 202,655.51 
PMP1 1.06 0.48 836,016.98 1,184,126.23 − 348,109.25 0.58 1,807,481.11 
PMP2 1.93 1.35 3,598,793.31 3,436,591.51 162,201.80 0.58 3,507,712.57  
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Fig. 4. Yearly water purchases and sales and net revenue over the 38y simulation period in the price discrimination water bank. a. PMAUP, b. WGP, c. PMP1 and d. PMP2.  
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the right to withdraw, and not on the right to consume, which compli
cates limiting trading to the seller's consumptive water use (exceptions 
include the Western US doctrine of prior appropriation, where water 
rights are based on withdrawals, but trading generally transfers only the 
consumptive fraction of the right to avoid harm to a third party). 
Additionally, research has revealed significant incentives towards non- 
compliance in water resources allocation through water theft, which 
can reduce the effectiveness of buyback programs (Loch et al., 2020b). 
Ensuring hydrological integrity in this context necessitates a far- 
reaching institutional reform that is likely to involve significant institu
tional transaction costs. Moreover, implementing first-degree price 
discrimination tenders in real life is likely to demand higher search and 
information, bargaining, and policy and enforcement costs than con
ventional water banks, which will comparatively inflate also the non- 

trivial private transaction costs of the reform. For example, particularly 
in segmented markets, irrigators can resort to collusive tendering to 
profiteers, which can significantly reduce the performance of price 
discrimination. Scientific research has monetized the transaction costs 
of water market reallocations in the US and Australia, showing that 
private transaction costs can represent up to 35% of the total costs of 
policy reform (i.e., transaction costs plus abatement costs) (Loch and 
Gregg, 2018); and institutional transaction costs up to 30% of total costs 
(Njiraini et al., 2017). Accordingly, our analysis of abatement costs of 
first-degree price discrimination water banks should be complemented 
with transaction costs analysis before any concluding information on the 
cost-effectiveness of this instrument relative to others can be provided 
(e.g., v. charges, which is often assumed to involve higher transaction 
costs). Future research should bridge this gap and explore private and 

Fig. 5. Water purchased and sold and net revenue in the price discrimination water bank. a. PMAUP, b. WGP, c. PMP1, d. PMP2.  
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institutional transaction costs in water banks under a monopsony- 
monopoly setting to analyze their impact on the performance of the 
water bank. 

Fourth, there are unresolved policy design issues. Restoring the 
balance in severely overallocated basins may require large reac
quisitions of water in areas where the resource is most expensive, which 
can lead to disproportionate costs that are unaffordable to the public 
sector even in the presence of price discrimination (e.g., coastal basins 
with greenhouses). Moreover, even in situations where water banks can 
increase economic efficiency, this does not guarantee the achievement 
of an equitable outcome. This calls for the assessment of policy mix and 
sequencing strategies that address multiple objectives in water policy 
reform (Gómez et al., 2017). 

7. Conclusions 

This paper proposes and assesses the performance of a price 
discrimination water bank to minimize reacquisition costs and enhance 
economic efficiency. To this end, we develop a hydroeconomic model 
that couples the hydrological DSS AQUATOOL used by Spanish river 
basin authorities to inform water allocation decisions with an ensemble 
of 4 mathematical programming models that elicit the behavior of irri
gators and simulate their responses to changes in water allocations, to 
assess parameter and structural uncertainties. Methods are designed to 
be replicable and flexible, and are capable of including additional 
mathematical programming models, as well as other DSS used by basin 
authorities elsewhere, such as WEAP (Yates et al., 2005), MIKE 
(Refsgaard and Storm, 1995), RIBASIM (Deltares, 2022), LISFLOOD 
(JRC, 2022). The model is applied to the case of the Upper Douro sub- 
basin (Spain), where we assess and compare the performance of the 

Fig. 5. (continued). 
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proposed price discrimination water bank v. a conventional water bank 
(no price discrimination, no water reallocations among productive uses) 
in achieving the same environmental water reacquisition target. Our 
results show that price discrimination enhances the productive surplus 
of the water bank between 331% and 570% and reduces the costs of 
water reacquisition between 59.5% and 288.8%, depending on the 
model. In three out of the four models considered, the reduction in 
reacquisition costs exceeds 100%, meaning negative net revenues under 
the conventional water bank are turned into positive net revenues under 
the price discrimination water bank. 

We envision several ways in which the proposed methodology and 
price discrimination mechanism could be improved. 

