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“THERE’S no sense in going further—it’s the edge of cultivation,” 
  So they said, and I believed it—broke my land and sowed my crop— 
Built my barns and strung my fences in the little border station 
  Tucked away below the foothills where the trails run out and stop. 
  
Till a voice, as bad as Conscience, rang interminable changes 
  On one everlasting Whisper day and night repeated—so: 
“Something hidden. Go and find it. Go and look behind the Ranges— 
  “Something lost behind the Ranges. Lost and waiting for you. Go!” 
 
Rudyar Kipling. The explorer (1898) 

 



6 
 

  



7 
 

INDEX 
 

RESUMEN ...................................................................................................................................... 9 

ABSTRACT .................................................................................................................................... 10 

PART 1. INTRODUCTION AND OBJECTIVES.................................................................................. 11 

1. Rivers and longitudinal connectivity. .................................................................................. 12 

1.1. Disconnection ............................................................................................................... 14 

2. The application of graph theory as an opportunity to manage the fragmentation problem.

 ................................................................................................................................................. 15 

2.1. The importance of applying modelling tools in fluvial ecology.................................... 16 

2.2. Applications of FCMs in ecology................................................................................... 17 

3. Improvement of the existing information on barriers ........................................................ 18 

4. Dam removal ....................................................................................................................... 20 

5. Ecosystem Services provided by rivers and dams and their relationship with human 

welfare .................................................................................................................................... 23 

6. Aim and objectives of this thesis ......................................................................................... 26 

Longitudinal connectivity loss by dams in a fluvial network and the importance of 

considering the bidirectional passability (asymmetry). .......................................................... 28 

Importance in the use of connectivity indexes to determine the river sections to be 

conserved and prioritize the obstacles to be removed .......................................................... 30 

Fuzzy Cognitive Maps: an innovative technic to model complex systems and to simulate 

scenarios based on expert criteria .......................................................................................... 31 

The importance of considering the balance of ecosystem services to measure the effects of 

dam removal to develop restoration management plans at basin scale. ............................... 33 

Literature cited ........................................................................................................................ 34 

PART 2. METHODOLOGY ............................................................................................................. 47 

Section 1: Location and geographical context ........................................................................ 48 

MATERIAL AND METHODS ...................................................................................................... 51 

Section 2: Data collection (information used to develop the research) ................................. 51 

Subsection 1: Inventory of fish communities .......................................................................... 51 

Subsection 2: Duero River Basin barriers inventory ............................................................... 53 

Subsection 3: Barriers classification according to ecological criteria ..................................... 53 

Subsection 4: Conducting the interviews to the Stakeholder’s and the generation of the 

Interconnection matrix ........................................................................................................... 54 

Section 3: Data analysis ........................................................................................................... 58 



8 
 

Subsection I: Use of Conefor and connectivity indices to quantify fluvial habitat 

fragmentation. ........................................................................................................................ 58 

Subsection II: Fuzzy Cognitive Maps ....................................................................................... 63 

PART 3. RESULTS ......................................................................................................................... 75 

Chapter I ...................................................................................................................................... 77 

Chapter II ................................................................................................................................... 103 

Chapter III .................................................................................................................................. 129 

PART 4. DISCUSSION .................................................................................................................. 165 

GENERAL DISCUSSION ........................................................................................................... 167 

The importance of modeling the fluvial network as a graph to implement landscape 

management tools. ............................................................................................................... 167 

The importance of the application of Fuzzy Cognitive methods to river management. ...... 169 

The importance of improving the quality of information on the inventories of obstacles in 

the Spanish rivers. ................................................................................................................. 171 

The importance of implementing dam management actions by means of the use of FCMs 

and the Ecosystem Services balance ..................................................................................... 172 

Summary of the methodological process described in chapter III through a conceptual model

 ............................................................................................................................................... 176 

Final considerations .............................................................................................................. 179 

Furthering this ....................................................................................................................... 179 

Literature cited ...................................................................................................................... 181 

CONCLUSIONS ........................................................................................................................... 187 

SUPPLEMENTARY MATERIAL ..................................................................................................... 189 

Appendix 1 ............................................................................................................................ 190 

COMPLETE LIST OF PRESENTATIONS IN INTERNATIONAL CONGRESS AND OTHER 

CONTRIBUTIONS DURING THE PERIOD CORRESPONDING TO THE THESIS (2014 -2019). .... 190 

Appendix 2 ............................................................................................................................ 192 

 

  



9 
 

RESUMEN 

La pérdida de conectividad longitudinal debido a la presencia de obstáculos tales como 

presas y azudes, así como la fragmentación del hábitat fluvial para muchas especies de 

peces, es uno de los principales problemas a los que se enfrentan la mayoría de los ríos 

del mundo. En el caso de España, este problema es especialmente evidente debido al 

gran número de barreras presentes en sus ríos. A esto hay que añadir que 

generalmente los proyectos de restauración de ecosistemas suelen contar con 

recursos y presupuestos limitados lo que dificulta el desarrollo de medidas eficaces de 

gestión. Se necesita por tanto desarrollar metodologías que permitan implementar 

una gestión fluvial eficaz, priorizando las actuaciones sobre los obstáculos que mayor 

impacto estén generando a la conectividad general de los ríos con el objetivo de 

enfocar los esfuerzos de restauración a la obtención de los mejores resultados 

posibles. Para ello se propone el uso de la teoría de grafos para modelizar la red fluvial 

con el objetivo de: (1) aplicar herramientas de análisis de la conectividad del paisaje a 

los ecosistemas fluviales para cuantificar el efecto de los obstáculos en la pérdida de 

conectividad sobre las comunidades de peces, (2) utilizar herramientas multicriterio 

como son los Mapas de Conocimiento Difuso (MCD) basados en conocimiento experto 

para la simulación de escenarios de gestión fluvial y la toma de decisiones, (3) mejorar 

la información de los inventarios de obstáculos con el objetivo de implementar una 

clasificación ecológica de las presas en función del uso de los parámetros 

(franqueabilidad, uso y materiales) que mejor clasifiquen las barreras, y (4) cuantificar 

el grado en que una posible gestión basada en el desmantelamiento de barreras afecta 

a los sistemas socio-ecológicos asociados a los ríos mediante el análisis del balance de 

ganancias y pérdidas de servicios ecosistémicos (SE) en escenario pre y post derribo. La 

aplicación de estas herramientas nos permitirá comprender mejor el efecto de las 

presas sobre la pérdida de conectividad longitudinal así como la importancia de su 

funcionamiento dentro de sistemas complejos como son los ríos, lo cual es una tarea 

fundamental para poder realizar medidas de gestión y restauración en el que se 

tengan en cuenta tanto las necesidades ambientales como las humanas. 

Palabras clave: 

Conectividad longitudinal, teoría de grafos, ecosistemas fluviales, barreras 

transversales, comunidades de peces, Mapas de Conocimiento Difuso (MCD), 

simulación de escenarios, modelización multicriterio,  inventarios de barreras, 

Servicios Ecosistémicos. 
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ABSTRACT 

The loss of longitudinal connectivity due to the presence of obstacles such as dams and 

weirs, as well as the fragmentation of river habitat for many fish species, is one of the 

main problems faced by most rivers in the world. In the case of Spain, this problem is 

especially evident due to the large number of barriers located in its rivers. In addition, 

ecosystem restoration projects usually have limited resources and budgets, which 

hinder the development of effective management measures. Therefore, it is necessary 

to develop methodologies that allow the implementation of effective river 

management, prioritizing the actions on the obstacles that generate the greatest 

impact to the overall river connectivity in order to focus restoration efforts to obtain 

the best possible results. For this, the use of graph theory is proposed to model the 

fluvial network in order to: (1) apply landscape connectivity analysis tools to fluvial 

ecosystems to quantify the effect of obstacles in the loss of connectivity on fish 

communities, (2) use multicriteria tools such as Fuzzy Cognitive Maps (FCM) based on 

expert knowledge for the simulation of river management scenarios and decision 

making, (3) improve the information on obstacle inventories with the objective of 

implementing an ecological classification of dams based on the use of parameters 

(passability, use and materials) that best classify barriers, and (4) quantify the degree 

to which a possible management based on dam removal affects the socio-ecological 

systems associated with rivers by analyzing the balance of ecosystem services (ES) 

gains and losses in pre- and post-removal scenarios. The application of these tools will 

allow us to better understand the effect of the dams on the loss of longitudinal 

connectivity as well as the importance of their functioning within complex systems 

such as rivers, which is a fundamental task to be able to implement management and 

restoration measures in which both environmental and human needs are taken into 

account. 

Keywords: 

Longitudinal connectivity, graph theory, fluvial ecosystems, transversal barriers, fish 

communities, Fuzzy Cognitive Maps (FCM), scenario simulations, multi-criteria 

modeling , barrier inventories, ecosystem services. 
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“El agua que tocamos en los ríos es la postrera de las que se fueron y la primera de las 

que vendrán; así el día presente” 

Leonardo da Vinci 

 

“Intenta aprender algo sobre todo y todo sobre algo”  

Thomas Henry Huxley  
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1. Rivers and longitudinal connectivity. 

Rivers are one of the most diverse ecosystems in the world because of the complexity 

of their processes and their high temporal and spatial variability (Branco 2013). Among 

the processes of the rivers, flow is the main component or overriding force (Branco 

2013) responsible directly or indirectly for the operation of other ecological processes 

(Vannote et al., 1980; Frissell et al., 1986; Junk et al., 1989; Thorp and Delong, 1994; 

Fausch et al., 2002; Power et al., 1995; Poff et al., 1997; Hart and Finelli, 1999). 

An essential attribute of flow related processes is connectivity. The concept of 

connectivity in ecosystems, both terrestrial and aquatic, can be defined as the capacity 

of species or populations to move among landscape elements in a mosaic of habitat 

types (Hilty et al., 2012) and is a fundamental property for the functioning of 

ecosystems (Kondolf et al., 2006). Connectivity is crucial for maintaining ecological 

flows of matter and energy and also the movement of genes, individuals and 

populations (Ward and Stanford, 1995; Nicola et al., 1996; Calabrese and Fagan, 2004; 

Erös et al., 2011). From the hydrological point of view, connectivity is considered as a 

“transfer of matter, energy and/or organisms through water within or between 

elements of the hydrologic cycle” (Pringle 2003). Rivers and connectivity are closely 

linked, to the point that they can be considered as the epitome of connectivity (Wiens 

2002). Therefore, it is considered imperative to recognize and assess all the ecosystem 

services associated with restoring connectivity (Mitchell et al. 2013; Silva el al., 2017). 

Fluvial connectivity comprises four fundamental dimensions: longitudinal dimension: 

the possibility of moving along the river both upstream and downstream; lateral 

dimension: the possibility of exchange between the channel with the adjacent riparian 

and floodplain areas; vertical dimension: the connection between the channel and 

their hyporheic zone; and temporal dimension: which comprises the time or the 

evolution of the river system (Ward 1989). However, fluvial connectivity is totally 

unidirectional for physical flows and bidirectional for biological migrations.  

The development of human societies has been linked to rivers and its modifications for 

human purposes and benefits (Poff and Hart, 2002; Branco 2013). Likewise, it is 

important to emphasize the dependence on the use of the resources they provide, 

also known as Ecosystem Services, a concept that was established in the 70s of the last 

century that is gaining strength in recent years (Millennium Ecosystem Assessment 

2003, 2005; de Groot et al., 2010). Accordingly, human activity has altered this water 

flow over time, especially through the construction of transversal barriers in order to 
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have water available for their requirements when necessary, without depending on 

the seasonality of rivers (Poff and Hart, 2002). This implies that most of the World´s 

Rivers have been or are currently impacted by dam presence (Nilsson et al., 2005; Zarfl 

et al., 2014). 

The presence of barriers in rivers alters some of the dimensions of connectivity to a 

greater or lesser extent (although its effect on the concept of the fourth dimension is 

more controversial); however we have to pay special attention to the longitudinal 

dimension of connectivity (Ward 1989; Tockner et al., 1998; Lucas et al., 2001). 

Numerous studies have emphasized the alteration produced by barriers in the form of 

dams and weirs, not only for the fish communities (Santucci et al., 2005) but also by 

the alteration of the natural river flow (Bunn and Arthington, 2002, Hart et al., 2002) 

and the disruption of the sediment transport process (Hart et al., 2002), among other 

geomorphological and biophysical impacts (Stanley and Doyle, 2002; García de Leániz 

2008). 

Most of the Spanish territory is included within the Mediterranean climatic region, 

characterized by the existence of alternate cold-humid and warm-dry seasons, both 

influenced by a sequence of recurrent, and often extreme, flood and drought periods 

(Gasith and Resh, 1999). The climate peculiarities of the Mediterranean areas can be 

defined by a “great inter-annual variability of precipitations, pronounced seasonal 

variations in the rainfall regime and the coincidence of a dry period with the warmest 

temperatures of the summer months” (Morán-Tejeda et al., 2010). This determines 

seasonality in the precipitation patterns and an asynchrony in the availability of water 

for human uses such as consumption or agriculture (Vidal-Abarca and Suárez, 2013). 

For these reasons, most of the rivers in Mediterranean regions are the primary source 

of water (Grantham et al., 2013) and that is why they have been heavily altered by 

barriers (García de Jalón et al., 2007). In the Iberian region there is a large flow 

variability in their river systems, which are often naturally disconnected during parts of 

the year (Branco et al., 2012). 

