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Chapter III 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Pero en fin, así es el progreso, esa gran rueda que mueve la historia y que siempre gira 

hacia delante por más que les duela a muchos a los que como mi familia les cambió la 

vida. Gracias a ello mi abuelo se convirtió en Ulises y yo soy la que soy ahora. ¿Cómo 

habría sido mi vida de no haberse cruzado en la trayectoria de mi familia la orden de 

un ingeniero que decidió detener el río como el que decide detener el tiempo?” 

Julio Llamazares. Distintas formas de mirar el agua.  
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How much is gained from dam removal? An ecosystem services balance 

approach based on Fuzzy Cognitive Maps. 

This chapter is submitted and has not been published yet: 

Rincón G, Alonso C, González G, Solana-Gutiérrez J. In prep. How much is gained from 

dam removal? An ecosystem services balance approach based on Fuzzy Cognitive 

Maps.  

Abstract 

Dam removal has proven to be one of the most effective actions to restore natural 

river processes such as longitudinal connectivity and their associated processes. To 

quantify the degree to which dam removal affects riverine social-ecological systems we 

measured the effects of dam removal on river Ecosystem Services (ES). Fuzzy Cognitive 

Maps were used to integrate the direct and indirect effects on these relationships, 

thus providing a quantitative estimation of the global balance of ES in a scenario of 

dam removal. This analysis was conducted through 25 interviews to experts on fluvial 

issues, establishing the causal relationships between the ES and then determining their 

importance within the Duero River Basin (Spain). Barriers were classified according to 

descriptive parameters such as passability, use and building material resulting in 7 

groups of dams differentiated from each other. Pre- and post-barrier removal 

simulations were then compared in different scenarios, allowing us to identify the 

types of dams in which the provision of some ES are precluding the provision of others, 

thus determining if compensate the dam possible benefit against the generated 

impact. The comparison between scenarios show that the balance of ES presents less 

variation in smaller dams, while this variation increases for larger dams with a negative 

trend in the provisioning services (reduction of “aquaculture” and “raw materials”) and 

a positive trend in regulating services (increase in “water quality” and “sediment 

balance”). The total sum of the ES balance for both scenarios indicates that the 

medium-size insurmountable obstacles designed for water storage, with a high 

percentage of them abandoned, represent a key group for implementing management 

measures. We propose a management methodology based on widely recognized 

concepts and expert knowledge that will allow us to assess the dam removal effects on 

river ES for specific groups of barriers at basin scale. 

Key words: Ecosystem Services, dam removal, Fuzzy Cognitive mapping, expert 

knowledge, scenario simulation, fluvial management  
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1. Introduction  

River fragmentation caused by the presence of man-made barriers is a major 

problem worldwide (Wilder et al., 2014, Zarfl et al., 2015) and one of the main impacts 

on aquatic ecosystems (Nilsson et al., 2005), probably the most affected habitat by 

historical changes (Millennium Ecosystem Assessment, 2003, 2005; Gilvear et al., 

2013). This fragmentation supposes a serious problem to rivers longitudinal 

connectivity affecting the fish communities, both migratory and native species 

(Tummers et al., 2016). In addition, this barriers also suppose an interruption in the 

natural river flow regime, as well as an obstacle to the sediments movement along the 

river (Doyle et al., 2005; Ibisate et al., 2016), a problem that has not been considered 

on many occasions since the management of the barriers has been based exclusively 

on biological criteria, i.e. movement of fish (Silva et al., 2017). Facilitating fish 

migration is an issue in dam management, but the total removal of barriers could 

constitute a more holistic practice restoring longitudinal connectivity and also the 

associated hydromorphological processes like geomorphic variability and sediment 

transport (Radinger et al., 2018).  

Many dams are currently facing re-licensing procedures that may lead to their 

decommission. In many cases, the net balance of the dam effects is the criterion to 

decide whether a dam is re-licensed or not. The evaluation of costs and benefits can be 

done by considering all the negative effects on some characteristic of the system as 

costs and positive ones as benefits. For instance, we can compare maintenance costs 

against economic benefits (Bednarek 2001) or environmental impacts against habitat 

increases (Stanley and Doyle, 2003). Ecosystem services (ES) are the direct and indirect 

benefits that people obtain from ecosystems (Millennium Ecosystem Assessment, 

2003, 2005; Vidal-Abarca and Suárez, 2013) and represent the relative contribution of 

natural capital to human well-being (Costanza et al., 2014). Ecosystem services are 

increasingly being used as a tool to address these challenges by integrating ecological 

and social values in large-scale ecological restoration programs (Chan et al., 2006; 

Nelson et al., 2009; Trabucchi et al., 2012; Comín et al., 2018). Consequently, ES 

assessment provides a tool to analyse the response of riverine social-ecological 

systems to dam removal. However, ES do not flow directly from natural capital to 

human well-being. Natural capital can provide benefits through the interaction with 

human capital (people), social capital (their communities), and built capital (their built 

environment) (Costanza et al., 2014). 
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Rivers are ecological systems whose functioning represents a natural capital 

that can satisfy some human welfare needs through the provision of ES. Dams are built 

capital that allows society to make natural capital generate important ecosystem 

services: freshwater and energy provisioning services, mainly, but also flood control, 

navigation, and recreational opportunities (Bednarek 2001). But, at the same time, the 

modification of the natural fluvial systems prevents natural capital from satisfying 

other human needs, thus reducing other ecosystem services (e.g., regulating and 

cultural services) (Gilvear et al., 2013). Traditionally, river management decisions have 

emphasized the production of some ES such as hydropower or water supply for 

irrigation or other human uses, which are services that depend on the construction of 

barriers. Such decisions may impose trade-offs that reduce the valuation of other 

services provided by rivers less altered by these obstacles (Auerbach et al., 2014). 

The assessment of the outcome of ecosystem services that are provided by a 

dammed or undammed stream must contend with two characteristics thereof: 

(1) that are site specific, and that any generalization introduces a "fuzzy" component in 

the quantitative estimation of the effect produced by an alteration of the system on 

each specific ES; and 

(2) that interactions between different ecosystem services (trade-offs and synergies) 

are generated (Bennet et al., 2009), so that the provision of some service may 

condition the ability of the system to provide other services. 