First, although our model is designed to be flexible and replicable and 
could be adopted in alternative basins using a DSS other than AQUA
TOOL, the framework presented in this paper applies to the AQUATOOL 
DSS. Simple, yet ad-hoc transformations are needed to adapt the pro
posed framework to alternative DSS (alternative mathematical pro
gramming models can be added without changes to the model setting). 
More importantly, while the proposed hydroeconomic model samples 
uncertainty in the economic module, the quantification of modeling 
uncertainty in the hydrologic module requires the incorporation of 
alternative DSS, which are often not available since basin authorities 
typically rely on a single DSS for their decisions. 

Second, beyond adding new models to the hydroeconomic model, the 
models already in use could be improved. For example, the classical 
mathematical programming models used in the microeconomic 
ensemble only allow for adaptation at the extensive (land reallocations 
towards less water-intensive crops) and superextensive (land realloca
tions from irrigated to rainfed agriculture) margin, but do not allow for 
intensive margin adaptation (i.e., supplementary or deficit irrigation). 
Similarly, AQUATOOL is presently being expanded to increase its 
granularity by incorporating a larger number of control points to mea
sure key hydrogeologic variables. 

Third, additional scenarios should be explored to better quantify 
uncertainty. For example, river basin authorities in Spain use a single 
climate change scenario to force the hydrologic DSS and inform their 
decisions (AQUATOOL) (see e.g. DRBA, 2020). This artificially reduces 
uncertainty and can lead to surprises. Similarly, DSS models typically 
reproduce the currently existing set of infrastructures, which may 
change in the future (e.g., new dams, canals or water treatment and 
reuse infrastructures, irrigation modernization, irrigation expansion, 
etc.) and affect the impacts of water banks. 

Fourth, the water bank design proposed here relies on a spot market 
and does not explore the impact of derivatives such as option contracts, 
leasing, or counter-cyclical trading—all of which can affect its envi
ronmental and economic performance. The focus on spot markets is 
justified because water market experiences in Spain (where our case 
study area is located) and elsewhere in the EU have thus far relied 
exclusively on spot markets, while derivatives are still treated in an 
incipient form, with major barriers (including of legal nature) persisting. 
This is unlike water markets in Australia or the US, where derivatives are 
more frequently found. Particularly in these regions, future research 
should explore the impact of derivatives on the environmental and 
economic performance of first-degree price discrimination water banks. 
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Gómez, C.M., Pérez-Blanco, C.D., Adamson, D., Loch, A., 2017. Managing water scarcity 
at a river basin scale with economic instruments. Water Econs. Pol. 04, 1750004. 
https://doi.org/10.1142/S2382624X17500047. 
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“Scarcity and misuse of fresh water pose a serious and growing threat to 

sustainable development and protection of the environment. Human health and 

welfare, food security, industrial development and the ecosystems on which they 

depend, are all at risk, unless water and land resources are managed more 

effectively in the present decade and beyond than they have been in the past” 
Eirah Gorre-Dale, The Dublin Statement on Water and Sustainable Development, 

1992. 

(Gorre-Dale, 1992) 
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Water is one of the most complex goods humans need to manage: it is essential for life and 

economic activity, has many public and private uses, is vulnerable to freeriding, and is a 

heterogeneous and finite good in increasingly complex-to-manage hydrological systems. As 

water was historically abundant in many parts of the world, humans have approached water 

resources management through engineering solutions (i.e., increasing storage and/or 

transporting the resource from water-abundant to water-scarce places). This is no longer 

possible in mature water economies, where the growing costs of water provision due to 

inelastic water supply increasingly exceed the benefits of its use. Moreover, conventional 

water management policies have systematically failed to reach their objectives due to poor 

design and/or unaccounted feedback between ecological and socioeconomic systems. This 

unsustainable situation calls for additional modeling efforts that can support the design and 

implementation of robust adaptation strategies that address water scarcity to preserve both 

human wellbeing and the good ecological status of water bodies. 

To this end, this thesis provides a methodology that quantifies and assesses modeling and 

scenario uncertainties to inform robust adaptation strategies to water scarcity in the 

agricultural sector. This chapter encompasses a summary of the findings and depicts the 

general conclusions of the author, highlighting the achievements and limitations of his work. 

In the first chapter, we showed how water scarcity is rapidly growing due to climate change 

in many parts of the world and how this threatens water bodies and human wellbeing. Then 

we introduced the concept of deep uncertainty and argued that under deeply uncertain 

conditions, we should fundamentally reassess our approach to the design and 

implementation of policies. The non-consideration of uncertainty is indeed one of the main 

reasons water policies consistently fail to achieve their objectives (Marchau et al., 2019). 