The native aquatic species of this region are characterized by their adaptation to this 

seasonality and the sequence of floods and droughts (Gasith and Resh, 1999; Branco et 

al., 2012; Branco 2013) and therefore have some feasibility of resistance to a certain 

disconnection of their habitat (Branco et al., 2012) However, the extent to which they 

are able to thrive in disconnected river networks highly depend on both the form and 

intensity of this disconnection. 
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1.1. Disconnection 

Dam presence dramatically alters the fluvial ecosystem (Poff and Hart, 2002; García de 

Leániz 2008; Bejarano et al., 2012) generating the river disconnection and some of its 

processes. Dams have been designed to alter the water flow, disrupting the upstream-

downstream linkages (Ward 1989, Poff and Hart, 2002) and therefore reducing the 

longitudinal connectivity. As a consequence of this, fish migrations up and downstream 

are hampered increasing the demographic isolation of the biological populations 

(Schick and Lindley, 2007). Considering that the fish communities do not have 

alternative paths to move along the river, fluvial ecosystems will therefore be 

extremely vulnerable to fragmentation (Erös and Grant, 2015). In addition, the 

hydrological variability of Mediterranean rivers produces unequal changes in upstream 

and downstream fish passabilities. For this reason determining connectivity losses in 

Iberian rivers is an issue (Branco et al., 2012). 

Dam existence mainly affects the migratory species (Radinger and Wolter, 2014; 

Branco et al., 2012; Segurado et al., 2014), however it also affects resident fish species 

from the river reach, that cannot move along the river to complete their biological 

cycles (Segurado et al., 2014). Therefore, dam removal will allow the movement of 

these species again through the fluvial system (Hart et al., 2002). Given the decisive 

role of connectivity for the long-term persistence of biodiversity, it is widely 

acknowledged that it should be considered in decision making and in the management 

planning processes in landscapes and riverscapes (Erös et al., 2011). 

Dams and weirs have an importance for society since they support numerous human 

activities such as agriculture and industry, electricity generation through hydropower 

production, water availability for human consumption and flood prevention (CIREF 

2017). For many years, dam where considered “the panacea for floods and fire, 

irrigation and navigation, voltage or storage” (Babbitt 2002). For this reason, their 

importance has compensated the impacts that these barriers generate on rivers and 

their processes, so that their number has proliferated throughout the world rivers. 

Dams generate a transformation of the fluvial ecosystem both individually (the impact 

of a single barrier in a river reach) and cumulative (the problem of the presence of 

several successive barriers) (Poff and Hart, 2002; Kemp and O´Hanley, 2010). The 

excess of barriers, with the impacts that they generate, justifies the need for the study 

of the longitudinal connectivity loss in the Spanish river networks. 
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The presence of man-made barriers amplifies the current poor ecological status of 

most river systems (Birnie-Gauvin et al., 2018). The EU Water Framework Directive 

(WFD, 2000/60/CE) considers river continuity (connectivity) as one of the aims for 

achieving good ecological status of the water bodies. Therefore, it is essential to 

develop a strategy to face the barrier excess problem and try to minimize its impact. 

However, a certain degree of natural disconnection in rivers is necessary especially in 

the upper river reaches. This disconnection can be produced by drifting woody debris, 

which reduces water velocity and transport capacity, generating a temporary storage 

for sediments and organic matter. In this way, the biological processing enhance and 

uptake of nutrients is promoted (Wohl et al., 2011; Wohl and Beckman, 2014). A 

certain degree of disconnection in some river headwaters has importance to the 

stream biota, generating a state known as “fishless headwaters” where the production 

of energy and nutrients in the upper reaches will support other communities in lower 

river regions (Wipfli and Gregorovich, 2002; Rodríguez-Lozano et al., 2016). 

Nevertheless, it is important to remember that this natural disconnection should be 

encouraged in the headwaters of certain rivers, since at the watershed level, the 

specialists recommend encouraging the improvement of connectivity (Wohl and 

Beckman, 2014). 

The present research arises from analyzing the problem of loss of longitudinal 

connectivity or fluvial fragmentation due to the large number of transverse barriers 

(both dams and weirs) located in the rivers. This research is considered necessary to 

respond to the challenges and demands of a society that needs fluvial resources, but at 

the same time should ensure that its use does not entail degradation that leads to a 

loss of the ecological potential of fluvial systems. 

2. The application of graph theory as an opportunity to manage the 

fragmentation problem.  

Graph theory is, considering a simplified definition, the study of a graph. More 

specifically, it is a mathematical approach based in the consideration of a collection of 

points or nodes and lines or edges (Harary and Norman, 1953; Barnes and Harary, 

1983). If the connection between nodes is directed, the representation is considered 

as a directed graph or digraph (Harary and Norman, 1953). The first use of signed 

digraphs was made by Axelrod (1976) to represent the causal relationships between 

variables with the knowledge of the social scientific knowledge (Kosko 1986). 

Approaches based in graph theory have been widely used in the field of the social 
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sciences and psychology (Harary and Norman, 1953) and in other disciplines such us 

computer sciences, geography and information technology (Bunn et al., 2000).  

Urban and Keitt (2001) considered that there are two data structures to represent 

landscapes that are familiar to ecologists: vector-based maps that delineate land cover 

types as polygons and raster lattices that consider the landscape as a grid. Therefore, 

they adopt a third lattice structure for the representation of the landscape: the graph. 

In an ecological context, graph theory begun to be used at the assessment of 

fragmented habitats and to highlight patches for conservation (Keitt et al., 1997, Bunn 

et al., 2000, Urban and Keitt, 2001). The advantage of a graph-theoretic approach 

compared to other landscape and population modelling techniques is that graph 

theory incorporates connectivity and computationally eases with minimal data 

requirements (Bunn et al., 2000; Minor and Urban, 2007). In the last decade, this 

methodology has been widely used in terrestrial ecological studies (Minor and Urban, 

2007, 2008; Dale and Fortin, 2010; Bodin and Saura, 2010; Saura and Rubio, 2010), and 

has proven to be useful to analyze metapopulation models trough a simple spatial 

explicit representation (Brooks 2006). 

In the case of aquatic systems, graph theory methods have not been applied until 

recently (Schick and Lindley, 2007; Erös et al., 2011, 2012; Segurado et al., 2013, 2014), 

proving their usefulness to model connectivity where the directionality in the 

movement of fish species is very limited to the river channel itself. 

2.1. The importance of applying modelling tools in fluvial ecology 

River systems are highly socio-ecological complex systems. In particular, human 

activities in Mediterranean fluvial ecosystems have always been difficult to manage 

due to the large number of natural and human factors that affect them. So, in order to 

unravel this complexity, it is necessary to use methodological tools that allow us to 

obtain realistic answers from systems where not all the information is available.  

There is a need to integrate knowledge among disciplines, sectors and social actors to 

understand ecological systems, without forgetting that potential participants have 

knowledge and partial experience of the relevant aspects of the topic (Ulrich 1993; 

Gibbons et al., 1994; Helfgott et al., 2015). Mathematical modelling is highly 

recommended to forecast possible responses to alterations or changes, but we do not 

always have enough information to do it. In these cases, the soft and meta-models can 

be valid alternatives to simulate these complex systems.  
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For a better combination between the use of the available information and the 

knowledge integrated by the stakeholders or participating experts, we propose the use 

of multi-step fuzzy cognitive maps (FCMs) among other ecosystem modeling tools for 

their ability to (1) analyze how a complex system (i.e. fluvial ecosystem) is perceived by 

people; (2) identify, compare and contrast the individual and group perceptions of the 

stakeholders; (3) combine qualitative and quantitative information (inputs and 

outputs) and (4) generate comprehensive models that can be easily managed by 

decision makers and that serve to generate environmental management policies 

(Özesmi and Özesmi, 2004; Kontogianni et al., 2012; Papageorgiou and Kontogianni, 

2012; Helfgott et al., 2015). 

2.2. Applications of FCMs in ecology 

In the last thirty years, the FCM approach has been applied as a Multi Criteria Decision 

Method in industrial engineering and management (Stylios and Groumpos, 2004), 

business and management (Jetter 2006; Yaman and Polat, 2009), medicine 

(Papageorgiou et al., 2003; Stylios et al., 2008) and agricultural and territorial planning 

(Özesmi and Özesmi, 2004; Markinos et al., 2007; Papageorgiou et al., 2009). In 

environmental management, the use of the FCM was recently implemented. One of 

the first applications was represented by the use of a methodology based in the 

stakeholder decision-making process to predict the efficacy of the management of 

sport-fishery actions (Radomski and Goeman, 1996). Silvert (1997) quantified the 

complex process of classifying the ecological impacts of human activities through the 

fuzzy set theory. Fuzzy indices of environmental conditions were used by Silvert (2000) 

to classify and quantify the environmental effects of a subjective nature to assess the 

effects of finfish mariculture on the quality of coastal zone water. Özesmi and Özesmi 

(2001) used a FCM methodology to determine the demands of local people regarding 

their resettlement and welfare during and after the construction of a large 

hydroelectric dam. In a similar way, Dadaser and Özesmi (2001) used the FCM to 

determine the opinions of different stakeholders groups in a wetland area in Turkey. 

Hobbs et al. (2002) applied the FCM to the management of Lake Eire using the 

information provided by different stakeholder groups (scientists, managers, and the 

public) of this complex ecosystem (more than 160 variables obtained). Likewise, Liou 

et al. (2003) applied a two-stage fuzzy set theory to efficiently condense the 

monitoring data for evaluating the trends in river quality in Taiwan. The FCMs can be 

combined with other methodologies, such us GIS, to predict plant habitat availability in 

forest using expert knowledge, as explained in Skov and Svenning (2003).  Mendoza 

and Prabhu (2003) used a multi-criteria analysis as a decision making tool to assess 
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indicators of sustainable forest resource management. Özesmi and Özesmi (2003) 

utilized a FCM to create a participatory management plan by analysing the perceptions 

of a group of stakeholders about a lake ecosystem. In addition, Özesmi and Özesmi 

(2004) proposed a multi-step fuzzy cognitive mapping approach to create an ecological 

model that combined both expert and local people´s knowledge to analyse ecological 

problems. The use of expert knowledge in a particular ecological field was the reason 

why Tan and Özesmi (2006) generated a FCM that developed a generic shallow lake 

ecosystem model. Mouratiadou and Moran (2007) used the FCM to determine 

stakeholder’s perceptions about the current state and pressures on water resources 

and to develop a simulation of different management policy options. Kok (2009) 

introduced the FCM as a semi-quantitative tool to determine the future dynamics of 

deforestation in the Brazilian Amazon. Papageorgiou and Kontogianni (2012) were the 

first to the use of the FCMs in environmental decision making and management, and 

Kontogianni et al., (2012) used this application to develop a methodology that revealed 

perceptions of local populations about the resilience of the Black Sea ecosystem. 

Wildenberg et al., (2014) examined the strengths and weaknesses of applying FCMs as 

a tool in the conservation management of socio-ecological systems. Lorenz et al. 

(2015) presented a conceptual meta-analysis identifying the most relevant 

hydromorphological processes and variables in rivers, and they used a FCM to 

generate a model that predicted the interactions between pressures, processes and 

variables. Vasslides and Jensen (2016) used FCMs to develop conceptual models of a 

complex estuarine system among different stakeholder groups. Finally, van Vliet et al. 

(2017) used the FCMs as a tool to provide a common base for stakeholders and 

modellers for water management and scenario development in different 

Mediterranean river basins.  

3. Improvement of the existing information on barriers 

One of the first obstacles to the implementation of management measures to improve 

longitudinal connectivity is the definition of what is considered a barrier. A broad 

definition of barrier would be: “a thing that modifies the flow of water, the transport 

of sediments or the movement of organisms along the river” (García de Leániz, 

personal communication). This concept of barrier would include those that preclude 

the active movements of organisms, but also passive drift of debris and sediment 

transport. If the integrity of natural processes is the object to be measured, only 

artificial barriers that suppose a physical alteration of flow movement along the river 

should be considered. There are natural barriers as waterfalls and other elements of 
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the landscape orography, or even more subtle barriers that can hinder the movement 

of fish such as changes in water temperature or/and salinity in a particular river stretch 

can be considered (Ern et al., 2014). However, a certain disconnection due to natural 

barriers would be an important attribute of natural river networks, and therefore 

should not be considered as an alteration of ecological integrity. 

Usually, only large dams have been considered barriers for the inventories of 

obstacles, whose number and location is generally well known (MOPU 1986; MITECO 

2019). The existence of more than 1,200 large dams in the Spanish rivers is 

documented (MAPAMA 2016), being one of the countries with the largest number of 

dams per km of channel (Vidal-Abarca and Suárez, 2013). Despite this, this data is 

outnumbered by the presence of small dams and weirs (Lucas et al., 2009), built for 

different purposes (Silva et al., 2017), many of which are not currently fulfilling the 

purpose for which they were designed, and others being currently abandoned, 

damaged or out of service (Rincón et al., in prep). The data obtained from the dams 

and weirs inventories of the different Spanish River Basin Districts determine the 

existence of some 18,000 barriers (Figure 1), although it is estimated that many of 

these inventories are not complete, so the number could be much higher (CIREF 2017). 

 

Figure 1. Location of the dams and weirs in the Spanish rivers according to the data provided 

by the different basin authorities. Adapted from CIREF (2017) 
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Surprisingly, despite of these large numbers of barriers, dam inventories have not been 

implemented in the same way in each basin region so there is still uncertainty about 

the location of many of the obstacles located in Spanish rivers, especially when it 

comes to small weirs. In addition, some of these inventories collect very different 

information from each other, which hinders their systematization under a common 

criterion. This may be due to multiple factors, among which is a lack of environmental 

control, a miss of cooperation between the different public authorities responsible for 

river management (CIREF 2017) and a shortage in following the use of natural 

resources by the power companies. 