Examining this type of trade-off relationship may allow us to better understand the 

type of situations that may occur (e.g. win-win, win-lose, win-neutral or lose-lose) after 

applying a management measure based on dam removal (Erös et al., 2018). 

1.1 The problem of ‘fuzziness’ 

We take advantage of the need to address the uncertain nature of the 

assessment to integrate different views on the ecosystem services that are provided by 

dammed (or not) streams. Thus, we integrate the uncertain, biased valuation of 

different stakeholders in the form of expert elicitation. Formal expert elicitation refers 

to a structured approach of consulting experts on a subject, synthesizing the ‘fuzzy’ 

knowledge in a structured and transparent way (Knol et al., 2010). 

Stakeholder involvement can be used to relate ecosystem function to human 

well-being since stakeholders help to identify relevant ecosystem services that may 

change as markets evolve. Therefore, many studies involve stakeholders primarily to 
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evaluate parameters and outcomes of simulations (Seppelt et al., 2011). However, due 

to its subjective nature, these types of assessments are inherently biased and prone to 

accumulation of uncertainties and should be seen as a tool to provide a rough estimate 

of the valuation of ecosystem management measures by the public (Seppelt et al., 

2011).  

1.2 The problem of trade-offs between ecosystem services 

Relationships among ecosystem service are caused by two types of 

mechanisms, acting in isolation or combined: effects of common drivers on multiple 

ecosystem services; and interactions among ecosystem services (Bennett et al., 2009). 

A dam is a management action that promotes the provision of some ecosystem 

services that enhances or compromises the provision of others. At the same time, 

stream ecosystem services can interact with each other unidirectionally (provision of 

service A affects the provision of service B, but provision of A does not affect the 

provision of B) or bidirectionally (provision of service A affects the provision of service 

B, which also affects the provision of A). These interactions can also be positive 

(provision of service A increases provision of service B) or negative (provision of service 

A reduces or precludes provision of service B) (Bennett et al., 2009). 

Most assessments assume, as a simplifying assumption, the notion that 

ecosystem services are not significantly related to each other (Bennett et al., 2009). In 

fact, Seppelt et al. (2011) quantified that more than 50% of the studies analysed 

ecosystems services in isolation (i.e. without considering any feedback or 

interrelations). The difficulty in considering the interactions between ecosystem 

services is mainly due to the fact that planning is, by its nature, sectoral and that the 

effects of the interaction may be delayed in time (Millennium Ecosystem Assessment, 

2005). The flaws of not accounting for these interactions among services include trade-

offs arising without awareness (Rodríguez et al., 2006), and an increase of the 

probability of sudden, unexpected negative changes in ecosystem services (Gordon et 

al., 2008).  

To integrate the assessment of multiple ecosystem services, several solutions 

have been designed. For instance, an index that integrates multiple ecosystem services 

and their ecological importance to prioritize sites for ecological restoration has been 

recently developed by Comín et al. (2018) based on the spatially explicit assessment of 

multiple ecosystem services. But, to our knowledge, the quantification of the chained 

effects between ecosystem services has still not been addressed.  
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1.3 Objectives  

Our work is aimed at assessing the outcome of ecosystem services provided by 

a dammed stream, considering the indirect effects of interaction among ecosystem 

services, and the concurrence of several different stakeholders in the decision-making 

process. Our intention is to understand how the use of hydrological services is related 

to human welfare and in particular how the presence of barriers alters the complex 

balance that is established between these services and the benefits that people get 

from them (Brauman et al., 2007; Gasparatos et al., 2011). In fact, consideration of 

local trade-offs and involvements of stakeholders within assessment studies are two of 

the four facets that have been found to characterize the holistic ideal of ecosystem 

services research (Seppelt et al., 2011). 

To deal with both determinants of the assessment (fuzziness and trade-offs 

between ES), we used an approach based on Fuzzy Cognitive Mapping (hereafter FCM) 

(Kosko 1986, 1987). This methodology is widely known and has been used in recent 

years to deal with ecological issues (Özesmi and Özesmi, 2004; Papageorgiou and 

Kontogianni, 2012; Van Vliet et al., 2017). FCM constitutes an attractive and structured 

modelling technique that can be specifically used in complex systems (Papageorgiou et 

al., 2009) such as riparian ecosystems (Solana-Gutiérrez et al., 2017). 

Cognitive maps can help decision-makers in the analysis of hidden causal 

relationships that can contribute to reaching more significant and relevant solutions 

(Bueno and Salmerón, 2009). A remarkable thing about this technique is that can use 

the knowledge of experts or stakeholders, who have a detailed understanding of the 

fluvial system (Van Vliet et al., 2010). It is therefore a very promising tool for linking 

stakeholders and modelers (Van Vliet et al., 2017). 

1.4 Relevance of this research 

Dam removal is considered one of the most effective tools for managing river 

restoration, longitudinal connectivity and river naturalness improvement (Pejchar and 

Warner, 2001). In this research we quantify the outcomes of dam removal by means of 

(i) a model based on expert knowledge compilation on the functioning of fluvial 

ecosystems and (ii) a framework that uses a language consistent on the concepts of 

ecosystem services.  

This methodological framework can be used to address the problem of the 

presence of an excessive number of barriers in rivers and to assist the debates of 
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stakeholders from different sectors. Our approach provides an effective tool to 

prioritize barrier management according to expert criteria and measuring the ES 

balance provided by dammed rivers.  

2. Materials and Methods  

2.1 Study area  

The study area comprises the Spanish part of the Duero River Basin, located in 

the north-west of Iberian Peninsula (Figure 1). This basin covers an area of 98,073 km2 

between Portugal and Spain, with the Spanish part accounting for 80% of this area 

(CHD 2019, last access). 