From chapters 2 to 4, we led the reader in a step-by-step construction of a modular multi-

system modeling framework that can inform and assess the performance of robust 

adaptation strategies in coupled ecological and socioeconomic systems. These chapters 

include the five publications produced during the Ph.D. by the author. In each of these 

publications, the modeling framework is progressively developed and applied to a real policy 

case thanks to the collaborations existing with river basin authorities. In chapter 2, we 

presented the microeconomic methodology and briefly reviewed the large literature that 

supports it; then, with a new model enclosed in the first publication (2.2), we expanded the 

literature on multi-attribute MPMs. In the following chapter, we presented a methodology to 

address deep uncertainty through an innovative multi-model ensemble of MPMs and its 

application with two different policy cases (3.2 and 3.3). Finally, we strengthened our 

approach by explicitly including the water system in our modeling framework that became a 

multi-system (human-water) ensemble, and we applied this framework to two other policy 

cases (4.2 and 4.3). The modeling complexity grows through the chapters, but the modularity 
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of the ensembles allows to understand it more smoothly. Moreover, a modeling framework 

composed of different modules results in easier changes and updates to adapt to the 

different case studies. Note that adaptability and updatability are key recommendations of 

RDM theory (see Box 1). 

 

The main findings of this thesis are as follows. First, we included a water-production function 

in the PMAUP model, which allowed us to consider and explore the repercussions of intensive 

margin adaptation (i.e., deficit irrigation) under water scarcity, commonly not considered by 

conventional microeconomic models. We found that excluding deficit irrigation can lead to 

underestimating water savings and overestimating profit loss (up to 8% in our application of 

a water pricing policy). Second, to advise robust policies we must consider modeling 

uncertainty in the socioeconomic system. This is achieved by developing a multi-model 

ensemble of MPMs and assessing its results with the mechanistic algorithms Minmax and 

Minmax regret. Using different MPMs is critical to avoid biases emerging from model choice. 

Our multi-model ensemble provides insights to advise policy and highlights tipping points 

(3.2) and other non-trivial outcomes (e.g., that full cost recovery is not recommended to reach 

the WDF objectives in our case study in 4.2). Third, our coupled human-water modeling 

framework, inspired by the socio-hydrology and hydroeconomics literature (Harou et al., 

2009; Heinz et al., 2007; Sivapalan et al., 2014), provides critical information to assess 

cascading impacts across coupled human and water systems while quantifying the 

associated uncertainty. The interactions between the two systems generate new outcomes 

that could not be predicted by each system in isolation.  

The key policy findings of our research are as follow. First, following previous research by 

Adamson and Loch (2021) and Pérez-Blanco et al. (2020b), our multi-model ensemble 

results suggest that “subsidies to modern irrigation technologies are not only ineffective to 

save water—they can also exacerbate water scarcity by increasing the consumed fraction of 

water applied”(Pérez-Blanco and Sapino, 2022). This finding dispraises the effort of many 

countries and international organizations to subsidize modern irrigation techniques as an 

effective policy to reduce water consumption. Instead, we encourage complementing 

subsidies with other policies (e.g., quotas or pricing) to reach the same objective at a lower 

cost and with higher economic efficiency. Second, the multi-system modeling framework 

allowed us to evaluate the resource cost of agricultural water, a key part of the total cost of 

water as defined by the EU WFD, usually not recovered with the price. Our results indicate 

that the recovery of this cost can have a disproportionate impact on farmers' income; thus, 

we suggest that, at least for our case study, other policies should be used to reach the 

environmental objectives of the WFD. Third, we used our multi-system ensemble to assess 

the economic performance of a water bank, another relevant policy option to reallocate water 
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to the environment and to the most productive users in water-scarce basins. We found that 

water banks can achieve the same environmental objectives as a buyback program but with 

a significantly lower cost for the regulatory authority. 