The existence of incomplete inventories is a problem for the evaluation of the impact 

that these barriers generate in the rivers, and becomes an obstacle for decision makers 

to guide restoration efforts at the river basin level, such as the prioritization of barriers 

in which action, including removal, may be needed (Kemp and O´Hanley, 2010; 

Januchowski-Hartley et al., 2013; Branco et al. 2014). 

The improvement of the available information on the location and on certain 

characteristics with ecological importance is a crucial issue. The existence of barrier 

inventories as complete as possible and accessible to the public is essential to 

represent the fragmentation problem in our rivers, so that society will be aware of this 

problem (Kemp and O´Hanley, 2010, CIREF 2017). 

For this thesis a classification of the Duero River Basin obstacles has been made 

according to ecological criteria in order to increase the potential for the restoration of 

regulated rivers (Poff and Hart, 2002). This classification is very important in 

hydrological planning at the basin level in order to implement an adaptive 

management of existing barriers. 

4. Dam removal 

Most of the dams were built before incorporating environmental considerations in 

project decision-making. Nowadays, some of these dams would not be built because 

their environmental costs exceed their benefits (Pejchar and Warner, 2001). 

Unfortunately, the disconnection problem generated by the obstacles already built is 

an issue and needs the application of plans to minimize its impact. 

One of the most widely used measures to reduce the impact on longitudinal 

connectivity caused by barriers has been the permeabilization of these obstacles 

through the installation of fishpasses (Larinier 2001). The main objective of these 
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structures is to promote the sustaining of aquatic ecosystems through the 

maintenance or reconnection of ecological connectivity (Silva et al., 2017). However, 

several problems have been described regarding the installation and use of the 

fishpasses (Calles and Greenberg, 2009). Problems such as the inadequate design of 

the fishway among other factors have determined that some fishpasses are not 

functional or fulfill the purpose for which they were designed (Bunt et al., 2012). 

Moreover the ladder deals only with the problem of the movement of fish 

communities without taking into account other alterations that barriers generate. 

Despite, these structures can be a solution when there are no other management 

alternatives to recover longitudinal connectivity. 

An alternative to improve the longitudinal connectivity of the rivers which also 

recovers other altered processes is the removal, which can be total or partial, of the 

barrier itself. In 2002, Poff and Hart talked about the emerging science of dam 

removal. They also forecasted that the aging of the dams, along with their increasing 

maintenance cost throughout their lifespan, will ensure that the practice of barrier 

removal will continue to increase in the near future. Some circumstances have 

changed since then, and the debate about the need to establish measures to 

implement the option of removing barriers as an effective restoration methodology is 

currently hotly. 

Very often the decision of not to intervene has been taken when a barrier has reached 

the end of its useful life or has become obsolete and is no longer generating any 

benefit for human purposes. However, it is estimated that the cost of doing nothing 

with the obstacle (i.e. not restoring connectivity) supposes a loss in the global benefits 

it provides that can outweigh even the price value of performing one of these two 

actions (Silva et al., 2017). 

Due to the difficulty of implementing dam removal actions as a usual element in 

restoration projects, a first step would be the ecological classification of dams to 

characterize how the huge variation in the size, operational mode, age, and number of 

dams in a river basin, which influences the potential for restoring regulated rivers via 

dam removal (Poff and Hart, 2002). 

According to Hart et al. (2002), most of the impacts generated by a dam will be 

reversed after its removal given the enough amount of time. Unfortunately, there are 

still few study cases of dam removal in the world in general (see Bednarek 2001; Poff 

and Hart, 2002; Hill et al., 2019 for more cases in the United States or Birnie-Gauvin et 
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al., 2018 for weir removal cases in Europe) and in Spain in particular (CIREF 2017); and 

most of them have not monitored the ecological evolution after the removal. 

Therefore, one drawback of the dam removal proposal is that not enough time has 

passed to quantify the benefits of this approach on the fluvial system, considering that 

some processes will recover before others (Hart et al., 2002). 

In our country, the implementation of the National Strategy for River Restoration 

(NSRR) is highlighted as a milestone in the dam removal actions. This strategy arises in 

compliance with the WFD, with the objective of restoring river connectivity and 

achieving the good ecological status of water bodies (MAGRAMA 2012; CIREF 2017). 

Under this strategy, numerous obstacle permeabilization measures were developed, 

such as the construction of fish passage structures or the removal of some weirs and 

dams, as well as other measures of fluvial restoration and recovery of riparian 

vegetation. There is evidence that the removal of barriers began in 2006 and 

continued until at least 2016 (CIREF 2017), being between 2009 and 2011 the time of 

greatest activity with the elimination of 129 dams in different regions (Rodeles et al., 

2017). The application of this strategy has occurred irregularly in each different River 

Basin District, being in the Duero River Basin where the greatest number of barriers 

was removed during this period of time (CIREF 2017). 

Nevertheless, we cannot forget the importance of barriers in human development. It 

has been seen that in some cases the local population has protested against initiatives 

to eliminate some particular barrier, considering it part of their culture and their lives 

(Fox et al., 2016). So, to avoid present and future conflicts with the society we should 

be more assertive when explaining the problem of the over-presence of barriers in our 

rivers and the advantages of incorporating dam removal as a fluvial restoration 

technique. 

We should be aware that dam removal actions can have negative effects in some 

fluvial processes (Poeppl et al., 2019). For example, problems with an uncertain 

distribution of sediments downstream the dam in a short period of time after the 

removal can occur (Hart et al., 2002; Poff and Hart, 2002; Ibisate et al., 2016). Also, 

dam removal actions can allow the free circulation of invasive alien species (especially 

fish species) that can colonize habitats that were previously out of reach by the 

presence of the barrier (Fausch et al., 2009). However, these possible effects have not 

yet been described in detail due to the absence of monitoring pre and post removal in 

the case studies carried out in Spanish rivers so far (CIREF 2017).  
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An interesting analogy proposed by Hart et al. (2002) states that most of the adverse 

effects that can occur after the elimination of a barrier are probably transient and that 

therefore can be considered as the short recovery time similar to that which occurs 

after a surgery. Dam removal is a good restoration tool to be used whenever possible 

but it is only one of the many potential and practical tools, which implies that this 

range of options should be taken into account in order to achieve a better combination 

of methods for get integrated management goals (Hart et al., 2002). 

“Some dams are better candidates for removal than others” (Babbitt 2002). However, 

it is still necessary to implement new tools such as those described in this thesis that 

help to identify what these key barriers will be. According to the NSRR Guidelines, the 

criterion to removal dams is their obsolescence; however there is hardly any 

information available on this data (Rodeles et al., 2017). Therefore, other criteria are 

also needed to effectively implement river restoration actions based on the removal of 

barriers in our country. 

5. Ecosystem Services provided by rivers and dams and their 

relationship with human welfare  

If we want to evaluate the balance of benefits and damages that a human 

infrastructure produces, such as dams, we have to include in a balance what is gained 

and lost both for nature and for human beings and their activities. The concept of 

ecosystem services includes both, for that reason we consider its use interesting for 

the study of the impacts of the dams and the effects that may occur if it is decided to 

remove them. 

“Ecosystem Services are the benefits people obtain from ecosystems” (Millennium 

Ecosystem Assessment 2003, 2005). Human well-being depends on the correct 

functioning of ecosystems, as long as all goods and services we use are ultimately 

obtained from ecological structures and processes (Jax et al., 2013). This concept has 

been kept in mind since ancient times; however its definition is relatively recent 

(Mooney and Ehrlich, 1997). From an anthropocentric perspective, this concept 

assumes a framework in which the biophysical elements of the ecosystems can be 

used in terms of human well-being (Mooney and Ehrlich, 1997, Brauman et al., 2007) 

and represent the relative contribution of natural capital to human well-being 

(Costanza et al., 2014). However, ecosystem services 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 
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capital (their built environment) (Costanza et al., 2014). For this reason “the ecosystem 

services framework links conservation and development by relating environmental 

health to human health, security, and material goods necessary for well-being” 

(Brauman et al., 2007).  

Ecosystem services can be divided into the following main groups (Millennium 

Ecosystem Assessment 2005, hereafter MA): 

1. Provisioning: services that provide goods such as food, water, timber and fiber 

for direct human use.  

2. Regulating: services that affect climate, floods, diseases, wastes and water 

quality. 

3. Cultural: services that provide recreational, aesthetic and spiritual benefits. 

A fourth type of services can also be considered called Supporting services such as soil 

formation, photosynthesis and nutrient cycling among other, that represent the 

underlying ecosystem processes which will serve as a basis for the other three services 

described above.  

The MA also examines how the Ecosystem Services influence human well-being, a 

concept assumed to have multiple constituents grouped into four sections: 

1. Security: a concept that includes the ability to live in an environmentally clean 

and safe shelter and the ability to reduce vulnerability to ecological shocks and 

stress. 

2. Materials for a good life: a concept that includes the ability to access goods 

and resources to earn income and gain an adequate livelihood. 

3. Health: a concept that includes the ability to achieve good quality of life 

through the access to a healthy physical environment.  

4. Social relations: a concept that includes social cohesion, mutual respect and 

the opportunity to express aesthetic, cultural and spiritual values associated 

with ecosystems and the opportunity to observe, study and learn about fluvial 

ecosystems. 

The joint expression of these sections leads to a category known as Freedom of choice 

and action that encompasses the characteristics of the four groups. Relationships 

between Ecosystem Services and constituents of human well-being are shown in 

Figure 2. 
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Figure 2. Schematic representation of Ecosystem Services and their relationship with the 

constituents of human well-being. Adapted from the Millennium Ecosystem Assessment 

classification (2003, 2005) and Brauman et al., 2007. 

One of the most important contributions of the MA to the Ecosystem Services 

framework was the documentation of their current state and future trends (Millenium 

Ecosystem Assessment 2005). But it is important to know that these services have an 

important geographical variation which complicates predicting the actual impact of 

human populations (Brauman et al., 2007). 

In a general context, ecosystems have been modified by human action with the aim of 

producing ecosystem services such as food, water, timber and fiber (Bennet et al., 

2009). However, these transformations have overlooked the complex and dynamics 

interrelations (feedbacks and trade-offs) among the multiple ecosystem services 

produced by landscapes and human beneficiaries (Peterson et al., 2003; Chan et al., 

2006; Rodríguez et al., 2006; Brauman et al., 2007). It is usually the case that the 

modification of ecosystems to improve only a certain service it is generally done at the 

expense of degrading other services, which can affect different human groups in 

different ways (Bass 2006).  

Rivers are ecological systems whose functioning represents a natural capital that can 

satisfy some human welfare needs through the provision of ES. Dams are devices (built 

capital) that allow society to make natural capital generate important ecosystem 

services: freshwater and energy provisioning services, mainly, but also flood control, 
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navigation, and recreational opportunities (Bednarek 2001). But, at the same time, the 

modification of the natural fluvial systems prevent that natural capital from satisfying 

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

services) (Gilvear et al., 2013). The ecosystem services generated by fluvial ecosystems 

will be described in more detail in chapter III of this thesis. 

6. Aim and objectives of this thesis 

In this general context, this thesis aims at contributing to a better understanding of the 

longitudinal connectivity disruption problem in the Spanish rivers by cross-sectional 

barriers. For this purpose, modeling techniques and management methodologies 

based on graph theory are proposed: 

(1) to quantify the effect of this disconnection on fish communities, and 

(2) to implement multi-criteria tools based on decision-making based on widely 

recognized scientific and social concepts. This will be done by assessing the advantages 

of barrier removal as the most effective measure to restore longitudinal connectivity 

and the natural processes of the river.  

My research addresses three main topics. First, an application of the graph theory to 

model a river network affected by the presence of dams and weirs to assess their 

impact on fish upstream and downstream movement. In this case, we need to quantify 

the effect of all barriers in the river network and not only large ones. The objective is 

to rank the obstacles that cause the most fragmentation and therefore prioritize 

management or restoration measures. We also determine the river sections that are 

most sensitive to this fragmentation (Rincón et al., 2017). Second, the need to use 

methodologies for the analysis of complex systems, with a great variety of variables 

and information that is not always available, has led us to adapt a methodology based 

in graph theory and fuzzy logic to measure known as Fuzzy Cognitive Maps (Kosko 

1986). Rivers are affected by multiple pressures and it is difficult to determine how far 

in the chain of ecological processes some of them reach. Therefore it is necessary to 

implement methodologies that use the knowledge of stakeholders in fluvial issues to 

develop future management scenarios (Solana-Gutiérrez et al., 2017). And third, both 

approaches have been combined to design a methodology to quantify the general 

effect of dam removal in a large river basin. For this purpose, ecosystem services and 

their influence in the Constituents of human well-being have been used to measure 

this balance of positive and negative effects, taking into account the array of 

interrelations between them. Different management scenarios have been developed 
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in an innovative way considering a systematic classification of the different types of 

the obstacles in the Duero River Basin determining the groups of obstacles that 

generate the greatest impact by altering the gain/loss balance of ecosystem services 

that are currently providing rivers altered by the presence of barriers (Rincón et al., 

submitted). 

The general objectives of this research are the following: 

- To characterize the current state of the fragmentation of Duero Basin rivers by 

the presence of artificial barriers such as dams and weirs. 

- To quantify the loss of longitudinal connectivity by assessing the passability of 

each obstacle and the movement capacity of fish species in two directions: 

upstream and downstream of the barrier. 

- To produce a barrier ranking attending to their impact on the global 

longitudinal connectivity of the basin based on the application of habitat 

connectivity indexes. 

- To design a methodology based on Fuzzy Cognitive Maps (FCMs) and expert 

knowledge for the simulation of fluvial management scenarios and decision 

making in river restoration. 