 

Figure 1. Map of the Iberian Peninsula, the Duero River Basin District and its main river 

network. The Spanish part of the basin is limited to the northwest with the Miño-Sil River Basin 

District, to the north with the Cantabrian River Basin, to the northeast with the Ebro River 

Basin and to the south with the Tajo River Basin. The basin continues to the west entering 

Portugal. Black spots represent artificial barriers. 

The climate is predominantly continental Mediterranean with an average rainfall of 

612 mm/year, which generates about 15,000 hm3 of total runoff. Agriculture is the 

main economic activity of the basin, which requires a large consumption of water. The 

hydropower production also means an important use of water resources. In recent 

decades the continuous movement of the rural population into large urban areas 

(inside and outside the catchment) has limited the demand of water for human 

consumption (CHD 2019 last access, Paredes-Arquiola et al., 2011). 
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2.2 Barriers classification 

Barrier inventories (year 2010) were actualized by the Duero River Basin 

Authority (CHD) to build a complete count of obstacles of the Duero River Basin. A 

total number of 3,539 obstacles were identified (Figure 1). After removing the barriers 

with missing values of any parameter, the final dataset included 3,431 obstacles. The 

barriers were characterized by 11 parameters (Table 1). 

Table 1. Parameters of the Duero River Basin dams. 

Parameter Definition 

Obstacle size 

Weir (<15 m) or dam (≥ 15 m). 

 

Seasonality 

Temporality of the barrier as a function of the 

circulating flow. Barriers can be temporary or 

permanent 

Height Total height of the dam wall 

Width Total width of the dam wall 

Building material 

Material used for the construction of the 

obstacle 

1. “Massive”: hardest materials (concrete and 

masonry) 

2. “Wall”: wood, metal and plastic 

3. “Loose materials”: breakwater, stone and 

compacted sand 

Conservation 
Preservation or conservation status: good, 

moderate or bad 

Operation In use or abandoned 

Use 

The main functionality of the obstacle 

1. Supply: water for human use 

2. Energy: waterfall to generate hydroelectric 
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energy 

3. Recreational: recreational, aesthetic and 

emotional use of water 

4. Risk control: flood control, sediment 

retention, aquifer recharge… 

5. Communication pathways: bridges, fords and 

roads 

Drought 
If the obstacle produces or not drought below 

its location by retaining the water 

Fishpass Presence or not of a fishpass in the obstacle 

Passability 

Determines the possibility for a fish to cross the 

obstacle in both the ascending and descending 

directions 

 

The passability of each obstacle is calculated by means of the Passability Index 

(González Fernández et al., 2010) and varies between 0 and 100. This index depends 

mainly on the physical characteristics of the obstacle. The essence of the index is based 

on the fact that the higher the probability of crossing, the lower the value of the index 

(Rincón et al., 2017). The importance of the passability is because it can be considered 

as a proxy for the height of the obstacle and allows to group into 3 distinct groups 

(Figure 2):  

- Passability Index = 0: barriers that are completely passable. 

- Passabilty index = 5-85: barriers that are more or less passable depending on 

other parameters. 

- Passability index = 90-100: totally impassable barriers. 
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Figure 2. Number of barriers according to their passability index values. 

The next step was to cluster the obstacles into homogenous groups, keeping 

them as balanced in number as possible, considering the parameters described above, 

which was done according to the discriminate power of the parameters measured by 

the ratio inter/intro squared error from the clusters. 

2.3 Ecosystem Services 

We have adapted the ES proposed by Vidal-Abarca and Suárez (2013) and Brouwer et 

al. (2015) (Table 2).  

Table 2. Selected Ecosystem Services (ES), their acronym used for the simulations and their 

definition. 

Ecosystem Service Acronym Definition 

P
ro

vi
si

o
n

in
g 

Aquaculture Aquacult Source of food such as freshwater fish, crayfish and mollusks 

Freshwater Freshwater Water available 

Raw materials Raw_mat 

Materials provides by rivers and riparian areas such as 

gravels, sand, clays, salts, mineral water, timber, reeds and 

willows, natural medicines, etc 

Hydropower Hydropower Use of a waterfall (usually artificial) to generate electricity 

Genetic 

resources 
Gen_res 

Richness in riparian (in and out- stream) species, especially 

the endemic ones 
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R
eg

u
la

ti
n

g 

Climate 

regulation and 

carbon storage 

Clim_reg 
Freshwater ecosystems can moderate extreme 

temperatures and contribute to carbon uptake 

Water 

regulation 
Water_reg Alteration of natural river flow 

Water quality Water_qual 
Self-purification water capacity and reduction of the organic 

and inorganic pollutants load 

Sediment 

balance 
Sediments 

Transport of sediments, organic and inorganic materials that 

contributes to the river floodplain fertilization. Riparian 

vegetation is a key component to buffering sediments from 

adjacent areas 

Natural hazard 

mitigation 
Hazard_mit Protection against floods and droughts 

Biological 

control 
Bio_control Non-native species control 

C
u

lt
u

ra
l 

Scientific and 

local 

ecological 

knowledge 

Ecol_known 

Knowledge about the structure and function of aquatic 

ecosystems. Cultural heritage, knowledge based on 

experience of local people 

Cultural 

identity and 

sense of 

belonging 

Cult_identity 
Human settlements located surrounding aquatic ecosystems 

and its special connection between them 

Aesthetic and 

landscape 

values 

Aesth_val 
Scenic beauty of the fluvial landscape and their sense of 

well-being 

Recreation 

and 

ecotourism 

Recre_ecotour 
Outdoor activities in rivers or near them like rafting, 

kayaking, sailing, swimming, hiking, sunbathing… 

Sport fishing Sport_fishing Angling. Trout and salmon fly fishing 

Environmental 

education 
Env_edu 

Programmes promoted and financed by public and private 

entities to raise the riparian awareness among citizens 
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2.4 FCM development process 

FCMs can be used to calculate how different points of view suggest different 

inferences on the subject of study (Helfgott et al., 2015). For this purpose, we have 

determined the ES described above. Then, we built the FCM as described in Solana-

Gutierrez et al. 2017 according to the following process: each stakeholder develops 

their individual matrix of relationships between the ES. Once all the individual matrices 

have been obtained, these were aggregate into a final matrix that represents the FCM. 

