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ABSTRACT 

 

Modeling is the process to idealize real-world situations through simplifications 

in order to obtain a model. However, model estimations lead to uncertainties 

that have to be evaluated formally. The role of the sensitivity analysis (SA) is to 

assign model output uncertainty based on the inputs and can increase 

confidence in model, however, it is often omitted in modelling, usually as a 

result of the growing effort it involves. In addition, the balance between 

accuracy and simplicity is not easy to assess. For this reason, when a model is 

developed, it is necessary to test it in order to understand its behavior and to 

include, if necessary, more complexity to get a better response. 

Ecosystem services are the conditions and processes through which natural 

ecosystems, and their constituent species, sustain and fulfill human life. The 

relevance of ecosystem services and the need to better manage them and their 

associated benefits have stimulated the emergence of models and tools to 

measure them. InVEST, Integrated Valuation of Ecosystem Services and 

Tradoffs, is one of these ecosystem services-specific tools developed by the 

Natural Capital Project (Stanford University, USA). As a result of the growing 

interest in measuring ecosystem services, the use of InVEST is anticipated to 

grow exponentially in the coming years. However, apart from model 
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development, making a model involves other crucial stages such as its 

evaluation and application in order to validate estimations.  

The work developed in this thesis tries to help in this relevant and imperative 

phase of the modeling process, and does so in two different ways. The first one 

is to conduct a sensitivity analysis of the model, which consists in choosing and 

applying a methodology in an area and analyzing the results obtained. The 

second is related to the in-stream processes that are not modeled in the current 

model, and consists in creating and applying a methodology for testing the 

streams role in the InVEST nutrient retention model in a case study, analyzing 

the results obtained. 

The results of this Thesis will contribute to the understanding of the 

uncertainties involved in the modeling process. It will also illustrate the need to 

check the behavior of every model developed before putting them in production 

and illustrate the importance of understanding their behavior in terms of 

correctly interpreting the results obtained in light of uncertainty. The work in this 

thesis will contribute to improve the InVEST platform, which is an important tool 

in the field of ecosystem services. Such work will benefit future users, whether 

they are researchers (in their future research), or technicians (in their future 

work in ecosystem conservation or management decisions). 
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RESUMEN 

 

La modelización es un proceso por el que se obtienen modelos de los procesos 

del ´mundo real´ mediante la utilización de simplificaciones. Sin embargo, las 

estimaciones obtenidas con el modelo llevan implícitas incertidumbre que se 

debe evaluar. Mediante un análisis de sensibilidad se puede mejorar la 

confianza en los resultados, sin embargo, este paso a veces no se realiza 

debido básicamente al trabajo que lleva consigo este tipo de análisis. Además, 

al crear un modelo, hay que mantener un equilibrio entre la obtención de 

resultados lo más exactos posible mediante un modelo lo más sencillo posible. 

Por ello, una vez creado un modelo, es imprescindible comprobar si es 

necesario o no incluir más procesos que en un principio no se habían incluido. 

Los servicios ecosistémicos son los procesos mediante los cuales los 

ecosistemas mantienen y satisfacen el bienestar humano.  La importancia que 

los servicios ecosistémicos y sus beneficios asociados tienen, junto con la 

necesidad de realizar una buena gestión de los mismos, han estimulado la 

aparición de modelos y herramientas para cuantificarlos. InVEST (Integrated 

Valuation of Ecosystem Services and Tradoffs) es una de estas herramientas 

específicas para calcular servicios eco-sistémicos, desarrollada por Natural 

Capital Project (Universidad de Stanford, EEUU). Como resultado del creciente 
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interés en calcular los servicios eco-sistémicos, se prevé un incremento en la 

aplicación del InVEST.  

La investigación desarrollada en esta Tesis pretende ayudar en esas otras 

importantes fases necesarias después de la creación de un modelo, abarcando 

los dos siguientes trabajos. El primero es la aplicación de un análisis de 

sensibilidad al modelo en una cuenca concreta mediante la metodología más 

adecuada. El segundo es relativo a los procesos dentro de la corriente fluvial 

que actualmente no se incluyen en el modelo mediante la creación y aplicación 

de una metodología que estudiara el papel que juegan estos procesos en el 

modelo InVEST de retención de nutrientes en el área de estudio. 

Los resultados de esta Tesis contribuirán a comprender la incertidumbre 

involucrada en el proceso de modelado. También pondrá de manifiesto la 

necesidad de comprobar el comportamiento de un modelo antes de utilizarlo y 

en el momento de interpretar los resultados obtenidos. El trabajo en esta Tesis 

contribuirá a mejorar la plataforma InVEST, que es una herramienta importante 

en el ámbito de los servicios de los ecosistemas. Dicho trabajo beneficiará a los 

futuros usuarios de la herramienta, ya sean investigadores (en investigaciones 

futuras), o técnicos (en futuros trabajos de toma de decisiones o gestión 

ecosistemas).  



  
10 

 
  

 

 

 

Chapter 1  

1. INTRODUCCION 

1.1. BACKGROUND 
 

Ecosystem services are the conditions and processes through which natural 

ecosystems, and their constituent species, sustain and fulfill human life. Natural 

ecosystems maintain biodiversity and produce services that benefit people in 

numerous ways. Although largely neglected in the past, their relevance has 

grown substantially in recent years (Daily, 1997; MA, 2005).  

At the same time, interest in measure ecosystem services has increased since 

their recognition as key factors in environmental management (Chambers et al., 

2005; Goldman et al., 2008). 

The importance of ecosystem services has stimulated the emergence of models 

and tools to measure them. This type of information is likely to be valuable in 

the decision making process. In addition, these tools would help in future 
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predictions such as how global change or changes in land uses will affect the 

production of ecosystem services. Policy makers require reliable predictions in 

order to design effective mitigation or adaptation measures.  

Therefore, it is crucial to evaluate and minimize models uncertainty to avoid 

bias in decision making (Chavas, 2000; National Research Council, 2005). 

Rusell (1949) has illustrated this point with more optimism: ‘When one admits 

that nothing is certain one must, I think, also admit that some things are much 

more nearly certain than others.’ That is an encouraging statement especially 

for scientists whose basic vocation is to characterize and reduce uncertainty 

wherever possible. 

InVEST (Integrated Valuation of Environmental Services and Tradeoffs), 

developed by the Natural Capital Project, is a platform that maps and quantifies 

ecosystem services and how they benefit society. The Natural Capital Project is 

a partnership combining research innovation from Stanford University and the 

University of Minnesota with the global reach of conservation science and policy 

at The Nature Conservancy and the World Wildlife Fund 

(www.naturalcapitalproject.org).  

InVEST is a free and open-source software suite to inform and improve natural 

resource management and investment decisions.  Despite the fact that the first 

version of this tool (version 1.0) is relatively new (Tallis et al., 2008), its 

development is an active effort will continue during the next years. During the 

period of the present Thesis research, several versions of InVEST have been 

used, each being the most up-to-date available at the time.  
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The modeling process—i.e. making a model, which is a simplified 

representation of the reality – is a huge and consuming time commitment, which 

should always be supported by previous work like occurs in other science 

areas.  

Although model development is a huge and difficult task in itself, the completion 

of the first version is not the end of the modeling process. In addition to the 

development, making a model involves other crucial stages such as model 

evaluation and application.  

For instance, it is mandatory to cross-validate every model with independent 

measurements in the situations for which it is designed to perform reliably.  

Therefore, before applying the model, a sensitivity analysis (response of the 

output/s model to changes in inputs) has to be conducted and the results should 

be compared to the measured responses of these inputs in order to effectively 

follow the model evaluation and be confident in its estimations (Figure 1, Smith 

& Smith, 2007).  



  
13 

 
  

 

Figure 1. Stages in making a model (based on Smith and Smith 2007) 

 

Due to the fact that a model is always a simplification of reality, the modeler 

decides which aspects of reality are important, which is one of the most 

important principle in modeling: the principle of parsimony or Ockham’s razor.  

The principle of parsimony states that ‘of the two competing explanations, both 

of which are consistent with the observed facts, we regard it as right and 

obligatory to prefer the simpler’ (Barker, 1961).  

In this way, the model developed should not be more complex than it is 

absolutely necessary to describe the required outputs. However, it is not easy to 

assess the balance between accuracy and simplicity.  
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For this reason, when a model is developed, it is necessary to test it in order to 

understand its behavior and to include, if necessary, more complexity to get a 

better response. 

1.2. PROBLEM STATEMENT 

As a result of the growing interest in measuring ecosystem services, the use of 

InVEST is anticipated to grow exponentially in the coming years. However, 

apart from model development, making a model involves other crucial stages 

such as the evaluation and application of the model in order to validate 

estimations.  

The work developed in this thesis tries to help in this relevant and imperative 

phase of the modeling process, and does so in two different ways.  

The first one is the sensitivity analysis of the model, which consists in choosing 

and applying a methodology in an area and analyzes the results obtained.  

The second is related to the in-stream processes that are not modeled in the 

current model, and consist in creating and applying a methodology for testing 

the relevance of the role of streams in a case of study and analyzing the results 

obtained.  

The general statement of the problem under which this research has been 

conducted is therefore divided in two parts. The first part deals with 

performance of a sensitivity analysis of two of InVEST’s freshwater models 

(water provision and erosion control). The second part has to do, with the in-
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stream processes not currently modeled in a third of InVEST’s freshwater 

models: nutrient retention. 

1.2.1.     Sensitivity analysis 
 

The sensitivity analysis is one of the essential stages during the 

development of a model and its components. The distinctive stages 

encompassed by the modeling process are: the conception of the 

conceptual model, the representational model, the computational model, 

code verification, and model validation.  

However, model validation includes two imperative steps: calibration and 

sensitivity analysis. These analyses are significant in understanding how 

the model varies as a function of the input data and the model 

parameters (Saltelli et al., 2000). 

The Natural Capital Project has developed the conceptual model, 

representational model, computational model and code verification for 

the entire InVEST platform. However, it is necessary to perform 

validation with real-world data. A previous research made by Terrado, et 

al. (2014) has calibrated three InVEST freshwater models in the 

Llobregat river basin (Spain, part of the Mediterranean Basin). 

In the present Thesis, after the sensitivity analysis was performed, the 

calibration of the InVEST model in the Llobregat river basin was made 

based in this work (Terrado et al., 2014).  Then, the sensitivity analysis of 
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two of the InVEST models (water provision and erosion control) was 

made with two objectives.  

The first objective is to get the results of the analysis in a Mediterranean 

river basin and be able to draw conclusions pertaining to this particular 

case, and possibly extrapolate them to other Mediterranean river basins.  

The second, and more important objective is to develop a methodology 

which would be a basis for a possible subsequent implementation of 

sensitivity analysis in the entire InVEST suite. This would help the final 

user to make an automatic sensitivity analysis before the application of 

the model in his particular case of study. 

1.2.2.    In-stream processes 
 

When modeling, one of the most important principles is to prefer the 

simpler model that is still able to capture the reality processes (principle 

of parsimony or Ockham’s razor).  

To this purpose, a good modeler strives to develop a model that is no 

more complex than what is absolutely necessary. On the other hand, 

over simplifications could bring in some uncertainty and a biased 

explanation of the processes involved.  

Therefore, after a model is developed, it is mandatory to test its behavior 

to isolate possible problems, especially when new research provides a 

deeper insight into the underlying processes.  
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Currently, the three InVEST freshwater models only takes into account 

the contribution of the landscape (terrestrial) to the watershed, but not 

the contribution of the in-stream (aquatic), simplifying this part of the 

watershed as a pipe.  

However, recent work highlighted the relevant role that in-stream 

processes play, especially for nutrient retention in the Llobregat river 

basin (Aguilera et al., 2012; 2013).  

In an attempt to test if this new knowledge is worth being included in the 

InVEST nutrient retention model, a methodology for testing the role of the 

in-stream processes was designed.  

This methodology was devised in order to test nutrient retention of the 

stream without the need to change the source code in InVEST.  

This methodology saves time because it re-uses the code already 

developed, simultaneously avoiding wasting time in making expensive 

code changes that turn out to be unnecessary and need to be reverted. 

1.3. OBJETIVES AND RESEARCH QUESTIONS 
 

The main aims of this research contribute to the improvement of a widely used 

tool in ecosystem services modeling, InVEST. First, I developed a methodology 

for sensitivity analysis and test it in a case study. Second, I tested the role of the 

in-stream processes in the model in the same case study.  
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The results of this work are important in and of themselves because of the 

conclusions obtained. However, this work also provides a guideline for a future 

implementation of sensitivity analysis and in-stream processes in InVEST suite.  

These two additions in the model could improve the application of this important 

tool not only by supporting further research, but also in future environmental 

management projects and to better inform policies. 

The main objectives of this study could be summed up as to: 

 

1. Design and test a sensitivity analysis methodology to be used in the 

InVEST suite. 

2. Apply this sensitivity analysis methodology in a case study and discuss 

the results obtained as an example of utilization. 

3. Check the relevance of the role of in-stream processes in the InVEST 

nutrient retention model, and suggest how to include it in the model if 

necessary. 

1.4. RELEVANCE OF THIS THESIS 
 

The relevance of this thesis can be traced in two different ways: 

Theoretical direction: 

The work in this Thesis will contribute to the understanding of the uncertainties 

involved in the modeling process. It will also highlight the need to check the 

behavior of every model developed before its utilization and illustrate the 
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importance to understand their behavior in terms of correctly interpreting the 

results obtained.   

Applicability direction: 

The models are powerful tools to address many issues. Improving them and 

applying the accumulated knowledge from new research will allow users to 

reduce uncertainty and increase the confidence in the results obtained.  

The work in this thesis will contribute to improve the InVEST platform, which is 

an important tool in the field of ecosystem services. Such work will benefit future 

users, whether they are researchers (in their future research), or technicians (in 

their future work in ecosystem conservation or management decisions). 

1.5. THESIS OUTLINE 
 

This thesis includes work conducted for three years and half as part of the 

SCARCE project funded by the Spanish Ministry of Science and Innovation 

(Consolider-Ingenio 2010 CSD2009-00065).  

The work on sensitivity analysis was published in two papers in Science of Total 

Environment  (Sánchez-Canales et al. 2012; Sánchez-Canales et al. 2015). The 

in-stream processes is planned to be published in a future paper. 

This thesis is organized into 8 chapters.  

Chapter 1 gives a brief background on the work in this thesis, introduces the 

problems addressed, identifies the objectives, the relevance of this research, 

and a detailed plan. 
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Chapter 2 presents the state of the art in all the topics necessary to understand 

the work that will be presented, which include the theoretical concepts, but also 

the study area in where the work was carried out. 

Chapter 3 presents the case study in which all the research was development 

(the Llobregat river basin, Spain). 

Chapter 4 presents the methodology developed for the research. 

Chapter 5 and 6 presents the sensitivity analysis of two of the freshwater 

models. All this research was reported in two manuscripts.  

Chapter 7 investigates and tests the in-stream processes and their role in one 

of the freshwater model. 

Chapter 8 summarizes the significant results obtained, and provides 

suggestions for future studies based on the conclusions drawn from this thesis. 
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Chapter 2  

2. STATE OF THE ART 

2.1. MODELING THE REAL WORLD 
 

Modeling arises in many major disciplines within science, engineering or social 

sciences as a useful way to make and test hypotheses, revise designs and 

theories in experimental sciences. Similarly, computational scientists use 

modeling to analyze complex, real-world problems in order to predict what might 

happen with some course of action (Shiflet and Shiflet, 2006). 

Minsky (1965) defined a model as ‘anything to which experiment can be applied 

in order to answer questions about a system’.  A system is a group of entities 

linked in some regular interdependence in which the modeler is interested in 

understanding the behavior of a particular system, the causes of possible 

changes in the system, and how sensitive it is to certain changes (Giordano et 

al., 2013). 
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The definition of model above does not imply that a model is a computer 

program; however, mathematical models are a subclass of models that can be 

implemented as computer programs. Using mathematics to understand a 

process in the real world is really convenient and oftentimes necessary before 

taking action or even predicting the future.  

A real situation usually encompasses so many different pieces that it is 

impossible to express them all mathematically, thereby the first and crucial step 

in modeling is to decide which aspects are most important to keep. In this way, 

the modeler idealizes and simplifies the real-world, which is then distilled into 

mathematical expressions by applying approximations, theorems, and 

algorithms.  

In modeling terminology, the three parts of every mathematical model are often 

referred to:  

1) fixed parameters are values used to describe a process but 

remain constant regardless of changing conditions,  

2) input variables are the values that are allowed to change in 

each model run in order to describe specific conditions, and  

3) a relationship that joins both parts, for example an equation.  

The three following approaches are appropriate ways for linking fixed 

parameters and inputs variables in a mathematical framework.  

The first is to deduct directly a relationship from measured data, without any 

understanding of the processes involved. The second is to analyze the 

processes involved and then propose an equation that describes them. The last 

one is to do both: to propose the form of the equation informed by existing 



  
23 

 
  

knowledge about the processes, but setting the parameters in the equation with 

measured data. Each one has different strengths and weaknesses which makes 

them suitable for different purposes (Smith and Smith 2007). 

The first approach usually yields descriptive and functional models. Deriving a 

model directly from measured data is used to describe the observed results in 

an experiment because this procedure is not limited by the need to understand 

the process.  

However, if the bounds of the experiment change, the model built with this 

approach is unlikely to respond adequately. Thus, the application of this kind of 

model is usually limited within specific experimental conditions.  

The second approach is a suitable way to develop mechanistic models that are 

predictive but usually non-functional. A model derived from scientific 

understanding of a system actually can explain for instance causes of observed 

changes.  

However, due to the complexity of environmental and ecological processes, a 

complete understanding of the system is rarely possible. Fundamental rules in 

these sciences tend to be treated more like guidelines than strict rules; thus, the 

model structure is set up using these rules but it is necessary to conduct tests 

for each specific case, and to infer adjustments to improve the model accuracy.  

This kind of models gives approximate solutions and might be too complex to 

use in many real-world applications because there are many input variables, 

and some of them are often lacking. 
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Using both approaches has advantages but also disadvantages. The model 

derived this way is predictive, mechanistic, and functional. It is predictive 

because it often fares well at predicting beyond the conditions of a specific 

experiment (better than a model derived purely from measured data). 

In addition, this kind of model is mechanistic because it explains some of the 

underlying science of the process modeled (it maintains a certain level of 

scientific understanding and can be used to explain what is happening).  

Also, a model obtained this way is functional because can also be applied in 

some real-world cases with adequate accuracy (it describes the empirical data 

with less accuracy than if the model was derived only from these data, but still 

with more accuracy than if the model was derived only from scientific 

understanding).

 

Figure 2. Different approaches and different types of mathematical models 
 (based on Smith and Smith, 2007) 
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2.2. MODELING ECOSYSTEM SERVICES 

2.2.1.     Ecosystem services and their importance 
 

Ecosystem services are the conditions and processes through which 

natural ecosystems, and their constituent species, sustain and fulfill 

human life. Ecosystem services maintain biodiversity and the production 

of ecosystem goods (Daily, 1997).  

The concept of ecosystem services has increased substantially in 

importance in the scientific literature since the 1990 (Costanza et al., 

1997; Daily, 1997; de Groot, 1992). In the beginning of 2000’s, it was 

included in the Millennium Ecosystem Assessment as the benefits that 

people derive from nature (MA, 2005).  

The classification of ecosystem services based on the groups previously 

defined by the MA established four main types (de Groot et al., 2010):  

1) provisioning services,  

2) regulating services,  

3) cultural services, and  

4) supporting services.   

The need to identify and understand the services provided by 

ecosystems for avoiding their loss was highlighted in the MA. For 

example, many provisioning, regulating, cultural, and supporting services 

are related to water.  
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Some of the benefits that people most directly received from the services 

related to water include the provision of drinking water, irrigation water, 

hydropower, flood mitigation, and opportunities for recreation.  

In this way, water yield is a relevant component of the processes that 

produce these services and their associated benefits; it contributes for 

example to water availability for consumptive use (e.g. drinking or 

irrigation) or in situ water supply (e.g. water for hydropower or fisheries) 

(Vigerstol and Aukema, 2011). 

The services of natural ecosystems are very important to our societies 

because the services of ecological systems and the natural capital stocks 

that produce them are critical to the functioning of the Earth’s life-support 

system. They contribute to human welfare, both directly and indirectly, 

and therefore represent part of the total economic value of the planet 

(Costanza et al., 1997).  

Management decisions can alter for example the distribution of water in 

the hydrologic cycle through land use change and adversely affect the 

associated benefits.  

The relevance of the ecosystem services and the need of a better 

management of these services and their associated benefits have 

stimulated the emergence of models and tools to measure them.    

Regarding the tools for modeling ecosystem services, there are two 

different classes: traditional hydrological tools (i.e. SWAT or VIC) and 

ecosystem services tools (i.e. InVEST or ARIES).  
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The traditional hydrological tools focus on ecosystem services drivers 

and require post processing for ecosystem services assessments. 

However, the ecosystem services tools represent a new kind of specific 

tools, focusing mainly on end services and visualization of these services 

across a landscape (Vigerstol and Aukema, 2011). 

2.2.2.     An ecosystem services tools: the InVEST model 
 

InVEST is the acronym of Integrated Valuation of Ecosystem Services 

and Tradoffs. The choice of this tool for this research was made because 

it is an ecosystem services specific tool, and these tools are the most 

appropriate when the user is interested in a quick examination of specific 

hydrological services requiring minimal data.  

Among the developed ecosystem services specific tools, InVEST uses 

biophysical relationships that, despite their limits and assumptions, are 

widely accepted by scientists as good estimates of physical reality.  

In addition, the versions of this tool used in the present Thesis have the 

advantage of being implemented using relatively transparent code that 

can be modified if needed (Vigerstol and Aukema, 2011). 

InVEST, developed by the Natural Capital Project, is a platform that 

maps and quantifies ecosystem services and how they benefit society. It 

is a free and open-source software suite to inform and improve natural 

resource management and investment decisions 

(www.naturalcapitalproject.org).  

http://www.naturalcapitalproject.org/
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InVEST modeling tools consist of a suite of models that estimate the 

levels and economic values of ecosystem services. InVEST includes 

models for quantifying, mapping, and valuing the benefits provided by 

terrestrial, freshwater, and marine systems.  

In the suite for freshwater, there are three models that use land-use and 

land-cover (LU/LC) patterns for these estimations. The models run on a 

gridded map at an annual average time step, and the results can be 

reported in either biophysical or monetary terms, depending on the needs 

and the availability of information.   

The biophysical models calculate the relative contribution of the different 

parts of the landscape to the provision of services. Then, InVEST allows 

to assign a monetary value to these benefits, however, this step is 

beyond the scope of this thesis, and only the calculation in biophysical 

terms was made.  

The conceptual framework of Haines-Young and Potschin (2010), under 

which ecosystem services are estimated, describes the pathway from 

ecosystem structures and processes to human wellbeing.  

In the mentioned approach, the supply of all possible benefits is the 

service, whereas benefit is the use of a service by humans even if actual 

wellbeing has not changed. Each service could have different benefits, 

and each benefit could be estimated in terms of biophysical value.  
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Figure 3. Conceptual approach linking ecosystem services and human wellbeing 
 (based on Haines-Young and Potschin 2010; Terrado et al. 2013) 

 

Three services estimation are available in InVEST for freshwater: water 

provisioning, water purification, and erosion control (Figure 3). 

Available water for hydropower production was the benefit assessed for 

the water provisioning service. Available water could be biophysically 

valued as the energy generated by this water available.  

In InVEST, this part was named ‘Hydropower’ (in the tool interface,              

Figure 4) or ‘Reservoir Hydropower production’ (InVEST 2.2.2 User’s 

Guide, Tallis et al., 2011).  

Avoided sedimentation in reservoirs and higher water quality are two 

benefits for the erosion control service (also a regulating service) 

provided by ecosystems through sediment and soil retention.  In InVEST, 
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this part was named ‘Sediment’ (in the tool interface) or ‘Sediment 

retention model: Avoided dredging and water quality regulation’ (InVEST 

2.4.4 User’s Guide, Tallis et al., 2013). 

Higher water quality is the benefit assessed for the water purification 

service (a regulating service), defined in InVEST in terms of retention of 

total nitrogen (TN) and total phosphorus (TP), ultimately avoiding these 

nutrients from reaching streams.  In InVEST, this part was named 

‘Nutrient retention’ (in the tool interface) or ‘Water purification: Nutrient 

retention’ (InVEST 2.6.0 User’s Guide, Tallis et al., 2013). 

 

             Figure 4. The three Freshwater InVEST models (interface view) 

 

Despite the fact that the first version of this tool (version 1.0) is relatively 

new (Tallis et al., 2008), its development is an active effort that will 

continue for the coming years. The most recent version of InVEST has 

been used throughout the period of this research. 
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a) InVEST water provision model or ‘Hydropower’ or ‘Reservoir 

Hydropower production’ (version 2.2.2) 

This model informs about the total amount of water available in a 

basin. The amount of water provisioned from each cell in the 

landscape (water yield) is calculated as the annual amount of rainfall 

that does not evapotranspite, determined by the cell vegetation 

characteristics (Canadell et al., 1996). Water demands for 

consumptive uses other than those evaluated are removed from the 

total yield before assessing the benefit.  

This InVEST model (Tallis et al., 2011) has three steps referred to as: 

water yield, water scarcity, and valuation in terms of hydropower 

energy. Because this water available can be valued in terms of 

hydropower energy, the tool’s name in the ArcGIS interface appears 

as ´Hydropower´.  

The first step (water yield) uses data on average annual precipitation, 

annual reference evapotranspiration and a correction factor for 

vegetation type, soil depth, plant available water content, land use 

and land cover, root depth and elevation.  

The second step adds saturated hydraulic conductivity and 

consumptive water use to determine water scarcity. The valuation 

model (third step) uses data on hydropower market value and 

production costs, the remaining lifetime of the reservoir, and a 

discount rate. 
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As it is explained before, in terms of sensitivity analysis the third step 

(valuation) is not taken into account in the present work. 

Consequently, only the first two steps (water yield and water scarcity) 

are explained. The biophysical models do not consider surface–

ground water interactions or the temporal dimension of water supply.  

In the InVEST model version used, the annual water yield (Yxj) for 

each pixel on the landscape (x=1,2,...,X) is calculated as 

shown below: 

Eq.(1) 

where, AETxj is the actual evapotranspiration (annual) on pixel x for 

LULCj (LULC class code; e.g., 4 for forest, 3 for grass and shrubland, 

etc.), and Px is the annual precipitation on pixel x. 

The approximation of the Budyko curve developed by Zhang et al. 

(2001) is used to calculate the evapotranspiration partition of the 

water balance (
 𝐴𝐸𝑇𝑥𝑗

𝑃𝑥
) as follows: 

Eq.(2) 

Rxj is the Budyko dryness index on pixel x for LULCj (Budyko, 1974) 

and values greater than 1 means pixels that are potentially arid 

(Arora, 2002; Budyko, 1974). This dimensionless index is defined by: 
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Eq.(3) 

where ETox is the reference evapotranspiration from pixel x and kxj is 

the plant (vegetation) evapotranspiration coefficient associated with 

the LULCj on pixel x. ETox represents an index of climatic demand 

and kxj is determined by the characteristics of vegetative 

characteristics in each x (Allen et al., 1998). 

wx is the plant-available water coefficient on pixel x. This 

dimensionless coefficient represents the relative difference in the 

way plants use soil water for transpiration (Zhang et al., 2001). It can 

be estimated as: 

Eq.(4) 

where Z coefficient is a seasonality factor that presents the seasonal 

rainfall distribution and rainfall depths (see Zhang et al., 1995; 2001; 

2004; Milly, 1994) with values between 1 and 10.  

The Z coefficient will approach in areas of winter rains 10, whereas in 

humid areas with rain events distributed throughout the year or 

regions with summer rains it will approach 1. AWCx is the volumetric 

(mm) plant available water content on pixel x. 
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Afterwards, the water scarcity value is calculated based on water 

yield and water consumptive use in the watershed of interest, as their 

difference.  

b) InVEST sediment retention model or ‘Sediment’ or ‘Sediment 

retention model: Avoided dredging and water quality 

regulation’ (version 2.4.4) 

The InVEST sediment retention model produces spatially explicit 

outputs at an annual average time scale (Tallis et al., 2013).  

This model computes the total amount of sediment exported by 

estimating the average annual sediment generated by each parcel of 

land, employing a method based on the Universal Soil Loss Equation 

(USLE) (Wischmeier and Smith, 1978) at the pixel scale. 

The USLE integrates information on land use/land cover (LULC) 

patterns, soil properties, topography, rainfall and climate:  

Eq.(5) 

where R is the rainfall erosivity factor (a measure of the intensity and 

duration of rainfall events), K is the soil erodibility factor (which 

measures the susceptibility of soil particles to detachment and 

transport by rainfall and runoff), LS is the slope length-gradient factor 

(determined by the local topography, calculated according to Moore 

and Burch, 1986), C is the cover management factor (representing 



  
35 

 
  

the specified crop and management relative to tilled continuous 

fallow) and P is the support practice factor (representing the effects of 

contouring or terracing).  

Among these factors, R, K, and LS are physical factors, while C and 

P are mainly human-driven, depending on local agricultural and 

erosion-control practices. Each pixel’s contribution to the load of 

suspended sediment in the river is estimated by first calculating 

erosion with USLE, and then routing eroded soil down the flowpath 

and allowing retention by present vegetation.  

The model quantifies the total amount of sediment retained by 

estimating how much soil is retained by vegetation on each pixel, 

both in terms of prevented erosion and in terms of captured sediment 

from upstream surface water running over a pixel. 

In other words, the model first computes the difference between the 

sediment exported by a hypothetical bare soil and the actual land 

cover on that pixel, equivalent to RKLS x (1-CP). Next, the model 

adds the amount of sediment eroded on all upstream sources trapped 

by that pixel ( 

Figure 5).   
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Figure 5. Scheme of retained and exported sediment flows in the InVEST erosion 
control model. 