- To improve the classification of the barriers of the Duero basin according to 

selected parameters (passability, use and building materials) that allow 

establishing better measures for an ecological classification and their adaptive 

management. 

- To use the ecosystem services that are being provided by rivers in combination 

with the FCMs methodology to generate management scenarios based on the 

removal of selected barriers in the Duero Basin rivers.  

- To compare the balance of ecosystem services in the pre- and post-removal 

scenarios to determine the groups of barriers that have the highest impact on 

this balance, and to establish management measures at the basin level. 

This document is structured into four chapters: (1) the general context in which the 

thesis has been developed; (2) a general methodological description; (3) the results 

distributed three sections correspondent to three research articles; and (4) a general 

discussion and conclusions. 

The core of this thesis is a collection of three articles that address some relevant 

questions: 

(1) Longitudinal connectivity loss by dams in a fluvial network and the importance of 

considering the bidirectional passability (asymmetry) (art 1.). 
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(2) Importance in the use of connectivity indexes to determine the river sections to be 

conserved and prioritize the obstacles to be removed (art. 1). 

(3) Fuzzy Cognitive Maps: an innovative technic to modelling complex systems and 

manage scenario simulation based in expert criteria (art. 2). 

(4) The importance of considering the ecosystem services balance based on Fuzzy 

Cognitive Maps to measure the effects of dam removal to develop restoration 

management plans at basin scale (art. 3). 

Questions 1 and 2 have been addressed in article 1; and questions 3 and 4 have been 

addressed in articles 2 and 3, respectively. 

In the following lines I present an insight to these questions and how they are 

approached in the articles; although more detailed descriptions are presented in the 

Materials and Methods section. 

Longitudinal connectivity loss by dams in a fluvial network and the 

importance of considering the bidirectional passability (asymmetry). 

One of the major concerns in the rivers of the world is the disruption of longitudinal 

connectivity. This alteration is mainly due to the presence of cross-sectional barriers 

such as dams and weirs which are precluding the movement of fish communities. 

Traditionally, only the hindrance of the fish movement upstream barriers has been 

considered and therefore the study of disconnection was limited exclusively to large 

dams (Calles and Greenberg, 2009; Erös et al., 2011, 2012 and Segurado et al., 2012, 

2014). Nevertheless, it is important to consider the effect of every obstacle in the river 

network since even small weirs can have significant effects on fluvial processes 

(Larinier 2001; Hart et al., 2002; García de Leániz 2008).  

The approaches based on graph theory to analyze the functional connectivity of a 

freshwater system have proved to be very useful tools (Schick and Lindley, 2007; Erös 

et al., 2011, 2012; Carranza et al., 2012, Segurado et al., 2013). Graph theory allows us 

to represent river systems as graphs or networks that contain nodes depicting 

individual elements and links representing relationships between the nodes (Bodin 

2009; Erös et al., 2012). In this way, river segments and barriers can be represented in 

the graph, and their individual importance in the overall connectivity of the river 

system can be assessed. This approach offers advantages such as the ease of 

representing a complex river network and all its obstacles in a simple, elegant and easy 

manner to interpret.  
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Traditionally, in connectivity studies applied to terrestrial ecology or landscapes, graph 

theory has been used to represent habitat patches as nodes and the possible paths 

between them as links or junctions (Minor and Urban, 2007, 2008; Bodin and Saura, 

2010; Saura and Rubio, 2010). This conception has also been used in some studies of 

longitudinal connectivity altered by dams in fluvial ecology (Erös et al., 2011; Segurado 

et al., 2013, 2014). For the hydrological modelling of freshwater systems it is useful to 

consider the stream segments as nodes with an amount of associated habitat. These 

nodes are joined by links or connections with different strengths (passabilities) that 

can be headwaters, confluences (river junctions), the river mouth and barriers (dams 

and weirs). 

Previous studies based in graph theory to quantify longitudinal connectivity loss have 

relied in the assumptions that barrier passability values are binary (or impassable or 

totally passable) and the non-directionality of the movement across barriers (see Erös 

et al., 2011; Segurado et al., 2013, 2014). I would like to point out that this form does 

not fit well with the nature of the rivers. Therefore I propose a new approach 

considering asymmetry, which is an extremely important concept in the analyses of 

metapopulations in rivers and possible biases in the upstream–downstream 

movements (Grant 2011). The consideration of directionality in riverine networks is 

needed in order to build up more ecologically realistic and functional models 

(Padgham and Webb, 2010). The asymmetry of the movement for each obstacle has 

been considered according to the inventory of obstacles made by González Fernández 

et al. (2010) in the study “Longitudinal connectivity diagnosis in the Duero River Basin”.  

The fish community of the study area also has to be described because the passability 

of the obstacles depends fundamentally on the physical parameters of each obstacle 

and the swimming capacity of the fish species in both directions (Cote et al., 2009; 

Bourne et al., 2011; Januchowski-Hartley et al., 2013). 

At this point, my research is aimed at (1) converting the fluvial network into a graph 

were nodes are the river reaches with suitable habitat for fish, and the junctions 

between nodes (barriers) are considered as connectors between river segments; and 

(2) considering that the movement of fish is asymmetric and bi-directional (upstream 

and downstream) as their pasability is (Chapter I). 
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Importance in the use of connectivity indexes to determine the river 

sections to be conserved and prioritize the obstacles to be removed 

The budgetary restrictions of river restoration programs make it necessary to apply 

efficient methods that maximize the benefits for the riverine network functioning 

(Rivers-Moore et al., 2016). The graph-based approach also allows us to determine the 

key river sections to preserve according to its importance in the river network. At the 

same time, they allow to rank the obstacles according to their impact on the overall 

connectivity of a basin. The obstacles that produce the highest impact should be 

prioritized in the restoration programs.  

To do this, I applied a graph-based approach to account for asymmetrical passability in 

river connectivity assessments obtaining different graph resolutions to prioritise 

barriers. Among the landscape connectivity indexes, the most widely used to 

quantifying the loss of overall connectivity produced by barriers in a river system are 

mainly two: the Integral Index of Connectivity (IIC) (Pascual-Hortal and Saura, 2006), 

which relies in binary barriers, and the Probability of Connectivity (PC) (Saura and 

Pascual-Hortal, 2007), which allows for a continuous range of passability values to be 

assigned to each barrier. I used a directional version of the Probability of connectivity 

(PC) metric considering both upstream and downstream passability for each barrier. 

One of my subsidiary objectives was to compare both indexes to determine which one 

is the best when analyzing the problem of fragmentation in real fluvial networks.  

To verify the possible error of not assuming asymmetry in studies of longitudinal 

connectivity in rivers, two scenarios were evaluated: (1) assuming symmetry in the 

passability of every obstacle; and (2) considering the asymmetry of the barriers when 

present, which is the most realistic situation. Higher values of overall connectivity were 

expected to occur when obstacles have different passability values in both directions. 

This analysis was done using the Conefor software, a tool that was designed for studies 

of these characteristics (Saura and Torné, 2009). Furthermore, the PC for asymmetric 

graphs was computed using an ad hoc version of the Conefor (the command line 

software version). A detailed description of the operation and use of this tool can be 

seen in the Material and Methods section.  

The contribution of each node (river segment) to the overall connectivity was assessed 

by calculating the percent variation in the values of the indices after removal of that 

particular segment from the river network. On the other hand, evaluating the 

contribution of each link allows us to determine the effects on the connectivity of the 
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removal of an obstacle (dam or weir). In a riverine network, only the pairs of segments 

with a direct connection between them were considered. Both the IIC and the PC 

indices determined which of the river segments are the most sensitive to the loss of 

connectivity and thus the most valuable when removing or permeabilising the dams 

that are affecting them.  

This section is aimed at (1) using a more intuitive connectivity index to accurately 

determine the passability of each obstacle in both directions based on the passability 

that already exists; (2) testing the most used landscape connectivity indexes to 

determine which is the most appropriate to use for the evaluation of the alteration of 

longitudinal connectivity in rivers affected by both symmetrical and asymmetric 

barriers to fish movement; and (3) identifying the most important river segments to 

preserve and generating a ranking as reliable as possible of the obstacles that should 

be removed first to recover the maximum possible connectivity with the least use of 

economic resources (Chapter I). 

Fuzzy Cognitive Maps: an innovative technic to model complex systems 

and to simulate scenarios based on expert criteria 

The management of human actions in river ecosystems affects a variety of social 

groups such as users, managers, policy makers, etc. who have different interests about 

the use of water and fluvial issues (Eshuis and Stuiver, 2005; Rinaudo and Garin, 2005). 

To avert conflicts, modelling can help to forecast the participation of these 

stakeholders to reach a sustainable management of river systems as providers of 

goods and services. However, the complexity of the processes and the absence of 

information can be a problem when implementing quantitative models. So, it is 

necessary to propose soft models as valuable alternatives to simulate complex 

systems. 

To develop a river management plan based on both public participation and expert 

knowledge, I used Fuzzy Cognitive Maps (hereafter FCMs) as a semi-quantitative model 

tool. It provides a structured, simple and inexpensive way to model overall fluvial 

systems through a soft evaluation of the relationship between different concepts and 

factors interpreted by stakeholders (Giordano et al., 2005; Papageorgiou et al., 2009; 

Malek 2017; Paolisso and Trombley, 2017). 

The FCMs (Kosko 1987) are based on graph theory, that is, it is modeled by a graph 

oriented by nodes (concepts or variables) and lines related to the causal relationships 

between the concepts (links). FCMs can be described as a qualitative model that 
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depicts how a given system operates (Özesmi and Özesmi, 2004). The main variables of 

the system, as well as the causal relationships between them, are encoded into 

individual maps. To generate these maps, the knowledge from a panel of 

representatives of different social sectors experts can be obtained by interviews. Once 

all the individual maps are obtained, they are grouped to generate an aggregated FCM, 

which then establishes the importance of the variables analyzed and the strength of 

the causal relationships between them. I have applied the FCMs to a specific case 

study in order to evaluate the potential of this tool to help managers when making 

decisions in fluvial management (Chapter II). 

Another important reason for choosing the FCM methodology is that they can be used 

to analyse the system behaviour by running simulations and to determine future 

possible management scenarios, which can serve to guide environmental managers in 

the decision-making process regarding the objective system, in this case the river 

system. 

The implementation of management scenarios allows us to simulate different 

situations by asking “what-if” questions to determine the response of the system 

under different conditions (Kosko 1987). In my study, two opposed scenarios were 

proposed: an increase of the river fragmentation by the placement of new barriers 

(scenario 1); and an increase of longitudinal connectivity through a dam removal 

management plan (scenario 2).  

Before considering any simulation process, the FCM methodology gives us a steady 

state according to the opinion of the stakeholder’s participant. Then, some variables 

were modified to measure the response of the whole set of variables to this change 

through a sensitivity analysis.  

This section of the thesis contributed to face the river fragmentation problem by 

generating scenario simulations that help the managers to know the possible evolution 

of the fluvial network once some of its parameters have been modified, so that 

restoration measures can be planned and developed as appropriate as possible 

(Chapter II). 
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The importance of considering the balance of ecosystem services to 

measure the effects of dam removal to develop restoration 

management plans at basin scale. 

The lifespan of many of the dams that were built in our country during the 1970s, 

period considered as the “dam golden era” (García de Leániz 2008), is nearing its end. 

This means that some of them may be in the process of renewing their use licenses, 

which may lead to their decommission in case they lose the function for which they 

were created. This situation generates an opportunity to open a debate among several 

sectors (social, economic and environmental) about the need to implement an active 

policy of removing the excess of transversal barriers in the Spanish rivers. 

In many cases, the net balance of the dam effects is the criterion to decide whether a 

dam is re-licensed or not. This balance is usually made taking into account exclusively 

economic parameters. However it is also essential to consider ecological and social 

aspects (Wegner and Pascual, 2011) because river networks represent systems that 

integrate social, economic and environmental elements, and the benefits and impacts 

of dams affect to different aspects of such complex systems. Consequently I used 

ecosystem services (ES), which provide a framework to address these challenges by 

integrating ecological and social values (Chan et al., 2006; Nelson et al., 2009; 

Trabucchi et al., 2012; Comín et al., 2018).  

The problem of river fragmentation in the Spanish basins could reach a worrisome 

level when the great number of obstacles present in their rivers becomes evident. The 

Duero River Basin has a large number of barriers of all kinds, purposes and 

conservation states: from small abandoned obstacles that were old mills to large 

supply or hydroelectric dams that generate important services for human 

development. The classification of these barriers in groups of similar characteristics 

based on physical criteria (height of the dam), structural (typology of construction 

materials) and environmental (barrier passability for fish communities) helps to 

implement more realistic dam management strategies (Poff and Hart, 2002) by 

allowing to identify the groups of barriers that generate the greatest impact on fluvial 

systems in terms of ecosystem services. This approach can then be more easily 

extrapolated to other regions if dams are classified in the same way. 

Once I made the classification of all the obstacles in the entire basin, I applied a 

method based on the FCMs to simulate scenarios. Simulations of the pre- and post-

removal are made in order to compare their effect on the variable´s weights so as to 
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quantify this change and translate it into an improvement or worsening of the quality 

of ES and how this can affect human needs. Thus I prioritized which groups of dams are 

the most advisable to manage based on their contribution to the gain/loss ecosystem 

services balance. By conducting interviews with several experts on fluvial issues, a 

correlation matrix with the information provided was developed to feed the fuzzy 

method (Chapter III). 