The resulting adjacency matrix is extremely complex due to the large number of 

interrelations that experts have determined occur between the ES (see supplementary 

material).  

The FCMs were obtained by 25 in-depth interviews with experts in fluvial ecosystem 

and water resources. Of the participants surveyed, a total of 8 are university professors 

(including full professors, professors and assistant professors), 9 of them are PhD or 

master students in fields related to ecology and river systems, 2 two are researchers in 

research centers and 6 technicians belonging to public administrations or private 

companies.  

We consider this number of interviews enough for the study since when the number of 

expert’s increases, the form of the FCM tends to stabilize and then constitute a good 

representation of the state of extant knowledge (Helfgott et al., 2015). The 

participants were contacted mainly by email, where the matrix of correlations and the 

document with the instructions and the definition of the variables were included.  

The relation value among pairs of ES can be both positive and negative and the 

connections between variables comprise 5 types of relationships (see Table 3). 

Relationships are established in such a way that the factors of the columns (actions) 

influence the factors of the rows (responses). The assignment of values to these 

relationships was made according to the following question: How does this factor 

influence the other factors? (adapted from Mouratioadou and Moran, 2007). 

Table 3. Interpretation of the casual relationships between variables. 

Strength of the 

connections 

Sign and strength of 

the relationship 

+1 Positively strong 

+0.5 Positively medium 
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0 No relation 

-0.5 Negatively medium 

-1 Negatively strong 

 

In order to check if the relationships (weights) were influenced or biased by the 

interpretation of an expert in particular, we performed a sensitivity analysis. Then we 

did a PCA analysis (Jongman et al., 1995) in order to determine the structure and 

hierarchy of the relationships.  

2.5 Simulation process 

Once its generated the adjacency matrix, the FCM allows us to analyse the 

system behaviour by running different simulations using matrix calculation generating 

“what if” scenarios where each group of classified barriers were removed according to 

a plausible but hypothetical exercise for decision making to be implemented (Özesmi 

and Özesmi, 2003, 2004; Gray et al., 2012). To do this, initial vectors or triggers that 

will serve to activate the system were established (Tan and Özesmi, 2006; Kok 2009; 

Papageorgiou and Kontogianni, 2012).  

The initial state vector is a row vector of size 1xN, where N is the total number 

of system concepts (in this case each ecosystem service) (Tan and Özesmi, 2006). Then, 

every vector is multiplied by the adjacency matrix through an iterative vector-matrix 

multiplication process until reaching a state of equilibrium (Kosko 1986, 1987; Özesmi 

and Özesmi, 2004). The values of each concept are included in the interval [0, 1] after 

every iteration using the threshold function of activation (sigmoid function). In our 

case, equilibrium was reached after 20 iterations. As a result, the response changes 

will serve to measure the trade-offs of the ES when performing possible management 

actions.  

For a given ecosystem service, values closer to 0 means that this service is not 

being provided (when it is 0). On the other hand, values close to 1 will mean that the 

ES has been fully provided. In our case, we have decided to modify the values of some 

ES in order to determine the variations that occur in the rest of ES with the objective of 

calculating the balance of gain or loss of ES after removing a group of obstacles. 

Through these interactions of different activation vectors with the same 

adjacency matrix, a simulation of how the system works before and after the barrier 
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removal was conducted. Thus, we considered two simulation scenarios for each case 

study: a scenario of current conditions in which obstacles are still present in the river 

(Scenario 1), and a scenario that implies barrier removal and the progressive change in 

the value of ES towards a most naturalized river (Scenario 2).  

In this case, we have determined as initial vector the removal of each group of 

barriers independently; therefore, 7 initial vectors were generated for scenario 1 and 

another 7 for scenario 2. Then, each one was multiplied by the adjacency matrix 

obtaining the response of the system before and after the hypothetical case of barrier 

removal. The values of each initial vector were established by expert knowledge 

considering the approximate values that these ES could have in each situation 

according to the characteristics of each group of obstacles (e.g. the small barriers of 

group 1 represent conditions more similar to the natural ones, whereas large barriers 

of group 3 generate a greater disturbance). 

Simulations have been carried out by accounting for the change in the most 

relevant ES provided by the system, so we can measure the change in value of the rest 

of the ES. In addition, we have considered 2 ES from the provisioning, regulating and 

cultural groups according to their relative importance, so that there is an equitable 

representation of variation. 

The calculation of the outdegree (the strength with which a system concept, in 

this case each ecosystem service, influences others), indegree (the strength with which 

a system concept is influenced by others) and centrality (how connected is the system 

concept within the system, representing its general importance) of the ES, as well as 

the simulation of different management scenarios (pre- and post-dam removal) were 

conducted using the software tools Fuzzy Cognitive Mapping & Modelling (Bachhofer 

and Wildenberg, 2010) (freely available in www.fcmappers.net) and Mental Modeler 

(Gray et al., 2013) (freely available in www.mentalmodeler.org). 

3. Results 

3.1 Classification of barriers 

The best parameter to classify Duero River Basin barriers is passability, followed by 

use and materials (Figure 3). This classification comprised seven types of barriers, 

ranging from small abandoned weirs with high passability values to large impassable 

hydroelectric dams. 

http://www.fcmappers.net/
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Figure 3. PCA analysis of the dam parameters.  