 

c) InVEST nutrient retention model or ‘Nutrient retention’ or 

‘Water purification: Nutrient retention’ (version 2.6.0) 

The InVEST nutrient retention model (Tallis et al., 2013) estimates 

the quantity of pollutants retained for water purification service from 

the landscape and the benefits of water purification are assessed for 

two pollutants (total nitrogen, TN, and total phosphorus, TP).  

While these single measures ignore many other sources of water 

pollution, for the present work it is a representative way to estimate 

the water purification service.  

This model has three steps referred to as: water yield, water scarcity, 

and valuation of those pollutants retained. The first step calculates 
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annual average runoff from each parcel like in the first step of the 

InVEST water provision model.  

The second step, estimates the amount of pollutant retained by each 

portion of the landscape (only the land is taking into account) based 

on the amount of pollutant exported from each land use by the export 

coefficients.  

Those export coefficients, developed by Reckhow et al. (1980), are 

annual averages of pollutant fluxes derived from several field studies 

in the United States. Since these coefficients are experimental, a 

hydrological sensitivity score (HSS) is included in order to take into 

account the differences in condition between the experimental 

measures and the conditions where the model is being applied: 

Eq.(6) 

where ALVx is the Adjusted Loading Value at pixel x, polx is the export 

coefficient at pixel x, and HSSx is the Hydrologic Sensitivity Score at 

pixel x which is calculated as: 

Eq.(7) 

where λx is the runoff index at pixel x, calculated using the following 

equation, and λw is the mean runoff index in the watershed of interest. 
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Eq.(8) 

 

 

where ∑Yu is the sum of the water yield of pixels along the flow path 

above pixel x (it also includes the water yield of pixel x). 

When loads per pixel are deduced, the quantity of downstream pixel 

retention can be calculated as surface runoff that moves the pollutant 

to the stream. The slope determines the routes water takes down flow 

paths, and the pollutant retained in each pixel is based on the land 

cover type’s ability to retain the modelled pollutant.  

The model also estimates the amount of pollutant that reaches the 

stream (nutrient exported) by following the pollutant load of each pixel 

all the way downstream.  

The model then aggregates the load that reaches the stream from 

each pixel to the watershed level and this load could be compared to 

a measured value and adjust export coefficients until the modelled 

load matches the measured one for each point of interest.  

The model then decreases the estimated pollutant retained by the 

amount of ‘allowed’ pollution in the water body of interest to calculate 

the nutrient retention service. If a threshold is given, the service level 

is calculated in biophysical terms as follows: 
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Eq.(9) 

 

 

where retainedx is the amount of retention calculated as in the 

Equation 9, thresh is the total allowed annual load for the pollutant of 

interest (thresh_p for phosphorous, thresh_n for nitrogen) and contrib 

is the number of pixels on the landscape. Pixel values are then 

summed (nret_sm) or averaged (nret_mn) to the sub-watershed scale 

to give sub-watershed service outputs in biophysical terms. 

2.3. SENSITIVITY ANALYSIS 
 

Sensitivity Analysis (SA) is the study of the relationship between inputs and 

outputs of a computational model (Saltelli et al., 2000). Sensitivity analysis 

examines the behaviour of a model by identifying which model components 

have the most influence over its response by comparing output fluctuations 

against variations introduced in the inputs. The variation in model could be 

introduced through changes in the variables or in the parameters.  

Sensitivity analysis calculates the degree of correlation between model 

response and the value of a given input. The model is deemed sensitive to a 

particular input when small changes in this input generate significant variations 

in the model output. Sensitivity analysis is closely related to uncertainty analysis 

but does not necessarily identify the same inputs (Smith and Smith, 2007). 
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In the last years, sensitivity analysis has become essential in the development 

and evaluation of environmental models (Saltelli et al., 2000; Jakeman et al., 

2006), being a powerful tool for helping in the development, calibration, 

optimization and application of computational models (King and Perera, 2013).  

Using suitable techniques and frameworks, SA gives information such as model 

structure, correlation between input variables, model behavior with extreme 

values, and SA can be used as a decision making tool.  

In SA, model inputs are modified within predefined ranges, representing all the 

plausible values of each model input often dictated by, but not limited to, the 

range of uncertainty of the input variable.  

The model response is examined by comparing the magnitude of change 

between the response variables and that of each input variable. 

Normally, sensitivity analysis techniques enable to explore entire interval of 

definition for each input factor and do not require any assumption about the 

model's characteristics (such as linearity or additivity). There are three different 

types of sensitivity analyses: 

 Screening: examines the effects in model response to variations in the 

inputs by efficiently identifying a short list of the most sensitive inputs. 

However, it does not give a percentage of the total amount of variation 

that each factor accounts for (it is not a quantitative method). 

 

 Local SA: studies the effect in model response by varying an input, 

keeping the others constant. The result is a partial derivate for each input 

– or an approximation of these. The partial derivate explains the rate of 
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change in model response in relation to the rate of change from the 

input.  

 

 Global SA: gives the effect on the output by varying all the inputs over 

their ranges at the same time. However, a parameter sampling 

procedure is required, such as Monte Carlo methods, and the result is 

more complex to interpret than that of local SA. Saltelli et al. (2000) 

describe some of the statistics used to summarize the information 

obtained. 

There is one particular screening method for sensitivity analysis that could be 

considered the state of the art and recommended for its computational 

efficiency: The Morris method (Morris, 1991).  

The typical application for this tool is where many parameters and available 

resources do not allow to specify probability density functions for a full Monte 

Carlo analysis.  Moreover, if the Morris method indicates that the parameters 

are independent, it is unnecessary to use methods that take into account the 

interaction between multiple parameters such as the Monte Carlo analysis. 

In fact, from a practical point of view, the Morris method was chosen because it 

needs a relatively low number of model runs in order to produce valid results.  

In this regard, it is worth noting that each experiment performed in this work 

(350 model runs) amounted to about 100 CPU hours.  Other SA methods, 

which require more than 5000 models runs demand computation times that are 

very difficult to satisfy in practice.   

 



  
42 

 
  

 

2.3.1.     The Morris Method 
 

The Morris method (Morris, 1991) is a specialized randomized One-At-a-

Time (OAT) sensitivity analysis (SA) methodology. This methodology 

was chosen because it is very efficient and reliable to identify and rank 

sensitive inputs in a model (Campolongo et al., 2007; Morris, 1991).  

As all SA methods, the purpose of the Morris screening method is to 

determine the relative influence of each input (xi), defined in the region Ω 

of Rn, on the model response (y) with a minimum number of model runs.  

The assumption behind the design of an OAT SA is that the model is 

most sensitive to some inputs that cause the largest variations in the 

output, when all the changes are made by the same relative amount.  

The main idea of the Morris method is to use the output’s partial 

derivative with respect to each input (∂y/∂xi), employing an OAT-type 

calculation scheme, where all input variable at each step are fixed, 

except the one which effect is being calculated.  

The standardized effect of a positive or negative Δ change (or step) of an 

input can be calculated with its Elementary Effect (EE – Morris 1991). If xi 

is considered to be a random variable whose sample space is Ω, each 

elemental effect, EEi, will be a random variable whose probability 

distribution function is denoted by Fi.   
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The two indices proposed by Morris (1991), namely the mean (μ) and 

standard deviation (σ) of the set of EEs for each input variable, are 

calculated using: 

Eq.(10) 

Eq.(11) 

 Campolongo et al. (2007) introduced a different index, the mean of 

 absolute values (μ*) instead of the conventional mean (μ). It is calculated 

 as: 

    Eq.(12) 

The use of the μ* instead of the μ is necessary to avoid cancellation of 

terms within the sum using a simple average as a measure of sensitivity. 

The index μi* gives a better importance measure, without any non-

monotonic input to model behavior that could occur in μi, because μi* 

avoids cancellation effects that may happen for μi.  

When μi* is high with respect to other inputs, the model response is 

highly sensitive to this input variable. Conversely, an input with a low 

value of μi* has small sensitivity associated to its input variable and 

causes a relatively low change in output. In addition, high σi values 

indicate possible interactions with other variables and/or that these inputs 

have a non-linear effect on the output. 
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The practical problem is that, due to the impossibility (or great 

complexity) to obtain ∂y/∂xi analytically, the determination of each EEi 

must be approximated numerically: 

Eq.(13) 

where Δ is a real number and x=(x1, x2,…,xk) is any point of the sample 

space, Ω, such that (x1, x2,…,xi−1, xi+Δ, xi+1,…,xk) is still in Ω.  

This implies working on a discretized version of the above presented 

concepts. Following Morris’ original strategy, each xi must be scaled to 

take values in the interval [0, 1], i.e., Ω is the unit hypercube.  

A discretized approach to a regular k-dimensional p-level grid, named 

region of interest and denoted by ω, must be performed. Then, each xi 

may take on values from the set {0,1/(p−1),2/(p−1),…,1}. As is justified in 

Morris (1991), it is convenient to select an even value for p and 

Δ=p/[2(p−1)]. 

As cited in Patelli et al. (2010), since the variables are usually of different 

scale, taking into account only ∂y/∂xi might not be very informative, so an 

available practice is the normalization of the derivatives by the standard 

deviation of factors, σi, divided by the standard deviation of response, σy: 

Eq.(14) 

where superscript N denotes ‘normalized value’. 
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The traditional OAT SA design (shown in Figure 6a) tests each input 

individually modifying it between two values (two model simulations) 

which are considered as one experiment. This traditional OAT SA design 

requires 2k model simulations to determine an EE for each of the k input 

variables to obtain a r-size sample of the k factors. 

 

Figure 6. Individual EEs for a three variable model in a traditional OAT SA design (a),   
and trajectory EEs for a three variable model in the Morris sampling plan (b). This 
Figure is based on King and Perera (2013). 

 

However, less computationally expensive sampling plans have been 

developed for this purpose (Campolongo et al., 2007, 2011; Morris, 

1991).  

This strategy has the advantage that, although it does not guarantee 

equal-probability sampling from each Fi, at least a certain symmetric 

treatment of inputs is ensured, which may be desirable in the analysis of 

complex simulation models (Campolongo et al., 2011; Morris, 1991).  
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The Morris sampling plan (Figure 6b) is based on the concept of 

trajectory which is a set of k+1 points of ω such that two consecutive 

points of the trajectory differ only in their i-th component and allow to 

obtain a r-size sample of the k factors at a total cost of r(k+1) model runs.  

2.4. IN-STREAM PROCESSES FOR NUTRIENT MODELS 

 

Due to the complexity of river networks at the watershed scale, modeling tools 

are necessary in the determination of the sources and processes of nutrients 

and their transport. However, it is necessary to strike a balance between 

approximation and realism in this kind of models.  

On one hand, it is often impractical to account for all processes in a model and 

it is impractical to apply because of the huge amount of data needed, which is 

also difficult to collect. On the other hand, many simplifications could give 

biased results and unreliable conclusions.  

Working with the InVEST nutrient retention model, only take into account the 

terrestrial processes. Currently, InVEST assumes that pollutants arriving at the 

stream network of the watershed from the surrounding area are simply 

transported to the outlet without any in-stream processing or retention.  

As mentioned earlier, InVEST runs on a regular grid map in ArcGIS, so the area 

is discretized in squares (pixels). The different land use pixels have different 

retention coefficients. Each land use retains some of the nutrients that arrive at 

them. However, in the current InVEST version the river pixels do not retain 

anything of the nutrients arriving at them.  
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Nevertheless, recent knowledge suggests that stream networks play an 

important role in material export from watersheds, specifically in the Llobregat 

River Basin (Aguilera et al., 2012; 2013).  

In addition, the InVEST User’s Manual suggests that ‘the user should consider 

the likely impact of in-stream processes in any calibration work as this model 

does not include in-stream processes’ (Tallis et al., 2013). Therefore, an 

attempt to test if this new knowledge is worth being included in InVEST is 

justifiable.  

Developing a methodology for testing the role of the in-stream processes should 

be the first step. This methodology should be devised in order to test the results 

by including in-stream processes but without the changing InVEST source code.  

This methodology would save time because it re-uses the code already 

developed, simultaneously avoiding wasting time in making expensive code 

changes that turn out to be unnecessary and need to be reverted. 
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Chapter 3  

3. STUDY AREA 

3.1. MEDITERRANEAN REGIONS 
 

The delivery of hydrological ecosystem services is highly dependent on the 

characteristics of the watersheds. Climate, LULC and topography have 

prominently been referenced in guidelines for the provision of services 

(Brauman et al., 2007). One of the most influential factors in Mediterranean 

basins is climate, which presents larger extremes than in more humid areas. 

Mean annual and extreme climatic conditions are relevant indicators of the 

hydrological regime in Mediterranean regions, and consequently, both are 

required to be considered when assessing services at the basin scale. In 

addition, the Mediterranean region has been globally identified as one of the 

most vulnerable to global change (Schröter et al., 2005). 

Particularly climate change projections in Mediterranean regions are associated 

with more frequent extreme climatic conditions, which could alter water 
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availability and impact the delivery of ecosystem services. Different potential 

impacts are projected, including increased temperatures and reduced 

vegetation. The hydrological cycle in the Mediterranean areas will intensify 

through increase in temperatures, rainfall concentration in shorter periods of the 

year, and more extended droughts (Hisdal et al., 2001).  

Associated human impacts through changes in ecosystem services could 

include drinking water shortages, increased risk of forest fires, shifts in the 

distribution of species, and agricultural losses, among others (Schröter et al., 

2005). 

Mediterranean-type ecosystems are found in five regions of the globe (Figure 

7): California, central Chile, Mediterranean Basin, southern Cape region and 

south western and southern Australia, between 40º and 32º latitude, and where 

land is influenced by cold offshore ocean currents (Cody and Mooney, 1978). 

 

 

 

 

 

 

 

 

 

Figure 7. The five regions of the world with a Mediterranean climate: California, 
Mediterranean Basin, Chile, South Africa, Australia. (Ochoa-Hueso et al., 2011) 
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The Mediterranean Basin and California are the most populated, and thus 

impacted, areas with Mediterranean climate (Ochoa-Hueso et al., 2011). In this 

context, the Llobregat River basin is an excellent candidate as a case study, 

since its location in the Mediterranean Basin, the sufficient amount of available 

data, and the number of previous studies conducted in this basin contributes to 

make it one of the best places to frame the work in this thesis. 

3.2. STUDY CASE: THE LLOBREGAT RIVER BASIN 
 

The Llobregat River basin is located in the NE of the Iberian Peninsula 

(Catalonia, NE Spain, Figure 8) and drains an area of 4950 km2. The river, 

which is 156 km long, arises in the Pyrenean Mountains and flows southward 

into the Mediterranean Sea near the city of Barcelona. The Llobregat River is an 

important water source for Barcelona and its metropolitan area (over 3 million 

people). 

 

 

 

 

 

 

Figure 8. The Llobregat River basin is a Mediterranean river located in the NE of the Iberian 
Peninsula (Catalonia, NE Spain). 
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The basin is dominated by forest cover (38.2%) and by a mixture of grass and 

shrub land (31.6%). The third land use in importance is cultivated land, where 

the fraction that is non-irrigated (23.6%) is clearly the most important (with a 

0.4% of irrigated cultivated land). The rest of the watershed area (6.2%) is 

covered by urban landscapes (Figure 9).  

 

 

 

 

 

 

 

 

 

Figure 9. The 5-land uses map of the Llobregat River basin 

 

The climate is Mediterranean, with strong seasonal fluctuations in temperature 

and rainfall, and peak rainfall events in spring (March-June) and autumn 

(September-December). Annual rainfall ranges widely within the river basin, 

from 400 mm per year in the mid-section to 1000 mm in the upper segments, 

with 716 mm of annual mean rainfall (Mujeriego, 2006). 

 

5 LAND USES 
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There are three reservoirs located in the headwaters of the river basin: La 

Baells (115·106 m3), Sant Ponç (24·106 m3), and La Llosa del Cavall (80·106 

m3). There are several drinking water treatments plants, the largest being 

located near the river mouth ( 

 

Figure 10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. In the Llobregat river basin, there are three reservoirs, demarcated by points a–c, 
located in the upper region of the basin; there are two confluences of tributaries, and the water 
treatment plant is located at the outlet of the basin.  
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3.2.1.     Study area for the Sensitivity Analysis of the InVEST 

water provision model 
 

The input data needed to perform the sensitivity analysis of the InVEST 

water provision model in the study area on ArcGIS are the precipitation 

raster, the evapotranspiration, the Z coefficient, and the individual sub-

watersheds, which are used in conjunction with the whole watershed to 

aggregate some of the results.  

All the model calculations were made at a pixel resolution of 200 × 200 m 

to capture the spatial heterogeneity of key driving factors such as soil 

type, rainfall and vegetation type. 

The average conditions of precipitation and evapotranspiration in the Llobregat 

Llobregat basin were obtained from the information of Ninyerola et al. (2000) 

(2000) modelled for the period of 1951-2000, where a map of their results are 

are shown in  

 

 

 

Figure 11. Ninyerola et al. (2000) developed and applied in Catalonia 

(northeast Spain) an empirical methodology for modelling and mapping 

the air temperature and total precipitation by means of geographical 

information systems (GIS) techniques.  
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Figure 11. Map of average precipitation distribution (a), average evapotranspiration 
distribution (b)  for the period [1951–2000] in Llobregat River basin, and (c)  the 154 
sub-basins and the localization of the reservoirs and the weter plant treatment. 

 

A limitation inherent to InVEST is the fact that it models precipitation as 

an annual average, however, precipitation regime in the Mediterranean 

area is characterized by high variability in both the spatial and temporal 

domains (Esteban-Parra et al., 1998; Trigo and Palutikof,  2001), hence, 

a significant portion of information is lost by averaging over a year. 

For the case of the sensitivity analysis conducted in the Llobregat river 

basin, those inputs were modified by multiplying each map by a 

coefficient, which varies within a range between 0.1 and 2. In this way, 

the precipitation and evapotranspiration in the case study can be 

modified from a decrease of 90% to an increase of 100%. This range of 

values for precipitation and evapotranspiration are realistic for this study 

area.  

The Z coefficient is a seasonality factor that presents the seasonal 

rainfall distribution and rainfall depths (Milly, 1994; Zhang and 

McFarlane, 1995; Zhang et al., 2001; 2004) with values between 1 and 

10.  

The Z coefficient will approach in areas of winter rains 10, whereas in 

humid areas with rain events distributed throughout the year or regions 

(c) 
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with summer rains, it will approach 1. The InVEST User’s guide indicates 

that previous testing of the model in different watersheds and different 

eco-regions worldwide shows that this factor is around 4 in tropical 

watersheds, 9 in temperate watersheds and 1 in monsoon watersheds 

(Tallis et al., 2011). 

Specifically, in the Llobregat river basin, the Z coefficient value is 

estimated to be between 7 and 9 (Piñol et al., 1991), and this is the range 

of variation within which this input was modified for the sensitivity 

analysis (Table 1). 

 

 

 

Table 1. Factors´range of variation fot the sensitivity analysis of the InVEST water 
provisioning model 

 

The model results are going to be reported on sub-watersheds. For the 

sensitivity analysis of the InVEST water provision model, the watershed 

has been divided at the water body scale as defined by the local water 

agency, the Catalan Water Agency (ACA). In this way, dividing the 

watershed in water bodies, based on the specifications of the Water 

Framework Directive (WFD 2000), the number of sub-watershed 

obtained were 154 (Figure 11, c). This high number of results shows a 

quite fine discretization of this watershed whereby the sensitivity of this 

model can be quantified in relatively small areas (each sub-watershed). 
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3.2.2.     Study area for the Sensitivity Analysis of the InVEST 

erosion control model  
 

The input data needed to perform the sensitivity analysis of the InVEST 

erosion control model in the study area on ArcGIS are the following 

factors of the Universal Soil Loss Equation (USLE): rainfall erosivity (R), 

soil erodibility (K), cover management factor (C) for each land use/land 

cover (LULC), and support practice factor (P) for each LULC ( 

Figure 12). 
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Figure 12. The factors of the Universal Soil Loss Equation (USLE) for the sensitivity 
analysis of the of the InVEST erosion control model in the study area on ArcGIS are the 
following): rainfall erosivity (R), soil erodibility (K), cover management factor (C) for 
each land use/land cover (LULC), and support practice factor (P) for each LULC. 

The sediment retention efficiency of each LULC is also studied in terms 

of sensitivity analysis. All these inputs (16) are the ones studied for the 

benefit of avoided reservoir sedimentation of erosion control service. The 

calibrated values of all these inputs are based on a previous work made 

in the Llobregat river basin (Terrado et al., 2014).  

For the benefit of higher water quality, apart from the inputs cited above, 

a seventeenth input is studied, which is the allowed annual sediment 

load. In this model, all the calculations were made at a pixel resolution of 

200 × 200 m to capture the spatial heterogeneity of key driving factors.  

However, the model simulates hydrologic processes that are best 

interpreted at the sub-watershed (and watershed) scale, so the pixel 

values are aggregated (summed and/or averaged) to match these scales 

to allow result interpretation and model validation.  

The ranges of variation for all of these components are showed in  

Table 2. For the two raster inputs (the rainfall erosivity, R, and soil 

erodibility, K), the coefficient that multiplies R varies within a range 

between 0.1 and 2; however, the coefficient that multiplies K varies within 

0.001 and 2.  
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These ranges for each input are realistic for this study area. The other 

inputs are mentioned in the InVEST interface as numbers, thus the 

appropriate range of variation in this case study follows the 

recommendation of Wischmeier and Smith (1978).  

Similarly for the second benefit (higher water quality), the annual load of 

sediment that arrives at a drinking water treatment plant was fed as an 

input for the sensitivity analysis. To calculate this particular benefit, the 

model compares it to a threshold value of total suspended solids allowed 

in drinking water.  

Due to the lack of such threshold for  total suspended solids in the 

European legislation (DWD, 1998), the range of this threshold value was 

based on the allowed limits from the US EPA (2009).    
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Table 2. Inputs and ranges of variation for the sensitivity analysis of both benefits of 
the InVEST sediment retention model (avoided reservoir sedimentation and higher 
water quality). 

 

 

In order to analyse spatial sensitivity for the InVEST sediment retention 

model, the river basin was divided into 7 sub-basins. Sub-basins were 

randomly numbered from 1 to 7, with 1 being the outlet of the basin, 

where the water treatment plant is located. Reservoirs, demarcated by 

points a-c, are located in the upper region of the basin and they delimited 

three sub-basins (2, 3 and 4).  

Confluence of tributaries, represented by two points, divided the rest of 

the basin in four sub-basins (1, 5, 6 and 7), three sub-basins upstream of 

the three reservoirs (sub-basins numbers 2, 3 and 4,  

Figure 12), and the other four covering the rest of the basin (sub-basins 

numbers 1, 5, 6 and 7,  

Figure 12). 

The characteristics of each of the 7 sub-watersheds are shown in  

 

Table 3. The differences between the sub-watersheds are mostly related 

to their area, their slope and the proportion of each LULC in the 
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subbasin. Regarding their characteristics, the two sub-basins most 

different are number 2 and 6.  

The sub-basin 2 is a high mountain sub-basin composed of mostly forest 

(63.2%), with a wide area of shrubs and grass cover (35.1%), it contains 

a reservoir at the outlet (La Baells), and has the steepest slope (both 

maximum and mean).  

Sub-basin 6, in contrast, is mainly composed of non-irrigated cultivated 

land (43.8 %), with less grass and shrub land (25.5 %) and forest (24.9 

%), it has the shallowest slope (both maximum and mean). 

 

 

 

 

 

 

 

 

 

 

Table 3. Characteristics of each sub-waterseds for the sensitivity analysis of the InVEST 
sediment retention model (from 1 to 7) 
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3.2.3.     Study area for testing in-stream processes in the 

InVEST nutrient retention model  
 

For studying the role of in-stream retention in the InVEST nutrient 

retention model, it was not possible to divide the river basin in sub-

watersheds, so it was used in its entirety.  

This is because the InVEST model uses a threshold flow accumulation 

value as an input, which determines the number of upstream cells that 

must flow into a cell before it is considered part of a stream. If the 

threshold flow accumulation doesn’t yield a river network in a sub-

watershed, the model is not able to give a result in this sub-watershed.  

For the tests made in this section, the threshold flow accumulation value 

was adjusted so that it gives an only 1-pixel wide river network (at the 

end of the watershed).  

Thus, if any split of the watershed were made to create sub-watersheds, 

any of them would contain a river network within them, where the model 

could not give a result in these hypothetical sub-watershed division 

(except the last one). This lack of results at the sub-watershed is the 

reason for working at the watershed scale. 

The data used as inputs were the same as those used in a previous 

study of the calibration and application of the InVEST model in the 

Llobregat river basin (Terrado et al., 2014) in order to create a base 

scenario (one for each pollutant studied: nitrogen and phosphorus).  
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Both base scenarios were calibrated with the loading information at the 

basin outlet from Aguilera et al. (2013). In the work cited, nitrate and 

phosphate daily loads were calculated by the software Load Estimator 

(LOADEST) (Runkel et al., 2004) with the concentration and daily 

dischage data obtained from 24 locations monitored by the Catalan 

Water Agency (ACA).  

The sampling data for every station were collected within a preriod 

ranging from 2000 to 2006. Those loads were averaged for each of the 7 

years and converted to kg TN/ year or kg TP/year (depending on the 

nutrient chosen to run the model) to compare them with those from the 

InVEST nutrient retention model (that are in the same units) using the 

ratios N-NO3/TN = 0.75, and P-PO4/TP = 0.48 (Ludwig et al., 2009).  

The outlet of the watershed studied in InVEST was between two of the 

24 stations monitoried (Sant Joan Despi and Barcelona), therefore the 

value for comparing the base scenarios was interpolated between both 

values (Figure 13).  

This interpolated value for TN is 1.457.603 kg/ws year (Aguilera et al., 

2012; 2013) which is close to the one reported by Ludwig et al. (2009) 

1.359.000 kg TN/ws year, and for TP is 263.362,96 kg/ws year (Aguilera 

et al., 2012; 2013). 
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Figure 13. The 24 stations monitoried in the Llobregat river basin, and the outlet of the 
basin is btween two of these ones (Sant Joan Despí and Barcelona) 

 

The LULC map use in this part of the work is an 8-land use map instead 

of the 5-land use map used for the sensitivity analyses. The 8-land use 

map was made by adding 3 ‘land uses’ to the 5 LULC existing (Figure 

14).  

Those 3 new ‘land uses’ (dam, reservoir and river) are not land uses per 

se because they represent the aquatic part of the watershed, but they 

work as land uses in the methodology created for studying the influence 

of the in-stream processes explained in Chapter 6 of the present Thesis.  
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Figure 14. The 8-land uses map used for in-stream tests in the Llobregat River basin 

 

The characteristics of the watershed studied are explained in Section 3.2 

of the present Thesis. The most relevant aspect to take into account for 

the present work is the huge difference between the terrestrial surface 

with respect to the aquatic surface in this sub-watershed (96% terrestrial, 

4% aquatic). 

 

 

 

 

8 LAND USES 

3 NEW PIXELS WITH RETENTION 
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Figure 15. Proportion of terrestrial (96% of the pixels are terrestrial) and aquatic 
Surface in the Llobregat river basin (4% of the pixels are aquatic) 
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Chapter 4  

4. METHODOLOGY 

4.1. METHODOLOGY: SENSITIVITY ANALISIS OF InVEST IN 

THE LLOBREGAT RIVER BASIN 
 

As explained in the Chapters before, InVEST (Integrated Valuation of 

Ecosystem Services and Tradeoffs) model is a specific tool to estimate the 

amount of ecosystem services and their economic value.  

InVEST has been successfully applied to improve the knowledge about 

managing ecosystems and understanding the behaviour of ecosystems 

response changing the conditions in different scenarios.  

Two of the InVEST models, which are the water provisioning model and the 

sediment retention model, were applied to the basin of the second longest river 

in Catalonia (NE Spain), the Llobregat River as an example of a Mediterranean 

river basin. 
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Once those InVEST models have been tailored to the Mediterranean basin 

(Terrado et al., 2014) a number of possible methodologies can be employed for 

the calculation of the inputs sensitivity. There is one particular screening 

method for sensitivity analysis that could be considered the state of the art and 

particularly efficient computationally: The Morris method (Morris, 1991).  

The typical application for this tool is where many parameters and available 

resources do not allow specifying probability density functions for a full Monte 

Carlo analysis.   

Moreover, if the Morris method indicates that the parameters are independent, it 

is unnecessary to use methods that take into account the interaction between 

multiple parameters such as the Monte Carlo analysis. 

The Morris method was preferred for its computational efficiency and 

effectiveness in screening a small subset of important factors among a much 

larger set.  In this regard, it is worth noting that each experiment performed in 

this work (350 model runs) amounted to about 100 CPU hours. Other SA 

methods, which require more than 5000 models runs demand computation 

times that are very difficult to satisfy in practice.  

As with all sensitivity analysis methods, the goal of the Morris screening method 

is to determine the relative influence of each input variable or factor (xi) on the 

output or response (y) through a series of model runs.  

To achieve this, the method determines the mean (μ) and standard deviation 

(σ) of ∂y/∂xi at several points in the sample space employing an OAT 

calculation scheme that fixes at each step all input variables except the one 

whose effect is being calculated.  
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The original Morris approach could be extended by applying the ‘mean of 

absolute values’ (μ*) defined by Campolongo et al. (2007), to avoid the effect of 

cancellation of terms of opposite signs but similar absolute values. 

The methodology developed for applying the Morris method with the two 

InVEST models cited above consists in the following five steps:  

1. Examine the calibrated InVEST model to select the input variables 

that are likely to be affected by global change and define the ranges 

within which they will be modified during each test. 

2. Implement the extended Morris approach and calculate ∂y/∂xi 

employing the OAT type calculation scheme. 

3. Obtain the set of combinations of input variables. 

4. Run the calibrated InVEST model for each combination of input 

variables of factors, obtaining a set of model responses. 