Despite the abovementioned achievements, we recommend addressing some issues 

through further research to improve the framework presented in this thesis. First, the MPMs 

ensemble can be expanded with other models, notably, PMP with a CES (Constant Elasticity 

of Substitution) water-production function (Graveline and Mérel, 2014; Mérel et al., 2011) or 

with the inclusion of risk (Arata et al., 2017; Jansson et al., 2014; Petsakos and Rozakis, 

2015). Second, another possible improvement concerning the multi-attribute models (both 

PMAUP and the linear MPM), regards the exploration of other relevant attributes that can be 

included in the decision process of the economic agent (the farmer). Third, the multi-system 

ensemble can be expanded by adding multiple hydrologic models rather than one (i.e., an 

ensemble of hydrologic models). This would allow us to take advantage of the different 

specificities of the models to sample structural and parameter uncertainties within models. 

Fourth, other human systems can be added to our modular framework to explore their 

feedback with the water and human systems presently incorporated, e.g., an ABM (Agent 

Based Model) model to explore water market performance. This is currently being addressed 

by the author (Sapino et al., under review). Fifth, more effort should be made to estimate the 

economic value of environmental uses of water with a modeling framework such as the one 

presented in this thesis to have comparable estimates of the value of water for alternative 

uses, although a major constraint is the lack of data on demand, which requires ad hoc 

valuation with significant uncertainty bounds. Noteworthy, in the presence of mature water 

markets in which irrigators and actors who act on behalf of the environment are free to 

operate (e.g., in Australia), these exercises may be redundant since exchange prices and 

quantities can be observed in the market and provide an observable measure for valuation. 

Finally, it should be noted that changes at the microeconomic level (e.g., a 

reduction/increase in the production of a crop) affect the regional/global economy with 

possible impacts on commodity prices.  We can assess changes in prices with a 

macroeconomic model, which could be coupled with our microeconomic models to assess 

feedback, e.g., exploring how adaptation responses by irrigators can affect the prices of 

agricultural commodities traded in regional, national and international markets, depending 

on the granularity of the macroeconomic model adopted (Britz, 2014; Parrado et al., 2019). 

Although the coupling of micro- and macro-economic systems has already been explored in 

the literature, e.g., in EU CAPRI (Common Agricultural Policy Regionalised Impact Modelling 

System) model (Britz, 2014), there is no ensemble available that couples multiple 

microeconomic (e.g., MPMs) models with one or multiple macroeconomic models to sample 
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uncertainty. Therefore, we recommend expanding our multi-system modeling framework with 

a macroeconomic system populated with one or multiple models.  
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Capítulo 5. Conclusiones y 

recomendaciones  
 

 

 

El agua es uno de los bienes más complejos que los seres humanos necesitan gestionar: es 

esencial para la vida y la actividad económica, tiene muchos usos públicos y privados, es 

vulnerable al freeriding y es un bien heterogéneo y finito en sistemas hidrológicos cada vez 

más complejos de gestionar. Dado que, históricamente, el agua era abundante en muchas 

partes del mundo, los seres humanos han abordado la gestión de los recursos hídricos a 

través de soluciones de ingeniería (es decir, el aumento del almacenamiento y/o el 

transporte desde lugares abundantes a lugares escasos en agua). Esto ya no es posible en 

economías hídricas maduras, donde los costes crecientes del suministro de agua debido a 

la inelasticidad de la provisión de agua superan cada vez más los beneficios de su uso. 

Además, las políticas convencionales de gestión de los recursos hídricos han fracasado 

sistemáticamente en alcanzar sus objetivos debido a un diseño mediocre y/o a una 

retroalimentación no contabilizada entre los sistemas ecológicos y socioeconómicos. Esta 

situación insostenible requiere esfuerzos adicionales en desarrollar marcos de modelos que 

puedan apoyar el diseño y la implementación de estrategias de adaptación robustas que 

aborden la escasez de agua para preservar tanto el bienestar humano como el buen estado 

ecológico de las masas de agua. 

Con este fin, esta tesis proporciona una metodología que cuantifica y evalúa la modelización 

y las incertidumbres de los escenarios para fundamentar estrategias de adaptación robustas 

a la escasez de agua en el sector agrícola. Este capítulo contiene un resumen de los 

hallazgos y describe las conclusiones generales del autor, destacando los logros y 

limitaciones de su trabajo. 