 This classification will be as follows: 

- Group 1. Classification criteria: small heights, operation and state of 

conservation. All the barriers are totally passable. Total: 455 

o Group 1.1. Use: water supply, energy and recreational. Characteristics: 

low heights, mostly in disuse and in poor condition. Predominance of 

the use of loose materials in its construction. Total: 373 

o Group 1.2. Use: natural hazard prevention and stream-road crossings 

(e.g. bridges, fords, roads…). Characteristics: low heights but operating 

in general and in good condition. Predominantly the use of hard 

materials such as concrete. Total: 82 

- Group 2. Classification criteria: medium heights. The passability of each barrier 

depends on its height and physical characteristic. Total: 1,631 
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o Group 2.1. Use: water supply, recreational, natural hazard prevention 

and stream-road crossings. Medium-low heights. In general, high 

percentage of operational obstacles and good condition In terms of 

materials, the use of hard materials stands out, although there are also 

an important percentage of loose materials. Total: 1,594 

o Group 2.2. Use: energy. Characteristics: small group but sufficiently 

different from the previous one to be a group of its own. The average 

height of these obstacles is generally higher with some cases of very 

high barriers. The percentage of barriers in operation and in good 

condition is very high. Predominantly the use of hard materials such as 

concrete. Total: 37 

- Group 3. Classification criteria: high heights, predominance of use for human 

supply. All the barriers are totally impassable. Total number of obstacles: 1,345 

o Group 3.1. Use: water supply. Medium sized dams with some 

exceptions. High percentage of obstacles in disuse. Predominance of 

loose materials. Total: 1,068 

o Group 3.2. Use: energy. Very large dams with high percentage of 

operability obstacles and in good condition. Predominantly the use of 

hard materials such as concrete. Total number of obstacles: 128 

o Group 3.3. Use: recreational, natural hazard prevention and stream-

road crossings. Smaller size than the previous group. Very high 

percentage of operational obstacles and in good condition. The 

presence of hard materials is highlighted but without a predominance 

over loose materials. Total: 149 

In figure 4 we indicate the location of each group of barriers within the basin. 

Barriers included in group 1 constitute 13.26% of the total obstacles in the 

basin (455 of 3,431 obstacles). The barriers of group 2 represent 47.54% of the total 

(1,631 of 3,431 obstacles) and are the most numerous set of obstacles in the basin. 

Finally, group 3 barriers represent 39.20% of the total (1,345 of 3,431 obstacles). 
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Figure 4. Location of the barriers according to the group to which they belong. 

3.2 ES correlations 

A PCA analysis has been carried out to determine if there is a high correlation 

between the ES (Figure 5). This has allowed us to detect that there are some variables 

that have a high correlation among them. 
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Figure 5. Importance of the Ecosystem Services variables.  

As seen, the variables with more importance are grouped into 3 distinct 

sectors. A first sector that collect a greater part of the general variability and 

represents a more aesthetic and recreational vision (in the first axis, with variables as 

"aesthetic and landscape values" explaining 49.4% of the variability), including also the 

importance of the service represented by "genetic resources" or the importance of 

native versus exotic species. The second sector represented in the second axis is 

considered of economic importance that includes aspects of energy (“hydropower”), 

supply (“water regulation”) and goods ("raw materials"). Finally, there is a third sector 

related to maintaining good levels of quality of life by grouping education and culture 
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services together with environmental variables that represent improvements to the 

ecosystem and ecological processes. 

3.3 FCM outcome  

The aggregated expert matrix picks up the system complexity. From 25 

individual maps, the aggregated one shows a total of 17 concepts (each ES) with 272 

connections between them (see adjacency matrix in supplementary material). As seen 

in figure 6, all the ES generate an influence as much as they are influenced by other 

concepts. This influence varies depending on the outdegree and the indegree of each 

one. 

 

Figure 6. ES importance representation in the aggregated FCM map according to their 

centrality, which is the result of the outdegree and indegree sum of each variable (these values 

are dimensionless) and represents its importance within the system. 

The most central variable is “Scientific and local ecological knowledge” while 

the less central is “Water regulation”. Variables with the highest outdegree value 

correspond to the cultural part of the ES (positions 1, 2, 4 and 6) and therefore were 

considered concepts of great importance by many of the experts surveyed (Figure 5). 

This means that these ES have more influence on others within the system.  

3.4 Simulation process and barriers importance 



148 
 

Based on the classification obtained in the previous section, a simulation 

process has been developed in order to compare management scenarios. For that, we 

considered 2 simulation scenarios: a scenario that represents the current state of the 

system, with the presence of each barrier which represents the altered state of the 

rivers (Scenario 1) and a situation that represents the state of the ecosystem services 

once a particular group of barriers has been removed (Scenario 2), which corresponds 

to a more natural river conditions (Table 4). The results of this table are not 

quantitative but they are used to determine if the final balance of each ES is positive or 

negative and how much of each ES is gained or lost to more natural conditions. 

In general, the tendency for provisioning ES will be a generalized reduction for 

the scenario without dams, since the river will approach a condition more similar to 

the natural one. Regarding the regulating ES, the situation is different since there is a 

slight improvement in most services except in 2 of them that the trend is positive or 

negative depending on the group of dams. In this case, sediment balance is the service 

with a positive trend that is increasing in an evident way for the dams of group 3. 

Finally, cultural ES vary very little for all groups of dams, especially for the barriers of 

group 1 since the changes between the pre- and post-removal situation is lower, but in 

general the final balance shows a positive trend. 

Table 4. What is gained and lost for each ES by comparing the results obtained in the two 

scenarios. 

Ecosystem service 

ES pre-post changes 

group 

1.1  

group 

1.2  

group 

2.1  

group 

2.2   

group 

3.1  

group 

3.2   

group 

3.3   

P
ro

vi
si

o
n

in
g 

Aquaculture -0.1 -0.1 -2 -0.1 -2 0.1 -2 

Freshwater                

Raw materials -0.2 -0.2 -6 1 -12 -3 -12 

Hydropower               

Genetic resources 0.2 0.2 0.5 2 1 4 1 

R
eg

u
la

ti
n

g Climate 

regulation and 

carbon storage 

0.5 0.5 -0.3 1 -1 -0.1 -1 
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Water regulation               

Water quality 0.3 0.3 0.5 2 0.5 3 0.4 

Sediment balance 1 1 4 10 8 25 6 

Natural hazard 

mitigation  
              

Biological control 0.1 0.1 -0.5 1 -1 2 -1 

C
u

lt
u

ra
l 

Scientific and 

local ecological 

knowledge 

0.01 0.01 -0.005 0.07 0.04 0.15 0.02 

Cultural identity 

and sense of 

belonging 

0.03 0.03 0.1 0.2 0.3 1 0.2 

Aesthetic and 

landscape values 
              

Recreation and 

ecotourism 
0.02 0.02 0.00 0.11 0.07 0.29 0.05 

Sport fishing               

Environmental 

education 
0.01 0.01 0.01 0.05 0.06 0.13 0.05 

 

For the barriers of group 1, the final ES balance in both situations shows little 

change because the initial vectors that generate each scenario are very similar. That is, 

the difference between the situation without a barrier and with a barrier is relatively 

small since the obstacles of this group are of small size, totally passable and often out 

of use. So, the gain/loss balance of ES obtained with the elimination of these barriers is 

relatively low. 