5. Calculate μ* and σ for each sub-watershed and for the whole river 

basin.  

The InVEST source code is written in Python, and had to be modified in order to 

run the experiments that correspond to each input combination. The model runs 

for different combinations of input variables and the calculation of the Morris 

indices were executed using code written in the FORTRAN programming 

language. 

In the first stage of the study, a new calibration phase of the model was 

developed in order to ensure that the correction brought to the two InVEST 

models used worked correctly once the changes in the code were made.  
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This calibration was performed to verify that the results were comparable to 

those previously obtained by (Terrado et al., 2014). 

4.1.1.     The Morris methodology of InVEST water provisioning 

model applied in the Llobregat River basin  
 

As indicated above, the first step of the methodology is to examine the 

calibrated InVEST model and to select the inputs being studied and also 

the outputs for which the sensitivity is going to be calculated.  

The InVEST water provisioning model generates various outputs at each 

step. As stated in Chapter 2, we have studied the first two steps in terms 

of sensitivity analysis.  

For those steps, the outputs obtained were water yield (wyield_vol, 

wyield_ha and wyield_mn), and water scarcity, in two ways (rsupply_vol 

and rsupply_mn).  

With respect to water yield outputs, wyield_vol is the total water yield per 

sub-watershed, namely the approximate absolute annual water yield 

across the landscape, calculated as the difference between precipitation 

and actual evapotranspiration on each land parcel, given in m3; 

wyield_ha is the water yield volume per hectare per sub-watershed, 

given in m3/ha and wyield_mn is the mean water yield per sub-

watershed, given in mm. 

With regard to water scarcity outputs, rsupply_vol is the realized water 

supply volume(water yield – consumption) for each sub-watershed, given 
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in m3 and rsupply_mn is the mean realized water supply per sub-

watershed (water yield – consumption), given in m3/ha. 

Sensitivity analysis was carried out only for the wyield_vol model output, 

since the other outputs could be calculated from wyield_vol, and 

consequently the sensitivity analysis results would yield identical results.  

Having studied the InVEST model, there are four inputs that may be 

subject to variation for sensitivity analysis: precipitation, 

evapotranspiration, the Z coefficient, and plant evaporation coefficient for 

each LULC class.  

The first three inputs are non-varied land use parameters, however, the 

last one vary when changes in land use are made. The plant 

evapotranspiration coefficient for each LULC class parameter is used to 

obtain potential evapotranspiration by using plant energy/transpiration 

characteristics to modify the reference evapotranspiration, which is 

based on alfalfa.  

In this work, this parameter was not selected for the sensitivity analysis 

because it requires a double point of view: the sensitivity analysis of the 

parameter within a range of variation but also the sensitivity analysis of 

the parameter with changes in the land uses.   

After the model inputs have been selected, it is necessary to specify their 

range of variation. The precipitation and evapotranspiration raster maps 

had to be rescaled by a coefficient (precipitation coefficient and 

evapotranspiration coefficient).  
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These variations in the ranges have been explained in more detail in 

Chapter 3 and are shown in the Table 1 in this Chapter.  

Before using different combinations of preselected inputs for sensitivity 

analysis (Z, precipitation, and evapotranspiration coefficients), several 

changes were made to InVEST, in order to adapt the simulation tool to 

the subsequent sensitivity analysis.  

These alterations are basically focused on modifying the Python script so 

that InVEST accepts a new input table along with the three preselected 

input variables: Z, precipitation and evapotranspiration coefficients), and 

produces different output tables for each selected input parameter 

combination. 

These changes have resulted in loops for each group of inputs at every 

simulation run. The algorithm that combines the different input variables 

was implemented in FORTRAN code. This algorithm generates the 

Morris’ trajectories (Morris, 1991) by taking into account the boundaries 

of each factor.  

Once these modifications were performed, the model was run for each of 

the preselected input combinations. Thereafter, the InVEST water 

provisioning model was run for each combination of parameters. The 

Morris indices μ* and σ of each model response to each input for each 

sub-watershed were subsequently calculated, analysed and compared. 
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4.1.2.     The Morris methodology of InVEST sediment retention 

model applied in the Llobregat River basin  
 

As stated earlier, it is mandatory to first examine the calibrated InVEST 

model before applying SA. The model was calibrated by Terrado et al. 

(2014) at La Baells reservoir (outlet of sub-basin 2) using temporal 

changes in the reservoir’s bathymetry (Catari et al., 2009).  

Results of the model were then validated with data reported by Liquete et 

al. (2009). Despite only accounting for the sheet wash process in the 

sediment budget (gully or stream bank erosion are ignored), a 

reasonable estimate of sediment yield was obtained at the basin scale 

with physical parameters in reasonable ranges (relative error of 7%; 

Table 3; Liquete et al., 2009).  

However, at sub-basin scale in the Upper Llobregat, above La Baells 

reservoir, the relative error was higher  (25%-- see Table 3; Catari et al., 

2009). This could be due to additional sediment sources in this particular 

area that are not accounted for in the model (e.g. bank erosion, gullies), 

as suggested by Catari et al. (2009).  

The large uncertainties about the relative contribution from sediment 

sources (sheetwash vs. gullies and bank erosion) could affect the 

validation performed by Terrado et al. (2014).  

However, these uncertainties have a limited impact on the sensitivity 

analysis presented here since results are interpreted as representing the 

contribution from sheetwash erosion only. 
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All the calculations are made at a pixel resolution of 200 × 200 m to 

capture the spatial heterogeneity of key driving factors such as soil type, 

rainfall and vegetation type.  

However, the model simulates hydrologic processes that are best 

interpreted at the sub-basin or basin scale, so the pixel values are 

aggregated (summed and/or averaged) to match these scales for result 

interpretation and model validation. 

After the examination of the calibrated InVEST model, the selection of 

the outputs and inputs for the sensitivity analysis is made.  With respect 

to the outputs, the InVEST sediment retention model generates three 

outputs:  

1) total sediment exported,  

2) fraction of total sediment retained which contributes to the 

higher water quality benefit, and  

3) fraction of total sediment retained to the avoided reservoir 

sedimentation benefit. The sensitivity analysis of the inputs was 

made three times, one for each of these outputs. 

Using the equations that describe this model in InVEST, the inputs 

inspected in the sensitivity analysis included: rainfall erosivity (R); soil 

erodibility (K); and land use/land cover (LULC), with five LU categories 

(urban land, non-irrigated cultivated land, irrigated cultivated land, grass 

and shrub land, and forest land).  
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Three inputs were linked to land use type: cover management factor (C); 

the support practice factor (P); and a sediment retention value that 

identifies the capacity of vegetation to retain sediment as a percentage of 

the amount of sediment flowing into a cell from upslope.  

There are two additional inputs that could be included in the sensitivity 

analysis: the threshold flow accumulation and slope threshold that both 

depend on the digital elevation model (DEM).  

Because errors in the DEM were not a focus of this analysis, the values 

from a former study were used (Terrado et al. 2014).  

The threshold flow accumulation, set to 1000, produced outputs 

consistent with the stream network map provided by the Catalan Water 

Agency (ACA) and is not included in the analysis either. 

The ranges of variation for all the inputs were obtained from the literature 

(Wischmeier and Smith, 1978; US EPA, 2009; Terrado et al., 2014). The 

values ∂y/∂xi were normalized by the response’s standard deviations to 

avoid scaling artifacts (Patelli et al., 2010). These ranges of variation of 

the inputs selected for sensitivity analysis are explained in detail in 

Chapter 3 and summarized in  

Table 2. 

The sensitivity analysis of the model was then performed following the 

Morris method. As already explained in detail, the Morris method (Morris, 

1991) is a one-at-a-time (OAT) sensitivity analysis and aims at isolating 
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the influential parameters from a large number of input variables or 

factors.  

This method has several advantages over other methods. It is easy to 

understand, does not depend on assumptions about the model, is 

computationally inexpensive, the parametric space is covered efficiently, 

and it shows input interactions and non-linear effects.  

However, this method cannot quantify the contribution of a parameter to 

the variability of the output in a highly non-linear model (Wu et al., 2013).  

The sensitivity analysis parameters μ* and σ were calculated for each 

factor with respect to the 3 final outputs:  

1) total sediment exported,  

2) total sediment retained for avoided reservoir sedimentation 

benefit, and  

3) total sediment retained for higher water quality benefit.  

These parameters were calculated at both sub-basin and basin scales. A 

high value of σ suggests the existence of nonlinear effects and/or 

interaction with other input factors, while a low σ indicates independence 

(Morris, 1991).  

The value of μ* is an indication of the importance of the factor, with 

higher values attributed to factors to which the output of the model is 

most sensitive. 
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The relevant parameters obtained for total sediment exported were then 

correlated with the characteristics of each sub-basin and with the whole 

river basin using the Spearman’s rank correlation matrix due to the small 

sample size and the presence of outliers in the data, invalidating the 

assumption of normal distribution. To cross-check the results, we also 

computed the Pearson’s r correlation coefficients, which proved to be 

similar.  

4.2. METHODOLOGY: TESTING RELEVANCE OF IN-STREAM 

PROCESSES FOR InVEST NUTRIENT RETENTION MODEL IN 

THE LLOBREGAT RIVER BASIN 
 

The InVEST nutrient retention model (Tallis et al., 2013) estimates the water 

purification service for two pollutants (total nitrogen, TN, and total phosphorus, 

TP), i. e. the quantity of pollutants retained from the landscape and the benefits 

from this service. 

InVEST models only take into account the terrestrial processes. In particular, in 

this model, InVEST assumes that pollutants arriving at the stream network of 

the watershed from the surrounding area are simply transported to the outlet 

without any in-stream processing or retention.  

However, recent knowledge suggests that stream networks play an important 

role in material export from watersheds, specifically in the Llobregat River Basin 

(Aguilera et al., 2012; 2013). In addition, the InVEST User’s Manual suggests 

that ‘the user should consider the likely impact of in-stream processes in any 
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calibration work as this model does not include in-stream processes’ (Tallis et 

al., 2013).  

Therefore, to test if this new knowledge is worth being included in InVEST is 

proposed here. Developing a methodology for testing the role of the in-stream 

processes should be the first step. This methodology should be devised in order 

to test the results by including in-stream processes but without the changing 

InVEST source code. 

The strategy for all the tests was to add the river and reservoirs as new ´land 

uses´ in the land use map, and to apply a retention coefficient for these new 

land uses. This way, the 5-land use map input was changed to an 8-land use 

map by adding 3 ‘land uses’: dam, reservoir and river. In the subsequent tests, 

we assume the same retention for the three new ‘land uses’. 

As noted above, this strategy has the advantage of avoiding changing the 

model’s source code, reducing time and possible errors from modifying the 

original code.  

         

 

 

                 

 

 

 

 

3 NEW CATEGORIES WITH RETENTION 
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Figure 16. The 5-land use map input (a) used in the sensitivity analysis, and the 8-land use 
map input (b) used in the in-stream tests by adding 3 ‘land uses’: dam, reservoir and river. 

  

 

One challenge in implementing this strategy was that the code does not allow 

any kind of retention on the pixels in the river network. A river network with only 

one pixel, at the outlet of the watershed, is needed to successfully implement 

the proposed strategy. To this aim, it was necessary to make several tests in 

order to determine the threshold flow accumulation value which gives a 1-pixel 

river network.  

The threshold flow accumulation value is an input introduced in the model, 

which determines the number of upstream cells that must flow into a cell before 

it is considered part of a stream. This threshold expresses where retention 

stops and the remaining pollutant will be exported to the stream (Tallis et al., 

2013).  

The strategy followed has to be applied at watershed scale because applying it 

at sub-watershed scale, a 1-pixel river network does not yield a river network in 

the sub-watersheds upstream the basin outlet, and in this case the model is not 

able to give a result for those sub-watersheds. Conversely, if the threshold flow 

accumulation yields a river network with more than 1 pixel wide in order to have 

results in all of the sub-watersheds, the new ´land uses´ pixels would not work 

as land use how the strategy created needs.  
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The data used as inputs were the same of those used in a previous study of the 

application of the InVEST models in the Llobregat river basin (Terrado et al., 

2014). The base scenario was calibrated with the loading information at the 

basin outlet for both nitrogen and phosphorus. This information was obtained 

from Aguilera et al. (2013).  

In this work, nitrate and phosphate daily loads were calculated by the software 

Load Estimator (LOADEST) (Runkel et al., 2004) with the concentration and 

daily dischage data obtained from 24 locations monitored by the Catalan Water 

Agency (ACA). 

 The sampling data for every station were collected within a period ranging from 

2000 to 2006. Those loads were averaged for each of the 7 years and 

converted to kg TN/year or kg TP/year (depending on the nutrient chosen to run 

the model) to compare them with those from the InVEST nutrient retention 

model (that are in the same units) using the ratios N-NO3/TN = 0.75, and P-

PO4/TP = 0.48 (Ludwig et al., 2009).  

The outlet of the watershed (ws) studied in InVEST is allocated between two of 

the 24 stations monitoried (Sant Joan Despi and Barcelona), therefore the value 

for comparing the scenarios was interpolated between the values of both 

stations monitoried (points 23 and 24, Figure 17; more detailed in Figure 13 

Section 3.2.3.). This interpolated value for TN is 1.457.603 kg/ws year (Aguilera 

et al., 2012; 2013)  which is within close to the one reported by Ludwig et al. 

(2009) 1.359.000 kg TN/ws year, and for TP is 263.362,96 kg/ws year (Aguilera 

et al., 2012; 2013). 



  
81 

 
  

 

Figure 17. The 24 stations monitoried in the Llobregat river basin (names and localitations) 

 

During the calibration process, the model parameter that was adjusted was the 

per-pixel vegetation filtering value for each terrestrial LULC class (or retention 

coefficient). This parameter describes the capacity of vegetation to retain TN 

and TP as a percentage of the amount of nutrient flowing into a cell from 

upslope.  

Note that nutrient filtration efficiency was assumed to be constant when working 

with annual averages. However, at the event scale, this parameter would 

depend on the load, meaning that with higher loads the filtration efficiency of 

vegetation would be much lower than with events of smaller size. Since the 

parameter is related to vegetation, this parameter is set to 0% for urban LULC. 

The calibration was made for the base scenario of each nutrient that the model 

can estimate (total nitrogen and total phosphorus). 
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Since the code in the model allowed integer values for the nutrient filtration 

efficiency parameter but the previous tests shown that this value might be 

between 0 and 1% for rivers, the code was changed to handle a real-valued 

parameter.  

The procedure followed was the same for both nutrients estimated by the 

InVEST nutrient retention model: total nitrogen (TN) and total phosphorus (TP). 

The procedure was to first create a base scenario (calibrated with the 

monitoring export value), and then create different scenarios by changing the 

retention parameter in aquatic LULC (calibrated with the terrestrial LULC 

parameter). 

Nitrogen 

With respect to the TN scenarios, calibration of the amount exported at the 

outlet basin is not possible by solely changing the nutrient filtration efficiency 

parameter for the terrestrial LULC. In order to calibrate the base scenario with 

0% retention coefficient in water LULC pixels, it is necessary to adjust loads 

over terrestrial LULC pixels. This option was discarded because introducing 

changes in other parameters (such as the load parameter) might add more 

uncertainty. In addition, the target of this analysis is to study the repercussion of 

retention on the landscape parameter by introducing river retention.  

Therefore, calibration was only made with the retention parameters. Thus, base 

scenario was calibrated with a retention coefficient of 0.5% for aquatic LULC 

(and varying for calibration the terrestrial LULC retention parameter), whilst the 

others scenarios were calibrated after increasing or decreasing this retention 
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value for aquatic LULC; in other words, the model calibration was done with a 

single factor modifying all the terrestrial LULC retention parameters uniformly.  

The scenarios performed and calibrated as it was explained above were the 

following: 

 TN_BASE: base scenario with a retention coefficient of 0.5% for aquatic 

LULC and a vegetation filtering value of 25% for cultivated land areas 

(both irrigated and non-irrigated) and 50% for natural land areas 

(grass/shrub and forest). Those values are consistent with the values 

recommended by the InVEST 2.6.0 User’s Guide (Tallis et al., 2013): 

‘high values (60 to 80) may be assigned to all natural vegetation types 

and intermediary value also may be assigned to features such as contour 

buffers’. The result of this scenario has a relative error with respect to the 

reference value of -1.6%. 

 

 TN+1: In this scenario, the retention coefficient of the aquatic LULC 

pixels was 0.4%, which means a 0.1% decrease compared to the base 

scenario (TN_BASE). The calibration of the result was obtained with an 

increase in the terrestrial LULC retention coefficient of 30% (relative error 

of 1.6%). 

 

 TN+2: For this scenario, the retention coefficient for the aquatic LULC 

pixels was set to 0.3%, which corresponds to a decrease of 0.2% with 

respect to the base scenario (TN_BASE). It was necessary to increase 

the terrestrial LULC retention coefficient by 85% for the new calibration 

(relative error of 1.0%). 
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 TN-1: The retention coefficient was increased by 0.1% with respect to the 

base scenario (TN_BASE), or equivalently, the retention coefficient was 

set to 0.6% on the aquatic LULC pixels. The terrestrial LULC retention 

coefficient was decreased by 30% for the new calibration (relative error 

value of -0.2%). 

 

 TN-2: The retention coefficient for the aquatic LULC pixels was set to 

0.7%, i.e. an increase of 0.2% with respect to the base scenario 

(TN_BASE). For the new calibration, the terrestrial LULC retention 

coefficients were decreased by 50% (relative error of 0.3%). 

 

 TN-3: The retention coefficient was set to 0.8% for the aquatic LULC 

pixels, what means an increase of 0.3% with respect to the scenario 

base (TN_BASE). It is necessary to decrease the terrestrial LULC 

retention coefficient by 65% for the new calibration to be within a relative 

error of 1.2%. 

The calibration of other scenarios (less than 0.3% or more than 0.8% in 

retention coefficient for aquatic LULC pixels) against the monitoring export 

value was impossible to achieve within ± 2% in relative error. Thus, the 

scenarios studied for Total Nitrogen exported and retained were the following: 
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Table 4. The 6 scenarios performed and calibrated for Total Nitrogen 

 

Phosphorus 

Regarding TP scenarios, the amount exported at the outlet basin was 

calibrated with a constant retention coefficient of 0% for water LULC while 

varying the retention coefficient of the terrestrial LULC away from the base 

scenario.  

Each successive scenario differed from the previous one by discrete increases 

of 0.1% in retention coefficient for water LULC, and by modifying the retention 

coefficient of the terrestrial LULC. The resulting scenarios, with a relative error 

within ± 2%, are described below: 

 TP_BASE: the base scenario had a 0% retention coefficient for aquatic 

LULC and a vegetation filtering value of 45% for cultivated land (both 
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irrigated and non-irrigated), and 90% for natural land areas (grass/shrub 

and forest). Those values correspond to those recommended in the 

InVEST 2.6.0 User’s Guide (Tallis et al., 2013): ‘high values (60 to 80) 

may be assigned to all natural vegetation types and intermediary value 

also may be assigned to features such as contour buffers’. The result of 

this scenario has a relative error with respect to the reference value of -

0.9%. 

 TP-1: For this scenario, 0.1% was the value used in the retention 

coefficient of the aquatic LULC pixels, which is an increase of 0.1% with 

respect to the base scenario (TN_BASE). It was necessary a decrease 

the terrestrial LULC retention coefficient by of 35% for the new calibration 

(relative error of 1.5%). 

 

 TP-2: Increasing the retention coefficient of the aquatic LULC pixels by 

0.1% with respect to the scenario TP-1, or equivalently, using a retention 

coefficient of 0.2% for those pixels. The terrestrial LULC retention 

coefficient was decreased by 55% for the new calibration (relative error 

of -0.5%). 

 

 TP-3: Increasing the retention coefficient of the aquatic LULC pixels by 

0.1% as in the previous scenario, which translates to a retention 

coefficient of 0.3%. The terrestrial LULC retention coefficients were 

decreased by 70% for the new calibration (relative error of -1.0%). 
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 TP-4: the retention coefficient for the aquatic LULC pixels was 0.1% 

higher than in TP-3, which corresponds a 0.4%. A decrease of 82% in 

the terrestrial LULC retention coefficient was necessary for the new 

calibration to be within a relative error of 1.2%.  

 

 TP-5: When the retention coefficient of the aquatic LULC pixels is 0.5%, 

i.e. an increasing of 0.1% with respect to the TP-4 scenario. The 

terrestrial LULC retention coefficient was decreased by 88% (relative 

error of -1.1%). 

 

 TP-6: The retention coefficient of the aquatic LULC pixels used for this 

scenario was 0.6%, i. e. an increasing in 0.1% with respect to the before 

scenario. For the calibration of this scenario the terrestrial LULC 

retention coefficients were decreased in 94% (relative error of 0.8%). 

 

 TP-7: In this scenario, the retention coefficients of the aquatic LULC 

pixels used were 0.7% (increasing 0.1% the retention coefficients of the 

scenario above). The terrestrial LULC retention coefficients were 

decreased in 98% for the calibration of this scenario (relative error of 

1.5%). 
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Table 5. The 8  scenarios performed and calibrated for Total Phosphorus 

 

In summary, the results of exported nutrient were estimated from the InVEST 

model and were used to build different scenarios, for both TN and TP, as 

described above.  

In addition, the model also estimates the nutrient retention of the benefits 

chosen of a service for all these scenarios, as it was explained in Chapter 2. 

However, the nutrient retention needed for the present study was the real one.  

The real retention is the one calculated before the extraction of the total allowed 

annual load for the pollutant of interest. The rationale for using the real retention 

of the nutrient of interest instead of the retention of the benefit selected, is 

because the purpose of the study is the real share of the river and the terrestrial 

in the retention of both nutrients, and not the relative to the benefit. 
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Chapter 5  

5. SENSITIVITY ANALYSIS FOR THE 

INVEST WATER PROVISIONING 

MODEL IN THE LLOBREGAT RIVER 

BASIN 
 

The present Chapter is entirely based on the published paper Sánchez-Canales 

et al. (2012). 

5.1. INTRODUCTION 
 

In recent years, the need to understand the behaviour of many types of very 

complex ecosystem processes has led to an extraordinary increase in the 

development of suitable mathematical models, which are of capital importance 

in order to estimate how an ecosystem behaves and to predict its behaviour in 

the future.  

These models are typically computationally expensive because of the large 

number of variables, parameters and mathematical equations that constitute 
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them. The problem is that not all processes can accurately be described with 

simplistic equations, and many of them are modelled as approximations, when 

not completely avoided altogether.  

Moreover, not all model input parameters are easily measured and often need 

to be estimated using current, limited knowledge about their underlying 

processes. These uncertainties in the input parameters lead to uncertainties in 

the model outputs that need to be quantified in order to gain a better confidence 

about model response when it is used during the decision making process. 

Sensitivity analysis (SA) techniques have been widely used to predict and 

analyse how the model output (response) depends on the variations in the input 

parameters (factors). Many applications of SA techniques in ecosystem science 

can be found in recent papers (Campolongo and Saltelli 1997; Confalonieri et 

al., 2010a; 2010b; Yang, 2011).  

It is particularly useful for complex simulation tools like regional hydrological 

models that require a large number of factors with uncertainty where it is crucial 

to identify either the most important or the least relevant parameters. 

A large number of previous studies have shown that land-use influences the 

hydrologic regime and water quality of streams draining watersheds. Extensive 

literature exists concerning hydrologic response associated with land-use 

changes such as forest harvesting, conversions of vegetation on the landscape, 

and draining of agricultural lands (Bosch and Hewlett, 1982; Robinson and 

Rycroft, 1999). 

Water provisioning is an ecosystem service that contributes to the well-being of 

society, on one hand by satisfying human needs for freshwater provisioning 
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services for irrigation, domestic water, and power generation, among others, 

and on the other hand, it contributes to human well-being through recreation, 

scenic quality, maintenance of fisheries and biodiversity, and ecosystem 

function.  

The InVEST water provisioning model (version 2.2.2; Tallis et al. 2011) informs 

about the total amount of water available in a basin. The amount of water 

provisioned from each cell in the landscape (water yield) is calculated as the 

annual amount of rainfall that does not evapotranspirate, determined by the cell 

vegetation characteristics (Canadell et al., 1996). Water demands for 

consumptive uses other than those evaluated are removed from the total yield 

before assessing the benefit. 

The Mediterranean region has been globally identified as one of the most 

vulnerable to global change (Schröter et al., 2005). Different potential impacts 

are projected, including increased temperatures and reduced vegetation. The 

hydrological cycle in the Mediterranean areas will intensify through increases in 

temperature, rainfall concentration in shorter periods of the year, and more 

extended droughts (Hisdal et al., 2001).  

Associated human impacts through changes in ecosystem services could 

include drinking water shortages, increased risk of forest fires, shifts in the 

distribution of species, and agricultural losses, among others (Schröter et al., 

2005). 

Taking into account all of this, the InVEST water provisioning model was 

applied to a stakeholder-defined scenario of LU/LC change in a Mediterranean 

River basin (Llobregat River, Catalonia, Spain). After model calibration for this 
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basin, a sensitivity analysis was carried out in order to determine the variability 

of the model response for three of its main coefficients: Z (seasonal 

precipitation distribution), precipitation (annual) and evapotranspiration (annual).  

The SA technique used here is a One-At-a-Time (OAT) screening method 

known as the Morris method, applied over each one of the 154 sub-watersheds 

that constitute the Llobregat River basin. As a result, this method provides 

sensitivity indices for each one of the sub-watersheds, which are mapped to 

study how they are spatially distributed. 

Chapter 2 gives a detailed explanation of the concept of ecosystem services, of 

the InVEST water provisioning model, and the sensitivity analysis techniques, 

with an emphasis on the Morris method. In Chapter 3, the case study is 

thoroughly explained. Chapter 4 presents an extensive explanation of the 

methodology used for the purpose of the present research.  

5.2. RESULTS AND DISCUSSION 
 

As a result of applying the Morris method in the InVEST water provisioning 

model in the Llobregat river basin, the SA indices μ* and σ  for each sub-

watershed and for each factor have been obtained, that correspond to the 

model response and the three factors mentioned above. 

In Figure 18, the SA index μ* obtained for the total water yield per sub-

watershed with regards to the three selected input parameters is mapped. In 

these maps, the more intense the red colour of the sub-watershed is, the 

highest μ* is, and as a result, this input parameter has a greater influence on 

the output.  
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Therefore, in terms of μ*, the greatest impact input parameter is precipitation 

and the least are the Z coefficient and evapotranspiration. Regarding the Z 

coefficient, the observed sensitivity indices in the range of study [7, 9] indicate 

that this factor does not influence water yield in this interval. 

For precipitation, the results indicate that the most sensitive sub-watersheds are 

found further north and southeast. In the northern part of the basin, the 

precipitation is high (between 800 and 1000 mm) and evapotranspiration is 

quite low (around 400 mm), so the influence and importance of 

evapotranspiration are lower, though the model is very sensitive to precipitation 

and large changes in this input cause significant changes in the total water yield 

per sub-watershed.  

In the south-eastern part of the basin, evapotranspiration is quite high (between 

800 and 1000 mm) and rainfall is lower (around 600 mm), so variations in 

precipitation can cause significant changes in the total water yield per sub-

watershed. 

The influence of evapotranspiration over the output is quite low, and irrelevant 

for sub-watersheds where precipitation has a great impact on the output (north 

and southeast sub-watersheds). This relationship observed between the 

behaviour of precipitation and evapotranspiration may also be explained by the 

standard deviation (σ). 
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Figure 18. For total water yield per sub-watershed, the sensitivity index µ* (mean of absolute 
values) for the Z coefficient (a), for precipitation (b), and for evapotranspiration (c)  

 

In terms of standard deviation, the results obtained for total water yield per sub-

watershed for each of the three input parameters considered are represented in 

the maps shown in Figure 19. 

The higher the standard deviation is, the greater the coupling between 

variables. In this case there is no coupling of the Z coefficient with the other two 

variables. However, we observed that a coupling exists between 

evapotranspiration and precipitation, with their correlation being stronger in the 

central region of the watershed.  

In this region, precipitation and evapotranspiration have similar orders of 

magnitude and small variations in either input parameters have a significant 

influence on the output.  
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Figure 19. For total water yield per sub-watershed, the sensitivity index σ (standard deviation) 
for the Z coefficient (a), for precipitation (b), and for evapotranspiration (c) 

 

Furthermore, it can be derived from the σ vs. μ* graph (Figure 20) that total 

water yield per sub-watershed is strongly influenced by precipitation and, to a 

lesser extent, by evapotranspiration. In this context, the effect of the Z 

coefficient seems to be entirely negligible.  

The high values of the standard deviation for evapotranspiration and 

precipitation, especially in the sub-watersheds located in the central part of the 

Llobregat River basin, suggest a relatively strong importance of the interactions 

between these two factors that should be the subject for further research. 
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Figure 20. Graph of σ against μ* obtained for each input for each sub-watershed: Z coefficient (z), 
precipitation (prec), and evapotranspiration (eto) for the entire Llobregat River basin (z global, prec 
global and eto global). 

 

5.3. CONCLUSIONS 
 

InVEST is a spatially explicit simulation tool consisting of a suite of models, 

some of which using land use and land cover patterns to estimate the levels 

and economic values of ecosystem services. The InVEST water provisioning 

model runs in a gridded map at an annual time step, and results can be 

reported in either biophysical or monetary terms, depending on the needs and 

the availability of information.  
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The biophysical components of the terrestrial InVEST models calculate the 

relative contribution of the different parts of the landscape to the provision of 

each service. Thus, for the water provisioning service, the amount of water 

provisioned from each cell in the landscape (water yield) is calculated as the 

annual amount of rainfall that does not evapotranspirate, determined by the 

cell’s vegetation characteristics (Canadell et al., 1996).  

Water demands for consumptive uses other than those evaluated in this model 

are removed from the total yield before assessing the benefit. 