To finish, it is not the intention of this thesis to theorize about the definitions or the 

implications of a complex concept like ecosystem services are (which would give for 

another exclusive thesis on this matter), we just use a widely recognized concept to 

simulate possible scenarios of dam removal based on appropriate variables that can be 

used in similar studies in other areas. 
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PART 2. METHODOLOGY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Lo que importa no es qué pequeño pueda ser el comienzo: lo que se hace una vez bien, 

se hace para siempre”  

H.D. Thoreau  
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To develop this research, a variety of methodological approaches has been applied, 

which includes data management, preprocessing, modelling and simulation 

techniques. A general overview of the methods is provided in the following sections, 

which are completed in the methodological sections of the each result chapters. The 

main methodology section of this thesis is structured into three different sections. 

Section 1: Location and geographical context 

The research of this thesis was carried out in the Duero River Basin (NW Spain), 

although the studies were focused on objects (sub-basins) of different sizes and 

scopes. Three different approaches were applied, the first study (Chapter I) dealt with 

a medium-sized basin in which the river has been modeled as a graph to measure the 

loss of connectivity generated by the barriers located in its river segments. The second 

study (Chapter II) was applied in a larger basin subjected to several anthropogenic 

impacts. Finally, the third study (Chapter III) was applied on the whole Duero basin 

with the aim of implementing both scopes, in order to generate a management plan 

for the inventoried barriers based on several structural parameters when remove 

some group of barriers according to the gain and loss ecosystem services balance 

(Figure 1). 

 
Figure 1. General location of the study area including the Cega and Esla sub-basins, with the 

Duero River as the central axis of the basin.  
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The Duero River Basin: a general overview 

The Duero River Basin is a transboundary system which comprises a territory of 98 073 

km2, of which 80% (78 859 km2) corresponds to Spain and the rest to Portugal (CHD 

2019). Represents one of the most important hydrological systems of the Iberian 

Peninsula (Morán-Tejeda et al., 2010). Most of the basin area corresponds to a 

topographic depression filled with Tertiary and Quaternary sediments, configuring a 

high plateau with an average height above 700 m.a.s.l approximately and surrounded 

by mountain systems in almost its entirety (Morán-Tejeda et al., 2010). The 

predominant climate is continental Mediterranean with an average rainfall of 612 

mm/year, which generates about 15 000 hm3 of total runoff (Paredes-Arquiola et al., 

2011).  

Agricultural use is the main economic activity of the basin, including unirrigated (3.5 

million ha) and irrigated (0.5 million ha) crops. Irrigation is therefore the largest water 

consumer activity in the entire basin, consuming 80% (3600 million m3/year) of the 

total volume of water consumed (Paredes-Arquiola et al., 2011). 

The hydropower production also means an important use of water resources. One of 

the main problems that have occurred since the last decades is the continuous decline 

of the population in the basin and its concentration in small urban centers. Despite 

this, the demand for water for urban use is low (CHD 2019, Paredes-Arquiola et al., 

2011). 

The Cega and Pirón River Basins. 

The river Cega and its main tributary the Pirón River constitute a medium-sized river 

basin located in the north west of the Iberian Peninsula. The Cega River is a tributary of 

the Duero River on its left bank. The Cega River has a total length of 149 km, drains an 

area of 2579 km2 and flows mainly from south to north presenting an average total 

annual discharge of 232.1 hm3, while its main tributary, the Pirón River, has a length of 

98 km, a basin area of 1024 km2 and an average annual discharge of 74 hm3 (CHD 

2009). Both are small Mediterranean rivers with a pluvio-nival hydrological regime, 

presenting severe droughts in the summer. 

Basin headwaters are dominated by a granitic meta-dendritic geology composition. In 

the piedemont zone, a karst belt is located giving way to large sand flatlands of 

detritic-tertiary origin with detritic-quaternary alluvial deposits (Santiago et al., 2016). 
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The flow regime in the Cega River is not regulated, despite the presence of numerous 

barriers of different size in its channel. However, the Pirón River is regulated by the 

presence of Torrecaballeros dam in its headwaters (height 26 m; capacity 0.324 hm3; 

altitude 1390 m.a.s.l.). 

The Esla River Basin 

The Esla River is a tributary of Duero River on its right side, located in the north-

western part of the Duero Basin. The main axis of the river Esla has a length of 287.83 

km, a basin area of 16 026 km2 which includes its main tributaries, and an average 

contribution of 5265 hm3/year. The main rivers of the basin flow with a north-south 

component (Martínez-Fernández 2018). 

The Esla River is regulated by the presence of two large reservoirs: Ricobayo dam and 

Riaño dam. The Ricobayo dam, whose operation began in 1935, is placed near the 

junction of the Esla River with the Duero River, has a maximum capacity of 1179 hm3 

and covers an area of 159.52 km2 (CHD 2019). The Riaño dam is located on the river 

source and was built in 1998. It covers an area of 817.51 km2 with a maximum water 

storage capacity of 651 hm3 (CHD 2019), which supposes nearly 90% of the natural 

runoff (Martínez-Fernández 2018). In addition, there are also reservoirs in some of the 

tributaries which condition the water regime of the basin, changing the natural pattern 

of the regulated rivers with an increase of water availability in summer, coinciding with 

the irrigation session. The presence of the Alto de Payuelos, Cea-Carrión, Curueño-

Porma and Páramo Bajo channels plays an important role in the Esla River basin 

regulation (CHD 2019). 

The basin fluvial system supplies water to a total of 278 000 people, including the city 

of León; to an irrigation area of 97 000 ha; to three fish farms; and to the refrigeration 

system of the Robla thermal power plant. In addition, 19 hydroelectric plants are 

present, with a combined capacity of 451 MW and an average production of 1115 

GWh. A marked increase of irrigation demand is expected (CHD 2019). In the basin 

there are also natural areas of great ecological value, many of them associated with 

rivers. 
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MATERIAL AND METHODS 

Section 2: Data collection (information used to develop the research) 

Subsection 1: Inventory of fish communities 

In order to measure the effect that barriers are generating on the habitat of fish 

species, it is essential to know the existing fish communities in the studied river 

reaches.  

Cega and Piron Rivers fish communities 

Electrofishing samplings studies conducted in August of two consecutive years (1997 

and 1998) have been used to characterize fish populations (Estudios Territoriales 

Integrados 1997, Estudios Biológicos 1998). A total of 37 sampling stations have been 

analyzed, 25 for the Cega River (C1 to C25 sites from 1610 m to 730 m) and 12 for the 

Pirón River (P1 to P12 sites from 1620 m to 786 m). More detailed information can be 

seen in figure 2 and in table 1.  

 

Figure 2. Location map of electrofishing sites (red circles). Blue lines: main drainage network. 

Electrofishing sites are numbered from headwaters to downwaters, C1 to C25 (Cega stream) 

and P1 to P12 (Pirón stream). Distance between contour lines (altitude above sea level): 100 

meters. The figure also includes the location of thermographs (yellow circles) used to measure 

water temperatures (from Santiago et al., 2016). 

In the basin of the rivers Cega and Pirón have been found the following fish species: 

Brown trout (Salmo trutta), Bermejuela (Achondrostoma arcasii), Northern Iberian 

chub (Squalius carolitertii), Northern Iberian spined-loach (Cobitis calderoni), Pyrenean 

gudgeon (Gobio lozanoi), Tench (Tinca tinca) and Bermejuela x Northern straight-

mouth nase (Achondrostoma arcasii x Pseudochondrostoma duriense).  
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Table 1.  Altitude of electrofishing sites at Cega stream and Pirón stream. Units: meters above 

sea level (from Santiago et al., 2016). 

Cega river Pirón river 

Site Altitude Site Altitude Site Altitude 

C1 1610 C14 898 P1 1620 

C2 1320 C15 885 P2 1337 

C3 1258 C16 866 P3 969 

C4 1150 C17 845 P4 908 

C5 1106 C18 805 P5 879 

C6 1044 C19 798 P6 858 

C7 995 C20 788 P7 856 

C8 966 C21 780 P8 835 

C9 961 C22 778 P9 822 

C10 944 C23 762 P10 810 

C11 934 C24 748 P11 804 

C12 921 C25 730 P12 786 

C13 910         

 

Both rivers have the same distribution of fish species except Iberian barbel 

(Luciobarbus bocagei) that only appears in the Cega River, while Common carp 

(Cyprinus carpio) is found only in Pirón River. 

The trout was recorded almost in the entire Cega, reaching higher densities in the 

upper reaches. It is followed in density by northern Iberian chub and bermejuela. The 

following species are gudgeon and barbel. The Northern Iberian spined-loach, tench 

and common carp were caught occasionally. Table 2 shows results at Cega River. 

Table 2. Estimated density by electrofishing (ind/100m2) in August 1998 at Cega stream. 

Station S.trutta S.carolitertii A.arcasii Hybrids G.lozanoi L.bocagei C.calderoni T.tinca 

C1 13,144 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

C2 38,969 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

C3 30,482 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

C4 28,275 0,765 0,000 0,000 0,000 0,000 0,000 0,000 

C5 42,400 0,200 0,400 0,000 0,000 0,000 0,000 0,000 

C6 7,959 25,291 9,207 0,000 0,000 0,000 0,670 0,000 

C8 12,003 8,599 32,421 0,000 0,000 0,000 0,169 0,000 

C10 7,565 2,743 27,875 0,000 23,099 0,358 0,090 0,000 

C12 16,531 15,381 28,111 0,000 18,516 0,000 0,000 0,000 

C13 3,663 5,275 4,396 0,000 0,000 0,000 0,000 0,000 

C15 0,282 1,972 7,042 8,169 0,000 0,000 0,000 0,000 

C16 5,797 0,235 22,771 0,000 9,958 0,000 0,000 0,000 

C17 5,098 0,127 1,601 0,254 7,467 0,000 0,000 0,000 

C18 1,429 1,000 1,143 0,000 0,000 0,000 0,000 0,000 

C19 0,714 0,238 1,429 0,000 0,000 0,000 0,000 0,000 

C20 1,895 0,292 1,458 0,000 0,000 0,146 0,000 0,000 
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C21 1,746 0,159 0,952 0,000 0,000 0,476 0,000 0,000 

C24 1,111 3,148 7,407 0,556 0,000 1,296 0,000 0,185 

 

The species distribution pattern is very similar in both rivers. For Cega River is (from 

headwaters to downwaters): trout- chub /bermejuela- spined-loach- barbel /gudgeon, 

while for Pirón River is trout- bermejuela/chub- spined-loach/gudgeon-carp. 

Subsection 2: Duero River Basin barriers inventory 

The most evident and determinant alteration of the longitudinal connectivity in the 

Spanish rivers is the presence of obstacles and barriers as diversion channels, weirs 

and dams. From the II century when Cornalbo dam was arisen at Mérida (MOPU 1986) 

to nowadays, a large number of barriers have been built in Spain. Unfortunately, the 

current functionality degree of most of them is defective or unknown. 

Consequently, the inventory of barriers was updated to determine the placement of 

each barrier in the fluvial network, among other interesting data like the high and 

width of the obstacle, very useful to determine its potential impact on the river 

longitudinal connectivity and fish populations. 

These inventories should be permanent available to the public and it is the 

responsibility of the different River Basin District authorities to keep them updated 

with relevant information. Unfortunately not all the River Basin District has these 

inventories complete or facilitates their access and consultation by society.  

For this research, we have used the inventory of barriers provided by the Duero River 

Basin District. This inventory can be downloaded from their website 

(www.mirame.chduero.es). However, this information was completed by González 

Fernández et al. (2010). This updated inventory includes some interesting parameters 

such as the construction material, use, conservation status, operability, 

permeabilization measures and passability of every barrier inventoried. In summary, 

according to this database there are 3539 obstacles collected in the inventory provided 

by the Duero River Basin Authorities. 

Subsection 3: Barriers classification according to ecological criteria 

Once the obstacles in the inventory have been located and synthetically described, a 

classification of them has been carried out based on the dam parameters, as physical 

as ecological, that better classify the barriers.  

http://www.mirame.chduero.es/
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Among the parameters included in the dam description, we have selected the 11 

variables that best classify the obstacles based on ecological criteria. These parameters 

are: 1) Obstacle size, 2) Seasonality: if a barrier alters the water flow temporarily or 

permanently, 3) Total height of the dam wall, 4) Total width of the dam wall, 5) 

Material used for the construction of the obstacle, 6) Dam condition: good, moderate 

or bad, 7) Operational performance: if the barrier is in use or abandoned, 8) Use: The 

main functionality of the obstacle, 9) If the obstacle produces or not drought below its 

location, 10) Presence or not of a fishpass in the obstacle and 11) Passability: 

possibility for a fish to cross the obstacle in both directions, ascending and descending. 

All this selected parameters of the Duero River Basin dams are explained in more detail 

in Chapter III. 

After removing the barriers with missing values of any of the selected parameters, the 

final dataset included 3,431 obstacles, a 96.95% out of former inventory. 

After that, a Principal Component Analysis (PCA) (Jongman et al., 1995) has been 

carried out to determine the parameters that best classify the barriers of the Duero. 

PCA is a useful technique commonly used when we have a large number of possibly 

correlated variables to reduce them to a smaller number combination of variables that 

explain the most part of data variability. This analysis determines that the best 

variables to classify the studied barriers are: building material, use and passability. The 

classification produces a segmentation among barriers which facilitates the recognition 

of which ecological variables analysis of such as large set of objects and it yields. 

All the analysis were conducted using R v 3.3.2 software, library “MASS” (R 

Development Core Team 2016). 

Subsection 4: Conducting the interviews to the Stakeholder’s and the 

generation of the Interconnection matrix 

As a part of the Fuzzy Cognitive Maps methodology, an interview to different 

stakeholders has been conducted in order to obtain as much information as possible 

from different groups of experts that provide different points of view to generate an 

objective response to the issue. 