Within the barriers of group 2, a general trend of improvement of the ES is 

observed, especially for the sediment balance service, except for some provisioning 

services in group 2.1. This may be due to the fact that this group is very numerous and 

includes dams of different uses, so their elimination will have a negative balance in ES 

such as aquaculture and raw materials. 
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Finally, in the barriers of group 3 the increases and losses of some ES are clearly 

visible. Especially provisioning services are lost, except the genetic resources service, 

because the removal of these insurmountable dams would increase the longitudinal 

connectivity for the fish species. On the other hand, the gain in some regulatory 

services is positive, especially with a general improvement for water quality services 

and especially in the sediment balance. There is a reduction, not too high, for the 

services of climate regulation and biological control. The climate regulation service is 

reduced by decreasing the amount of water stored after the removal while biological 

control can reduce its value to a lesser extent because the removal of large impassable 

barriers can encourage the movement of exotic fish species. 

The results obtained by comparing the sum of every ES in both scenarios allow 

us to determine if there is a general improvement in the ES balance once we have 

decided to apply a fluvial management measure for barriers removal. This value 

represents the square sum of all the individual values of the changes of each ES in 

scenarios 1 and 2. Table 5 determines that changes are barely observed for the 

barriers of group 1, while for the other groups a generalized improvement of the 

general values of the Ecosystem Services is observed, especially in the groups of larger 

dams that generate more impact in the fluvial ecosystem. 

We have generated an importance value of each barriers group according to 

their overall ES value of scenario comparison and the percentage of barriers by group 

(Table 5).  
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Table 5. Overall importance of each group of barriers according to their abundance in the River 

Basin and the general value of the ES in the dam removal situation (Scenario 2). 

 

Group 

1.1 

Group 

1.2 

Group 

2.1 

Group 

2.2 

Group 

3.1 

Group 

3.2 

Group 

3.3 

Number of 

barriers by 

group 

373 82 1594 37 1068 128 149 

% barriers by 

group 
10.87 2.39 46.46 1.08 31.13 3.73 4.34 

Overall ES value 

pre and post 

dam removal 

0.02 0.02 0.88 0.77 3.25 3.26 2.93 

General 

importance 
0.22 0.05 41.06 0.83 101.26 12.16 12.74 

 

The final value of importance is greatly influenced by the percentage of 

obstacles in each group because, the higher the number, the greater the benefit of its 

management. For that reason, higher values are found for the group 3.1, followed by 

the group 2.1. The lower values of group 1 correspond to what has been said above. 

The barriers of group 3.1 represent medium-size insurmountable obstacles, with a high 

percentage of them abandoned, representing a key group for implementing 

management measures. 

4. Discussion 

Our study presents a novel approach to assess the changes in the overall 

balance of ES when management measures based on dam removal using theoretical 

simulations are proposed. The aim of this research is to generate a conceptual exercise 

that allows establishing guidelines for river restoration at the basin level. 

In this paper, we have proposed the use of a methodology based on fuzzy logic 

and expert criteria to estimate this ES gain and loss balance once the effect of each 

type of barrier is removed, generating a context that can be recognized by researchers 

and policy makers. We highlight the proposal of an interesting and original study that 
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raises the study of the removal of different groups of barriers with the objective of 

indicating the priority action groups. 

So far, it has been observed that there is a difficulty in quantifying the 

interactions between ES and therefore the trade-offs produced among them. We have 

tried to solve the problem of ES fuzziness by developing an adjacency matrix filled with 

expert criteria that assigns weights to each ES as well as the relationships that occur 

between them. This research presents a possible solution to reduce the uncertainty 

when quantifying the variations in the ES that occur in situations with a barrier and 

without a barrier, considering also that there are different types of dams and, 

therefore, each one generates a different ES balance. 

4.1 The problem with the fuzziness: the use of FCMs based on stakeholders and expert 

criteria as a solution.  

The uncertain nature of the assessment of how to integrate different visions on 

the ES provided by rivers (dammed or undammed) is a problem faced when we 

approach the study of these ES that barriers can enhance or diminish by means of the 

application of an FCM developed with expert knowledge. We have identified the most 

relevant ES among those proposed by Vidal-Abarca and Suárez (2013) for the Spanish 

rivers to finally use a total of 17 services. This number increases the complexity when 

determining the relationships between them, taking into account that approximately 

50% of other similar studies consider only 5 or fewer services simultaneously (Seppelt 

et al., 2011). Contrary to what is said in Comín et al. (2018), in our case we do consider 

the provisioning services because we believe it is important to keep in mind all the 

relationships between different ES (Bennett et al., 2009; Seppelt et al., 2011), as well 

as that it is important for determining the total balance of these services when 

restoration measures are proposed for barrier removal. 

When we analyze the output obtained from the FCMs, we observe that cultural 

services generally have a high centrality within the system. On the other hand, some 

regulation and supply services have lower centralities, although they are variable and 

continue to influence other services since, although their centrality is low, their 

outdegree value is still important (see figure 6). These values have been obtained by 

consulting experts from different areas, so that it has been possible to obtain an 

individual matrix of knowledge from each of them in which it is assumed that everyone 

has applied all their knowledge with the information available (Solana-Gutiérrez et al., 

2017). The experts consulted for this study come from a specific sector of society, 
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especially from the academic and technical fields. These participants have a higher 

awareness of the impacts and the problem of an excess of barriers in the fluvial 

systems than other possible groups like farmers or hydroelectric owners whose 

knowledge of the subject can be lower. However, this disadvantage can be partially 

overcome by the aggregation of the individual matrices into a general matrix because 

the strong law of large numbers ensures the well behavior of mean estimations when 

increasing the number of experts (Özesmi and Özesmi, 2004). 