In the present work, once an InVEST model had been adapted to assess the 

water provisioning service in the Llobregat River basin, a method for sensitivity 

analysis was applied to identify the most sensitive input parameters for the 

water provisioning service that require more precision and need to be 

monitored. 

The results obtained indicate that the Z coefficient in the geographical area is 

not a sensitive factor for the range of values studied. However, precipitation is 

very sensitive, especially in the more humid areas of the watershed. Generally, 

evapotranspiration is less sensitive than precipitation but there are some sub-

watersheds where its sensitivity is significant. 

In conclusion, in order to apply the InVEST water provisioning model on 

watersheds similar to that under study, it is strongly advised to follow the next 

steps:  

1) use the precipitation map that best suits the region under 

consideration, due to the fact that this input is crucial for the purpose of 
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sensitivity analysis. Note that poor data for this input (that yield a poor fit) 

would imply non-realistic results;  

2) fit precisely the evapotranspiration map, as the interaction of this factor 

with precipitation could have a considerable importance in some 

particular areas;  

3) select a range of values for the Z coefficient so that it is consistent with 

the characteristics in the distribution of rain for the region of interest and 

choose any value within this range, as it will give the same output. 

The SA methodology implemented here could be extended to all other 

ecosystem service modules of InVEST. Furthermore, this methodology can be 

applied in all the basins of the world. 
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Chapter 6  

6. SENSITIVITY ANALYSIS FOR THE 

INVEST EROSION CONTROL MODEL 

IN THE LLOBREGAT RIVER BASIN 
 

The present Chapter is entirely based on the published paper Sánchez-Canales 

et al. (2015). 

6.1. INTRODUCTION 
 

Sediment dynamics in river basins are severely influenced by changes in rainfall 

and land-use patterns (Walling, 2008). Recent studies suggest that this 

influence is particularly evident in scenarios of environmental land use conflicts, 

where actual land uses deviate from natural uses determined by soil 

characteristics (Pacheco et al., 2014; Valle Junior et al., 2014).  

Consequently, erosion and its impacts receive increasing attention from local, 

national, European and global policy makers (e. g., European Commission (EC) 
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2002; COST634, 2005; MA,  2005) as a result of its sensitivity to global change 

and the environmental and economic relevance of sediment dynamics.  

From drinking water to hydro-power or irrigation canals, there is a growing 

interest in assessing the sediment retention service provided by natural 

landscapes, to adopt watershed management measures that enhance this 

service (Clark, 1985; MA, 2005; CIRIA, 2013).  

Policy makers require reliable predictions about how global change will affect 

erosion and retention processes in order to design effective mitigation and 

adaptation measures. Therefore, it is crucial to evaluate and minimize model 

uncertainty to avoid bias in decision making (Chavas, 2000; National Research 

Council, 2005).  

Sediment production and transport in river basins is controlled by many factors, 

including rainfall patterns, soil characteristics, hill-slope steepness, and 

vegetation cover type. Generally, the erosion of a land with a permanent 

vegetation cover (shrubs, grassland and forest) is much lower than those on 

cultivated land (Cerdan et al., 2010). 

 Soil loss may therefore be mitigated through agricultural best management 

practices (Bakker et al., 2008), but broader and more dramatic land-use 

changes such as a transition from vegetated to urban areas may have larger 

effects on the capacity of a landscape to retain sediments from upslope areas.  

The risks posed by altered sediment dynamics are particularly evident in 

Mediterranean and others semiarid regions, which are among the most 

vulnerable areas to global change (Schröter et al., 2005). 
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Sediment dynamics models vary widely in complexity but typically involve a 

large number of parameters requiring calibration (Merritt et al., 2003). 

Irrespective of the model complexity, accurate characterization of all physical 

processes may not always be possible; input parameters are often difficult to 

measure and therefore need to be estimated.  

The uncertainties related to parameter selection may therefore be significant 

and need to be quantified to improve model interpretation for watershed 

management. 

In this study, a sensitivity analysis of a simple sediment retention model 

calibrated in a Mediterranean basin (Llobregat river basin) was performed, in 

order to determine the parameters that had the greatest influence on the model 

outputs, and thus have particular importance for model calibration and 

interpretation.  

The model was calibrated and validated in the case of study with a thoroughly 

explanation in Chapter 3. Despite only accounting for the sheetwash process in 

the sediment budget (gully or stream bank erosion are ignored), a reasonable 

estimate of sediment yield was obtained at the basin scale with physical 

parameters in reasonable ranges. 

Due to the fact that complex models with a large number of parameters may 

have inherently large uncertainty, the InVEST sediment retention model 

(version 2.4.4; Tallis et al., 2013), which is considered a relatively simple model, 

was chosen for the sensitivity analysis. The InVEST sediment retention model 

can quantify the ecosystem services of erosion control, which is the relative 

contribution of different parts of the landscape to sediment retention.  
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Specifically, the model considers two different benefits derived from erosion 

control service: avoided reservoir sedimentation and higher water quality. For 

this purpose, the model employs a method based on the Universal Soil Loss 

Equation (USLE).  

The sensitivity analysis used was the Morris method (Morris, 1991), which is a 

one-at-a-time (OAT) sensitivity analysis that aims at isolating the influential 

parameters from a large number of input factors determining the mean (μ) and 

standard deviation (σ) of ∂y/∂xi at several points, as well as the ‘mean of 

absolute values’ (μ*) defined by Campolongo et al. (2007), to avoid the effect of 

cancellation of terms with similar absolute values but different signs. 

Chapter 2 gives a detailed explanation of the concept of ecosystem services, of 

the InVEST erosion control model, and the sensitivity analysis techniques, with 

an emphasis on the Morris method.  

The InVEST sediment retention model’s inputs for the sensitivity analysis 

included: rainfall erosivity (R); soil erodibility (K); and land use/land cover 

(LULC), with five LU categories (urban land, non-irrigated cultivated land, 

irrigated cultivated land, grass and shrub land, and forested land).  

Three inputs were linked to land use type: cover management factor (C); the 

support practice factor (P); and a sediment retention value that identifies the 

capacity of vegetation to retain sediment as a percentage of the amount of 

sediment flowing into a cell from upslope. These inputs were varied within the 

ranges in  

Table 2, obtained from the literature (Wischmeier and Smith, 1978; US EPA, 

2009; Terrado et al., 2014). 
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The SA indices, µ* and σ, were calculated for each factor with respect to the 3 

final outputs: (1) total sediment exported, (2) total sediment retained for the 

avoided reservoir sedimentation benefit, and (3) for the higher water quality 

benefit.  

These parameters were calculated at both sub-basin and basin scales.  A high 

value of σ suggests the existence of nonlinear effects and/or interaction with 

other input factors, while a low σ indicates independence (Morris, 1991). The 

value of μ* is an indication of the importance of the factor, with higher values 

attributed to factors to which the output of the model is most sensitive (Figure 

21). 

 

Figure 21. Representation of the Morris indeces in a graph. A high value of μ* is an indication 
of the importance of the factor. A high value of σ suggests the existence of nonlinear effects 
and/or interaction with other input factors, while a low σ indicates independence (based on 
Morris 1991). 
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The relevant parameters obtained for total sediment exported were correlated 

with the characteristics of each sub-basin and with the whole river basin using 

the Spearman’s rank correlation matrix due to the small sample size and the 

presence of outliers in the data, invalidating the assumption of normal 

distribution.  

To cross-check the results, we also computed the Pearson’s r correlation 

coefficients, which proved to be similar. Chapter 4 presents an extensive 

explanation of the methodology used for the purpose of the present research.  

6.2. RESULTS AND DISCUSSION 
 

The results obtained for applying the Morris method in the InVEST water 

provisioning model in the Llobregat river basin are discussed below for each 

output. 

6.2.1.     Total sediment exported 

Total sediment exported was calculated for the seven sub-basins as well 

as for the whole river basin (see Figure 10, Section 3.2). The sensitivity 

of this output with respect to the physical factors R (rainfall erosivity) and 

K (soil erodibility) was found to be similar for individual sub-basins and 

for the whole basin. Overall, the greatest influence was found for rainfall 

erosivity, closely followed by soil erodibility.  

For the rest of the model inputs, differences in sensitivity were apparent, 

which we hypothesized to be due to differences in sub-basin 

characteristics. Figure 22 shows the results of the sensitivity analysis 
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performed on two of the most different sub-basins (sub-basin 2 and 6), 

as well as for the whole river basin. 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Sensitivity analysis indices (µ* and σ) calculated for each factor with respect to total 
sediment exported. These indices are shown for the basin (a), as well as for the most different 
sub-basins: sub-basin 2 (b), and sub-basin 6 (c). The value of μ* is an indication of the 
importance of the factor, with higher values attributed to factors to which the output of the 
model is most sensitive. A high value of σ suggests the existence of nonlinear effects and/or 
interaction with other input factors, while a low σ indicates that the factor is almost 
independent of other factors.  

 

The entire basin has mostly natural vegetation with 38.2% of forest and 

31.6% grass and shrub land. However, it also has a significant proportion 

of (non-irrigated) cropland (23.6%).  
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The results of the sensitivity analysis highlight that the support practice 

factor (P) for non-irrigated cultivated land and the cover management 

factor (C) for grass and shrub land have the greatest influence on 

sediment export, after the R and K factors (Figure 22a). 

Similarly, in sub-basin 2 the most influential factors (apart from R and K) 

are C and P for grass and shrub land (Figure 22b) that reach values of μ* 

as high as those for K. This is a high mountain sub-basin composed of 

mostly forest (63.2%) with a wide area of shrubs and grass covers 

(35.1%), and a reservoir at the outlet (La Baells).  

Sub-basin 6, in contrast, is mainly composed of non-irrigated cultivated 

land (43.8 %), with less grass and shrub land (25.5 %) and forest (24.9 

%). The most important factor after R and K for this sub-basin is P for 

non-irrigated cultivated land (Figure 22c). 

These observations were confirmed by the correlation analyses. The 

Spearman’s rank correlation matrix shows the influence of the 

characteristics of each sub-basin, in particular the percentage of each 

land use, on the sensitivity of each parameter. In general, the proportion 

of non-irrigated cultivated land use and forests were significantly 

correlated with the sensitivity of the factors C and P. 
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Table 6. Spearman’s ρ correlation matrix between sensitivity of model inputs, and river 
basin characteristics for total sediment export output. Sensitivity of model inputs are 
evaluated as μ* and the variation in that σ. Only inputs with a significant sensitivity 
index value (μ* N 0.1) are included here. Greyed values are those where |ρ| N 0.6, 
indicating a strong correlation (null hypothesis rejected with a p-value b 0.05) 

 

Additional observations can be made from Table 6. It seems that the 

higher the mean slope or the mean rainfall, the most important are the C 

and P factors for the land use of grass and shrub land, and also K is 

directly correlated with mean slope in the Llobregat river basin.  

In contrast, the higher the mean slope or the mean rainfall, the less 

influential the C and P factors were for non-irrigated cultivated land. 

Interestingly, although input factors related to forested land were not 

significantly correlated with basin characteristics, the fraction of this 

LULC in the study area affects the relevance of others important inputs. 

In fact, the higher the fraction of forested land, the less important C and P 

become for non-irrigated cultivated land, as well as R and K. 
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To provide some perspective to the qualitative sensitivity analyses, we 

also provide quantitative insights into the effect of parameter errors. 

Table 7 reports the results of several pairs of runs from the sensitivity 

analyses, showing the relative difference in input parameters and the 

resulting difference in sediment export. For the whole basin, the first 

example shows the difference in sediment export (−49%) due to the 

change only in C for non-irrigated land use (a decrease of 64%). 

 

 

 

 

 

 

 

 

 

 

Table 7. Results fromfour pairs ofmodel runs conducted for the sensitivity 
analyses,with two examples for the whole basin and two for themost different 
subbasins (number 2 and 6). The dif- ferences in all inputs and sediment export output 
are shown as the percentage (%) of increment(+) or decrement (−) between thetwo 
parameter sets fromeach pair of runs. In bold, the most sensitive inputs in each case 
obtained fromthe sensitivity analysis. 
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This result confirms that the model is less sensitive to C parameters than 

to R and K parameters, to which the model responds proportionally, 

according to the analysis of the model structure. The three other pairs of 

runs illustrate how differences in parameters may compensate each 

other.  

For example, for the whole basin, we show that an increase of 63% in R 

may be compensated by high decreases in P for non-irrigated and C for 

forest land uses (the difference in sediment export is only 0.2%).  

Similarly, in sub-basin 2, an increase in both physical factors (46% for R 

and 33% for K, respectively) and high decreases in C and P factors result 

in comparable sediment export (1% difference in sediment export).  

In sub-basin 6, similar results were obtained with an increase of 46% in R 

and a high decrease in the most sensitive inputs of human-related factors 

(C and P).  

These examples illustrate a classic case of equifinality in environmental 

modelling, which discussion is outside the scope of this work. In practical 

terms, they suggest that changes in some parameters (e.g. rainfall 

erosivity) may be compensated by others (e.g. management factors), as 

discussed below. 
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6.2.2.     Total sediment retained 

As explained before, the model assesses the erosion control service as 

the total sediment retained in the basin, i.e. the amount of soil retained by 

the landscape. The two different benefits calculated for this ecosystem 

service are higher water quality and avoided reservoir sedimentation. In 

the basin under study, the total sediment retained that could contribute to 

higher water quality was calculated for the whole basin, since the 

drinking water treatment plant is located at its outlet. 

However, the avoided reservoir sedimentation was calculated for sub-

basins 2, 3, and 4, each of which has a reservoir at its outlet (see  

Figure 12 for the location of these basins). In contrast to the complex 

dependencies seen for sediment export (above), the model for total 

sediment retention (for both avoided reservoir sedimentation and 

improved water quality) only appears to be strongly sensitive to the 

physical factors, R and K. 

Since the results from the sensitivity analysis shows that the provision of 

both benefits in all the sub-basins and the whole basin are the same, 

avoided reservoir sedimentation and improved water quality are 

independent of the basins’ characteristics. These results are best 

interpreted in light of the model structure.  

The total sediment retained is the sum of sediment retention on each 

pixel, which is itself based on a simple comparison between the current 

LULC and bare soil (see Methods). This suggesting that factors affecting 
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all pixels (such as R and K) will have a stronger effect than LULC-specific 

factors that only affect a proportion of the pixels. 

6.2.3.     Management implications 

The sensitivity analysis of the InVEST sediment retention model 

suggests that R and K (rainfall erosivity and soil erodibility) are the most 

influential inputs in the Mediterranean river basin under study. It is worth 

noting that both of these factors are potentially climate-driven; R directly 

and K through the effects of temperature and moisture on the soil's 

organic content.  

The soil erodibility (K) is related to soil organic matter content, which 

varies with temperature and moisture in a non-linear way, although with 

high spatial heterogeneity due to its relationship with vegetation cover 

patterns (Lavee et al., 1998; Sarah, 2006). This implies that in general, 

the model has greater sensitivity to climate change than anthropogenic 

land-use change.  

However, despite the prominent influence of the climate-driven factors, 

other factors directly related to land management played a significant role 

for total sediment exported. Cover management and support practice 

factors were relevant for some LULC, depending on the proportion of 

each LULC type and sub-basin slopes.  

Regional differences in model sensitivity to anthropogenic factors were 

observed for sub-basins differing in LULC composition and mean slope. 

In high mountain sub-basins such as basin number 2 ( 
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Figure 12b), since the cover management factor for grass and shrubland 

are as relevant as climate driven factors, it could be possible to mitigate 

erosion from climate-driven changes by promoting species with wider 

ground cover on this type of land.  

The result obtained in the sub-basin 2 is in agreement with the results 

reported by Catari's Thesis dissertation (2007) in the same area (Upper 

Llobregat, above La Baells reservoir). This thesis work reports that there 

is an increase in erosion rates for all the scenarios studied incorporating 

global change, and concludes that the two most sensitive inputs for all 

these scenarios are both rainfall erosivity and cover management-related 

factors.  

In contrast, in truly Mediterranean climates such as sub-basin number 6 ( 

Figure 12c), the support practice factor in non-irrigated cultivated land is 

the most relevant factor after the climate-driven ones, suggesting that the 

most effective strategy to enhance the retention service would be 

expanding management practices such as contouring, strip-cropping or 

terracing.  

Therefore, different mitigation or adaptation management actions may be 

optimally beneficial in different regions in the same river basin. As suggested in  

suggested in  
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Table 7, a 63% increase in rainfall erosivity (R) for the whole basin could 

be compensated with changes in the cover management factor (C) for 

forest land, and in the support practice factor (P) for non-irrigated land 

use. For sub-watersheds 2 and 6, the increase in climate-driven factors 

could be possibly mitigated with changes in cover management. 

Finally, despite the model's lack of sensitivity to forested LULC factors, it 

is interesting to note that the proportion of forest cover in the basins is 

correlated with the sensitivity of the factors C and P on the others land-

uses; in sub-basins with lower forest cover, the model was more 

sensitive to C and P on agricultural land-uses but less so to grass and 

shrub land covers. While these results may seem counter-intuitive, they 

can be explained by the high retention capacity of forested LULC. 

Notice that this analysis does not take into account spatial distribution of 

the LULC, and that patches closer to the stream would likely have a 

greater impact on sediment retention and export. In addition, since the 

results of the correlation analyses are limited to a small sample size (7 

watersheds), the robustness of the result should be interpreted with 

caution, especially if they are used in future studies. 

6.3. CONCLUSIONS  
 

The sensitivity analysis of the InVEST sediment model identifies the climate-

driven model parameters (rainfall erosivity and soil erodibility factors) as the 

most influential ones for sediment export and retention, and other parameters 
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such as cover management or support practice as playing a secondary but 

significant role.  

Accordingly, small changes in the magnitude and frequency of extreme rainfall 

events may cause major changes in sediment dynamics, highlighting the 

susceptibility of sediment retention service to climate change in Mediterranean 

basins.  

Moreover, the results from this sensitivity analysis further suggest that it is 

feasible to compensate the likely effects of climate change on sediment export 

in some areas by introducing management practices such as contouring, strip-

cropping or terracing, as well as increasing the percentage of soil coverage by 

vegetation.  

Implications from such analyses should, however, be put in perspective of the 

scope of the model: structural errors in the modelling of sheetwash erosion and 

the omission of additional sources of sediment may also impact management 

decisions for erosion control. 

This work focused on a simple one-parameter-at-a-time method (Morris 

method) for the sensitivity analysis because the results reveals that the 

parameters are independent (low σ for all the parameters studied, less than 1/3 

of µ). As it is explaining  in Chapter 4, a high value of σ suggests the existence 

of nonlinear effects and/or interaction with other input factors, while a low σ 

indicates independence (Morris, 1991).  

The Morris method proved to be sufficiently reliable; hence, it is not necessary 

to consider other sensitivity analysis techniques that take into account the 

interactions between multiple parameters (such as the Monte Carlo simulation).  
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Chapter 7  

7. IN-STREAM PROCESSES FOR THE 

INVEST NUTRIENT RETENTION 

MODEL 

7.1. INTRODUCTION 
 

Nitrogen (N) and phosphorus (P) play an important role in controlling the trophic 

levels of surface waters. Consequently, modeling those nutrients can help to 

evaluate possible impacts of policies aimed at reducing or managing N and P in 

river systems (Jarvie et al., 2002).   

To this end, modeling tools and techniques have been used to detect nutrient 

resources and relevant nutrient processes at the watershed scale (Smith and 

Alexander, 2000; Grizzeti et al., 2005; Aguilera et al., 2012). Models can prove 
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valuable for catchment management and policy decision-making by simulating 

these nutrients sources, and their delivery and transport processes.  

However a compromise between model complexity and data requirement is 

necessary to identify the most suitable modeling tool for the intended 

application (Paudel and Jawitz, 2012). As the structure of ecological models 

grows increasingly complex, it becomes necessary to identify the optimal level 

of complexity that most reliably describes and predicts the processes under 

study.  

In this way, there is an ongoing effort for adjusting model structure to most 

appropriately represent nutrient cycling dynamics and establish a rigorous 

relationship with field data to provide reliable predictions (Paudel and Jawitz, 

2012).  

The choice of an appropriate model structure should be based on the 

requirements of a given research or management objective. A complex model 

may be an appropriate option as a tool for more fundamental scientific inquiry, 

such as testing hypotheses or gaining understanding the system components 

and interactions. More complex models comprise more components and 

processes, and generally represent complex systems more comprehensively 

than their more simple counterparts. 

As Beven (2001) emphasizes, the processes perceived to have an effect in the 

real system should be included in a model. However, if the models are intended 

for management purposes, simple alternatives may also satisfy the modeling 

needs because data scarcity might be more important than accuracy, and they 

are relatively easy to analyze due to the relatively lower number of parameters 
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they comprise. Simple models can serve as applied tools for managers to 

evaluate basin performance as well as conducting multiple diagnostic tests of 

management alternatives.  

The InVEST software consists of a suite of tools that are specifically designed 

for modeling ecosystem services and their benefits. Particularly, the InVEST 

nutrient retention model  (version 2.6.0; Tallis et al., 2013) estimates the service 

derived from the quantity of pollutants retained for water purification from the 

landscape and the benefits of water purification are assessed for two pollutants 

(total nitrogen, TN, and total phosphorus, TP). Chapter 2 gives a detailed 

explanation of the concept of ecosystem services and the InVEST nutrient 

retention model. An important aspect of the model for the present work is that 

the model only represents the contribution of the landscape to the watershed.  

The InVEST model first computes the amount of nutrient retained by the 

landscape and then assess the benefit this retention service. Therefore, the 

current version of the InVEST nutrient retention model only allows the user to 

calculate benefits derived from terrestrial ecosystem services. In-stream 

processes are not currently implemented in the model, which may result in an 

overestimation of the landscape retention when users calibrate the model with 

measured data. 

Streams and rivers help control exported nutrients they carry from terrestrial 

and upstream sources (Ensign et al., 2006). In order to obtain better modeling 

accuracy, and consequently a better management with the model results, it is 

vital to understand the connection between terrestrial nutrient sources and the 
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aquatic nutrient transformation, storage, removal, and transport within a 

watershed (Ensign and Doyle, 2006; Wollheim et al., 2006).  

In this line, two recent studies have demonstrated the potential role of in-stream 

processing in limiting nutrient export in the Llobregat River basin (Aguilera et al., 

2012; 2013).  

Based on these findings and following the recommendation of Paudel and 

Jawitz (2012) to evaluate models across varying levels of complexity, several 

tests were made in order to determine the role of in-stream processes in the 

watershed in order to assess the need to include in-stream retention in the 

InVEST nutrient retention model. 

Including in-stream water purification processes in InVEST might be necessary 

for two main reasons: 

• to be able to assess the ecosystem services supplied by the stream 

network itself; 

• to avoid potential biases in services estimated for terrestrial ecosystems 

caused by ignoring river function. 

In an attempt to test if this new knowledge is worth being included in the 

InVEST, a methodology for adding the in-stream processes in the InVEST 

nutrient model was designed. This methodology was devised in order to test 

nutrient retention of the stream without the need to change the source code in 

InVEST. 

The methodology is thoroughly explained in Chapter 4, which consist in adding 

the river and reservoirs as new land uses in all the tests performed, and a 
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retention coefficient was applied for these new land uses. This strategy has the 

advantage of avoiding changing the model’s source code, reducing time and 

possible errors form modifying the original code.  

The 3 land use classes added to the land use map were: dam, reservoir and 

river. In the subsequent tests, the same retention for the three new land use 

classes was assumed. However, the code does not allow any kind of retention 

on the pixels in the river network; therefore a river network of only one pixel, at 

the watershed outlet, was created to successfully implement the proposed 

strategy. This was done by testing the threshold flow accumulation up to find 

the value that causes the model generates a one-pixel river network. 

The results of exported nutrients were estimated from the InVEST retention 

model and were used to build different scenarios, for both TN and TP, as 

described in detail in Chapter 4, and summarised in Table 4 and Table 5.  

The calibration of all the scenarios was made against the monitoring export 

value to achieve a relative error within ± 2%. This error margin was achievable 

for scenarios within a range of variation in retention coefficient for aquatic LULC 

pixels between 0.3% and 0.8% for TN, and between 0% and 0.7% for TP.   

In addition, the model also estimates the nutrient retention of the benefits 

chosen of a service for all these scenarios, as it was explained in Chapter 2, 

however, the nutrient retention needed for the present study was the real one.  

The real retention is the one calculated before the extraction of the total allowed 

annual load for the pollutant of interest. The reason to use the real retention of 

the nutrient of interest instead of the retention of the benefit selected is because 
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the purpose of the study is the real share of the river and the terrestrial pixels in 

the retention of both nutrients, and not the relative to benefit. 

7.2. RESULTS AND DISCUSSION 
 

All the calculations were made for both nutrients (TN and TP) and the results 

obtained for each one were the following: 

Nitrogen 

The real terrestrial nitrogen retention for each of the TN scenario is shown in 

Figure 23. The retention coefficients in the aquatic land use pixels range 

between 0.3 and 0.8%. The variation/adjustment in retention in the terrestrial 

land use pixels is represented as a retention coefficients decrease or increase 

in percent with respect to the base scenario (TN_BASE). 

The graph (Figure 23) shows that as the retention coefficients in river pixels 

increase, the retention coefficients decrease more slowly for higher river 

retention values in a non-linear fashion. This relationship can be explained by 

the higher retention efficiency of the river pixels, as the river carries all the 

nutrient load exported from land, however, the land pixels only have to retain 

the loads from the land pixels above them and the most efficient terrestrial 

pixels are those closest to the stream. 
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Figure 23. Percent increased or decreased in terrestrial retention coefficient (with respect to 
the base scenario) for each of the 6 scenarios performed and calibrated for Total Nitrogen. 

 

The real TN retention was calculated and saved as a raster map for all the 

scenarios. Then two raster maps were further derived for each scenario. The 

first one is the real TN retained for one of the terrestrial LULC pixels (in this 

case, the forest land use was mapped as an example of terrestrial land use), 

and the second was the real TN retained for water pixels. An example of both 

raster maps for the TN+2 scenario (a 0,3% retention coefficient for aquatic 

LULC pixels) is shown in Figure 24. The raster map on the left is the real TN 

retained for each pixel of forest in the TN+2 scenario, and the raster map on the 

right is the real TN retained for each pixel of aquatic land, both in kg of 

terrestrial total nitrogen retained per pixel per year. 
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Figure 24. The real TN retained for each pixel of the forest land (a) and for each pixel of 
aquatic (b), both for the TN+2 scenario (0,3% retention coefficient for aquatic LULC pixels) in 
Kg TN/pixel year. 

 

The real retention of each aquatic land use pixel was plotted for three of the 

scenarios (TN+2, TN_BASE and TN-2) in Figure 25. The ranges of the most 

probable values of the rivers in the world getting from the literature (references 

used to compile the bibliographical data are in Appendix A; source: Aguilera et 

al., 2013) are plotted in Figure 26 with a range between 65 and 1165 kg of TN 

per ha per year (1st and 3rd quartiles resp.). Comparing the results of the 

nutrient retention values of all the pixels with the ranges most probable 

(highlighted between two horizontal lines in Figure 25) obtained from the 
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literature (references used to compile the bibliographical data are in Appendix 

A; source: Aguilera et al., 2013) the scenario with more pixels (63% in Table 8) 

in this range is the TN-2 scenario. 

 

Figure 25. Distribution of the real TN retained in all the aquatic pixels the TN-2 scenario (a), 
TN_BASE scenario (b), and TN+2 scenario (c). The values of these pixels are sorted from lowest 
to highest. The percent of aquatic pixels with a real TN retained included in the most probably 
range of retention in rivers of the word are 36%, 47% and 63% respectively. 

 

 



  
124 

 
  

 

 

 

 

 

Figure 26. Distribution of the real TN retained in rivers of the word. Source: Aguilera et al. 
2013. References used to compile the bibliographic data are in Appendix A. 

 

 

Table 8. The percent of aquatic pixels with a real TN retained included in the most probably 
range of retention in rivers of the word for the TN-2 scenario, TN_BASE scenario, and TN+2 
scenario. 

 

The real retention of each forest pixel for three of the scenarios (TN+2, 

TN_BASE and TN-2) was also plotted in  

 

Figure 27, however, the values most likely can’t be compared because there are 

no consistent references in the literature about them, and the present work only 

focused on river. 



  
125 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Distribution of the real TN retained in all the forest pixels the TN-2 scenario (a1), 
TN_BASE scenario (b1), and TN+2 scenario (c1). The values of these pixels are sorted from 
lowest to highest. The same graphs are plotted in detail for the three scenarios mentioned (a2, 
b2, and c2). 

 

The real TN retention calculated for each pixel in both land uses referred above 

(water and forest land uses) was also plotted in a boxplot (Figure 28) for a 

(a1) 

(b1) 

(c1) 

(a2) 

(b2) 

(c2) 
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better visualize the distribution for three sample scenarios (TN+2, TN_BASE 

and TN-2 scenarios).  

In Figure 28, the most likely results of the scenario TN-2 are between the first 

and third quartiles (90-690 Kg TN/pixel year). This range of values is entirely 

within in the range of the most probable results from the literature about 

retention in rivers of the world (between 65 and 1165 kg TN/ha year, 1st and 

3rd quartiles resp. in Figure 26), suggesting this might be the most likely 

scenario among the tested scenarios.  

 

 

 

 

 

 

 

 

Figure 28. Distribution of the real TN retained obtained for each aquatic pixel in three of the 
scenarios studied (TN+2, TN_BASE, and TN-2). 

 

In Figure 29, the real TN retention in the pixels of forest for the three scenarios 

represented, the range of the values more probably are very similar, 21-163 Kg 

TN/pixel year for TN+2 scenario, 15-157 Kg TN/pixel year for TN_BASE 
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scenario and 8-131 Kg TN/pixel year for TN-2 scenario. Those results show that 

the variation between different scenarios of the real retention in forest pixels is 

low (much more lower than in water pixels). 

 

 

 

 

 

 

 

 

 

Figure 29. Distribution of the real TN retained obtained for each forest pixel in three of the 
scenarios studied (TN+2, TN_BASE, and TN-2). 