En el primer capítulo, mostramos cómo la escasez de agua está creciendo rápidamente 

debido al cambio climático en muchas partes del mundo y cómo esto amenaza los recursos 

hídricos y el bienestar humano. Luego introducimos el concepto de incertidumbre profunda 

y sostenemos que, en esa condición, deberíamos reevaluar fundamentalmente nuestro 

enfoque de diseño y aplicación de políticas. La no consideración de la incertidumbre es de 

hecho una de las principales razones por las que las políticas de agua fallan 

consistentemente en lograr sus objetivos (Marchau et al., 2019). De los capítulos 2 a 4, 

guiamos al lector en una construcción paso a paso de un marco modular de modelos que 

consideran múltiples sistemas con el fin de informar y evaluar el desempeño de estrategias 

de adaptación robustas en sistemas ecológicos y socioeconómicos acoplados. Estos 
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capítulos incluyen las 5 publicaciones producidas durante mi doctorado. En cada una de 

estas publicaciones, el marco de modelización se desarrolla progresivamente y se aplica a 

un verdadero caso político gracias a las colaboraciones existentes con las autoridades de 

cuenca. En el capítulo 2, presentamos la metodología microeconómica (Modelos de 

Programación Matemática – MPMs) y repasamos brevemente la gran literatura que la apoya; 

luego, con un nuevo modelo incluido en la primera publicación (2.2), ampliamos la literatura 

sobre los MPMs multiatributo. En el siguiente capítulo, presentamos una metodología para 

abordar la incertidumbre profunda a través de un innovador conjunto multimodelo de MPMs 

(3.2, 3.3) y su aplicación con dos casos de políticas diferentes. Finalmente, reforzamos 

nuestro enfoque incluyendo explícitamente el sistema hidrológico en nuestro marco de 

modelos que se convirtió en un conjunto multisistémico (humano-hidrológico), y aplicamos 

este marco a otros dos casos de políticas (4.2 y 4.3). La complejidad del marco de modelos 

crece a través de los capítulos, pero la modularidad del conjunto permite entenderlo más 

fácilmente. Además, un marco de modelos compuesto por diferentes módulos permite 

cambios y actualizaciones más fáciles para adaptarse a los diferentes casos de estudios. 

Obsérvese que la adaptabilidad y la posibilidad de actualizar son recomendaciones clave de 

la teoría de la RDM (véase el Box 1). 

Las principales conclusiones de esta tesis son las siguientes. Primero, incluimos una función 

de producción de agua en el modelo PMAUP, que nos permitió considerar y explorar las 

repercusiones de la adaptación intensiva de márgenes (es decir, riego deficitario) a la 

escasez de agua, comúnmente no considerada por los modelos microeconómicos 

convencionales. Encontramos que la exclusión del riego deficitario puede llevar a subestimar 

el ahorro de agua y sobreestimar la pérdida de beneficios (hasta un 8% en nuestra aplicación 

de una política de precios del agua). Segundo, para aconsejar políticas robustas debemos 

considerar y modelar la incertidumbre en el sistema socioeconómico. Esto se logra mediante 

el desarrollo de un conjunto multimodelo de MPMs y la evaluación de sus resultados con los 

algoritmos mecanicistas Minmax y Minmax regret. El uso de diferentes MPMs es 

fundamental para evitar sesgos que surgen de la elección del modelo. Nuestro conjunto de 

modelos múltiples proporciona información para asesorar sobre políticas y destaca puntos 

de inflexión (3.2) y otros resultados interesantes (por ejemplo, que no se recomienda la 

recuperación total de costos para alcanzar los objetivos del WDF en nuestro estudio de caso 

en 4.2.). Tercero, nuestro marco de modelos hidrológicos y económicos, inspirado en la 

literatura sociohidrológica e hidroeconómica (Harou et al., 2009; Heinz et al., 2007a; 

Sivapalan et al., 2014), proporciona información crítica para evaluar los impactos en 

cascada a través de los sistemas hidrológicos y socioeconómicos acoplados mientras 

cuantifica la incertidumbre asociada. Las interacciones entre los dos sistemas generan 

nuevos resultados que no podían ser predichos por cada sistema de forma aislada. Cuarto, 
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utilizamos nuestro conjunto multisistema para evaluar el desempeño económico de un 

banco de agua, otra opción política relevante para reasignar el agua al medio ambiente y a 

los usuarios más productivos en cuencas con escasez de agua. 