The obtaining of certain ES by the dams, which represent the built capital 

defined by Costanza et al. (2014), is expressed in a fuzzy way through qualitative values 

(Tan and Özesmi, 2006). In order to manage this fuzziness, the FCM methodology 

allows us to determine how each service interacts with others and the causal 

relationships between them. The initial vectors used to simulate scenarios shows 

qualitative results of how the set of ES is provided according to the type of barrier. 

For all this, we consider that the use of the FCMs and the tools that this 

methodology provides is a good practice for reducing the stakeholders’ uncertainty 

when trying to estimate the valuation of the ES in both dammed and undammed rivers 

for fluvial management and restoration. 

4.2 The problem of the trade-offs between ES: the gain and loss of each ES in the 

scenario simulation. 

The simplified assumption of considering that the ES are not significantly 

related to each other (Bennett et al., 2009; Seppelt et al., 2011) is a problem that can 

be addressed with the methodological part of the FCMs that proposes using the initial 

vectors to develop scenario simulations. 

Trade-offs are situations in which one service increases and another one 

decreases because of a simultaneous response to the same service or due to true 

interactions among services (Bennett et al., 2009). This situation emerges when the ES 

respond differently to changes (Seppelt et al., 2011) and could be difficult to measure. 

We have tried to solve the trade-offs problem through the application of the proposed 

methodology, in which, through the assignment of weights of importance to each 

service by the stakeholders, it has been possible to establish possible management 

scenarios (Ananda and Herarth, 2009).  

The use of the initial vectors for each group of dams and the generation of 

comparison scenarios before and after removal can be a good tool to determine the 
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variations of the ES separately and together, in order to try to understand the 

dynamics of the trade-offs between services. Some of the initial vector values increase 

or decrease according to the group of barriers to which they belong, for example the 

values of group 1 are very similar before and after the dam removal simulation 

because they represent small, poorly preserved abandoned barriers 

Fluvial systems are very complex structures with multiple relationships. 

According to the experts consulted, the variables included in "provisioning" and 

"regulating" represent objective concepts and therefore it was easier to establish the 

causal relationships between them. However, they found some difficulties when 

establishing relationships between the variables that constitute the "cultural" part of 

the ES due to a possible subjectivity of the concepts. In this way, a tendency is 

observed regarding the allocation of weights in the causal relations between the 

cultural ES, since most of them present positive and high values (see adjacency matrix 

in supplementary material). This is especially evident for some services such as 

"scientific and local ecological knowledge" and "environmental education" that have 

been considered by most experts as concepts that positively and forcefully influence 

the rest of the services. This may be because the consulted experts are very sensitive 

about the influence that these concepts must have on the system and therefore their 

importance is reflected in the adjacency matrix. 

We want to highlight the lack of pre- and post-removal effects assessment in 

most cases, which supposes an inconvenience to measuring the effects of this 

restoration on environmental and social variables, and therefore, it is more difficult to 

encourage society to demand this kind of actions. This lack of information (data 

quality) of pre- and post-removal indicators hinders the decision-making because 

people do not have quality information on the evolution of the situation once the 

obstacle has been removed. 

4.3 The problem with the over presence of dams: analysis of the results that comprises 

the sum of every ES for the 7 groups of barriers according to the number of barriers of 

each group.  

The classification of the Duero River Basin barriers offers several relevant 

results in order to establish fluvial management measures at basin level based on the 

ES gain/loss balance. We decided to carry out this study at the river basin level since it 

is considered the spatial unit that best represents the heterogeneity of ES and is 

therefore the most appropriate for proposing an ecological restoration based on ES 
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(Comín et al., 2018). Also, the classification of the barriers that we perform according 

to ecological criteria is essential in order to support the science of dam removal (Poff 

and Hart, 2002). 

Dams have a finite life span (Poff and Hart, 2002), and many dams that were 

built in the context of Spanish policies of economic development involving large 

irrigation schemes in the second half of the XX century are close to their re-licensing 

term. Therefore, there is now an important opportunity to open the barriers removal 

debate. This will offer a chance for river restoration that should not be wasted (García 

de Leániz 2008), even considering the cost of the removal action. And too often the 

cost of not intervening in terms of river ES loss exceeds the cost of removal (Silva et al., 

2017). 

Barriers included in group 1 represent the smallest set and encompass barriers 

of small size, many of them in disuse and in a bad state of conservation so they allow a 

full passability for fish populations through them. All these attributes make this group 

a clear target to consider its removal as it will recover naturalness in the channel and it 

is estimated that its withdrawal cost is not high. However, the final net loss/gain 

balance of ES will be reduced for this group as they are barriers that generate relatively 

low impacts. Despite this, removal should be considered whenever possible because 

even small weirs less than 5 meters high can have significant effects on water flow and 

temperature, sediment transport, biogeochemical parameters, animal movement and 

stream habitat (Larinier 2001; Hart et al., 2002; Doyle et al., 2005), so it is important to 

take into account when making efficient management plans at the basin level. 

Group 2 represents the most numerous set of barriers in the basin. Within this 

group we will mainly consider the barriers of group 2.1 since those of group 2.2 are so 

scarce that they are not representative. Most of the barriers of group 2.1 were built to 

guarantee the supply of water for agriculture, which is the main economic sector of 

the basin. In addition, a high percentage of them are operational and in good 

condition. This subgroup is in second place of importance as a set of barriers to be 

managed by its attributes (Tables 4 and 5); however, its production of ES, especially 

provisioning services such as “freshwater”, can generate a conflict when proposing its 

elimination since the gain/loss ES balance would be unbalanced. Although the results 

of the simulations determine that this subset is a second group of importance for 

proposing a gradual removal of its barriers, it is recommended that fluvial managers 

monitor these barriers to avoid social conflicts with owners and users. In this way 
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corrective measures can be proposed once the lifespan of the obstacles has ended, 

since they will no longer be able to provide provisioning ES. 