 

Similar, the Figure 30 shows the rate of the real retention per ha for the aquatic 

and terrestrial pixels for each of the 6 scenarios with a possible calibration. The 

retention rate for terrestrial pixels is almost constant while that of the aquatic 

pixels shows a steep slope, which means that the aquatic pixel retention 

increases rapidly when the retention coefficient increases.   
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Figure 30. Ratio of the real retention per ha for the aquatic pixels (with black points), and for 
terrestrial pixels (with white points) all of the 6 scenarios for TN calibrated. 

 

In addition, in Figure 30, the fraction of actual TN retention due to the aquatic 

pixels was plotted for each scenario (scenarios with retention coefficients in 

water pixels between 0.3 to 0.8%). In this plot, the fraction retained by water 

also increases sharply when the retention coefficients are being increased by 

0.1% in each scenario, which is in agreement with the results shown above. In 
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this figure (Figure 30), the six scenarios studied (aquatic pixels retention 

coefficient between 0.3% and 0.8%) are reasonable, because the values of their 

retention coefficients are within the most probable retention coefficients (1st and 

3rd quartiles) calculated by Aguilera et al. (2013) that correspond to retention 

coefficients in aquatic pixels between 0.27% and 0.89% (Table 9). 

 

Table 9. Distribution of the aquatic retention coefficients (TN retained coefficient in river, in 
%) calculated in the Llobregat river basin by Aguilera et al. (2013).  

 

Phosphorus 

Figure 31 shows the real terrestrial phosphorus retention for each of the TP 

scenarios. The pixels of aquatic are within 0.0 and 0.7%. The base scenario 

(TP_BASE) is the one with any retention in aquatic while the rest of the 

scenarios are built from if by increasing aquatic retention and adjusting retention 

for the terrestrial land use pixels. 

As for the case of phosphorus retention, the graph shows that as the retention 

coefficients in river pixels increase, the retention coefficients decrease more 

slowly for higher river retention values in a non-linear fashion. This relationship 

can be explained by the higher retention efficiency of the river pixels, as the 
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river carries the entire nutrient load exported from land, however, the land pixels 

only have to retain the loads from the land pixels above them. The most efficient 

terrestrial pixels are those closest to the stream.  

 

 

 

 

 

 

 

 

 

 

 

JPG: TP SCENARIOS 

 

Figure 31. Percent decreased in terrestrial retention coefficient (with respect to the base 
scenario) for each of the 8 scenarios performed and calibrated for Total Phosphorus. 

 

The real TP retention was calculated and mapped for all the scenarios. Then, 

two raster maps were derived. Those maps are the real TP retained for each 

terrestrial LULC pixels, and the real TP retained for aquatic pixels. As an 

example, the first map is shown with only the forest land use selected. An 

example of both raster maps for the TP-2 scenario (a 0,2% retention coefficient 

for aquatic LULC pixels) is shown in Figure 32. The raster map on the left is the 

real TP retained for each pixel of forest in the TP-2 scenario, and the raster map 



  
131 

 
  

in the right is the real TP retained for each pixel of aquatic land, both in kg of 

terrestrial total phosphorus retained per pixel per year. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. The real TP retained for each pixel of the forest land (a) and for each pixel of aquatic 
(b), both for the TP-2 scenario (0,2% retention coefficient for aquatic LULC pixels) in Kg 
TP/pixel year. 

 

The real retention of each aquatic land use pixel was plotted for three of the 

scenarios (TP-2, TP-4 and TP-6) in Figure 33. The ranges of the most probable 

values of the rivers in the world getting from the literature (references used to 

compile the bibliographical data are in Appendix B; source: Aguilera et al., 
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2013) are plotted in Figure 34 with a range between 54 and 292 kg of TP per ha 

per year (1st and 3rd quartiles resp.). Comparing the results of the nutrient 

retention values of all the pixels with the ranges most probable (highlighted 

between two horizontal lines in Figure 33) obtained from the literature 

(references used to compile the bibliographical data are in Appendix B; source: 

Aguilera et al., 2013) the scenario with more pixels (19% in Table 10) in this 

range is the TP-6 scenario. 
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Figure 33. Distribution of the real TP retained in all the aquatic pixels the TP-2 scenario (a), 
TP-4 scenario (b), and TP-6 scenario (c). The values of these pixels are sorted from lowest to 
highest. The percent of aquatic pixels with a real TN retained included in the most probably 
range of retention in rivers of the word are 10%, 16% and 19% respectively. 

 

 

 

 

 

 

 

Figure 34. Distribution of the real TP retained in rivers of the word. Source: Aguilera et al. 
2013. References used to compile the bibliographic data are in Appendix B. 

 

 

Table 10. The percent of aquatic pixels with a real TP retained included in the most probably 
range of retention in rivers of the word for the TP-2 scenario, TP-4 scenario, and TP-6 scenario. 

 

For three of the scenarios (TP-2, TP-4 and TP-6) the real retention of each 

forest pixel was also plotted in Figure 35, however, the values most likely can’t 
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be because there are no consistent references in the literature about them, and 

this work only focused on river. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Distribution of the real TP retained in all the forest pixels the TP-2 scenario (a1), TP-
4 scenario (b1), and TP-6 scenario (c1). The values of these pixels are sorted from lowest to 
highest. The same graphs are plotted in detail for the three scenarios mentioned (a2, b2, and 
c2). 

 

(a1) 

(b1) 

(c1) 

(a2) 

(b2) 

(c2) 
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The real TP retention calculated for each pixel in both land uses referred above 

(water and forest land uses) were also plotted in a Boxplot to better visualize 

the distribution of three sample scenarios (TP-2, TP-4 and TP-6 scenarios).  

In Figure 36, the most likely values for the scenario TP-6 are between the first 

and third quartiles (9-72 Kg TP/pixel year). This is the scenario with most of its 

values within the range of the most probable range in the literature about 

retention in rivers of the world (between 54 and 292 kg TP/ha year, 1st and 3rd 

quartiles resp. in  

Figure 34), suggesting this might be the most likely scenario among the ones 

tested. 
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 Figure 36. Distribution of the real TP retained obtained for each aquatic pixel in three of the 
scenarios studied (TP-2, TP-4, and TP-6). 

 

In Figure 37, the real TP retention from forest pixels in the three scenarios 

represented above, the most probable range of values is very small, 0.4-4.8 Kg 

TP/pixel year for the TP-2 scenario, 0.2-3.5 Kg TP/pixel year for the TP-4 

scenario and 0.1-1.4 Kg TP/pixel year for the TP-6 scenario. Those results 

show that the variation between different scenarios of real retention in forest 

pixels is low (much more lower than in water pixels), however, the scenario with 

most variability is the one with little retention in aquatic pixels (TP-2). 
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Figure 37. Distribution of the real TP retained obtained for each forest pixel in three of the 
scenarios studied (TP-2, TP-4, and TP-6). 

 

Similar, the Figure 38 shows the rate of real retention per ha of aquatic and 

terrestrial pixels for each of the 8 scenarios with the most plausible calibration. 

The rate for terrestrial pixels is almost constant while that of the water pixels 

has a steep slope, which means that water pixel retention increases rapidly 

when the retention coefficient increases.    

 

 

 

 

 

 

 

 

 

JPG: TP ratio retention 

 

 

Figure 38. Ratio of the real retention per ha for the aquatic pixels (with black points), and for 
terrestrial pixels (with white points) all of the 8 scenarios for TP calibrated. 
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In addition, in Figure 38, the faction of the real TP retention due to the aquatic 

part was plotted for each scenario (scenarios with retention coefficients in 

aquatic pixels between 0.0 to 0.7%). In this plot, the fraction retained by water 

also increases sharply when the retention coefficients are being increased by 

0.1% in each scenario, which is in agreement with the results shown above. In 

this figure, only two scenarios studied are reasonable ( those ones with aquatic 

pixels retention coefficient of 0.6% and 0.7%, respectively), because the values 

of their retention coefficients are within the most probable retention coefficients 

(1st and 3rd quartiles) calculated by Aguilera et al. (2013) that correspond to 

retention coefficients in aquatic pixels between 0.59% and 1.82% (Table 11). 

 

Table 11. Distribution of the aquatic retention coefficients (TP retained coefficient in river, in 
%) calculated in the Llobregat river basin by Aguilera et al., (2013). 

 

7.3. CONCLUSIONS 

 

The study of retention of total nitrogen (TN), and total phosphorus (TP) from the 

stream for the InVEST nutrient retention model was used to identify the role of 

in-stream processes as relevant, highlighting the necessity to include in-stream 

retention in InVEST.  
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For TN as well as for TP, a small increase in the aquatic retention coefficient 

results in a large decreases in the terrestrial retention coefficients (i.e. + 0.1% in 

aquatic retention between TP_BASE and TP-1 means a -35% in terrestrial 

retention).  

Those significant changes due to the inclusion of the aquatic area are more 

relevant when there is a substantial difference in the watershed between the 

terrestrial and the aquatic areas. The proportions of terrestrial and aquatic areas 

are 96% and 4% respectively, which reveals how important the aquatic area is 

(Figure 15). 

In addition, the methodology developed in order to estimate in-stream retention 

shows that it is possible to include retention in rivers in a way that is similar to 

how the model currently estimates the retention in land, with a constant 

retention coefficient in the aquatic pixel.  

The results for retention in the aquatic pixels in the Llobregat river basin 

obtained with this method are in line with those obtained in recent studies for 

the same study area (Aguilera et al., 2012; 2013). This simple way of 

incorporating retention for aquatic pixels in the model is useful as a first 

approach, when the user has little information and/or data. However, better 

studied approaches are recommended for inclusion. One of these approaches 

would be to distinguish between stream sizes based on a hierarchy of 

tributaries with the Strahler stream order (Strahler, 1957) and to assign different 

values of retention coefficient to each stream category. In this way, the pixels 

for dams or reservoirs should also have different retention coefficients, because 

retention in those pixels is much higher than that of the other aquatic pixels.  
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Figure 39. The Strahler stream order, which assigns each headwater perennial stream an 
order of 1, and then at the confluence of two 1st-ordersStreams assigns the downstream reach 
an order of 2 , and so forth (based on Strahler, 1957). 

 

In addition, with the addition of in-stream retention in the InVEST nutrient 

retention model, not only the overestimation of the terrestrial retention could be 

corrected, but the benefits of the ecosystem services of the aquatic area could 

also be evaluated, increasing the model usefulness for watershed management. 
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Chapter 8  

8. GENERAL SUMMARY, CONCLUSIONS 

AND SUGGESTIONS FOR FURTHER 

RESEARCH 

8.1. GENERAL SUMMARY AND CONCLUSIONS 
 

During the modeling process, real-world situations often have to be idealized 

through simplifications in order to obtain a model. Applying a model is useful in 

understanding the behavior of a particular system, causes of possible changes, 

and how sensitive it is to some of these changes.  

In addition, in the field of environmental management, decision-making is often 

supported by models because of the need to predict future events.  

However, model estimations lead to uncertainties resulting from input data and 

parameter variability, as well as from model structure. Often, significant 
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management decisions are taken based on model results, so model uncertainty 

should be a key concern.  

Moreover, those model uncertainties have to be evaluated formally if the model 

is going to be used as a decision-support tool.  

The role of the sensitivity analysis (SA) is to assign model output uncertainty 

based on the inputs and can increase confidence in model predictions by 

providing deeper understanding of model behavior.  

However, sensitivity analysis is often omitted in modelling, usually as a result of 

the growing effort it involves as the complexity and size of the models increase.  

The application of sensitivity methods for formal evaluation of models is still 

uncommon in spite of its importance.  

In addition, due to the fact that a model is always a simplification of reality, it 

should not be more complex than what is absolutely necessary to describe the 

required outputs. However, it is not easy to assess the balance between 

accuracy and simplicity.  

For this reason, when a model is developed, it is necessary to test it in order to 

understand its behavior and to include, if necessary, more complexity to get a 

better response. 

The objective of this research is two-fold: first, assess the performance of a 

sensitivity analysis method on a specific ecosystem service model, and second, 

test the role of the in-stream processes that are not currently modeled in the 

cited model. 
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Ecosystem services are the conditions and processes through which natural 

ecosystems, and their constituent species, sustain and fulfill human life. Natural 

ecosystems are very important to societies because ecological systems 

services and the natural capital stocks that produce them are critical to the 

functioning of Earth’s life-support system.  

The relevance of ecosystem services and the need to better manage them and 

their associated benefits have stimulated the emergence of models and tools to 

measure them.   

Ecosystem services tools represent a new kind of dedicated tools, focusing 

mainly on end services and their visualization across a landscape.  

InVEST, Integrated Valuation of Ecosystem Services and Tradoffs, is one of 

these ecosystem services-specific tools, and is widely accepted by scientists 

because it uses biophysical relationships that are good estimates of physical 

reality, despite its limits and assumptions.  

InVEST is developed by the Natural Capital Project. It is a platform that maps 

and quantifies ecosystem services and how they benefit society. It is a free and 

open-source software suite to inform and improve natural resource 

management and investment decisions (www.naturalcapitalproject.org).  

In addition, the versions of this tool used in the present Thesis have the 

advantage of being implemented using relatively transparent code that can be 

modified if needed. 

As a result of the growing interest in measuring ecosystem services, the use of 

InVEST is anticipated to grow exponentially in the coming years. However, 

http://www.naturalcapitalproject.org/
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apart from model development, making a model involves other crucial stages 

such as its evaluation and application in order to validate estimations.  

The work developed in this thesis tries to help in this relevant and imperative 

phase of the modeling process, and does so in two different ways.  

The first one is to conduct a sensitivity analysis of the model, which consists in 

choosing and applying a methodology in an area and analyzing the results 

obtained.  

The second is related to the in-stream processes that are not modeled in the 

current model, and consists in creating and applying a methodology for testing 

the relevance of the role of streams in a case study and analyzing the results 

obtained. 

The results of this Thesis will contribute to the understanding of the 

uncertainties involved in the modeling process. It will also illustrate the need to 

check the behavior of every model developed before putting them in production 

and illustrate the importance to understand their behavior in terms of correctly 

interpreting the results obtained in light of uncertainty.   

Models are powerful tools to address many issues. Improving them and 

applying the accumulated knowledge from new research will allow users to 

reduce uncertainty and increase the confidence in the results obtained.  

The work in this thesis will contribute to improve the InVEST platform, which is 

an important tool in the field of ecosystem services. Such work will benefit future 

users, whether they are researchers (in their future research), or technicians (in 

their future work in ecosystem conservation or management decisions). 
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8.2. RECOMMENDATIONS FOR FURTHER RESEARCH  
 

8.2.1.     Sensitivity Analysis in InVEST model 

The sensitivity analysis performance in this Thesis implied modifications 

of the InVEST source code (written in Python) in order to select 

automatically the thousands of input combinations needed for the 

sensitivity analysis.  

However, the calculation of those different combinations of input 

variables and the calculation of the Morris indices were executed using 

code written in the FORTRAN programming language.  

The implementation of a module for calculating in InVEST all of it allows 

an optimal sensitivity analysis for the tool users.  

Particularly, in the sensitivity analysis of the InVEST sediment retention 

model, the model's structural errors were not investigated. Further 

studies may thus be necessary to gain confidence in the implications 

drawn from our sensitivity analyses.  

For example, the implications for practice implicitly assume that the 

model outputs are the sediment exported as observed in the stream. As 

highlighted in the methods, the contribution from additional sources of 

sediments such as gullies and bank erosion may have an effect on the 

results presented here.  

Notice that the performance of sensitivity analysis was assessed without 

taking into account spatial distribution of the LULC.  
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For the InVEST water provisioning model, the plant evapotranspiration 

coefficient for each LULC class parameter should be taken into account 

in the sensitivity analysis, studying in this way the spatial sensitivity, 

evaluating the sensitivity of the parameter with changes in the land uses.  

For the InVEST sediment retention model, the model structure implies 

that most of the exported sediment is mainly from the riparian zone.  

While this observation is common in the literature, the relative 

contribution of the riparian zone LULC may be under- or over-estimated, 

which would affect the land-use dependent relationships derived in our 

study.  

Preliminary investigations were conducted to assess the relationship 

between sensitivity and proportion of LULC in the riparian zone, but did 

not result in higher correlations than those reported here.  

Although it was not in the scope of this study, further analysis of the 

assumptions underlying the sediment retention model should help to 

improve model’s interpretation. 

In addition, the sensitivity analysis in this study was carried out with 

inputs for current conditions; however, these results may be different 

under different conditions. In this way, the InVEST water provisioning 

model and the InVEST erosion control model were evaluated in the 

Llobregat river basin under different future climate change scenarios and 

the impacts of climate change those ecosystem services was stimated by 

Bangash et al. (2013). Therefore, a further research could be to evaluate 

the sensitivity analysis in different future global change scenarios. 
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8.2.2.     In-stream processes in InVEST model 

The results of the tests performed with the InVEST sediment retention 

model are consistent with the relevance of in-stream processes in the 

retention and transport of nutrients highlighted in recent studies in the 

Llobregat river basin. 

However, these tests are made with scenarios calibrated only for a single 

point (at the basin outlet). Therefore, after obtaining results with these 

tests, scenarios generated with a multipoint calibration is recommended 

in sensitivity analysis performed in this Thesis required modifications of 

the InVEST source code in order to get more confident results.  

The tests could benefit from further improvements to check different 

retention coefficients for the different aquatic ´land uses´ (dam, reservoir 

and river), furthermore, a differentiation  between stream sizes based on 

a hierarchy of tributaries with the Strahler stream order (Strahler, 1957), 

and an assignation of different value to each stream order retention 

coefficient.  
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The services of natural ecosystems are clearly very important to our societies. In the last years, efforts to con-
serve and value ecosystem services have been fomented. By way of illustration, the Natural Capital Project
integrates ecosystem services into everyday decision making around the world. This project has developed
InVEST (a system for Integrated Valuation of Ecosystem Services and Tradeoffs). The InVEST model is a spa-
tially integrated modelling tool that allows us to predict changes in ecosystem services, biodiversity conser-
vation and commodity production levels. Here, InVEST model is applied to a stakeholder-defined scenario of
land-use/land-cover change in a Mediterranean region basin (the Llobregat basin, Catalonia, Spain). Of all
InVEST modules and sub-modules, only the behaviour of the water provisioning one is investigated in this
article. The main novel aspect of this work is the sensitivity analysis (SA) carried out to the InVEST model
in order to determine the variability of the model response when the values of three of its main coefficients:
Z (seasonal precipitation distribution), prec (annual precipitation) and eto (annual evapotranspiration),
change. The SA technique used here is a One-At-a-Time (OAT) screening method known as Morris method,
applied over each one of the one hundred and fifty four sub-watersheds in which the Llobregat River basin
is divided. As a result, this method provides three sensitivity indices for each one of the sub-watersheds
under consideration, which are mapped to study how they are spatially distributed. From their analysis,
the study shows that, in the case under consideration and between the limits considered for each factor,
the effect of the Z coefficient on the model response is negligible, while the other two need to be accurately
determined in order to obtain precise output variables. The results of this study will be applicable to the
others watersheds assessed in the Consolider Scarce Project.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The services of natural ecosystems are clearly very important to our
societies: we probably could not live without them (see Daily, 1997 and
Costanza et al., 1997 for a review of the importance of ecosystem ser-
vices). In recent years, many efforts to preserve and value ecosystem ser-
vices have been fomented. Theoretically, if the value of nature were
hez-Canales).

rights reserved.
widely recognized by the population and institutions, then this would
imply an increase investment in conservation and, as a result, an improve-
ment in humanwelfare. Practically, there is a great interest in developing
the scientific basis, the policy and finance mechanisms, for incorporating
natural capital into resource- and land-use decisions on a large scale. In
this regard, the Natural Capital Project integrates ecosystem services
into everydaydecisionmaking around theworld. This project is a partner-
ship between Stanford University, The Nature Conservancy, and World
Wildlife Fund (www.naturalcapitalproject.org) and itsmain challenge re-
mains often poorly understood of assets included in ecosystems relative

http://www.naturalcapitalproject.org
http://dx.doi.org/10.1016/j.scitotenv.2012.07.071
mailto:mscanales@dmami.upm.es
http://dx.doi.org/10.1016/j.scitotenv.2012.07.071
http://www.sciencedirect.com/science/journal/00489697
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to other capital forms extensively studied (Heal, 2000; MA, 2005; Mäler
et al., 2008). The science of ecosystem services needs to develop fast in
order to sustain the efforts that are currently in progress, to provide eco-
system services influence in decision making. In addition, the scientific
community should provide the knowledge and tools to estimate and
quantify the necessary investments in the nature. To help focus on this
challenge, the Natural Capital Project has developed a computer tool for
Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST)
(Kareiva et al., 2011; Tallis and Polasky, 2011).

In recent years, the need to understand the behaviour of many types
of very complex ecosystemprocesses has led to an extraordinary increase
in the development of suitablemathematicalmodels, which are of capital
importance in order to estimate how an ecosystem behaves and to pre-
dict how itmight behave in the future. Commonly, thesemodels are com-
putationally expensive because of the involvement of a large number of
variables, parameters and mathematical equations. The problem is that
not all processes can accurately describe by simplistic equations, and
many of them are modelled only in an approximate way or, have been
completely removed.Moreover, not allmodel input parameters are easily
measured and need to be estimated using current knowledge of system
processes. These uncertainties in the input parameters lead to uncer-
tainties in the model outputs that need to be quantified in order to inte-
grate them in the decision making process.

Sensitivity analysis (SA) techniques have been widely used to pre-
dict and analyse how the model output (response) depends on the
variations in the input parameters (factors). Many ecosystem applica-
tions of SA techniques can be seen in recent papers (see Campolongo
and Saltelli, 1997; Confalonieri et al., 2010a, 2010b; Yang, 2011). It is
particularly useful for complex simulation tools like regional hydro-
logical models that require a large number of usually uncertain fac-
tors where it is crucial to identify either the most important or the
least relevant parameters.

A large number of previous studies have shown that land-use in-
fluences the hydrologic regime and water quality of streams draining
these watersheds. Extensive literature exists concerning hydrologic
response associated with land-use changes such as forest harvesting,
conversions of vegetation on the landscape, and draining of agricul-
tural lands (see Bosch and Hewlett, 1982; Ice and Stednick, 2004;
Robinson and Rycroft, 1999).

The water supply is an ecosystem service that contributes to the
well-being of the society, on one side by satisfying human needs for
freshwater provisioning services of irrigation, domestic water, and
power generation, among others, and on other aspect, it contributes to
human well-being through recreation, scenic values, maintenance of
fisheries and biodiversity, and ecosystem function. Because of all this,
it is necessary to have a deep and detailed knowledge of how land
uses and landscape contribute to water provisioning for a better man-
agement of this resource and as a tool in making decisions of landscape
changes. Land-use/land-cover (LULC) can modify hydrologic cycles,
influencing regime of evapotranspiration, infiltration and water reten-
tion, and the amount of water available in rivers, streams and ground-
water sources (Ennaanay, 2006; World Commission on Dams, 2000).

The delivery of hydrological ecosystems services is highly dependent
on the characteristics of the watersheds. Climate, LULC and topography,
have ruling the guidelines for the provision of services (Brauman et al.,
2007). One of the most important shaping factors in Mediterranean ba-
sins is climate, which presents larger extremes than more humid areas.
Mean annual and extreme climatic conditions are relevant indicators of
the hydrological regime in Mediterranean regions, and consequently,
both are required to be considered when assessing services at the
basin scale. In addition, the Mediterranean region has been globally
identified as one of the most vulnerable to global change (Schöter et
al. 2005). Particularly climate change projections in Mediterranean re-
gions are associated with more frequent extreme climatic conditions,
which could alter water availability and impact the delivery of ecosys-
tem services. Different potential impacts are projected, including
increased temperatures and reduced vegetation. The hydrological cycle
in the Mediterranean areas will intensify through increase in tempera-
tures, rainfall concentration in shorter periods of the year, andmore ex-
tended droughts (Hisdal et al., 2001). Associated human impacts
through changes in ecosystem services could include drinking water
shortages, increased risk of forest fires, shifts in the distribution of spe-
cies, and agricultural losses, among others (Schöter et al. 2005).

InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs)
model is a powerful tool to estimate the levels and economic values
of these ecosystem services and it has been applied to improve the
knowledge and understanding the behaviour of several ecosystems.
An illustration of this growing interest is the huge number of studies
that apply InVEST to assess different ecosystem services (see Guerry et
al., 2012; Haines-Young, in press; Nelson et al., 2009 and Polasky et al.,
2011). However, there are no details in the literature to the author's
knowledge on the relative importance of each input parameter in the
different ecosystems studied given by performing a sensitivity analysis
on the model. This constitutes a novel aspect of this work. As the
Consolider Scarce Project is interested in applying the InVEST model
main Mediterranean basins of the Iberian Peninsula, a careful determi-
nation, not only of the relationships among the model response and its
parameters, but also of their spatial variations, is of capital importance.

The InVEST model was applied to the basin of the second longest
river in Catalonia (NE Spain), the Llobregat River. This river is one of
the main sources of Barcelona drinking water, with a basin that
receives large discharges of municipal and industrial wastewater
and surface runoff from forest and agricultural areas.

Once InVEST has been tailored to the Mediterranean basin (Terrado
et al., in revision), its sensitivity analysis was performed using the
Morris method. This is done to assess the importance of each input
parameter. The Morris method was selected since it is computationally
efficient and very effective in screening a small subset of important fac-
tors among the large number contained in a model.

The integration of a sensitivity analysis module in the InVEST soft-
ware will allow the identification of the most important variables of
the model and it will provide insight and guidelines into the potential
applicability of the model to other Mediterranean river basins.

2. Background

2.1. The InVEST model

According to recent studies, (Vigerstol and Aukema, 2011) hydro-
logic tools and ecosystem service tools might be successful for model-
ling freshwater ecosystem services. The first type is more detailed and
focuses more on ecosystem service drivers, while the second type
provides a more general overview of ecosystem services and is easier
for non-expert user. In this work, we used an InVEST model ecosys-
tem service tool.

InVEST is the acronym of Integrated Valuation of Ecosystem Services
and Tradeoffs and is a modelling tool developed by the Natural Capital
Project (Kareiva et al., 2011; Tallis and Polasky, 2011). It consists of a
suite ofmodels that use land-use (LU) and land-cover (LC) patterns to es-
timate the levels and economic values of ecosystem services. The model
runs on a gridded map at an annual average time step, and its results
can be reported in either biophysical or monetary terms, depending on
the needs and the availability of information. InVEST includes models
for quantifying,mapping, and valuing the benefits provided by terrestrial,
freshwater, andmarine systems. Thiswork focuses only on thewater pro-
visioning service, included in the InVEST freshwater module. This service
brings information about the total amount of water available in a basin,
taking into account the inputs and outputs of freshwater, and other phe-
nomena like evapotranspiration.

The biophysical models of InVEST calculate the relative contribution
of the different parts of the landscape to the provision of services. Thus,
for the water provisioning service, the amount of water provisioned
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from each cell in the landscape (water yield) is calculated as the annual
amount of rainfall that does not evapotranspire, determined by the cell
vegetation characteristics (Canadell et al., 1996). Water demands for
consumptive uses other than those evaluated are removed from the
total yield before assessing the benefit.

InVEST 2.2.2. Beta used here was the latest version available dur-
ing the investigation period. In this version of the InVEST model,
the water provisioning service has three steps referred to as: water
yield, water scarcity, and valuation in terms of hydropower energy.
The first step (water yield) uses data on average annual precipitation,
annual reference evapotranspiration and a correction factor for vege-
tation type, soil depth, plant available water content, land use and
land cover, root depth and elevation. The second step adds saturated
hydraulic conductivity and consumptive water use to determine water
scarcity. The valuation model (third step) uses data on hydropower
market value and production costs, the remaining lifetime of the res-
ervoir, and a discount rate. The biophysical models do not consider
surface–ground water interactions or the temporal dimension of water
supply. In terms of sensitivity analysis, we have studied the first two
steps (water yield and water scarcity) (Table 1).

In the InVEST model version used, the annual water yield (Yxj) for
each pixel on the landscape (x=1,2,…,X) is calculated as it is shown
below:

Yxj ¼ 1−
AETxj
Px

� �
Px ð1:1Þ

where, AETxj is the actual evapotranspiration (annual) on pixel x for
LULC j (LULC class code; e.g., 1 for forest, 3 for grassland, etc.), and
Px is the annual precipitation on pixel x.

The approximation of the Budyko curve developed by Zhang et al.
(2001) is used to calculate the evapotranspiration partition of the
water balance (AETxjPx

) as follows:

AETxj
Px

¼ 1þwxRxj

1þwxRxj þ
1
Rxj

ð1:2Þ

Rxj is the Budyko dryness index on pixel x for LULC j (Budyko, 1974)
and values greater than 1 mean pixels that are potentially arid (Arora,
2002; Budyko, 1974). This dimensionless index is defined by:

Rxj ¼
kxjETox

Px
ð1:3Þ
Table 1
Components and description of the three steps of the water provisioning module (Tallis et

Step Data requirements Process

Supply (required) Land use/land cover Calculates yield as
precipitation andAnnual average precipitation

Annual average reference evapotranspiration
Plant available water content
Evapotranspiration coefficient
Root depth
Effective soil depth
Zhang coefficient

Service (required) Consumptive coefficient Subtracts water co
Watersheds above points of interest

Value (optional) Calibration coefficient Estimates power g
Turbine efficiency
Reservoir fraction for hydropower
Average annual head

Hydropower production costs Calculates net pre
produced over lifeHydropower price

Time span
Discount rate
where ETox is the reference evapotranspiration from pixel x and kxj is
the plant (vegetation) evapotranspiration coefficient associated with
the LULCj on pixel x. ETOx represents an index of climatic demand and
kxj is determined by the characteristics of vegetative characteristics in
each x (Allen et al., 1998).

wx is the plant-available water coefficient on pixel x. This dimen-
sionless coefficient represents the relative difference in the way
plants use soil water for transpiration (Zhang et al., 2001). It can be
estimated as:

wx ¼ Z
AWCx

Px
ð1:4Þ

where Z coefficient is a seasonality factor that presents the seasonal
rainfall distribution and rainfall depths (see Zhang and McFarlane,
1995; Zhang et al., 2001, 2004; Milly, 1994) with values between 1
and 10. The z_coef will approach in areas of winter rains 10, whereas
in humid areas with rain events distributed throughout the year or
regions with summer rains it will approach 1. AWCx is the volumetric
(mm) plant available water content on pixel x.