The template with the interviews format is attached below. These interviews have 

been used in Chapter III to obtain the individual matrices and the aggregated matrix 

that summarizes the expert´s information. 
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Relations between Ecosystem Services and constituents of Human Well-being 

applied to the dam removal cost-benefit analysis in the Spanish fluvial ecosystems  

Weir and dam management is an essential issue to recover longitudinal connectivity in 

rivers. Among these management measures, the removal of the obstacle that 

fragments connectivity has proven to be effective in the short-medium term. This 

removal should be done taking into account the Ecosystem Services provided by rivers 

without compromising the current socioeconomic conditions of the human 

populations affected by this management. Therefore, it is considered necessary to 

develop a methodology that allows combining both approaches so that decision 

making is as balanced as possible.  

We want to assess the effect of dam removal on the river Ecosystem Services as well 

as on the Constituents of Human Wellbeing. To do this, we ask you to fill the following 

matrix of relationships, in which you can establish the causal relationships between the 

variables that constitute the fluvial ecosystem as well as the value or weight of this 

relationship. The relationship values assignment between variables should be done 

according to the following question: How does this variable influence the other 

variables? The value of this relationship can be both positive (+) if the increase of the 

variable increases the value of other variables, and negative (-) if the increase of one 

variable decrease other variables. The values of these unions may be: 

0 if there is no relationship between variables 

0.5 if the strength of the interaction is of medium intensity 

1 if the strength of the interaction is strong 

A matrix of relationships is attached to establish the values between variables. The 

gray diagonal should not be filled. Relationships are established so that the variables of 

the columns influence the variables of the rows. Also, a document with the definitions 

of the Ecosystem Services and the Constituents of Human Well-being is attached to 

facilitate the understanding of the matrix variables. 

Definition of the Ecosystem Services provided by rivers: 

Provisioning services 

- Aquiculture: source of food such as freshwater fish, crayfish and mollusks. 

- Freshwater: water available. 
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- Raw materials: Materials provides by rivers and riparian areas such as gravels, sand, 

clays, salts, mineral water, timber, reeds and willows, natural medicines, etc.  

- Hydropower: use of a waterfall (usually artificial) to generate electricity. 

- Genetic resources: richness in riparian (in and out-stream) species, especially in the 

endemic ones. 

Regulating services 

- Climatic regulation and carbon storage: freshwater ecosystems can moderate 

extreme temperatures and contribute to carbon uptake.  

- Water regulation: alteration of natural river flow. 

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

inorganic pollutants load. 

- Sediments: transport, erosion and sedimentation: 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: protection against floods and droughts. 

- Biological control: Non-native species control. 

Cultural services 

- Scientific and local ecological knowledge: knowledge about the structure and 

function of aquatic ecosystems. Cultural heritage, knowledge based on experience of 

local people. 

- Cultural identity and sense of belonging: human settlements located surrounding 

aquatic ecosystems and its special connection between them. 

- Aesthetic and landscape values: Scenic beauty of the fluvial landscape and their 

sense of well-being. 

-  Recreation and ecotourism: outdoor activities in rivers or near them like rafting, 

kayaking, sailing, swimming, hiking, sunbathing…. 

- Sport fishing: Angling. Trout and salmon fly fishing. 
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- Environmental education: programmes promoted and financed by public and private 

entities to raise the riparian awareness among citizens. 

Definition of the Constituents of Human Well-Being: 

Security 

- Ability to live in an environmentally clean and safe shelter. 

- Ability to reduce vulnerability to ecological shocks and stress. 

Materials for a good life 

- Ability to access resources to earn income and gain a livelihood. 

Health 

- Ability to achieve good quality of life.  

Social relations 

- Opportunity to express aesthetic, cultural and spiritual values associated with 

fluvial ecosystems. 

- Opportunity to observe, study and learn about fluvial ecosystems 

----------------------------------------------------- 

With this form, surveys were carried out to 25 experts in fluvial subjects of diverse 

nature. The experts consulted belong to universities, research centers, companies, 

public administrations, foundations, etc (table 3).  
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Table 3. Number of participants in the survey and organization to which they belong. 

Participating organizations 
Number of 
participants 

Universidad de Zaragoza 1 

Universidad Politécnica de 
Madrid. ETSI Montes, 
Forestal y del Medio 

Natural 

16 

IH Cantabria 1 

Centro Europeo 
Prevención Riesgo 
Inundación (CEPRI) 

1 

Universidad de Florida 2 

Ecohidraúlica SL 1 

Canal de Isabel II 1 

Universidad de Lisboa 1 

Tragsatec 1 

 

Of the participants surveyed, a total of 8 are university professors (including assistant 

professors, professors and full professors), 9 of them are PhD or master students, 2 

two are researchers in research centers and 6 technicians belonging to public 

administrations and private companies. 

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

the document with the instructions and the definition of both the ecosystem services 

and the constituents of human well-being were included. 

In this way, 25 individual maps or interrelation matrix were generated, representing 

the complexity and containing the variability of the system. Finally, a general matrix of 

interrelations with all the generated maps was made.  

This matrix and the resulting cognitive map can be seen in more detail in the Appendix 

2. 

Section 3: Data analysis 

Subsection I: Use of Conefor and connectivity indices to quantify fluvial 

habitat fragmentation. 

Conefor 

The connectivity analyses of fluvial systems studied were carried out using the 

software Conefor Sensinode 2.2 (Saura and Torné, 2009). Conefor is “a software 
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package that allows quantifying the importance of habitat areas and links for the 

maintenance or improvement of landscape connectivity, as well as evaluating the 

impact of habitat and land use changes on connectivity. It is conceived as a tool for 

decision-making support in conservation and landscape planning, through the 

identification and prioritization of critical sites for ecological connectivity” (Saura and 

Torné, 2012). 

This software has been developed to analyze terrestrial landscape mosaics in intricate 

networks of connections and therefore is based on the graph theory approach with a 

set of nodes and unions between them. In this way, the nodes represent sites of 

suitable habitat surrounded by an inhospitable matrix whose habitat quality is not 

sufficient for the species while links represent the potential capacity of movement of a 

species between a pair of nodes.    

In Chapter I, we provide a different point of view regarding the consideration of the 

nodes and links of the graph in the rivers that we will advise that is more suitable and 

better fits the ecology of the river networks. 

Connections 

The connections between habitat patches when performing connectivity analysis can 

be binary (graphs with unweighted links) or probabilistic (graphs with weighted links) 

(Saura and Pascual-Hortal, 2007).  

The binary model considers that two nodes are connected or not, without 

intermediate connection values. It is considered that this vision is a simplification of 

the possibility of movement or dispersion between patches of habitat.  In this case, the 

existence of a union between nodes implies that an organism will have full capacity of 

movement between them. 

The probabilistic model considers that the union between two nodes can have 

intermediate values that depend on an estimation of the strength, frequency or 

feasibility of direct movement by the analysed populations. This model determines 

that there may be a union between two patches of habitat depending on the 

parameters explained above, that is, an intensity in the value of movement between 

nodes can be assigned for a certain species and not only determines whether or not 

there is a connection. This type of connection allows, unlike the binary model, to know 

if the connection between areas of habitat is strong or weak and thus establish the 

greater probability of movement between the connections (figure 3). 



60 
 

 
Figure 3. Differences in the quantification and determination of direct connections between 

nodes in the binary and probabilistic connection models. Adapted from Saura and Pascual-

Hortal (2007).  

Connectivity indices 

The program allows the calculation of several connectivity indexes, specifically six 

based on a binary connection model and three based on the probabilistic one (Saura 

and Pascual-Hortal, 2007). All of the indices measure functional connectivity at the 

landscape level, each one with its characteristics. Among this variety of indices, the 

authors recommend the use of two of the indices: the Integral Index of Connectivity 

(IIC) based on a binary connection (Pascual-Hortal and Saura, 2006), and the 

Probability of Connectivity index (PC) based on the probabilistic connection (Saura and 

Pascual-Hortal, 2007). “Both metrics are based on graph structures and on the concept 

of measuring habitat availability at the landscape scale” (Pascual-Hortal and Saura, 

2006; Saura and Pascual-Hortal, 2007; Saura and Rubio, 2010; Saura et al., 2011).  

The Integral Index of Connectivity (IIC) ranges from 0 to 1 for patches that are directly 

connected if the distance between them is below a certain threshold dispersal 

distance: 

𝐼𝐼𝐶 =  
∑  ∑  𝑎𝑖 𝑎𝑗 𝑛

𝑗=1
𝑛
𝑖=1 (1+𝑛𝑙𝑖𝑗 )⁄

𝐴𝐿
2   (eq. 1) 
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Where n is the total number of nodes in the landscape, ai and aj are the attributes of 

the nodes i and j or the area of each habitat patch, nlij is the number of links in the 

shortest path (topological distance) between patches i and j and  AL is the maximum 

landscape attribute. For not connected nodes, the result of IIC equation equals zero. 

IIC increases with improved connectivity until the hypothetical case in which that IIC = 

1 if all the landscape is occupied by habitat. A disadvantage of the IIC with respect to 

other binary indices is that to calculate the shortest paths between each pair of nodes 

it needs more computing capacity (Saura and Pascual-Hortal, 2007). 

The Probability of Connectivity Index (PC) is defined as “the probability that two points 

randomly placed within the landscape fall into habitat areas that are reachable from 

each other (interconnected) given a set of n habitat patches and the links or direct 

connections (pij) among them” (Saura and Pascual-Hortal, 2007; Saura and Rubio, 

2010). 

It ranges from 0 to 1 and increases with improved connectivity. It is given by the 

following expression: 

𝑃𝐶 =  
∑ ∑ 𝑎𝑖𝑎𝑗   

𝑛
𝑗=1 𝑝𝑖𝑗

∗𝑛
𝑖=1

𝐴𝐿
2     (eq. 2) 

Where n is the total number of nodes in the landscape, ai and aj are the attributes of 

the nodes i and j or the area of each habitat patch, AL is the maximum landscape 

attribute (both habitat and non-habitat), and p*ij is the maximum product probability 

of all possible paths between patches i and j (including single-step paths). If patches i 

and j are close enough, the maximum probability path will simply be the step (direct 

movement) between patches i and j (p*ij = pij).   

For that reasons, the authors consider that the PC index is a improved connection 

model than IIC for the following reasons: (1) in the PC, the attribute values can also 

refer to other different meanings (or patch characteristics that may be considered 

relevant for the analysis) from patch area such as habitat quality, population size, 

carrying capacity, habitat suitability, etc. (2) It is “not affected by the presence of 

adjacent habitat patches or cells in the analysed dataset” (Saura and Pascual-Hortal, 

2007), and (3) The IIC is a connection index based on the binary system in which two 

habitat patches are connected or not connected without intermediate modulation of 

the strength of the connection between both patches and viability of dispersion, while 

the probabilistic connection model of the PC allows the continuous modulation of the 

connection strength or dispersal feasibility (Saura and Rubio, 2010). 
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So far the importance of both indices has been established to estimate the general 

connectivity of the landscape; however it is more interesting for the managers to know 

the contribution of each node in particular in order to be able to establish rankings of 

importance or prioritization of landscape elements (patches and links) (Keitt et al., 

1997; Urban and Keitt, 2001; Pascual-Hortal and Saura, 2006; Saura and Pascual-

Hortal, 2007). The contribution of each node to the overall connectivity and habitat 

availability will be made by calculating the variations in the IIC and in the PC that will 

occur after the removal of a particular node in the network. To measure the change, 

comparisons are made with the delta values of each index (Pascual-Hortal and Saura, 

2006) according the following expression: 

𝑑𝐼 = 100 ·  
𝐼−𝐼´

𝐼
 (eq. 3) 

Where I is the index value before the change and I´ the value of the same index after 

the change.  

For the case of the IIC and the PC, the values of dIIC and dPC are obtained given that d 

means the percentage of the variation: 

𝑑𝐼𝐼𝐶𝑘 = 100 ·  
𝐼𝐼𝐶−𝐼𝐼𝐶𝑟𝑒𝑚𝑜𝑣𝑒

𝐼𝐼𝐶
 (eq. 4) 

𝑑𝑃𝐶𝑘 = 100 ·  
𝑃𝐶− 𝑃𝐶𝑟𝑒𝑚𝑜𝑣𝑒

𝑃𝐶
 (eq. 5) 

Where dIICk/dPCk is the importance of element k for the maintenance of overall 

habitat availability in the landscape. IIC/PC is the metric value in the intact landscape, 

when each of the original components is present including k. The concept remove is 

the metric value after the removal of k (Saura and Rubio, 2010).  

The importance of the contribution of landscape elements to the overall connectivity 

can be divided into three sub-indices: 

dIIC = dIICintra + dIICflux + dIICconnector 

dPC = dPCintra + dPCflux + dPCconnector 

The intra fraction represents the intrapatch connectivity (habitat resources that can be 

reached within a given node, without moving to other habitat patches). This fraction is 

independent of how a node is connected with the others. The flux fraction reflects how 

well connected a node is to the rest of the habitat nodes in the landscape network. 

The connector fraction represents how important a given node is for maintaining the 

rest of the habitat nodes connected to each other. This fraction works like connecting 
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element or “stepping stone” between nodes and depends only of the topological 

position of a node or link in the network (Saura and Rubio, 2010). These fractions 

provide non-redundant and complementary information on the importance of a node 

or habitat patch into the landscape network and can be determinants in the 

prioritization of node conservation (Baranyi et al., 2011; Saura and Torné, 2012). 

To calculate the IIC we used the Conefor 2.6 version. The calculation of the PC index 

for asymmetric graphs was performed through a purposefully developed version of the 

Conefor command line. 