Finally, among the barriers of group 3, those located in subgroup 3.1 stand out. 

This subset encompasses medium-size insurmountable obstacles designed for water 

storage. A high percentage of them are abandoned or in disuse, so they are not 

fulfilling the function for which they were built. The results highlight that these barriers 

are the most adequate for proposing their progressive elimination due to several 

reasons: 1) it is the second largest subset of barriers in the Duero Basin, which has an 

important impact on the fluvial network, and 2) the attributes of these barriers 

suppose an alteration of a large part of the ES without contributing to the value of 

other ES. These reasons suppose that the balance gain/loss of ES is off balance since 

they will not be generating the ES for what they were designed and, on the contrary, 

they generate more impact than benefit by preventing the generation of other ES, 

which in the long term supposes a damage to human well-being. The action on the 

barriers of this group would suppose an ambitious fluvial restoration strategy that 

would allow obtaining visible results in the short-medium term. 

The subsets of obstacles 3.2 and 3.3 correspond to large dams that represent a 

very serious alteration of the natural conditions of the river (Graf 1999; Nilsson et al., 

2005). However, raising its removal debate is still complicated since they are 

operational dams and in a good state of conservation that generates a series of ES 

essential for human development (water supply and energy production principally). 

These ES are only a few compared to the ES that can be provided by rivers in other 

more natural conditions, although the benefits they produce for society and human 

welfare compensate for the moment the loss of other ES. 

Finally, the efficient classification of all the basin barriers, along with the 

proposed methodology, is a way to indicate general groups of dams with the aim of 

establishing guidelines to propose specific removals that should be studied case-by-

case.  

4.4 Further research. 

Most of the world rivers are altered by the presence of man-made barriers 

(Nilsson et al., 2005; Zarfl et al., 2015) so it is very complicated to establish what could 

be the reference conditions of rivers without this alteration. A new approach to this 

research could include the classification of the topology of rivers in order to generate 

this reference conditions scenario. This idea can be used to establish a reference of the 
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ES that occur under free-flowing conditions and to be included in the assessments 

(Auerbach et al., 2014). The spatial context and the dam location within the fluvial 

network is important to determine its possible impacts upstream and downstream 

(Erös et al. 2018). Future studies should consider the location of the barriers near the 

dam to be removed in order to take into account possible synergistic or trade-off 

effects of the removal on the ES. Therefore, it may be interesting to consider the size 

of the river when determining the effects of the dams on fluvial ecosystem (Poff and 

Hart, 2002). 

For a long time, dams were considered essential for human development and 

this compensated for the impacts they produced, without considering neither the 

possible current losses of services nor the costs of possible future ecological 

rehabilitations (Auerbach et al., 2014). However, it is increasingly perceived by experts 

in fluvial management that they are elements that have fulfilled a function and 

therefore need an updated regulation for their management. Unfortunately, the 

assumptions are still not demanded by the society because the current social 

perception generates the belief that the greater the number of barriers, the greater 

the amount of water available for human use. This perception may suppose a 

disadvantage to river restoration managers. 

Future studies based on this methodology should take into account that a 

greater diversity in the affiliation of different interest groups can lead to the 

generation of a more varied map of knowledge (Helfgott et al., 2015). Involving 

different stakeholders in the analysis of complex systems can increase the relevance 

and legitimacy of the research (van Vliet et al., 2017). 

So far, in our research we are simulating the possible benefit of the theoretical 

management of a certain group of barriers at the watershed level (Hart et al., 2002). 

With this base, future approximations can bring the focus to the management of a 

particular barrier taking into account 2 things: a barrier can generate a gain or loss of 

ES depending on whether we are downstream or upstream of it (Gopal 2016), and 

considering that, at a level of detail, upstream stakeholders may have a different 

conception of the compensation of dam removal than those that are downstream 

(Auerbach et al., 2014). 

The Duero basin has carried out several actions to remove barriers in recent 

years (CIREF 2017) and it seems that the trend will continue in the near future. These 

actions can be taken into account for the application of this methodology since it could 
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be evaluated for a specific case the change in the balance of ES before and after the 

elimination.  

In future studies, we can implement this methodology in the cost-effective 

analysis of dam removal actions and establish a relationship between the price of their 

elimination and the effects generated on the ES and the human well-being, taking into 

account environmental and social criteria instead of methodologies based exclusively 

on economic parameters (Arrojo et al., 1999, Wegner and Pascual, 2011). 

5. Conclusions 

In this research we propose a conceptual exercise to guide decision makers to 

manage the problems derived from an excess of dams in a river basin through the use 

of ecosystem services. Natural capital is the potential of an ecosystem to provide 

ecosystem services. This potential is only exploited through the built capital. Dams are 

built capital that provides some ecosystem services, usually hydropower or water 

supply. However, the valorization of these ecosystem services by dams is preventing 

the generation of other services, such as sediment balance, biological control or the 

use of certain raw materials. This implies an alteration of the natural dynamics of 

fluvial ecosystems that will affect human well-being. When a dam is removed, the 

ecosystem will stop providing certain services that the dam strengthened, while others 

will have the opportunity to increase or decrease. The value of this balance is not 

known quantitatively since it is diffuse. To obtain an approximate value, we have used 

the Fuzzy Cognitive Maps performed with expert criteria and the tools that this 

methodology provides such as the use of initial vectors that will serve to generate 

management scenarios under certain conditions. The classification of the barriers and 

their group according to ecological criteria such as their passability has proven to be 

useful for determining the groups of dams in which the balance of gain and loss of ES 

will be higher in dam removal scenarios. Finally, the ES gain and loss balance is 

recommended for implementing more accurate restoration guidelines based on dam 

removal at catchment scale. 
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