Afterwards, the water scarcity value is calculated based on water
yield and water consumptive use in the watershed of interest, as
their difference.

2.2. Sensitivity analysis (SA) methodology

In this section a large and/or computationally expensive numerical
model will be considered:

y ¼ f x1;x2;…; xkð Þ ð2:1Þ

In Eq. (2.1), the xis (input variables or factors) are defined in the re-
gionΩ of Rn and y is named themodel response. The objective of sensi-
tivity analysis (SA) technique is to quantify the influence of input
factors on themodel response. Normally, sensitivity analysis techniques
enable the exploration of the entire interval of definition for each input
factor and do not require any assumptions on the model's nature (such
as linearity or additivity). This study presents the application of a sensi-
tivity analysis method to the InVEST model tailored to the conditions of
a Mediterranean basin in the Iberian Peninsula.

As all SA methods, the goal of the Morris screening method is to
determine by means of a number r, as small as possible, of model runs
the relative influence of each xi on y. The main idea of this method
(see Morris, 1991) is to use for this purpose the value of ∂y/∂xi, what
is called i-th elemental effect (EEi), employing an OAT (One factor At a
al., 2011).

Outputs

difference between
evapotranspiration

Annual average water yield
(mm/watershed/yr, mm/subwatershed/yr)

nsumed for other Annual average water yield available

enerated by water available Energy production
(KWH/watershed/yr, KWH/subwatershed/yr)

sent value of energy
time of dam

Net present value
(currency/watershed/yr, currency/subwatershed/yr)
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Time) type calculation scheme that fixes at each step all input variables
except the one which effect is being calculated.

As cited in Patelli et al. (2010), as the variables are usually differ-
ently scaled, taking into account only the ∂y/∂xi value could not be
very informative, so an available practice is the normalization of the
derivatives by the standard deviation of factors, σi, divided by the
standard deviation of response, σy:

EENi ¼ σ i

σy
EEi ð2:2Þ

where superscript N denotes ‘normalized value’.
LLOBREGAT BASIN

SPAIN

Urban land

Rural land

River

Fig. 1. Map of the Llobregat catchment in northeast of Spain
If x is considered to be a random variable whose sample space
isΩ, each elemental effect, EEi, will be a random variable whose prob-
ability distribution function is denoted by Fi and μi and σi will be
the mean and standard deviation of Fi respectively. If μi is small,
then the influence of xi on y will be small too, while high values of
σi suggest the existence of nonlinear effects and/or interaction with
other input factors (Morris, 1991).

The practical problem is that, due to the impossibility (or great
complexity) to obtain analytically the ∂y/∂xi value, the determination
of each EEi must be performed using a numerical approximation:

EEi ¼
f x1;x2;…;xi−1; xi þ Δ; xiþ1;…; xk
� �

−f x1;x2;…;xk
� �

Δ
ð2:3Þ
, with Llobregat River, urban land and rural land areas.
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where Δ is a real number and x=(x1, x2,…,xk) is any point of the
sample space, Ω, such that (x1, x2,…,xi−1, xi+Δ, xi+1,…,xk) is still
in Ω. This involves working on a discretized version of the above
presented concepts. Following the original Morris strategy (Morris,
1991), it must be considered that each xi is scaled to take values in
the interval [0, 1], i.e., Ω is the unit hypercube, and a discretized
approach to a regular k-dimensional p-level grid, named region of
interest and denoted by ω, must be performed. Then, each xi may
take on values from the set {0,1/(p−1),2/(p−1),…,1}. As is justified
in the cited article, it is convenient to select an even value for p and
Δ=p/[2(p−1)].

Obviously, in the simplest form, to obtain a r-size sample of the k
factors it will be necessary to perform 2kr model runs. However, less
computationally expensive sampling plans have been developed for
this purpose (Campolongo et al., 2007, 2011; Morris, 1991). In this
Fig. 2. Map of average precipitation distribution [1951–
article the original Morris strategy (Morris, 1991) will be used. This
strategy has the advantage that, although it does not guarantee
equal-probability sampling from each Fi, at least a certain symmetric
treatment of inputs is ensured, which may be desirable in the analysis
of complex simulation models (Campolongo et al., 2011; Morris,
1991). The Morris sampling plan is based on the concept of trajectory
which is a set of k+1 points of ω such that two consecutive points of
the trajectory differ only in their i-th component and allow to obtain a
r-size sample of the k factors at a total cost of r(k+1) model runs.

In Campolongo et al. (2007), a different sensitivity measure μ⁎was
defined:

μ� ¼ 1
r

Xr

i¼1

EEij j ð2:4Þ
2000] in Llobregat River basin (northeast of Spain).
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The use of this ‘mean of absolute values’ instead of the ‘conventional
media’ is justified in order to avoid the effect of cancellation of sum-
mands with similar absolute values but different signs that can occur
when using the simple average as a measure of sensitivity. The draw-
back is, of course, the loss of information on the sign of the effect.
3. Application of the Morris method to the water provisioning
service of InVEST model

3.1. Case study

The case study is the Llobregat River basin situated, in the
northeast of Spain. The Llobregat River basin (Catalonia, NE
Fig. 3. Map of average evapotranspiration distribution [195
Spain) covers an area of 4950 km2. The river, which is 156.5 km
long, has its headwaters in the Pyrenees Mountains and flows
southward into the Mediterranean Sea near the city of Barcelona.
It is the main water source for Barcelona and its metropolitan area
(more than 3 million people). Climate in the Llobregat River basin
is Mediterranean with strong seasonal fluctuations in temperature
and rainfall, presenting peak rainfall events in spring (March–June)
and autumn (September–December). Annual rainfall varies substantial-
ly within the basin from more than 1000 mm in the Pyrenees to less
than 600 mm near the coast. Three large reservoirs are located in the
upper part of the basin: La Baells (115·106 m3), Sant Ponç
(24·106 m3), and La Llosa del Cavall (80·106 m3). For this analysis,
the watershed has been divided in 154 sub-basins that was made at
water body scale, as defined by ACA, the local water agency, based on
1–2000] in Llobregat River basin (northeast of Spain).



Table 2
Factors' range of variation.

z_coef prec_coef eto_coef

Minimum value 7.00 0.10 0.10
Maximum value 9.00 2.00 2.00
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the specifications of theWater FrameworkDirective (WFD2000/60/EC)
(Fig. 1).

Ninyerola et al. (2000) developed and applied in Catalonia (north-
east Spain) an empirical methodology for modelling and mapping
the air temperature and total precipitation by means of geographical
information systems (GIS) techniques. Average conditions of precipi-
tation and evapotranspiration in the Llobregat basin were obtained
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1.08 - 1.20

Fig. 4. Sensitivity index μ* o
from Ninyerola et al.'s (2000) model for the period 1951–2000, and
mapping results are shown in Figs. 2 and 3.

A limitation detected is that the InVEST makes the modelling with
an annual average time step, however, precipitation regime in the
case study is characterized by high variability in both the spatial and
temporal domains (Esteban-Parra et al., 1998; Trigo and Palutikof,
2001), so that making a generalization for one year entails loss of
information.

All the other data used in this work are based on Terrado et al.
(in revision) that implemented the InVEST model to the Llobregat River
basin in order to study the impact of the climatic extremes on hydrolog-
ical ecosystem services in a strongly anthropized Mediterranean basin.

In the first stage of the study, a new calibration phase of the model
was developed in order to check that the adaptation of InVEST model
ex of 
er z_coef

f z_coef for wyield_vol.
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worked correctly once the changes in the code, explained in Sections 2.1
and 3.2, were made. This calibration was performed to verify that the re-
sults were comparable to those obtained before by Terrado et al. (in
revision).

3.2. Overview of SA Morris method application

The sensitivity analysis methodology is explained in Section 2.2.
As stated in that section, the Morris method is used, and its applica-
tion is based on multiple steps to be taken as given below:

1. Selecting the output parameter(s) that should be analysed. Deter-
mine the input parameters that we expect to affect this output(s)
and define their ranges. Morris method then samples the joint
input space to provide a set of n input value combinations.
Morris ind
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Fig. 5. Sensitivity index μ* of
2. The model is run for each of these n combinations, and the output
values for each combination are obtained.

3. The ‘mean of absolute values’ (μ*) of Campolongo et al. (2007) and
the standard deviation (σ) are calculated for each output.

4. For each output, analyse the results achieved with this SA method.

The work that has been done to implement this methodology in
the InVEST for our case study is described below (Section 3.3).

3.3. Implementation of the SA in the InVEST model

The water provisioning service in the InVEST model generates
various outputs in each of the steps that form it. As stated above (in
Section 2.1) we have studied the first two steps in terms of sensitivity
analysis. For those steps, the main outputs obtained were water yield,
ex of 
 prec_coef

prec_coef for wyield_vol.
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in three different ways (wyield_vol, wyield_ha and wyield_mn), and
water scarcity, in two ways (rsupply_vol and rsupply_mn).

In respect of water yield outputs, wyield_vol is the total water
yield per sub-watershed, namely the approximate absolute annual
water yield across the landscape, calculated as the difference between
precipitation and actual evapotranspiration on each land parcel, given
in m3; wyield_ha is the water yield volume per hectare per sub-
watershed, given in m3/ha and wyield_mn is the mean water yield
per sub-watershed, given in mm.

With regard to water scarcity outputs, rsupply_vol is the realized
water supply (water yield−consumption) volume for each sub-
watershed, given in m3 and rsupply_mn is the mean realized water
supply (water yield−consumption) per sub-watershed, given inm3/ha.
Morris ind
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Fig. 6. Sensitivity index μ* of
As for the different outputs, the sensitivity analysis for themodel
was carried out with respect to wyield_vol results. It is unnecessary
to perform this analysis with wyield_ha y wyield_mn outputs since
both of them could be calculated from wyield_vol, and consequent-
ly the sensitivity analysis results would be the same as for
wyield_vol.

Having studied the InVEST model, there are four inputs that may
be subject to variation for sensitivity analysis, they are z_coef, prec_
coef, eto_coef and etk_coef. In this paper we focus on the non-
variated-landuse parameters, they are the first three parameters.
The last one etk_coef is the plant evapotranspiration coefficient for
each LULC class, used to obtain potential evapotranspiration by using
plant energy/transpiration characteristics to modify the reference
ex of 
r eto_coef

eto_coef for wyield_vol.
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evapotranspiration, which is based on alfalfa. It requires a double point
of view and it will not be analysed in this study.

After the model inputs have been selected, it is necessary to spec-
ify their range of variation, as can be shown in Table 2. These varia-
tions in the ranges have been determined in previous InVEST model
applications in the study area (Terrado et al., in revision).

In the area of study, z_coef value is estimated to be between 7 and
9 (Piñol et al., 1991). And the precipitation (prec_coef) and evapo-
transpiration (eto_coef) coefficients will be used to change the inputs
of precipitation and evapotranspiration by multiplying, respectively
(prec_coef and eto_coef values were varied between 0.1 and 2).

Before using the different combinations of z_coef, prec_coef and
eto_coef, several changes were realized in the InVEST version used,
Morris ind
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Fig. 7. Sensitivity index σ o
to adapt the simulation tool for the subsequent sensitivity analysis.
These adaptations are basically focused on modifying the Python script
so that InVEST accepts a new input table with these three input
variables: Z, precipitation and evapotranspiration coefficients, and also
it obtains the different output tables for each selected input parameter
combinations. These changes have resulted in automatic loops for
each group of inputs at every simulation run made by the model.

The algorithm that performs the different input variable combina-
tions was implemented in a FORTRAN code. This algorithm generates
the Morris' trajectories having into account the boundaries of the
factors. Once these modifications were performed, the model was run
for each of the z_coef, prec_coef and eto_coef combinations. Thereafter,
the InVEST model was run for each combination of parameters being
ex of 
er z_coef

f z_coef for wyield_vol.
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obtained at the end of the Morris indices μ* and σ, of each model re-
sponse with respect to each input by sub-watershed in the study area
and those results achieved were subsequently analysed and compared.

4. Results and discussion

In order to measure the sensitivity of InVEST model responses to
the factors, we have studied the Morris sensitivity indices obtained
for each sub-watershed, corresponding to the responses of interest
and the three factors above mentioned. As a result, the Morris indices
for each sub-watershed and for each factor have been obtained: μ*
and σ.

In Figs. 4, 5 and 6, sensitivity index μ* obtained for wyield_vol with
regard to the three selected input parameters is mapped. In these
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Fig. 8. Sensitivity index σ of p
maps, the more intense the red colour of the sub-watershed is, the
highest index μ*, and as a result, this input parameter has a greater
influence in the output analysed. Therefore in terms of μ* the greatest
impact input parameter is prec_coef (precipitation) and the least
are z_coef and eto_coef (evapotranspiration). Regarding z_coef, in
the range of study [7, 9] the observed sensitivity indices indicate
that this factor does not influence water yield in the interval [7, 9]
tested in this area.

For prec_coef, Fig. 5 indicates that themost sensitive sub-watersheds
are found farther north and southeast. In the northern part of the basin,
their precipitation is high (between 800 and 1000 mm) and evapo-
transpiration is quite low (around 400 mm), so the influence and im-
portance of eto_coef are lower, though the model is very sensitive to
prec_coef and high changes in this input cause significant changes in
ex of 
 prec_coef

rec_coef for wyield_vol.
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Fig. 9. Sensitivity index σ of eto_coef for wyield_vol.
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wyield_vol. In the southeastern part the evapotranspiration is quite high
(between 800 and 1000 mm) and rainfall is less than these values
(around 600 mm), so variations in precipitation can cause significant
changes in the wyield_vol response.

With respect to eto_coef, its influence over the output is quite low,
and irrelevant for sub-watersheds where prec_coef has a great impact
on the output (north and southeast sub-watersheds). This relation-
ship observed between the behaviour of prec_coef and eto_coef
may also be explained by the standard deviation (σ).

In terms of standard deviation, the results obtained for wyield_vol
for to each of the three input parameters considered, and per sub-
watershed, are represented in the maps shown in Figs. 7, 8 and 9.
The higher the standard deviation, the greater the coupling between
the variables. In this case there is no coupling of z_coef with the
other two variables. However, we observed that a coupling exists
between eto_coef and prec_coef, with their correlation stronger in
the central region of the watershed. In this region precipitation and
evapotranspiration have similar orders of magnitude and small varia-
tions in either input parameters have a significant influence on the
output.

Furthermore, it can be derived from the σ vs. μ* graph (see Fig. 10)
that wyield_vol is strongly influenced by prec_coef and, to a lesser
extent, by eto_coef. In this context, the effect of z_coef seems to be
entirely negligible. The high values of eto_coef and prec_coef stan-
dard deviation, especially in the sub-watersheds located in the central
part of the Llobregat River basin, suggest the relatively strong impor-
tance of the interactions between these two factors that should be the
subject of further research.

The results obtained in this study were carried out with inputs for
current conditions (temperature and evapotranspiration average of



Fig. 10. σ vs. μ* values obtained for each sub-watershed (z, prec and eto) and for the
entire Llobregat River basin (z global, prec global and eto global).
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the last 50 years) but these results may be different in other condi-
tions (future climate change scenarios) therefore it is recommended
to be studied.

5. Conclusions

InVEST is a spatially explicit simulation tool consisting of a suite
of models that use land use and land cover patterns to estimate the
levels and economic values of ecosystem services. The InVEST model
runs in a gridded map at an annual average time step, and results
can be reported in either biophysical or monetary terms, depending
on the needs and the availability of information. The biophysical
models in InVEST calculate the relative contribution of the different
parts of the landscape to the provision of each service. Thus, for the
water provisioning service, the amount of water provisioned from
each cell in the landscape (water yield) is calculated as the annual
amount of rainfall that does not evapotranspire, determined by the
cell vegetation characteristics (Canadell et al., 1996). Water demands
for consumptive uses other than the evaluated are removed from the
total yield before assessing the benefit.

In the present work, once that an InVEST model had been devel-
oped to assess the water provisioning service in the Llobregat River
basin a sensitivity analysis methodology was applied to determine
which input parameters are more important for the water provision-
ing service results, all that for the purpose of stressing what model
inputs require more precision and need to be monitored.

The obtained results indicate that the z_coef in the geographical
area, is not an important factor. However, the precipitation has a high
importance (is very influential) especially in the more humid areas of
the watershed. Generally, evapotranspiration is less influential than
precipitation but there are some sub-watersheds in which it has a
higher importance.

In conclusion, to use InVEST model for the watersheds similar to
that under study it is strongly advised to follow the steps: 1) use
the precipitation map that best suits the region under consideration,
due to the fact that this input becomes crucial as a result of the sensi-
tivity analysis performed. Note that a poor fit in this input would
imply non-realistic results; 2) fit precisely the evapotranspiration
map, as the interaction of this factor with precipitation could have a
lot of importance in some particular areas; and 3) select a range of
values for z_coef so that it makes sense with the characteristics in
the distribution of rain for the region of interest and choose any
value within this range, as it will give the same output.

Finally, it needs to be noted that the present work is included in-
side the SCARCE project (Consolider-Ingenio 2010 CSD2009-00065).
As a result, the SAmethodology here implementedwould be extended
to all other ecosystem service modules of the InVEST model. And
indeed this know-how can be used in all the basins submitted on the
SCARCE project as well as could be carried out in Mediterranean
basin anywhere else.
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• Mediterranean hydrological ecosystem services (HES) are threatened by climate change.
• Provisioning (water) services are expected to decrease between 3 and 49%.
• Regulating (erosion control) services are expected to decrease between 5 and 43%.
• Pyrenees mountains are a significant contributor in Llobregat basin's water yield.
• The mean sediment retention is decreasing from upper to lower part of the basin.
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The Mediterranean basin is considered one of the most vulnerable regions of the world to climate change and
such changes impact the capacity of ecosystems to provide goods and services to human society. The predict-
ed future scenarios for this region present an increased frequency of floods and extended droughts, especially
at the Iberian Peninsula. This paper evaluates the impacts of climate change on the water provisioning and
erosion control services in the densely populated Mediterranean Llobregat river basin of. The assessment
of ecosystem services and their mapping at the basin scale identify the current pressures on the river basin
including the source area in the Pyrenees Mountains. Drinking water provisioning is expected to decrease be-
tween 3 and 49%, while total hydropower production will decrease between 5 and 43%. Erosion control will
be reduced by up to 23%, indicating that costs for dredging the reservoirs as well as for treating drinking
water will also increase. Based on these data, the concept for an appropriate quantification and related spatial
visualization of ecosystem service is elaborated and discussed.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Climate change has the potential to cause negative changes in eco-
systems and their associated ecosystem services. Climate change is
expected to bring several changes in global temperature and rainfall
patterns, which are likely to present deep impacts on water availabil-
ity and quality (Marcé et al., 2010; López-Moreno et al., 2011). In-
deed, the Mediterranean basin is considered one of the most
vulnerable regions of the world to climate change (Schröter et al.,
2005) and with a high potential to present important problems in
water scarcity in the next few years. Under climate change, rainfall
and runoff are expected to decrease in the Mediterranean area
angash).

rights reserved.
(Milly et al., 2005), as well as river flow (López-Moreno et al., 2011).
Many research projects and several environmental assessments are
currently addressing these concerns at all relevant scales, frequently
in multidisciplinary collaborations. However, integrating this wealth
of information across disciplines remains a considerable challenge
(Millennium Ecosystem Assessment, 2003).

Ecosystem services are the benefits that people derive from
nature.These include provisioning services such as food and water,
regulating services such as flood and disease control, cultural services
such as spiritual, recreational, and cultural benefits, and supporting
services, such as nutrient cycling, that maintain the conditions for
life on Earth (MEA, 2003). Many ecosystem services are derived
from freshwater and are commonly referred to as hydrological
ecosystem services (HES). These benefits provided by ecosystems in-
clude provisioning services such as water supply for drinking, power

http://dx.doi.org/10.1016/j.scitotenv.2013.04.025
mailto:rubabfatima.bangash@urv.cat
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production, industrial use and irrigation, as well as regulating services
such as water purification and erosion control (de Groot et al., 2010).
The provision of HES in the Mediterranean basin is likely to be im-
pacted, as climate is one of the major shaping factors in semi-arid ba-
sins, which present larger extremes than more humid areas. Previous
studies on the Llobregat basin (Catalonia, NE Spain) indicate that im-
pacts on the delivery of services are especially important during dry
conditions (Terrado et al., in press). Hence, the application of future
climate change predictions that consider the changes to rainfall and
temperature patterns is essential to indicate the possible impacts on
ecosystem services provision at the Mediterranean basin.

As a consequence of acute water shortages in the Mediterranean
basin, competition for water and water stress are likely to increase,
especially in summer (Falloon and Betts, 2010). Changes in sediment
retention are also expected. According to the IPCC (2007), in southern
Europe, runoff will decrease by up to 23% by to the 2020s and from 6
to 36% by to the 2070s. The projected changes in annual river basin
discharge by the 2020s are likely to be affected by climate change.
These estimations are based on global rather than regional climate
models and a high uncertainty is related to those models. However,
regionalized GCMs developed by CEDEX (2011) also projected runoff
reduction (below 15%) in Mediterranean river basins.

In this work we used a conceptual framework that focuses on
quantifying the benefits associated with changes in ecosystem ser-
vices as a result of climate change, through a comparison of two cli-
mate change scenarios against a base scenario. This approach is in
line with the emerging consensus about the importance of comparing
alternative scenarios rather than a static analysis of current service
provision (Nelson et al., 2009; Tallis et al., 2009). Another key feature
of the approach adopted here is that it is spatially explicit, reflecting
the fact that both the production and value of ecosystem services
vary spatially (Tallis et al., 2009; Birch et al., 2010). Relatively few
previous attempts have been made to analyze the spatial dynamics
of ecosystem services in relation to climate change scenarios, al-
though recent progress has been made by the Natural Capital Project
and others (Nelson et al., 2009; Terrado et al., in press).

In this paper we evaluated the impacts of climate change on provi-
sioning (water) and regulating (erosion control) services, at the Medi-
terranean Llobregat river basin. When the river basin faces pressures
from a high water demand while located in the semi-arid Mediterra-
nean area, it is important to evaluate future scenarios and their effect
on these services. Water scarcity can restrict activities dependant on
water use, such as human and industrial consumption, electricity pro-
duction, and agricultural irrigation.Water is already scarce in the region
because of its extractive use for industry, human consumption, and ag-
riculture; these activities have also contributed to water quality degra-
dation (Sabater et al., 1987; Terrado et al., 2009; López-Doval et al.,
2010). We applied Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST), a spatially explicit modeling tool for ecosystem
services estimation (Tallis and Polasky, 2011). The model, integrated
in a GIS platform, is applied to different future climate scenarios
(ranging from 2001 to 2100) and further compared to a base scenario
(1971–2000). We hypothesize that the provision of water for different
uses, as well as the total sediment exported by the basin will decrease
as a consequence of climate change, and the manuscript aims to deter-
mine the degree of change in these services, as well as to identify the
areas of the basin that are most impacted by these changes. A limitation
of this study is that the land use/land cover is considered constant over
the whole period of analysis (2001 – 2100).

2. Methodology

2.1. Study area

The Llobregat basin (NE Spain) drains an area of 4957 km2, and is
characterized as a typical Mediterranean basin, with a highly variable
flow as a result of seasonal rainfall differences. The length of the river
is 157 km and has three main reservoirs, Sant Ponç (24 hm3), Llosa de
Cavall (80 hm3), and Baells (115 hm3). It is one of the richest and
most rapidly developing regions in Spain. The basin is heavily popu-
lated (more than 3 million inhabitants) and among one of Barcelona's
major drinking water resources. Heavy anthropogenic pressures,
characterized by extensive urban and industrial wastewater dis-
charges as well as diffuse contamination from agricultural areas, are
observed at the basin. Main watercourses are regulated by three
large dams that impound around 35% of the basin's mean annual
runoff.

2.2. Climate change scenarios data

The data applied in this study is acquired after a downscaling ex-
ercise performed by the Catalan Meteorological Service (2012). The
typical resolution of general circulation models (between 100 and
300 km) is unsuitable for an evaluation at the basin scale, especially
for Mediterranean regions with a complex orography such as Catalo-
nia, which is influenced by polar and tropical air masses. The data
provided for mean daily precipitation and temperature, compares
the predictions of these parameters for the beginning (2001–2030),
middle (2031–2070) and end (2071–2100) of the 21st century, with
a base scenario (1971–2000). Specifically for the climate change sce-
narios, the raster resolution was 7.5 km × 7.5 km. The IPCC scenarios
selected for evaluation of Llobregat basin are A2 and B1 (IPCC, 2000).
The A2 scenario describes a very heterogeneous world, with a contin-
uously increasing global population. Under this scenario economic
development is primarily regionally oriented and per capita economic
growth and technological changes are more fragmented and slower
than in other storylines. The B1 storyline and scenario describes a
convergent world with the same global population that peaks in
mid century and declines thereafter, with rapid changes in economic
structures toward a service and information economy, with reduc-
tions in material intensity, and the introduction of clean and
resource-efficient technologies. The emphasis is on global solutions
to economic, social, and environmental sustainability, including im-
proved equity, but without additional climate initiatives. Therefore,
scenario A2 considers more severe changes, while scenario B1 con-
siders moderate changes in global climate. These scenarios are calcu-
lated for three time spans and compared to a base scenario, as shows
Table 1.

2.3. Ecosystem services modelling and mapping

InVEST is a spatially explicit tool to model and map a suite of eco-
system services caused by land cover changes or climate change im-
pacts (Tallis and Polasky, 2011). Model results can be reported in
either biophysical or monetary terms, depending on the needs and
the availability of information.

The ecosystem services of water provisioning (hydropower pro-
duction and drinking water availability), and erosion control (dredg-
ing and water quality) are evaluated at the annual scale for the
Llobregat basin, with a raster resolution of 200 m × 200 m. The defi-
nition of the subcatchments was made at the water body scale, as de-
fined by the local environmental agency, based on the specifications
of the Water Framework Directive (European Council, 2000). Meteo-
rological data are used to calculate annual evapotranspiration (ETo)
and the rainfall erosivity index (R) for each scenario. Evapotranspira-
tion was calculated based on the Hamon's equation (Tallis et al.,
2011), as a function of temperature, and then calibrated with values
from 2 stations at the Llobregat basin. The rainfall erosivity index
(R) was calculated based on the work of Catari and Gallart (2010)
that describes the erosivity at Llobregat basin as a function of mean
precipitation (P) in summer months and in the other months of the
year. The input data required for each model varies and depends on



Table 1
Input raster maps for the evaluated climate change scenarios.

Raster Source Time span

1971–2000 2001–2030 2031–2070 2071–2100

Temperature Elaborated based on data from Catalan
Meteorological Service (2012)

Base scenario IPCC A2 and B1 scenarios IPCC A2 and B1 scenarios IPCC A2 and B1 scenarios

Rainfall Elaborated based on data from Catalan
Meteorological Service (2012)

ETo Own elaboration, as a function of temperature
Erosivity (R) Own elaboration, as a function of rainfall
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the service to evaluate. Most of the data formats are GIS raster grids,
shapefiles and database tables. Input data requirements and outputs
of the model for the selected services are given in Table 2. This
study evaluates the changes in ecosystem services provision due to
variation in the supply that are likely to be effected by climate change.
However, increased water demand and population growth are not
considered in scenario development.

2.3.1. Water provisioning
InVEST biophysical models calculate the relative contribution of

the different parts of the landscape to the provision of services. For
the water provisioning service, the amount of water provisioned
from each cell in the landscape (water yield) is calculated as the an-
nual amount of rainfall that does not evapotranspire, and determined
by the cell vegetation characteristics (Canadell et al., 1996).

The water yield model is based on the Budyko curve (Budyko,
1974) and annual average precipitation. Annual water yield (Yjx) is
determined for each pixel on the landscape (indexed by x = 1,2,…,
x) as follows:

Yxj ¼ 1−
AETxj

Px

� �
: Px ð1Þ

Where, AETxj is the actual evapotranspiration (annual) on pixel x
for LULC j (LULC class code; e.g., 1 for forest, 3 for grassland, etc.),
Table 2
Data requirements and outputs for the selected ecosystem services (ES).