Link improvement or the potential benefits of strengthening the connection among 

patches 

The Conefor 2.6 version (Saura and Torné, 2012) allows the application of the “link 

improvement” option, which implies that whatever the value of a union between two 

nodes, it will reach its maximum value which means that the capacity of movement 

between the two selected nodes will now be total. This option can be used both for 

the binary connection model (IIC) and the probabilistic one (PC). In this last, “Conefor 

will calculate the potential (positive) impacts of improving as much as possible the 

direct connection (link) between each pair of patches (only one at a time)”.  

This translates as the connection between a pair of nodes having a probability equal to 

1 of conducting movement, i.e. the probability of circulation between two nodes will 

be 1 rather than the connectivity value it had before, unless this connection already 

had a value of 1 in the initial situation.  

The features of river segments make less functional the use of the IIC index in fluvial 

analysis, due to a segment is connected to two –or maximum three- adjacent 

segments. The lack of importance graduation produces a similar effect no matter what 

segment is deleted, so that the IIC cannot reflect the importance of a certain river 

node. 

In this thesis this option has only been used for the probabilistic connection model 

(PC). 

Subsection II: Fuzzy Cognitive Maps 

Introduction to cognitive mapping 

The classic definition of a cognitive map is “a qualitative model of how a given system 

operates” (Özesmi and Özesmi, 2004). The foundations of the Fuzzy cognitive maps 
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arise from graph theory (Özesmi and Özesmi, 2003). Cognitive maps are directed 

graphs or digraphs (Axelrod 1976). It was Kosko (1986) who added the diffuse term to 

cognitive maps, modifying Axelrod's map applying diffuse causal relationships with 

values between [-1, 1] for connections (Özesmi and Özesmi, 2003, 2004). The graph 

and the corresponding matrix of interrelations can represent causal effects that nodes 

have on each other if the edges are directional and appropriate weights are given. 

These maps may be either cyclic or acyclic, although the latter are more unusual 

(Kafetzis et al., 2010).  

FCMs consist of a set of nodes and weighted links, which are graphically illustrated as a 

signed weighted graph with feedback. Nodes of the graph represent the concepts 

describing behavioral characteristics of the system whereas the signed weighted links 

represent the interconnections between nodes and the causal relationships that exist 

among them. The edges have numerical values that can be fuzzy weights, fuzzy 

degrees of belief, or fuzzy entailments represented by each edge in the graph (Kafetzis 

et al., 2010). This graphic display shows which concept influences other concept and 

what the degree of influence among them is (Stylios and Groumpos, 2004), so each 

FCM is a graphical summary of if-then causal statements or entailments (Kafetzis et al., 

2010). 

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, a series of 

variables or concepts that describe the functioning of a determined system are 

determined. “The value of the variables themselves is not quantified during the 

process of cognitive mapping, so it does not matter if they are quantifiable or not” 

(Helfgott et al., 2015). 

According to Özesmi and Özesmi (2004) and Helfgott et al. (2015), the way to develop 

cognitive maps in participatory processes has the following steps: (1) an interview with 

the participants is carried out to develop a brainstorm about the most relevant 

concepts of the topic to analyze, (2) the most relevant concepts will be grouped by the 

organizers to avoid unnecessary repetition of concepts with the aim of facilitating the 

understanding of the future cognitive map, (3) once the most relevant concepts are 

determined and grouped into concrete variables, the participants draw lines (arrows) 

between them to indicate the possible causal relationships between the determined 

variables. The direction of the arrow indicates that the emitting variable affects the 

receiving variable in some way, (4) in the next phase, the participants add a sign to the 

links between variables. This sign is positive (+) if the participant believes that one 
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variable causes a positive effect or increase on another variable. On the other hand, 

the sign is negative (-) if the participant considers that the variable causes a negative or 

decrement effect on another variable, (5) in this point, participants can assign a value 

to each union that represents the weight or value of the causal relationship. These 

values, for the fuzzy maps, are established in the range [-1, 1] with -1 being the 

maximum value of causal decrease, 0 when there is no causality and +1 the maximum 

value of causal growth. 

The result of the interactions of each map can be represented in an adjacency matrix 

(Axelrod 1976). According to graph theory, cognitive maps can be transformed into 

adjacency matrix as follows: A(D) = [aij] (Özesmi and Özesmi, 2003, 2004). In this 

matrix, the ijth element aij gives the value on the link between concept i and j (Helfgott 

et al., 2015). 

The interest of using FCMs lies in their ability to represent complex problems and allow 

an interface between quantitative and qualitative approaches (Kafetzis et al., 2010). 

Also, they are an especially attractive technique for modeling systems characterized by 

“their uncertainty, ambiguity or non-trivial causalities among their variables” (Nápoles 

et al., 2018). 

Graph Theory and Fuzzy Cognitive Maps 

Graph theory indices can help interpret the structure of cognitive maps (Özesmi and 

Özesmi, 2003, 2004). These maps are compounds of a large number of variables with 

its interconnections, which makes it a complex system. However the tools of graph 

theory allow us to analyze their structure.  

Depending on the number of different types of variables, other indices can be 

calculated. First, the density of a fuzzy cognitive map (D) shows how connected or 

dispersed the maps are. This index of connectivity represents the number of 

connections divided by the maximum number of connections possible between N 

variables (Özesmi and Özesmi, 2003, 2004). If the map density is high, it means that 

the participant perceives a large number of casual relationships among variables 

(Özesmi and Özesmi, 2004).   

The structure of cognitive maps can also be analyzed according to the type of variables 

they have, which may be of the type transmitter, receiver and ordinary.  

These variables are defined by their outdegree and indegree. Outdegree is “the row 

sum of absolute values of a variable in the adjacency matrix and shows the cumulative 
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strengths of connections exiting the variable” (Özesmi and Özesmi, 2003, 2004). It is a 

measure of how much a given variable influences other variables or the number of 

connections leading from one variable to other variables (Bougon et al., 1977; 

Papageorgiou and Kontogianni, 2012). Indegree is “the column sum of absolute values 

of a variable” (Özesmi and Özesmi, 2003, 2004). It shows the cumulative strength of 

variables entering the unit or the number of connections leading to the variable from 

other variables (Bougon et al., 1977; Papageorgiou and Kontogianni, 2012). The sum of 

the value of the outdegree and the indegree results in the centrality value of a 

variable. It is an important concept since to determine the contribution of a variable to 

the cognitive map it is necessary calculate its centrality, which shows how connected 

the variable is to other variables and what is the cumulative strength of the connection 

(Özesmi and Özesmi, 2003, 2004). 

Graph theory also provide an effective way to understand the structure of cognitive 

maps by condensing them which means the replacement of subgraphs (a set of 

connected variables) for a single unit. The individual maps are qualitatively aggregated 

using clustering concepts to generate a condensed map known as collective FCM. 

When a map becomes very complex due to the large number of variables and links 

between them, the most central variables with their weighted connections are usually 

represented (Papageorgiou and Kontogianni, 2012).   

Stakeholders and expert knowledge 

One of the strengths of the FCM methodology is that it is based on the collection of 

expert knowledge on a subject. FCMs represent human knowledge about how the 

system works (Groumpos 2010).  

The grouping of different expert knowledge on a specific topic is one of the strengths 

of the FCM when gathering a great variety of points of view that allows determining a 

vision as realistic as possible of complex systems. On the other hand, when consulting 

different experts on a topic with the objective of developing a FCM each expert will 

have different experience and subjective knowledge of the subject. Because of this, we 

should consider that there will be experts with different degrees of credibility about 

the knowledge they can bring to the topic. In these cases the contribution of some 

experts can be multiplied by a coefficient of “credibility" that balances the opinions of 

the experts (Groumpos 2010). This "credibility" value can also be applied to the 

different stakeholder groups to try to reduce the possible perception bias of each 

group. This is especially useful in cases in which the participants are very different 
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groups and it is necessary to establish a criterion that modulates the different 

responses. 

Aggregation process  

One of the important points of the FCM is the aggregation of the individual maps 

generated by each participant in the process of creating the map into an aggregate 

map that collects all the information of the interviewees. In this way, this combination 

produces a larger representative knowledge of all the participants (Helfgott et al., 

2015). A classic form of aggregation of individual maps may be the one proposed in 

chapter II of the thesis. However, other authors propose alternative aggregation 

methods (Groumpos 2010; van Vliet et al., 2017).  

According to Kosko 1988, “larger expert sample sizes should produce more reliable 

knowledge bases”. The combination of weighted FCMs can reflect different levels of 

expertise on the area. However, there is a complication because each individual map 

represents the perspective of the person who has made it and therefore the 

combination of maps of several participants does not imply the same result for the 

combined map (Helfgott et al., 2015). 

For this reason, although the number of experts involved increases, the form of the 

aggregate FCM in terms of variables and the weight between them will be able to 

stabilize and constitute a good representation of the state of knowledge of the topic to 

analyze (Helfgott et al., 2015). 

At the present time, there is not a current consensus on what is the best way to 

construct the aggregated Fuzzy Cognitive Map and even more studies are needed to 

explore the effects of different aggregation methods (van Vliet et al., 2017). 

Initial state vector to generate scenario simulations 

“FCMs can be represented mathematically in the form of a vector and a matrix, where 

the vector represents the weight of the variables in the system” (van Vliet et al., 2017). 

These maps can be used to make inferences about causation from a given set of initial 

conditions. These conditions collected in a vector form may represent a policy or 

program intervention (for example the decision to remove or not a barrier) that 

activates particular concepts (Helfgott et al., 2015). “Inferences are extracted from the 

FCM by using it to form a standard matrix product with an i-element state vector 

whose elements are the initial values of the i concepts at the start of the process” 

(Kafetzis et al., 2010). This vector represents the initial state of concepts identified by 
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the available knowledge (Özesmi and Özesmi, 2003; Papageorgiou and Kontogianni, 

2012). These changes in a series of starting conditions can be used to analyze the 

behavior of the system by running simulations that can determine future possible 

management scenarios.  

Each simulation process starts with an initial vector that represents the present events 

at a given time, and a final vector that represents the final state reached for each 

simulation (Papageorgiou 2010). These simulations are made by multiplying the initial 

state vector (A1) by the adjacency matrix of the aggregate FCM (Ec), where A1 is a row 

vector of size 1xN, where N is the total number of variables (Tan and Özesmi, 2006). 

The resultant vector of the multiplication is considered as the new initial vector for the 

next iteration. The iterations continue until equilibrium is reached or not. The iterative 

process of multiplication of vectors by the matrix can be seen in figure 4. 

The process of simulation begins when a value of 0 or 1 is assigned to each variable. A 

value of 0 will represent non-activate concepts and therefore it would not contribute 

at the next iteration, whereas a value of 1 means that the concept is totally activated 

and would represent a contribution at the next iteration. In each iteration, the filter 

function is applied producing a new state vector with activate concepts (1) and non-

activated concepts (0). If a concept has an activation value of 0, this concept would not 

contribute at the next iteration, whereas an activation value of 1 would represent the 

contribution at the next iteration.  
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Figure 4. The iterative process of the FCM, in which the state vector A is multiplied iteratively 

by the adjacent matrix Ec until an equilibrium vector is reached. The lower threshold filters  𝑓𝑙 

and upper threshold filters 𝑓𝑢 are applied in each iteration and level to regenerate the state 

variables as categorical. 

The next step will allow obtaining answers to management scenarios by asking “what-

if” questions to determine the state of the system that would be developed under 

different conditions or if different policy options were implemented (Kosko 1987). 

FCMs have the capacity of predicting and redesigning the studied system through the 

generation of scenarios by performing simulations from different initial state vectors 

when we impose different initial conditions on concepts (Groumpos 2010, Stach et al., 

2010, Papageorgiou and Kontogianni, 2012). These simulations provide a description of 

the behavior of the system that can be used to generate predictions that may help 

decision makers in the implementation of management strategies (Stach et al., 2010, 

Papageorgiou and Kontogianni, 2012). 

The calculation of the outdegree (the strength with which a system concept 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), 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 
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www.fcmappers.net) and Mental Modeler (Gray et al., 2013) (freely available in 

www.mentalmodeler.org). 
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“Esta magia no es un juego al que nos dedicamos por placer o por halago. Piénsalo: en 
nuestro Arte, cada palabra que pronunciamos, cada acto que ejecutamos es para bien 

o para mal. ¡Antes de obrar o hablar hay que conocer el precio!” 

Ursula K. Le Guin. Un mago de Terramar 
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“Una parte de hacer buena ciencia consiste en ver lo que cualquiera puede ver, pero 

pensar lo que nadie más ha dicho” 

Amos Tversky 
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Longitudinal connectivity loss in a riverine network: Accounting for the 

likelihood of upstream and downstream movement across dams 

This chapter reproduces entirely the paper published in: 

Rincón G, Solana-Gutiérrez J, Alonso C, Saura S, García de Jalón D. 2017. Longitudinal 

connectivity loss in a riverine network: Accounting for the likelihood of upstream and 

downstream movement across dams. Aquatic Sciences 79:573-585 

Abstract 

Disruption of longitudinal connectivity is a major concern in most of the world´s rivers. 

Approaches based on graph theory have proven to be a suitable tool for analysing 

functional connectivity. However, previous applications of graph-based connectivity 

methods to river systems have been oversimplified in that they have treated potential 

barriers as binary features and rivers as symmetric networks.  

We here apply a network analytical approach in which (a) upstream and downstream 

connectivity are considered so that fish passability values across dams are 

asymmetrical, and (b) it is possible to consider a continuous range of passability values 

for every dam. We build on previous and widely used connectivity metrics (Probability 

of Connectivity, PC), which here are generalised and adapted toward that end. We 

compare the results of our approach with those that would be obtained under the 

more simplified assumptions of symmetric movement and of barriers as binary 

features. 