Los principales resultados a nivel político de nuestra investigación son los siguientes. En 

primer lugar, siguiendo investigaciones anteriores de Adamson y Loch (2021) y Pérez-Blanco 

et al. (2020b), nuestros resultados de conjunto multimodelo sugieren que los subsidios a las 

modernas tecnologías de riego no solo son ineficaces para ahorrar agua, sino que también 

pueden aumentar la escasez de agua al aumentar la fracción consumida de agua aplicada 

(Pérez-Blanco y Sapino, 2022). Este hallazgo desmiente el esfuerzo de muchos países y 

organizaciones internacionales para subsidiar las técnicas modernas de riego como una 

política eficaz para reducir el consumo de agua. En su lugar, alentamos a complementar los 

subsidios con otras políticas (por ejemplo, cuotas o precios) para alcanzar el mismo objetivo 

a un menor costo y con una mayor eficiencia económica. En segundo lugar, el marco de 

modelos multisistema nos permitió evaluar el coste de los recursos de agua agrícola, una 

parte clave del coste total del agua definido por la DMA (Directiva Marco del Agua) de la UE, 

que por lo general no se recupera con el precio. Nuestros resultados indican que la 

recuperación de este coste puede tener un impacto desproporcionado en la renta de los 

agricultores; por lo tanto, sugerimos que, al menos para nuestro caso de estudio, se utilicen 

otras políticas para alcanzar los objetivos medioambientales de la DMA. En tercer lugar, 

encontramos que los bancos de agua pueden lograr los mismos objetivos ambientales que 

un programa de recompra, pero con un costo significativamente menor para la autoridad 

reguladora. 

A pesar de los logros antes mencionados, recomendamos abordar algunos temas a través 

de investigaciones adicionales para mejorar el marco presentado en esta tesis. En primer 

lugar, el ensemble de MPMs puede ampliarse con otros modelos, en particular, PMP con una 

función de producción de agua CES (Graveline y Mérel, 2014; Mérel et al., 2011) o con la 

inclusión del riesgo (Arata et al., 2017; Jansson et al., 2014; Petsakos y Rozakis, 2015). En 

segundo lugar, otra posible mejora relativa a los modelos de múltiples atributos (tanto 

PMAUP como el MPM lineal), se refiere a la exploración de otros atributos relevantes que 

pueden incluirse en el proceso de decisión del agente económico (el agricultor). En tercer 

lugar, el conjunto multisistémico puede ampliarse añadiendo múltiples modelos hidrológicos 

en lugar de uno (es decir, un conjunto de modelos hidrológicos). Esto nos permitiría 

aprovechar las diferentes especificidades de los modelos para muestrear incertidumbres 

estructurales y de parámetros dentro de los modelos. Cuarto, se pueden agregar otros 

sistemas socioeconómicos a nuestro marco de modelos para explorar su retroalimentación 

con los sistemas de agua y humanos actualmente incorporados, por ejemplo, un modelo 

ABM para explorar el rendimiento del mercado de agua. Esto está siendo abordado por el 
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autor (Sapino et al., en revisión). Quinto, se debe hacer más esfuerzo para estimar el valor 

económico de los usos ambientales del agua con un marco de modelos, como el presentado 

en esta tesis, para tener estimaciones comparables del valor del agua para usos alternativos, 

aunque una limitación importante es la falta de datos sobre la demanda, que requiere una 

valoración ad hoc con importantes límites de incertidumbre. Cabe destacar que, en 

presencia de mercados de agua maduros, donde los regantes y los agentes que actúan en 

nombre del medio ambiente son libres de operar (por ejemplo, en Australia), estos ejercicios 

pueden ser redundantes ya que los precios de cambio y las cantidades se pueden observar 

en el mercado y proporcionan una medida observable para la valoración. Por último, cabe 

señalar que los cambios a nivel microeconómico (por ejemplo, una reducción/aumento de 

la producción de un cultivo) afectan a la economía mundial con posibles efectos en los 

precios de los productos básicos.  Podemos evaluar los cambios en los precios con un 

modelo macroeconómico, que podría combinarse con nuestros modelos microeconómicos 

para evaluar la retroalimentación, por ejemplo, explorar cómo las respuestas de adaptación 

de los regantes pueden afectar los precios de los productos agrícolas comercializados en la 

región, mercados nacionales e internacionales, dependiendo de la granularidad del modelo 

macroeconómico adoptado (Britz, 2014; Parrado et al., 2019). Aunque el acoplamiento de 

los sistemas micro y macroeconómicos ya se ha explorado en la literatura, por ejemplo, en 

el modelo CAPRI de la UE (Britz, 2014), no hay ningún conjunto disponible que combine 

múltiples modelos microeconómicos (por ejemplo, MPM) con uno o varios modelos 

macroeconómicos para considerar la incertidumbre. Por lo tanto, recomendamos ampliar 

nuestro marco de modelos multisistema con un sistema macroeconómico poblado con uno 

o varios modelos. 
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