ES Step Data requirements

Water provisioning Water yield DEM (m)
Land use/land cover (LULC)
Effective soil depth (mm)
Average annual rainfall (mm)
Average annual reference
evapotranspiration (mm)
Plant available water content
PAWC (fraction [0,1])
Maximum root depth (mm)
Evapotranspiration coefficient
Zhang coefficient [0,10]

Water scarcity Consumptive use by LULC (m3yr−1)

Valuation Turbine efficiency (fraction [0,1])
Average annual height (m)

Erosion control Soil loss DEM (m)
Land use/land cover (LULC)
Rainfall erosivity (R) (MJ mm ha−1 yr−1)
Soil erodibility (K) (Mg h MJ−1 mm−1)
Sediment retention efficiency (%)
Slope threshold (%)
Threshold flow accumulation

Valuation Reservoir dead volume (m3)

Allowed level of suspended solids
pollution (kg yr−1)
and Px is the annual precipitation on pixel x. The evapotranspiration
partition of the water balance, 1− AETxj

Px
, is an approximation of the

Budyko curve developed by Zhang et al. (2001):

AETxj

Px
¼ 1þwxRxj

1þwxRxj þ 1
Rxj

ð2Þ

where, Rxj is the dimensionless Budyko Dryness index on pixel x with
LULC j, defined as the ratio of potential evapotranspiration to precip-
itation (Budyko, 1974) and wx is a modified dimensionless ratio of
plant accessible water storage to expected precipitation during the
year (Zhang et al., 2001). Finally, we define the Budyko dryness
index, where Rxj values that are greater than one denote pixels that
are potentially arid (Budyko, 1974), as follows:

Rxj ¼
kxj:ETox

� �
Px

ð3Þ

where, ETox is the reference evapotranspiration from pixel x and kxj
is the plant (vegetation) evapotranspiration coefficient associated with
the LULC j on pixel x. ETox represents an index of climatic demand
while kxj is largely determined by x's vegetative characteristics
(Allen-Wardell et al., 1998). The water yield model script generates
outputs in form of total and average water yield at the sub-watershed
level. The input data required for such calculations is described in Table 2.
Process Output

Calculates cell level yield as
difference between rainfall and
evapotranspiration

Annual average water yield
(mm yr−1)

Subtracts water consumed
for other uses

Annual average water yield
available for drinking purposes
(mm yr−1)

Estimates power generated
by water available for hydropower

Energy production (kWh yr−1)

Calculates sediment retention at
each cell using USLE and routing

Annual average erosion (Mg yr−1)
Annual average sediment retention
(Mg yr−1)

Subtracts sediment equal to dead
volume

Annual average sediment retention
to reservoirs (Mg yr−1)

Subtracts retention equal to amount
of maximum allowed level

Sediment retention for water quality
(kg yr−1)
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Water demands for other consumptive uses (agricultural, industrial,
forest) are removed from the total yield before assessing the benefit.
The amount of water that actually reaches the reservoir for dam d (re-
alized supply) is defined as the difference between total water yield
from the watershed and total consumptive use in the watershed.

V in ¼ Y−ud ð4Þ

where ud is the total volume of water consumed in the watershed up-
stream of dam d and Y is the total water yield from the watershed up-
stream of dam d.

Hydropower production and available drinking water are the ben-
efits assessed for the water provisioning services. Drinking water con-
stitutes the most important annual consumptive demand of water
resources in the Llobregat basin (65%), followed by industry (25%),
agriculture (8%) and livestock (2%) (Catalan Water Agency, 2002).
The fraction of water available for drinking purposes is calculated as
the remaining water fraction after the removal of the demand for
other consumptive uses (Catalan Water Agency, 2002) and the regu-
lated environmental flow allocated at the basin outlet (Catalan
Government, 2006). To calculate the amount of energy produced by
the three assessed hydropower stations, we performed a similar bal-
ance, discounting all the consumptive uses at the upstream of reser-
voirs. Although more than 100 small hydraulic plants exist in the
Llobregat basin, the lack of information about diversion concessions
forced us to use only power stations located in reservoir systems.

2.3.2. Erosion control
The service of erosion control, which is the relative contribution of

the different parts of the landscape to sediment retention, is estimated
considering the land use patterns that affect sedimentation into down-
stream reservoirs, which can affect their water capacity and functioning
for hydropower generation. Sediment retention service is calculated as
the difference from received (from upstream cells) and exported
sediment. Eroded soil from each cell is estimated using the Universal
Soil Loss Equation (USLE) (Wischmeier and Smith, 1978), while the
retained amount of sediment by each cell is a function of the retention
coefficients associated to vegetation covers. Only sheet-wash erosion
was included in the model (no rill-inter-rill, gully or stream bank ero-
sionwere considered), and the benefits of erosion control are calculated
upstream of reservoirs for avoided reservoir sedimentation as the eval-
uated reservoirs are located in the upstreamof the river Llobregat,while
for water quality the whole basin is considered. We assumed that the
landscape of upstream reservoir has a maximum export allowance,
the reservoir dead volume, or the volume that, when filled with sedi-
ment, affects the reservoir's function. Given that any retention of sedi-
ment when fluxes are lower than the dead volume does not provide a
reduction in dredging costs, infrastructure maintenance or production
potential, this service was evaluated as the difference between total
sediment production and maximum soil export allowance.

The InVEST model also calculates the total amount of sediment
reaching a point of interest (water quality). In this study, the point
of interest was a drinking water treatment plant near the outlet of
the river basin. A threshold of total dissolved solids (US EPA, 2009)
in drinking water is compared to the annual load of sediments that
would arrive to the drinking water treatment plant near the outlet
of the basin. These thresholds are applied where we considered that
sediment retention is below the drinking water quality standard
and does not provide human benefit.

Sensitivity analysis of the input parameters shows that the Zhang
coefficient, a floating point value between 1 and 10, corresponding to
the seasonal distribution of precipitation, is not an important factor in
the geographical area. However, the precipitation is significant, espe-
cially in the more humid areas of the watershed (Sánchez-Canales et
al., 2012). The main idea of the scenario approach is to analyse
climate change impacts on selected ecosystem services with the con-
stant land use maps of the river basin. Moreover, the sub-watershed
is considered as the spatial unit of analysis to assess the performance
of each ecosystem service. Model calibration for the Llobregat basin
was performed as described by Terrado et al. (in press).

3. Results and discussion

3.1. Water provisioning

3.1.1. Water yield
Water yield represents the difference between the precipitation

and the actual evapotranspiration (AET) in each land parcel. The con-
tribution of each sub-watershed to the basin's total water yield varies
along the territory (Fig. 1), with the major contribution from the
North of the river basin. The yield of each sub-watershed varies be-
tween less than 500 m3ha−1yr−1 (areas in dark red in Fig. 1) to
more than 5000 hm3ha−1yr−1 (areas in dark blue in Fig. 1), in the
mountainous areas located in the Pyrenees (Northern). The Pyrenees
area is the most important contributor to the basin's water yield
(Fig. 1). These mountainous areas are functioned as regional “water
towers” (Viviroli et al., 2007). This area presents hydrological changes
that are already affecting inflows into the Pyrenees reservoir in
two ways: (i) a reduction in the annual incoming water volume;
and (ii) changes in the seasonal distribution of inflow, with a reduc-
tion in spring discharge and the earlier occurrence of the annual max-
imum monthly flow (López-Moreno et al., 2008). Changes in the
hydrological cycle in the Pyrenees may have significant implications
in water availability for different uses in the whole basin. From an
ecosystem service perspective, the hydrological changes linked to
the domestication of the Mediterranean forests have influenced the
capacity of the study area to supply hydrologic ecosystem services
at a wide range of scales (Willaarts et al., 2012).

Water yield in the Llobregat basin is expected to be affected at dif-
ferent extent by climate change (Fig. 2). Modest yield improvement is
only expected in the southern part of the basin for the scenario B1
(2031–2070). The results of the remaining scenarios show that
water yield values per sub-watershed are likely to be reduced by up
to 60%. The northern part of the basin, which has the most significant
contribution to the provision of freshwater to downstream areas, will
be highly affected in the two scenarios (A2 and B1), especially for the
time span 2071–2100.

The total annualwater volume at the outlet of the basin is represent-
ed by the difference between the yield (hm3) and consumptive uses
(hm3) of water and expected to reduce in all evaluated scenarios
(Table 3). Significant reductions (between 42 and 69%) are observed
for the scenarios of time span 2071–2100. These changes are a conse-
quence of a reduced capacity of the river basin in terms of water yield.
To increase the water yield, small reservoirs can significantly impact
the hydrological regime of river basins (Wisser et al., 2010). Rainfall
and AET are the main drivers of change in water yield along with land
use changes. But the land use changes are not evaluated in this work.
The different degrees of rainfall reductions in the future scenarios are
directly related to the reducedwater yields for the respective scenarios.
In a similarway, changes in AET are directly linked to the changes in an-
nual mean temperature. In this case, an increase is observed for 3 sce-
narios: A2 (2031–2070) and B1 (2031–2070 and 2071–2100). Rainfall
decreases and AET increases are likely to impact negatively on water
yield in the river basin. Another study of the basin (Sánchez-Canales
et al., 2012) also observed that coupling exists between evapotranspira-
tion coefficient and precipitation coefficient, with their correlation
stronger in the central region of the watershed. Water yields were
found to be most affected by Scenario A2 (2071–2100), with a yield re-
duction of 42%. Although reductions are more severe for the A2 scenar-
io, a notable decrease in water yield is also expected for the moderate
scenario (B1), with an annual yield reduction between 3 and 26%.



Fig. 1. Water yield volume (m3 ha−1 yr−1) per subwatershed for the base scenario (1971–2000).
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An increase in forest area is observed around 14% between 1957
and 1993, as a consequence of improvement of forest from sparse to
dense covers, and the change of land use from agriculture to pasture
Fig. 2. Climate change impacts on water yield volume (m3ha−1
and forestry (Gallart et al., 2011). However, forest management is
considered far less effective for water resource management than
dam reservoir development (Komatsu et al., 2010). The management
yr−1) per subwatershed for the evaluated future scenarios.
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of land cover with the aim of improving the availability of water re-
sources is a complex task, as the goal is to obtain higher runoff coef-
ficients while maintaining slope stability, ensuring low erosion
rates, reducing reservoir siltation, and mitigating the risks associated
with flood events (Beguería et al., 2006; López-Moreno et al., 2006).
Water demand in the Llobregat region is increasing over time, espe-
cially in the low lands for agricultural purposes. To deal with this
problem, an appropriate understanding of the importance of land
cover management for water resource availability is needed, as has
been confirmed in other studies of the basin (Beguería et al., 2003;
López-Moreno et al., 2006). Trade-off analysis is needed to optimize
river basin management, assuring the provision of key ecosystem
services.
3.1.2. Water scarcity
Water yield reduction impacts negatively the basin capacity to

provide drinking water and energy through hydropower production
(Tables 3 and 4). Under climate change analysis, a reduction between
17 and 49% is observed for the drinking water service (Table 3), with
the exception of scenario B1 (2031–2070), where an increase of 2% in
rainfall leads to a reduction of only 3% in drinking water volume. For
the base scenario, the Llobregat basin supplies 842 hm3 yr−1 of water
that could be used for drinking purposes, while the real drinking
water demand in the basin is around 300 hm3 yr−1 (Catalan Water
Agency, 2002). The drinking water demand may also increase in the
future as a consequence of land use change and population increase
(Pouget et al., 2012), the factors that were not considered in this
study. Differences encountered in the hydrologic ecosystem services
provisioning capacity are intimately linked with the vegetation
cover and management of the territory (Willaarts et al., 2012). How-
ever, the globe's most vulnerable regions are in need of more detailed
analysis and the relative importance of population growth versus cli-
mate change in altering future freshwater supplies and future per
capita water availability may be more a function of population change
than climate change (Parish et al., 2012). A 2003 study by the World
Resources Institute (WRI, 2003) concluded that 48% of the world's
projected population (~3.5 billion people) will live in water-stressed
river basins by 2025.

Water provisioning for drinking use is already an environmental
problem in the Llobregat river basin, and water shortages are ob-
served during drought periods. These water shortage periods are dif-
ficult to evaluate at an annual basin, and especially when the
evaluation is based on the mean annual climate parameters for
large time spans (between 30 and 40 years). More detailed studies
are needed to evaluate the probability of having important impacts
on water provision as a consequence of extended droughts, as the dif-
ficulty of supporting a prolonged drought period with the present
consumption rates. Application of efficient water use systems is an
important way to reduce water demand in a water-scarce region
Table 3
Comparison between base and future scenarios (6 scenarios) of rainfall, actual evapotranspi
of the Llobregat basin.

Period Scenario Rainfall
(mm yr−1)

Rainfall
reduction
(%)

AETa

(mm)
AET reduction
(%)

Water yield
(hm3 yr−1)

1971–2000 Base 938.69 – 595.92 – 978.00
2001–2030 A2 879.81 6% 587.65 1.39% 833.52
2031–2070 A2 878.38 6% 605.49 −1.61% 778.01
2071–2100 A2 792.08 16% 594.45 0.25% 563.09
2001–2030 B1 869.12 7% 583.76 2.04% 814.01
2031–2070 B1 958.15 −2% 625.65 −4.99% 948.75
2071–2100 B1 863.37 8% 608.62 −2.13% 726.10

a AET: actual evapotranspiration.
b Based on the assumption of a constant demand of 136.29 hm3/yr.
(Zhang et al., 2010). Due to the seasonal variations of the rainfall, ef-
ficient capture and retention of precipitation during rainy season and
its recycling to water shortage periods as per the water requirements
may be one of the best options to increase water availability during
dry seasons.

One of the most important issues related to climate change in the
basin is water security. Interactions between climate change and pop-
ulation growth are expected to increase water demand, and arid and
semiarid regions will face additional challenges of absolute water
scarcity (Vörösmarty et al., 2000). Water is a primary input to all
goods and services either directly or indirectly. The available water
quantity and quality can affect the production of goods and services
and thus influence the level of economic activities, especially in
quickly transforming societies, from agricultural based towards
industrialized and modernizing economies (Guan and Hubacek,
2008). A recent study on the Llobregat basin showed that the total an-
nual water volume had experienced an 80% decrease in dry condi-
tions, while an increase of 160% was observed in wet conditions for
the period 1970–2000. Drinking water demand remains approxi-
mately constant in the basin unless exceptional water demand re-
strictions are enforced during prolonged droughts (Terrado et al., in
press). These changes could lead to a reduction in drinking water
availability to levels much lower than those observed in Table 3.
According to these results, future challenges to water infrastructures
and associated water challenges will potentially lead to important
economic costs in the implementation of response alternatives. The
imbalance between water demand and resources induces the pres-
sure and degradation of the water quality. In such a case, the artificial
recharge of water-table aquifers by water from dams is a credible al-
ternative to improve the hydrodynamic and physicochemical condi-
tions of the groundwater (Bouri and Dhia, 2010). However, the
InVEST model is unable to account for deep groundwater recharge
and water resource infrastructure that redistributes water flow
(Vigerstol and Aukema, 2011).
3.1.3. Hydropower production
Similarly to drinking water availability, a decrease in hydropower

production is observed in future scenarios developed for 3 reservoirs
(Table 4). This agrees with the predicted reduction of hydropower
potentials in Southern and South Eastern Europe (Lehner et al.,
2005). For each future scenario, the degrees of reduction are com-
pared for all three reservoirs. Two reservoirs (La Llosa del Cavall
and Sant Ponç, Fig. 1) are located consecutively in the river basin
and provide higher benefits to the region in terms of energy pro-
duced. It should be noted that the values reported in Table 4 corre-
spond to the potential energy produced if all the available water is
utilized for hydropower generation. However, the power stations
are not working continuously and the actual amount of electricity
produced is lower. The reduction in hydropower potential combined
ration (AET), total water yield, drinking water provision and water volume at the outlet

Water yield
reduction
(%)

Drinking waterb

(hm3 yr−1)
Drinking water
reduction

Water volume
in the outlet
(hm3 yr−1)

Water volume
reduction

– 841.71 – 602.92 –

15% 697.23 17% 458.44 24%
20% 641.72 24% 402.92 33%
42% 426.80 49% 188.00 69%
17% 677.72 19% 438.93 27%
3% 812.46 3% 573.67 5%
26% 589.82 30% 351.02 42%



Table 4
Climate change impacts in hydropower production at the Llobregat basin.

Period Scenario La Baells La Llosa del Cavall SantPonç Total

1971–2000 Base Provision (MWh yr−1) 39,657 17,910 21,412 78,979
2001–2030 A2 Provision (MWh yr−1) 33,997 15,366 18,272 67,635

Reduction 14% 14% 15% 14%
2031–2070 A2 Provision (MWh yr−1) 32,422 14,325 16,929 63,675

Reduction 18% 20% 21% 19%
2071–2100 A2 Provision (MWh yr−1) 22,891 10,319 12,130 45,340

Reduction 42% 42% 43% 43%
2001–2030 B1 Provision (MWh yr−1) 35,008 15,987 18,919 69,914

Reduction 12% 11% 12% 11%
2031–2070 B1 Provision (MWh yr−1) 37,490 17,237 20,569 75,296

Reduction 5% 4% 4% 5%
2071–2100 B1 Provision (MWh yr−1) 30,921 13,660 16,082 60,663

Reduction 22% 24% 25% 23%
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with the expected population growth in the basin indicates that ei-
ther alternative energy sources should be considered, or to construct
more dams in the studied area to meet the future demands. However,
fact could also lead to different impacts, such as fish biomass and bio-
diversity losses as a consequence of the barrier to fish migration
routes (Ziv et al., 2012). In this regard, strategic analysis is needed
to assess which should be the most suitable energy sources for this
specific case, avoiding unnecessary risks to ecosystems and environ-
mental services.
3.2. Erosion control

Total sediment retained by the basin was evaluated with two dif-
ferent approaches: (i) considering the sediment thresholds of each
reservoir (avoided reservoir sedimentation), to calculate the avoided
need of dredging reservoirs; (ii) considering the threshold for
suspended solids in the water treatment plant (water quality), to rep-
resent the avoided need to remove these solids from drinking water.
Fig. 3. Mean sediment retained per year on each subwatershed, including sediment retained
subwatershed itself. The results represent the sediment retention service for avoided dredg
It is observed that the benefits from erosion control for water
quality range between 1070 and 1390 ton yr−1. The higher values
of mean sediment retention are observed in the upper part of the
basin (Pyrenees mountains area, Fig. 3), and very low levels are ob-
served close to the basin outlet (point 4 in Fig. 3). The estimated sed-
iment export value of base scenario for the Llobregat basin is 1.37 106

ton yr−1 (Table 5). These values are very similar to the levels
reported in another study for the same basin (Liquete et al., 2009).
Similar trends are observed for the mean sediment retention for
dredging service. However, higher sediment retention amounts are
observed at La Baells reservoir as compared to other two reservoirs
in the basin (Fig. 3).

Similar to water provisioning, the effect of climatic change on soil
erosion is also not homogeneous throughout the basin. The analysis
of climate change scenarios showed that the sediment retention at
upstream of the reservoirs will be reduced in all cases (Fig. 4) but
more drastic reductions are expected for the period 2071–2100. Re-
duction of sediment retention could also affect the water quality at
the basin outlet (Fig. 5). Significant impacts are observed in the
that originates from upslope subwatersheds as well as sediment that originates on the
ing (hydropower plants) and water quality (water treatment plant) regulation.

image of Fig.�3


Table 5
Comparison between the amounts of sediment exported and retained per year at the Llobregat basin.

Period Scenario Sediment exported (ton yr−1) Export reduction Sediment retained (ton yr−1) Retention reduction

1971–2000 Base 1.37E + 06 – 2.04E + 08
2001–2030 A2 1.34E + 06 2% 1.98E + 08 3%
2031–2070 A2 1.27E + 06 8% 1.87E + 08 8%
2071–2100 A2 1.07E + 06 22% 1.57E + 08 23%
2001–2030 B1 1.28E + 06 7% 1.90E + 08 7%
2031–2070 B1 1.39E + 06 −1% 2.03E + 08 0%
2071–2100 B1 1.19E + 06 13% 1.77E + 08 13%
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Northern part of the basin (Pyrenees area) with the highest sediment
retention values.

The amount of sediments exported (Table 5) is also expected to
decrease, agreeing with the predictions reported by Milly et al.
(2005) for the same period in the region. For this reason, erosion con-
trol results are interpreted considering both sediment retention and
exports (Table 5). For all the scenarios, the amount of sediment
retained is two orders of magnitude higher than that exported, and
most of the sediment produced in the basin is retained by existing
vegetation. Results of this study illustrates the same trends as
reported by Terrado et al. (in press), and higher export values are ob-
served close to the main stream, while higher retention values are ob-
served far from the stream. As a result of the lower erosion values,
sediment retention also decreased in the evaluated periods. The
same tendency is observed by López-Moreno et al. (2008), revealing
that climate trends are leading to more restrictive conditions for run-
off generation due to an increase in evapotranspiration and a de-
crease in rainfall during certain periods of the year. Catalan Water
Agency (ACA) has planned several interventions in the basin to en-
sure the sustainable water supply and improve water quality. For ex-
ample, river bank plantation at lower and upper parts of the river will
minimize the erosion values along with other environmental objec-
tives. However, a quantified analysis of each intervention is required
with the perspective of ecosystem services.
Fig. 4. Climate change impacts on avoided reservoir sedimen
At the reservoir level, dam managers are assumed to generate
their profits by providing irrigation water and hydroelectric power,
which are dependent on the reservoir storage capacity (Lee et al.,
2011). The life of a reservoir is reduced significantly when there is
high sediment deposition, and periodic sediment removal can recover
reservoir storage capacity. The primary controls on temporal change
in reservoir sedimentation rates include climate, land use or land
cover, geologic materials and internal fluvial system operations
(Graf et al., 2010). A study (Shi et al., 2012) shows that soil conserva-
tion measures taken in fields effectively reduce on-site soil loss and
sediment yield. However, off-site sediment control measures appear
to be much less effective at reducing sediment yield. The sediment
delivery processes are complex in nature, and inputs of reservoir sed-
iment may have periods of very different rates of delivery separated
by short periods of rapid change. In the case of the Llobregat basin,
temporal variation of sedimentation is related to seasonal variations
in the rainfall erosivity index, which in turn is a function of the vari-
ability in rainfall within a one year period.

Rainfall seasonality is considered in the study only to differentiate
mean rainfall values for summer months and the other months of the
year. As the study is based on yearly data, with mean values for large
periods, the existence of isolated rainfall events is not assessed by the
model. An important drawback of the model used in the present
study is that it runs on an annual basis and seasonal climate variations
tation per reservoir for the evaluated future scenarios.

image of Fig.�4


Fig. 5. Climate change impacts on sediment retention (water quality) per subwatershed for the evaluated future scenarios. The point in the map represents a water treatment plant,
located at the basin outlet.
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are not assessed. Further studies will consider evaluating these cli-
mate change scenarios for the wettest and driest year of each period.
These studies would allow evaluating the real impact of extreme fu-
ture climatic conditions.

4. Conclusions

The evaluation of climate change impacts on ecosystem services
provision shows that water provisioning and erosion control are
highly sensitive to climate change in the Llobregat river basin. A re-
view study (Gosling, 2013) found a proportionally larger amount of
evidence to suggest that ecosystem services are vulnerable to changes
in the large-scale climate-earth system in the Mediterranean region.
Services supply and delivery are likely to reduce by significant
amounts, indicating that urgent measures must be taken to avoid fu-
ture water stress in the basin. The sub-watersheds from the Pyrenees
region are responsible for most of the services provision, and also the
most impacted areas regarding climate change. Interventions to en-
hance the provision of regulating services should focus in certain
areas where obtained benefits per surface area are estimated to be
the highest. For the protection of these areas, interventions such as
restoration and measures suitable for increasing or maintaining resil-
ience in rivers are essential to assure future water use in the basin.
The groundwater–surface water interplay and the temporal nature
of water demands in the Mediterranean region also lend complexity
to the system (Bangash et al., 2012). The aim of the study was the de-
tection of change in trends over time and the quantification of ecosys-
tem service provisioning under climate change impact. The results
show clear trends over time, with decreases in water yield and the
amounts of sediment retained being two orders of magnitude higher
than that exported. Climate change – the only variable – and driving
force considered in this study and other important drivers of change,
land use and land cover and the increase in demand by different sec-
tors are considered constant for the whole catchment. However it is
obvious that, the protection of water resources is not sufficient if
the levels of consumption continue to increase in the future. Proactive
management of basin should be implemented for adapting to climate
change as mitigating measures taken in the present may avoid
long-term future consequences.
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• A sensitivity analysis was performed for a sediment model in a Mediterranean basin.
• For sediment retention benefits, the model was sensitive to erosivity and erodibility.
• For sediment export, it was also sensitive to land management factors.
• Management practices may mitigate the impact of climate change on sediment export.
• Sensitivity to physical or management factors varied with the forest cover proportion.
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Climate change and land-use change are major factors influencing sediment dynamics. Models can be used to
better understand sediment production and retention by the landscape, although their interpretation is limited
by large uncertainties, includingmodel parameter uncertainties. The uncertainties related to parameter selection
may be significant and need to be quantified to improvemodel interpretation forwatershedmanagement. In this
study, we performed a sensitivity analysis of the InVEST (Integrated Valuation of Environmental Services and
Tradeoffs) sediment retention model in order to determine which model parameters had the greatest influence
on model outputs, and therefore require special attention during calibration. The estimation of the sediment
loads in this model is based on the Universal Soil Loss Equation (USLE). The sensitivity analysis was performed
in the Llobregat basin (NE Iberian Peninsula) for exported and retained sediment, which support two different
ecosystem service benefits (avoided reservoir sedimentation and improved water quality). Our analysis identi-
fied themodel parameters related to the natural environment as themost influential for sediment export and re-
tention. Accordingly, small changes in variables such as the magnitude and frequency of extreme rainfall events
could cause major changes in sediment dynamics, demonstrating the sensitivity of these dynamics to climate
change in Mediterranean basins. Parameters directly related to human activities and decisions (such as cover
management factor, C) were also influential, especially for sediment exported. The importance of these
human-related parameters in the sediment export process suggests that mitigation measures have the potential
to at least partially ameliorate climate-change driven changes in sediment exportation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Changes in rainfall and land-use patterns are severely influencing
sediment dynamics (e.g., erosion and retention processes) in river
basins (Walling, 2008). Recent studies suggest that this influence
ez-Canales).
is particularly evident in scenarios of environmental land use conflicts,
where actual land uses deviate from natural uses determined by soil
characteristics (Pacheco et al., 2014; Valle Junior et al., 2014). Because
of its sensitivity to global change and the environmental and economic
relevance of sediment dynamics, erosion and its impacts receive
increasing attention from local, national, European and global policy
makers (e.g., European Commission, 2002; COST634, 2005; MA,
Millennium Ecosystem Assessment, 2005). From drinking water to
hydro-power or irrigation canals, there is a growing interest in assessing
the sediment retention service provided by natural landscape, to adopt
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watershed management measures that enhance this service (Clark,
1985; MA, Millennium Ecosystem Assessment, 2005; CIRIA, 2013). Pol-
icy makers require reliable predictions of how global change will affect
erosion and retention processes in order to design effective mitigation
or adaptationmeasures. Therefore, it is crucial to evaluate andminimize
uncertainty of the models to avoid bias in decision making (Chavas,
2000; National Research Council, 2005). Rusell (1949) has illuminated
these circumstances withmore optimism: ‘When one admits that noth-
ing is certain one must, I think, also admit that some things are much
more nearly certain than others.’ That is an encouraging statement es-
pecially for scientistswhose basic vocation is to characterize and reduce
uncertainty where possible.

Sediment production and transport in river basins is controlled by
many factors, including rainfall patterns, soil characteristics, steepness
of the hill-slope, and the type of vegetation cover. Different types of veg-
etation decrease soil loss and retain sediments from upslope areas to
different degrees (Tallis et al., 2011). In Europe, in particular, the analy-
sis of erosion rates under natural rainfall confirmed the dominant influ-
ence of land use and land cover. Generally, the erosion of a land with a
permanent vegetation cover (shrubs, grassland and forest) is much
lower than those on cultivated land (Cerdan et al., 2010). Soil loss may
therefore be mitigated through agricultural best management practices
(Bakker et al., 2008), but broader and more dramatic land-use changes
such as a transition from vegetated to urban areas may have larger ef-
fects on the capacity of a landscape to retain sediments from upslope
areas. The risks posed by altered sediment dynamics are particularly ev-
ident in Mediterranean and others semiarid regions, which are among
the most vulnerable areas to global change (Schröter et al., 2005).
Since the 1980s, a substantial body of work appeared about the erosion
and transport of sediments in different parts of the Llobregat basin lo-
cated in the northeast of the Iberian Peninsula (Cloret et al., 1983;
Cloret, 1984; Cloret and Gallart, 1986; Llorens et al., 1998; Regüés
et al., 2000; Regüés and Gallart, 2004; Farguell and Sala, 2005; Gallart
et al., 2005; Catari, 2007) but none have targeted the basin in its entire-
ty. Sediment dynamics models vary widely in complexity but typically
involve a large number of parameters requiring calibration (Merritt
et al., 2003). Irrespective of the model complexity, accurate characteri-
zation of all physical processes may not always be possible; input
parameters are often difficult to measure and therefore need to be esti-
mated. The uncertainties related to parameter selection may therefore
be significant and need to be quantified to improve model interpreta-
tion for watershed management.

In this study we performed a sensitivity analysis of a simple sedi-
ment retention calibrated in a Mediterranean basin, in order to deter-
mine the parameters that had the greatest influence on the model
outputs, and thus have particular importance for model calibration
Table 1
Characteristics of each sub-basin (from 1 to 7) and entire river basin (ALL).

Sub-basin

1 2 3

Area (km2) 784.26 504.45 196.1
River inside (km) 157.03 86.32 32.5
Km of river per km2 sub-basin 0.20 0.17 0.1
Slope
(degree)

Max. 47.0 53.8 41.0
Mean 6.4 16.1 16.8

% LULC Urban land (0) 24.0 0.5 0.4
Non irrigated land (1) 12.0 1.2 1.5
Irrigated land (2) 1.5 0.0 0.1
Shrub & grass land (3) 34.6 35.1 40.2
Forest land (4) 27.9 63.2 57.8

Rainfall (mm) Mean 669.32 992.24 948.6
Erosivity Max 2682.91 2963.17 2955.1
(MJ*mm/ha*h*y) Mean 2604.55 2892.73 2929.3
Erodibility
(ha*MJ/mm)

Max 0.0228 0.0250 0.0
Mean 0.0119 0.0157 0.0
and interpretation. Such sensitivity analysis techniques have been
widely used to reveal the relative importance of different factors in spa-
tially distributed models (Confalonieri et al., 2010a, 2010b; Yang, 2011;
Sánchez-Canales et al., 2012). The sensitivity analysis described here
was performed for two separate components of the model, predicting
exported and retained sediment, respectively, and reflecting two differ-
ent ecosystem benefits (avoided reservoir sedimentation and higher
water quality) (de Groot et al., 2010).

2. Material and methods

2.1. Study region

The Llobregat River basin is located in the NE of the Iberian
Peninsula and drains an area of 4950 km2. The river, which is 156 km
long, arises in the Pyrenean Mountains and flows southward into the
Mediterranean Sea near the city of Barcelona. This river is an important
water source for Barcelona and its metropolitan area (over 3 million
people). The basin is dominated by forest cover (38.2%) and by a mix-
ture of grass and shrubland (31.6%, for more details, see Table 1). The
climate is Mediterranean, with strong seasonal fluctuations in temper-
ature and rainfall, and peak rainfall events in spring (March-June) and
autumn (September-December). Annual rainfall ranges widely within
the river basin, from 400 mm per year in the mid-section to
1000 mm in the upper segments (Mujeriego, 2006). There are three
reservoirs located in the headwaters of the river basin: La Baells
(115 · 106 m3), Sant Ponç (24 · 106 m3), and La Llosa del Cavall
(80 · 106 m3). There are several drinking water treatments plants,
the largest being located near the river mouth. In order to analyse spa-
tial sensitivity, the river basin was divided into 7 sub-basins, three up-
stream of the three reservoirs (sub-basins numbers 2, 3 and 4, Fig. 1),
and the other four covering the rest of the basin (sub-basins numbers
1, 5, 6 and 7, Fig. 1).

2.2. Modeling approach

Due to the fact that complexmodel withmore parametersmay have
even greater uncertainty, we chosen for the sensitivity analysis a simple
one as the InVEST sediment retention model.

The InVEST sediment retention model produces spatially explicit
outputs at an annual average time scale, see Table 2 for details (Tallis
et al., 2011; version 2.4). This model computes the total amount of sed-
iment exported by estimating the average annual sediment generated
by each parcel of land, employing a method based on the Universal
Soil Loss Equation (USLE) (Tallis et al., 2011; Wischmeier and Smith,
1978) at the pixel scale. The USLE integrates information on land use/
4 5 6 7 ALL

5 108.60 1105.01 818.88 1381.59 4898.94
3 17.20 241.53 156.80 329.42 1020.83
7 0.16 0.22 0.19 0.24 0.21

39.8 42.7 28.7 37.8 53.8
8.3 7.1 5.4 6.4 7.9
0.3 2.4 5.7 2.7 6.2

22.1 28.7 43.8 25.6 23.6
0.0 0.3 0.1 0.3 0.4

14.4 38.5 25.5 26.9 31.6
63.3 30.2 25.0 44.5 38.2

3 728.36 650.52 599.36 708.81 715.65
8 2849.18 2774.33 2944.46 2679.48 2780.15
4 2790.49 2718.22 2868.96 2608.93 2712.91
196 0.0194 0.0228 0.0256 0.0237 0.0234
132 0.0164 0.0168 0.0154 0.0168 0.0154



Fig. 1. Sub-basins with the points of interest in the Llobregat River basin (regional references: ED_1950_UTM_Zone_31N) and the USLE components studied in the Sensitivity Analysis
(rainfall erosivity, R; soil erodibility, K; cover management factor, C and, support practice factor, P). The calibrated values of USLE components were obtained from Terrado et al.
(2014). The ranges of variation for each of these components are showed in Table 4. Sub-basins are randomly numbered from 1 to 7, with 1 being the outlet of the basin, where the
water treatment plant is located. Reservoirs, demarcated by points a–c, are located in the upper region of the basin and they delimited three sub-basins (2, 3 and 4). Confluence of trib-
utaries, represented by two points, divided the rest of the basin in four sub-basins (1, 5, 6 and 7).
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land cover (LULC) patterns, soil properties, topography, rainfall and
climate:

USLE ¼ R � K � LS � C � P

where R is the rainfall erosivity factor (a measure of the intensity
and duration of rainfall events), K is the soil erodibility factor (which
measures the susceptibility of soil particles to detachment and
Table 2
Components and description of the biophysical processes included in the InVEST model of ero

Step Inputs Process

Supply Land use/land cover (LU/LC) Calculates
and routinRainfall erosivity factor (R)

Soil erodibility factor (K)
Slope threshold (LS)
Cover management factor (C)
Support practice factor (P)
DEM
Sediment retention efficiency (sdret_eff)

Reservoir Reservoir dead volume Subtracts s
Service Watersheds above points of interest equal to de
Treatment Plant Allowed sediment load in rivers Subtracts s
Service Watersheds above points of interest equal to al
transport by rainfall and runoff), LS is the slope length-gradient factor
(determined by the local topography, calculated according to Moore
and Burch, 1986), C is the cover management factor (representing
the specified crop andmanagement relative to tilled continuous fallow)
and P is the support practice factor (representing the effects of
contouring or terracing). Among these factors, R, K, and LS are physical
factors, while C and P are mainly human-driven, depending on local ag-
ricultural and erosion-control practices. Each pixel’s contribution to the
sion control (Tallis et al., 2011).

Outputs

sediment retention using USLE
g

Annual average sediment retention

ediment Annual total sediment retention of value to
ad volume reservoirs (sed_ret_dr)
ediment Annual total sediment retention of value to
lowed load water treatment plants (sed_ret_wq)

image of Fig.�1
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load of suspended sediment in the river is estimated by first calculating
erosionwith USLE, and then routing eroded soil down the flowpath and
allowing retention by present vegetation.

The model quantifies the total amount of sediment retained by esti-
mating how much soil is retained by vegetation on each pixel, both in
terms of prevented erosion and in terms of captured sediment from up-
stream surface water running over a pixel. In other words, the model
first computes the difference between the sediment exported by a hy-
pothetical bare soil and the actual land cover on that pixel, equivalent
to RKLS × (1-CP) (Step Supply, Table 2). Next, the model adds the
amount of sediment eroded on all upstream sources trapped by that
pixel.

Within this modelling framework, InVEST can quantify the ecosys-
tem services of erosion control, which is the relative contribution of dif-
ferent parts of the landscape to sediment retention. Specifically, the
model considers two of the different benefits derived from erosion con-
trol service: avoided reservoir sedimentation and higher water quality.
For the former, we assume that the landscape upstream the reservoirs
has a maximum export allowance – the reservoir dead volume –

representing the volume of sediment that impacts the reservoir’s func-
tion. For the second benefit (higher water quality), we consider the an-
nual load of sediment that would arrive to a drinking water treatment
plant and compare it to a threshold value of total suspended solids
allowed in drinking water. Due to the lack of a threshold value of total
suspended solids in the European legislation (DWD, 1998), we use the
threshold value given by US EPA, 2009.

All the calculations are made at a pixel resolution of 200 × 200 m
to capture the spatial heterogeneity of key driving factors such as soil
type, rainfall and vegetation type. However, the model simulates hy-
drologic processes that are best interpreted at the sub-basin or basin
scale, so the pixel values are aggregated (summed and/or averaged)
to match these scales for result interpretation and model validation.
The model was calibrated by Terrado et al. (2014) at La Baells reser-
voir (outlet of sub-basin 2) using temporal changes in the reservoir’s
bathymetry (Catari et al., 2009). Results of the model were then val-
idated with data reported by Liquete et al. (2009)). Despite only ac-
counting for the sheet wash process in the sediment budget (gully
or stream bank erosion are ignored), a reasonable estimate of sedi-
ment yield was obtained at the basin scale with physical parameters
in reasonable ranges (relative error of 7%; see Table 3; Liquete et al.,
2009). However, at sub-basin scale in the Upper Llobregat, above La
Baells reservoir, the relative error (25%) was higher (see Table 3;
Catari et al., 2009). This could be due to additional sediment sources
in this particular area that are not accounted in the model (e.g. bank
erosion, gullies), as suggested by Catari et al. (2009). We acknowl-
edge that large uncertainties about the relative contribution from sed-
iment sources (sheetwash vs. gullies and bank erosion) affect the
validation performed by Terrado et al. (2014). However, these uncer-
tainties have a limited impact on the sensitivity analyses presented
here since results are interpreted as representing the contribution
from sheetwash erosion only.

2.3. Sensitivity analysis

Our sensitivity analysis focuses on three different outputs given by
the model: 1) total sediment exported, 2) fraction of total sediment
Table 3
Observed and predicted values of sediment export (Gg/year) used for calibration (Terrado et a

Parameter Point of interest Region

Sediment export La Baells reservoir Sub-basin 2
The basin outlet Whole basin

Data sources:
1 Catari et al., 2009.
2 Liquete et al., 2009.
retained which is contributing to higher water quality benefit, and
3) fraction of total sediment retained for avoided reservoir sedimenta-
tion benefit. We performed the sensitivity analysis on the model using
the initial parameter values from Terrado et al. (2014). We employed
theMorris method (Morris, 1991), which is a one-at-a-time (OAT) sen-
sitivity analysis that aims at isolating the influential parameters from a
large number of input variables or factors. This method has several ad-
vantages over other methods. It is easy to understand, does not depend
on assumptions about the model, is computationally inexpensive, the
parametric space is covered efficiently, and it shows input interactions
and non-linear effects. However, this method cannot quantify the con-
tribution of a parameter to the variability of the output in a highly
non-linear model (Wu et al., 2013). As with all sensitivity analysis
methods, the goal of the Morris screening method is to determine the
relative influence of each input variable or factor (xi) on the output or
response (y) through a series ofmodel runs. To achieve this, themethod
determines themean (μ) and standard deviation (σ) of ∂y/∂xi at several
points in the sample space employing an OAT type calculation scheme
that fixes at each step all input variables except the one whose effect
is being calculated.We extended of the original Morris approach, by ap-
plying the ‘mean of absolute values’ (μ*) defined by Campolongo et al.,
2007, to avoid the effect of cancellation of terms with similar absolute
values but different signs (see Sánchez-Canales et al., 2012 for more
details).

Our application of the Morris methodology consists in five steps:
(i) examining the calibrated InVEST model to select the inputs that are
likely to be affected by global change and define their ranges to modify
in each test (Table 4); (ii) implementing the extended Morris approach
and calculate the value of ∂y/∂xi employing the OAT type calculation
scheme; (iii) obtaining a set of combinations of input variables;
(iv) running the calibrated InVEST model for each combination of
input variables of factors, obtaining a set of model responses; and
(v), calculating μ* and σ for each sub-basin and for the whole river
basin. The sensitivity analysis algorithm was implemented in Fortran
2003.

Using the equations that describe the InVEST sediment retention
model, the inputs inspected in the sensitivity analysis included: rainfall
erosivity (R); soil erodibility (K); and land use/land cover (LULC), with
five LU categories (urban land, non-irrigated cultivated land, irrigated
cultivated land, grass and shrub land, and forest land). Three inputs
were linked to land use type: covermanagement factor (C); the support
practice factor (P); and a sediment retention value that identifies the ca-
pacity of vegetation to retain sediment as a percentage of the amount of
sediment flowing into a cell from upslope.We noted that the model re-
quires two additional inputs: the threshold flow accumulation and
slope threshold that both depend on the digital elevation model
(DEM). Because errors in the DEM were not a focus of this analysis,
we used the values from a former study (Terrado et al., 2014). The
threshold flow accumulation, set to 1000, produced output consistent
with the stream network map provided by the Catalan Water Agency
(ACA).

Table 4 contains the ranges of variation of the inputs. The ranges for
all the inputswere obtained from the literature (Wischmeier and Smith,
1978; US EPA, 2009; Terrado et al., 2014). The values ∂y/∂xi were
normalized by the response standard deviations to avoid scaling arti-
facts (Patelli et al., 2010). The Morris sampling plan takes an r-sized
l., 2014), and the relative errors.

Observed Predicted (Mean) Relative error (%)

2001 150 25
14282 1535 7



Table 4
Inputs and ranges for both avoided reservoir sedimentation (16 inputs) and higher water quality (17 inputs) benefits.

INPUT NUM.
INPUT

MIN. MAX.

Rainfall erosivity coefficient (by which the factor is multiplied) 1 0.100 2
Soil erodibility coefficient (by which the factor is multiplied) 2 0.001 2
Cover management factor a For urban land 3 0.001 0.010

For non-irrigated cultivated land 4 0.220 0.770
For irrigated cultivated land 5 0.250 0.500
For grass and shrub land 6 0.011 0.230
For forest land 7 0.001 0.028

Support practice factor a For non-irrigated cultivated land 8 0.250 0.900
For irrigated cultivated land 9 0.250 0.900
For grass and shrub land 10 0.250 0.900
For forest land 11 0.250 0.900

Sediment retention factor a For urban land 12 0 10
For non-irrigated cultivated land 13 25 40
For irrigated cultivated land 14 25 40
For grass and shrub land 15 40 55
For forest land 16 50 90

Allowed annual sediment load, in tn/year b,c

(used for valuing sediment retention for water quality)
17 181800 424200

a Wischmeier and Smith, 1978.
b US EPA, 2009.
c Terrado et al., 2014.
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sample of the k factors to be tested, and costs r(k + 1) model runs, if
considering a set of k + 1 points on the region of interest such that
two consecutive points of the sampling differ only by one component.

The sensitivity analysis parameters μ* and σ were calculated for
each factor with respect to the 3 final outputs (total sediment exported
and total sediment retained for both avoided reservoir sedimentation
and higher water quality benefits). These parameters were calculated
at both sub-basin and basin scales. A high value of σ suggests the
existence of nonlinear effects and/or interaction with other input fac-
tors, while a low σ indicates independence (Morris, 1991). The value
Fig. 2. Sensitivity analysis indices (μ* and σ) calculated for each factor with respect to the total
resultsmore different, sub-basin 2 (b), and by sub-basin 6 (c). The value of μ* is an indication of
the model is most sensitive. A high value of σ suggests the existence of nonlinear effects and/o
dependent of other factors.
of μ* is an indication of the importance of the factor, with higher values
attributed to factors to which the output of the model is most sensitive
(Fig. 2).

The relevant parameters obtained for total sediment exported were
correlatedwith the characteristics of each sub-basin andwith thewhole
river basin using the Spearman’s rank correlation matrix due to the
small sample size and the presence of outliers in the data, invalidating
the assumption of normal distribution. To cross-check the results, we
also computed the Pearson’s r correlation coefficients, which proved
to be similar.
sediment exported. These indices are calculated for basin (a) and sub-basin scale, plotted
the importance of the factor, with higher values attributed to factors towhich the output of
r interaction with other input factors, while a low σ indicates that the factor is almost in-

image of Fig.�2
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3. Results

3.1. Total sediment exported

The total sediment exportedwas calculated for the seven sub-basins
aswell as for thewhole river basin (Fig. 1). The sensitivity of this output
with respect to the physical factors R (rainfall erosivity) and K (soil
erodibility) was found to be similar for individual sub-basins and for
the whole basin. Overall, the greatest influence was found for rainfall
erosivity, closely followed by soil erodibility. For the rest of the model
inputs, differences in sensitivity were apparent, whichwe hypothesized
to be due to differences in sub-basin characteristics. Fig. 2 shows the re-
sults of the sensitivity analysis performed on two of the most different
sub-basins (sub-basin 2 and 6), as well as for the whole river basin.

The entire basin has mostly natural vegetation with 38.2% of forest
and 31.6% grass and shrub land. However, it also has a significant
proportion of (non-irrigated) cropland (23.6%). The results of the sensi-
tivity analysis highlight that the support practice factor (P) for non-
irrigated cultivated land and the cover management factor (C) for
grass and shrub land have the greatest influence on sediment export,
after the R and K factors (Fig. 2a).

Similarly, in sub-basin 2 the most influential factors (apart from R
and K) are C and P for grass and shrubland (Fig. 2b) that reach values
of μ* as high as those for K. This is a highmountain sub-basin composed
of mostly forest (63.2%), with a wide area of shrubs and grass covers
(35.1%), and a reservoir at the outlet (La Baells). Sub-basin 6, in contrast,
is mainly composed of non-irrigated cultivated land (43.8 %), with less
grass and shrubland (25.5 %) and forest (24.9 %). The most important
factor after R and K for this sub-basin is P for non-irrigated cultivated
land (Fig. 2c).

These observations were confirmed by the correlation analyses. The
Spearman’s rank correlationmatrix (Table 5) shows the influence of the
characteristics of each sub-basin, in particular the percentage of land
use, on the sensitivity of each parameter. In general, the proportion of
non-irrigated cultivated land use and forestswere significantly correlat-
ed with the sensitivity of the C and P factors.
Table 5
Spearman’s ρ correlation matrix between sensitivity of model inputs (reported in Fig. 2) and r
evaluated as μ* and the variation in thatσ (as described in text and Fig. 2). Only inputswith a sig
|ρ| N 0.6, indicating a strong correlation (null hypothesis rejected with a p-value b 0.05).

Sensitivity analysis inde

Rainfall 

erosivity 

factor (R)

Soil erodibility 

factor (K)

Watershed characteristics µ* σ µ* σ

Maximum slope 0.08 –0.20 0.50 0.57

Mean slope –0.37 –0.52 0.64 0.73

% urban land (0) –0.25 0.63 –0.26 –0.39

% cultivated non–irrigated land (1) 0.39 0.73 –0.90 –0.95

% cultivated irrigated land (2) 0.95 0.51 0.95 –0.21

% grass and shrub land (3) –0.08 –0.23 –0.08 0.57

% forested land (4) –0.67 –0.76 –0.67 0.57

River length (km) 0.76 0.74 0.76 –0.52

Surface (km2) 0.68 0.83 –0.62 –0.64

River length per surface 0.28 0.67 –0.78 –0.77

Mean rainfall –0.58 –0.68 0.67 0.78

Maximum erosivity –0.80 –0.38 0.33 0.49

Mean erosivity –0.83 –0.38 0.24 0.38

Maximum erodibility 0.12 0.70 –0.57 –0.38

Mean erodibility –0.23 –0.04 –0.52 –0.30
Additional observations can be made from Table 5. In the Llobregat
basin, it seems that the higher the mean slope or the mean rainfall,
themore important were K, and the C and P factors for grass and shrub-
land respectively. In contrast, the higher the mean slope or the mean
rainfall, the less influential were the management and P factors for
non-irrigated cultivated land. Interestingly, although input factors relat-
ed to forested land were not significantly correlated with basin charac-
teristics, the fraction of this LULC in the study area affects the relevance
of others important inputs. In fact, the higher the fraction of forested
land, the less important C and P become for non-irrigated cultivated
land, as well as R and K.

To provide some perspective to the qualitative sensitivity analyses,
we also provide quantitative insights into the effect of parameter er-
rors. Table 6 reports the results of several pairs of runs from the sensi-
tivity analyses, showing the relative difference in input parameters and
the resulting difference in sediment export. For the whole basin, the
first example shows the difference in sediment export (−49%) due to
the change only in C for non-irrigated land use (a decrease of 64%).
This result confirms that the model is less sensitive to C parameters
than to R and K parameters, to which the model responds proportion-
ally, according to the analysis of the model structure. The three
other pairs of runs illustrate how differences in parameters may
compensate each other. For example, for the whole basin, we show
that an increase of 63% in R may be compensated by high decreases
in P for non-irrigated and C for forest land uses (the difference in
sediment export is only 0.2%). Similarly, in subbasin 2, an increase in
both physical factors (46% for R and 33% for K, respectively) and high
decreases in C and P factors result in comparable sediment export
(1% difference in sediment export). In subbasin 6, similar results were
obtained with an increase of 46% in R and also a high decrease in the
most sensitive inputs of human-related factors (C and P). These exam-
ples illustrate a classic case of equifinality in environmental modelling,
whose discussion in outside the scope of this paper. In practical terms,
they suggest that changes in some parameters (e.g. rainfall erosivity)
may be compensated by others (e.g. management factors), as discussed
below.
iver basin characteristics for total sediment export output. Sensitivity of model inputs are
nificant sensitivity index value (μ* N 0.1) are included here. Greyed values are thosewhere

xes of total sediment exported with respect to

Cover 

management 

factor (C)

Support 

practice factor 

(P)

Cover 

management 

factor (C)

Support 

practice 

factor (P)

Cultivated non–irrigated land Grass and shrub land

µ* σ µ* σ µ* σ µ* σ

–0.52 –0.52 –0.52 –0.52 0.60 0.60 0.60 0.60

–0.83 –0.83 –0.83 –0.83 0.74 0.74 0.74 0.74

0.52 0.52 0.52 0.52 –0.36 –0.36 –0.36 –0.36

0.95 0.95 0.95 0.95 –0.98 –0.98 –0.98 –0.98

0.36 0.36 0.36 0.36 –0.20 –0.20 –0.20 –0.20

–0.43 –0.43 –0.43 –0.43 0.52 0.52 0.52 0.52

–0.71 –0.71 –0.71 –0.71 0.57 0.57 0.57 0.57

0.60 0.60 0.60 0.60 –0.50 –0.50 –0.50 –0.50

0.69 0.69 0.69 0.69 –0.62 –0.62 –0.62 –0.62

0.68 0.68 0.68 0.68 –0.74 –0.74 –0.74 –0.74

–0.88 –0.88 –0.88 –0.88 0.81 –0.88 –0.88 –0.88

–0.57 –0.57 –0.57 –0.57 0.50 –0.57 –0.57 –0.57

–0.43 –0.43 –0.45 –0.45 0.36 –0.45 –0.45 –0.45

0.43 0.43 0.43 0.43 –0.36 0.43 0.43 0.43

0.24 0.24 0.24 0.24 –0.36 –0.36 –0.36 –0.36

Unlabelled image


Table 6
Results from four pairs of model runs conducted for the sensitivity analyses, with two examples for the whole basin and two for the most different subbasins (number 2 and 6). The dif-
ferences in all inputs and sediment export output are shown as the percentage (%) of increment (+) or decrement (−) between the two parameter sets from each pair of runs. In bold, the
most sensitive inputs in each case obtained from the sensitivity analysis.

WHOLE basin SUBBASIN 2 SUBBASIN 6

% % % %

Erosivity factor (R) factor multiply by 0 63 46 46
Erodibiliy factor (K) 0 0 33 0
Cover management factor (C) Urban land 0 −43 −75 60

Cultiv. non-irrigated land −64 0 0 −83
Cultivated irrigated land 0 33 17 33
Grass and shrub land 0 0 −664 −1327
Forest land 0 −2700 −47 0

Support practice factor (P) Urban land 0 0 0 0
Cultiv. non-irrigated land 0 −261 −87 32
Cultivated irrigated land 0 47 −93 72
Grass and shrub land 0 −32 64 0
Forest land 0 0 −87 48

Sediment retention efficiency (sdret_eff) Urban land 0 43 0 43
Cultiv. non-irrigated land 0 29 38 29
Cultivated irrigated land 0 17 −20 38
Grass and shrub land 0 −11 18 9
Forest land 0 17 0 17

Sediment export Kg/subbasin −49 −0.2 1.0 0.2
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3.2. Total sediment retained

As explained before, the model assesses the erosion control service
as the total sediment retained in the basin, i.e. the amount of soil
retained by the landscape. The two different benefits calculated for
this ecosystem service are higher water quality and avoided reservoir
sedimentation. In our study basin, the total sediment retained that
could contribute to higher water quality was calculated for the whole
basin, since the drinking water treatment plant is located at its outlet.
However, the avoided reservoir sedimentation was calculated for sub-
basins 2, 3, and 4, each of which has a reservoir at its outlet (see Fig. 1
for location of these basins).

In contrast to the complex dependencies seen for sediment export
(above), themodel for total sediment retention (for both avoided reser-
voir sedimentation and improved water quality) only appears to be
strongly sensitive to the physical factors, R and K. Since the results
from the sensitivity analysis shows that the provision of both benefits
in all the sub-basins and thewhole basin are the same, avoided reservoir
sedimentation and improved water quality are independent of the ba-
sins’ characteristics. These results are best interpreted in light of the
model structure. The total sediment retained is the sum of sediment
retention on each pixel, which is itself based on a simple comparison
between the current LULC and bare soil (see Methods). This suggesting
that factors affecting all pixels (such as R and K) will have a stronger
effect than LULC-specific factors that only affect a proportion of the
pixels.
4. Discussion

4.1. Management implications

The sensitivity analysis of the InVEST sediment retentionmodel sug-
gests that R and K (rainfall erosivity and soil erodibility) are themost in-
fluential inputs in theMediterranean river basin under study. It isworth
noting that both of these factors are potentially climate-driven; R direct-
ly and K through the effects of temperature and moisture on the soil's
organic content. The soil erodibility (K) is related to soil organic matter
content, which varies with temperature and moisture in a non-linear
way, although with high spatial heterogeneity due to its relationship
with vegetation cover patterns (Lavee et al., 1998; Sarah, 2006). This
implies that in general, the model has greater sensitivity to climate
change than anthropogenic land-use change.
However, despite the prominent influence of the climate-driven fac-
tors, other factors directly related to land management played a signifi-
cant role for total sediment exported. Cover management and support
practice factors were relevant for some LULC, depending on the propor-
tion of each LULC type and sub-basin slopes. Regional differences in
model sensitivity to anthropogenic factors were observed for sub-
basins differing in LULC composition and mean slope. In high mountain
sub-basins such as number 2 (Fig. 2b), since the covermanagement fac-
tor for grass and shrubland are as relevant as climate-driven factors, it
could be possible to mitigate erosion from climate-driven changes by
promoting species withwider ground cover on this type of land. The re-
sult obtained in the sub-basin 2 is in agreement with the results report-
ed by Catari, 2007 in the same area (Upper Llobregat, above La Baells
reservoir). This thesis work reports that there is an increase in erosion
rates for all the scenarios studied incorporating global change, and con-
cludes that the two most sensitive imputs for all these scenarios are
both rainfall erosivity and cover management-related factors. In con-
trast, in truly Mediterranean climates such as sub-basin number 6
(Fig. 2c), the support practice factor in non-irrigated cultivated land is
the most relevant factor after the climate-driven ones, suggesting that
the most effective strategy to enhance the retention service would be
expanding management practices such as contouring, strip-cropping
or terracing. Therefore, different mitigation or adaptation management
actions may be more beneficial in different regions in the same river
basin. As suggested in Table 6, a 63% increase in rainfall erosivity
(R) for the whole basin could be compensated with changes in the
covermanagement factor (C) for forest land, and in the support practice
factor (P) for non-irrigated land use. For subwatersheds 2 and 6, the in-
crease in climate-driven factors could be possiblymitigatedwith chang-
es in cover management.

Finally, despite the model's lack of sensitivity to forested LULC
factors, it is interesting to note that the proportion of forest cover in
the basins is correlatedwith the sensitivity of other land-uses to the fac-
tors C and P; in sub-basinswith lower forest cover, themodel wasmore
sensitive to C and P on agricultural land-uses but less so to grass and
shrub land covers. While these results may seem counter-intuitive,
they can be explained by the high retention capacity of forested LULC.
In comparison, factors like C and P are relatively less influential since
most of the sediments from the watershed are retained by the forest
patches, making themodel relatively insensitive to other LULC’s charac-
teristics. We note that this analysis does not take into account spatial
distribution of the LULC, and that patches closer to the stream would
likely have a greater impact on sediment retention and export. In
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addition, since the results of the correlation analyses are limited by a
small sample size (7 watersheds), their interpretation for practice re-
mains tentative.

4.2. Recommendations for future analyses

This study illustrates a straightforward method to quantify the
InVEST sediment retention model's sensitivity to input parameters.
The result of such analysis enables an informed use of the model by
narrowing down parameter selection of the key inputs and facilitating
model calibration. To guide future studies, two main limitations of
such simple analyses are highlighted here.

First, we note that the Morris indices are relative measures that do
not directly translate into errors in outputs. For an end user, further
analyses are thus needed to characterize the relationship between
input and output errors. In the Llobregat basin, we undertook succinct
analyses and observed distinct responses to input errors: as expected
from the model structure, exported sediments responded linearly to a
change in R and K factors. Conversely, non-linearities were observed
for C and P, since these factors depend on the proportion and relative lo-
cation of LULC in the area studied (in the whole basin, with a 23.6% of
non-irrigated land use, a 64% decrement in C for this LULC results in a
49% decrease in sediment exported, see Table 6). These results suggest
that additional analyses are necessary to interpret quantitatively the ef-
fects of input parameter uncertainties.

Second, our methodology did not investigate the model's structural
errors. Further studies may thus be necessary to gain confidence in the
implications drawn from our sensitivity analyses. For example, the im-
plications for practice implicitly assume that the model outputs are
the sediment exported as observed in the stream. As highlighted in
the methods, the contribution from additional sources of sediments
such as gullies and bank erosion may have an effect on the results pre-
sented here. In addition, the structure of the InVEST model implies
that most of the exported sediment is mainly from the riparian zone.
While this observation is common in the literature, the relative contri-
bution of the riparian zone LULC may be under- or over-estimated,
which would affect the land-use dependent relationships derived in
our study. Preliminary investigations were conducted to investigate
the relationship between sensitivity and proportion of LULC in the ripar-
ian zone, but did not result in higher correlations than those reported
here. Although it was not in the scope of this study, further analyses of
the assumptions underlying the sediment retention model should
help improve model’s interpretation. Such work is currently conducted
by the Natural Capital Project and should result in additional insights
into the modeling of sediment retention services.

5. Conclusions

This sensitivity analysis of the InVEST sedimentmodel identified the
climate-driven model parameters (rainfall erosivity and soil erodibility
factors) as most influential for sediment export and retention, and
other parameters such as cover management or support practice as
playing a secondary but significant role. Accordingly, small changes in
the magnitude and frequency of extreme rainfall events may cause
major changes in sediment dynamics, highlighting the susceptibility of
sediment retention service to climate change in Mediterranean basins.
Moreover, the results from our sensitivity analysis further suggest that
it is feasible to compensate the likely effects of climate change on sedi-
ment export in some areas by introducing management practices such
as contouring, strip-cropping or terracing, as well as increasing the per-
centage of soil coverage by vegetation. Implications from such analyses
should, however, be put in perspective of the model’s scope: structural
errors in the modelling of sheetwash erosion and the omission of addi-
tional sources of sediment may also impact management decisions for
erosion control.
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