We want to prove if there are substantial differences between considering or not the 

asymmetry in river networks. The application of symmetrical and asymmetrical PC 

highlights major differences between the upstream connectivity versus the 

downstream connectivity. We provide our methods in a free software package so that 

they can be used in any other application to riverscapes. 

We expect to provide a better graph-based approach for the prioritisation of the 

removal or permeabilization of artificial obstacles as well as for the preservation of 

target river segments for connectivity conservation and restoration.  

Keywords: Longitudinal connectivity, fish passability, graph theory, directional 

networks, asymmetric dispersal, riverscapes. 
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Introduction 

Connectivity is the extent to which a species or populations can move among 

landscape elements in a mosaic of habitat types (Hilty et al., 2006). This concept is an 

essential property for the functioning of ecosystems (Kondolf et al., 2006). It is 

especially important for sustaining ecological flows (i.e. matter and energy) and the 

movement of genes, individuals or populations (Nicola et al., 1996, Calabrese and 

Fagan 2004). Given the decisive role of connectivity for the long-term persistence of 

biodiversity, it is widely acknowledged that it should be considered in decision-making 

and in the management planning processes in landscapes and riverscapes (Erös et al., 

2011).  

Rivers are considered as the epitome of connectivity (Wiens 2002). Therefore, 

special attention must be paid to the longitudinal dimension of connectivity (Ward 

1989; Tockner et al., 1998; Lucas and Baras, 2001). Human activities, such as flow 

regulation produced by dams, disrupt the upstream - downstream linkages (Ward 

1989). More specifically, dams reduce connectivity and, by doing so, they hinder or 

impede fish migration up or downstream and increasing demographic isolation of the 

biological populations (Schick and Lindley, 2007).  

The loss of longitudinal connectivity in rivers as a result of dam development is 

a major worldwide problem (Gough et al., 2012). In the European Union, the EU Water 

Framework Directive (WFD, 2000/60/CE) considers river continuity as one of the aims 

for achieving good ecological status of the water bodies. River continuity is defined as 

having "no disruption of migration of aquatic organisms and sediment transport”. 

Restoration of the longitudinal connectivity of rivers will have positive impacts on 

freshwater fish populations, especially on those obligated to migrate to complete their 

life cycle (Segurado et al., 2014). However, limited budget allocations often restrict the 

extent of connectivity restoration programmes. Therefore, it is necessary prioritise 

connectivity restoration actions in order to maximise their benefits for the riverine 

network functioning (Rivers-Moore et al., 2016). The strategy often depends on 

assessment of the contribution of every barrier to the overall loss of connectivity, as 

well as a subsequent ranking of the relevance of the removal of every barrier to the 

restoration of connectivity. 

The graph-based methodology has proven to be a useful tool for quantifying 

the overall habitat connectivity of freshwater systems (Schick and Lindley, 2007; Erös 

et al., 2011, 2012; Carranza et al., 2012), being a widely used technique in terrestrial 

landscapes (Minor and Urban, 2007, 2008; Bodin and Saura, 2010; Saura and Rubio, 



80 
 

2010). Ecological systems can be represented as graphs or networks that contain 

nodes depicting individual elements and links representing relationships between the 

nodes (Bodin 2009, Erös et al., 2012). Based in this concept, software tools like Conefor 

(Saura and Torné, 2009) have been developed.  River segments and barriers can be 

represented in the graph, and their individual importance in the overall connectivity of 

the river system can be assessed. This approach yields a value of the overall 

connectivity of a given river network, and the partial contribution of every single 

obstacle to the loss of overall connectivity. 

Previous applications of graph theory quantifying the longitudinal connectivity 

loss in riverine systems and ranking barriers have relied in two main assumptions: (1) 

barrier passability values are binary (or impassable or totally passable), and (2) non-

directionality movement (see Erös et al., 2011; Segurado et al., 2013, 2014). These 

assumptions about the symmetric passability of barriers do not agree with the idea of 

the importance of asymmetry in river systems. Asymmetry of movement in dendritic 

ecological networks (Grant, Lowe and Fagan 2007) is an extremely important concept 

in the analyses of metapopulations in rivers and possible biases in the upstream-

downstream movements (Grant 2011). Therefore, the consideration of directionality in 

riverine networks is needed in order to build up more ecologically realistic and 

functional models (Padgham and Webb, 2010). We propose to take the idea of 

Segurado et al. (2013) and improve it by considering the asymmetry of the obstacles 

passability. We will test the efficiency of this improvement by comparing both 

approaches: one assuming symmetric passability and a more realistic one taking into 

account the asymmetry. 

To do this, we applied a graph-based approach to account for asymmetrical 

passability in river connectivity assessments obtaining different graph resolutions to 

prioritise barriers. We used a directional version of the Probability of Connectivity (PC) 

metric (Saura and Pascual-Hortal, 2007) differing between upstream and downstream 

passability for barriers (González Fernández et al., 2010). We quantified the loss of 

overall connectivity in a real river system due to obstacles through the comparison of 

two landscape connectivity indices: Integral Index of Connectivity (IIC) (Pascual-Hortal 

and Saura, 2006), which relies in binary barriers, and the Probability of Connectivity 

(PC), which allows for a continuous range of passability values to be assigned to each 

barrier. By comparing the results of both indices, we assessed the effect of assuming 

symmetrical passabilities and binary barriers in the overall account of connectivity and 

in related barrier prioritization. 
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To test the error caused by not taking into consideration the asymmetry, we 

estimated the overall connectivity of two scenarios in a case study: (1) assuming 

symmetry in the passability of every obstacle; and (2) considering the asymmetry of 

the barriers that are really, which is in line with reality. Both situations could not be 

very different, but both are a real case study and then representative of the problem. 

If the results are different when considering or not asymmetry, a description of these 

differences allow explain the error committed if we assume that all obstacles are 

symmetrical in a real case. Higher values of overall connectivity are expected to occur 

when obstacles have different passability values in both directions. By doing so, we 

expect to provide a better graph-based approach, and to quantify the difference they 

make compared to previous graph-based assessments in rivers, for the prioritisation of 

the removal or permeabilization of artificial obstacles, as well as for the preservation 

of target river segments for connectivity conservation and restoration.  

Mediterranean river systems exhibit large flow variability and frequently are 

naturally disconnected during part of the year. This hydrological variability produces 

unequal changes in upstream and downstream fish passabilities. For this reason 

determining connectivity losses in Iberian rivers is an issue (Branco et al., 2012). This 

study provides the approach of considering the movement in both directions, 

upstream and downstream, to implement a methodology that better fits the natural 

river conditions. In this regard, it is advisable to apply the idea of asymmetry for a 

better representation of the impact on connectivity and the movement of fish species 

due to the presence of artificial obstacles. 

Materials and methods 

Study area 

The study area is located in the north-west part of the Iberian Peninsula and is 

comprised of the catchments of the Cega and Pirón Rivers within the Duero River basin 

(Figure 1a). Both are small Mediterranean rivers with a pluvio-nival hydrological 

regime, presenting severe droughts in the summer. The Cega River has a total length of 

149 km, drains an area of 2579 km2 and flows mainly from south to north presenting 

an average total annual discharge of 232.1 hm3 (CHD 2009). Its main tributary is the 

Pirón River with a length of 98 km, a basin area of 1024 km2 and an average annual 

discharge of 74 hm3. The flow regime in the Cega River is not regulated. The Pirón 

River is regulated and affected by a major loss of longitudinal connectivity due to the 

presence of the Torrecaballeros Dam (height 26m; capacity 0.324 hm3) in its 

headwaters (see Figures 1a and b).  
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Fish communities 

Fish communities in the catchments of the Cega and Pirón Rivers are dominated by 

brown trout, Salmo trutta (density 12.2 ind. ha-1, 44% out of the density of the fish 

community). Three rheophyllic cyprinids are the sub-dominant species: bermejuela, 

Achondrostoma arcasii (8.1 ind. ha-1, 30%); Northern Iberian chub, Squalius carolitertii 

(3.6 ind. ha-1, 13%); and Iberian gudgeon, Gobio lozanoi (3.3 ind. ha-1, 12%). The Iberian 

barbel, Luciobarbus bocagei (0.13 ind. ha-1, 0.5%), spined loach, Cobitis calderoni (0.05 

ind. ha-1, 0.2%), and tench, Tinca tinca (0.01 ind. ha-1, 0.04%) are the accompanying 

species (Junta de Castilla y León, 1997). 

These species are common to both rivers, except for the Iberian barbel, which 

only appears in the Cega River, and the common carp (Cyprinus carpio), which is found 

only in the Pirón. The distributional pattern along the longitudinal gradient (upstream 

to downstream) is very similar in both rivers: trout - chub/nase – bermejuela - spined 

loach - barbel/gudgeon in the case of the Cega River, and trout - bermejuela/chub – 

nase - spined loach/gudgeon – carp for the Pirón River. 

We studied connectivity by focusing on the requirements of the fish 

communities of the Cega and Pirón Rivers. The overall connectivity depends on the 

passability values of each obstacle and the ability of fish species to cross them both 

upstream and downstream.  

Inventory of barriers  

To determine the overall connectivity of the Cega and Pirón river network, we 

developed an inventory of all artificial alterations to the longitudinal river continuity 

based on aerial photographs of the rivers. A total of 22 obstacles were detected, 

including large dams, weirs and other barriers, in the Cega and 20 were found in the 

Pirón (González Fernández et al., 2010; CHD 2009). Tributaries of both rivers were also 

affected by obstacles: 11 additional obstacles were found in the Cega catchment and 

14 in the Pirón sub-catchment, resulting in a total set of 67 obstacles for the entire 

river network (see Figure 1b).  
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Fig. 1 (a) Map of the Duero River basin located on the Iberian Peninsula. (b) The Cega and Pirón 

River basin. Black points in this figure represent artificial barriers in the fluvial network. (c) 

Number of obstacles in the river network based on their upstream and downstream passability 

values. 

Fish passability values  

The concept of barrier passability is difficult to define (though a rough definition could 

be a barrier’s capability of being passed). However, there are many methods for 

estimating passability (Bourne et al., 2011). The passability of an obstacle must be 

analysed according to the attributes of each barrier and the requirements and 

possibilities of passage of each fish species in both directions (Cote et al 2009; Bourne 

et al., 2011; Januchowski-Hartley et al., 2013). However, there is some uncertainty 

surrounding this concept due to the difficulty in estimating the mean passability of a 

dam for a fish species. Mean passability is linked to fish physiology, which may vary 

depending not only on the species but on the size and other individual traits. 

Additionally, the attributes of the barriers change depending on the flow conditions 

(Bjornn and Peery, 1992), affecting the actual fish passability.  
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To determine the passability of the Cega and Pirón river network barriers, we 

have relied on the study “Diagnosis of longitudinal connectivity in Duero River Basin” 

(González Fernández et al., 2010, not published) where a passability index is 

developed. This index ranges from 0 to 100: the higher the probability to cross, the 

lower the index value (Figure 1c). We consider that this definition is not intuitive so we 

have define a passability probability value, named Connectivity Index (hereafter CI) 

which reflects the chance that a fish passes through the dam in both senses: upstream 

and downstream. This CI is a positive number, smaller than one, and is inversely 

proportional to the passability index which González Fernández et al. (2010) defined. 

In particular, upstream CIs mainly depend on dam wall height, dam wall upper sill, dam 

wall slope, downstream ponds, fish passage structures and hydraulic features (i.e. 

flow, upstream and downstream depth, water velocity, water temperature, water jet 

streams), whereas downstream CIs are mainly related to the probability of fish straying 

in big dams and the features of spillways, water inlets, conduction pipes and water 

connections, among other factors. Once the main dam physical parameters were 

measured, the fish species that live in the river were clustered into five groups 

according to their swimming performance and migratory life tactics: (1) fish species 

with high swimming and jump capacity, i.e. salmonids like Salmo trutta, (2) fish species 

of cyprinids with high swimming and low jump capacity, i.e. migratory cyprinids like 

Luciobarbus bocagei, (3) fish species of cyprinids with moderate movement and low 

jump capacity, i.e. small migratory cyprinids like Gobio lozanoi, (4) slow water fish with 

no ability to jump like Tinca tinca  and (5) benthonic fish like Cobitis calderoni . After 

calculating the upstream and downstream passability values for each barrier, a graph 

was developed as described in next section.  

Estimating the connectivity loss by dams 

In order to quantify the loss of connectivity in these rivers due to the presence of 

potential barriers, we used an approach based on graph theory (Erös et al., 2011, 

2012; Segurado et al., 2013, 2014). We represented the Cega and Pirón river network 

as a graph (Figure 2). Then, we modelled the effects of obstacles on the longitudinal 

connectivity of these rivers. For the hydrological modelling of freshwater bodies, it is 

useful to consider the stream segments as nodes. In this methodological approach, 

each river segment (node) has some amount of associated habitat, which is 

represented here as a combination of the length and mean width of the segment. 

Then, these segments are joined by links or connectors with different strengths 

(passabilities) that can be headwaters, confluences (river junctions), river mouth and 
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transversal obstacles (dams and weirs). These elements are considered to be 

connectors because they determine the connection of each river segment to the 

previous and subsequent ones.  

In addition, each link between river segments has a probability value (CI) that 

reflects the chance that a fish passes through the connector. In the graph (Figure 2), 

the junction of two river segments will have full probability of movement; the CI will be 

1. However, if the segment is limited by an insurmountable barrier, then the CI value 

will be 0, which means that there will be no possibility to cross and therefore the 

segments will be disconnected (see Table 1).  

Table 1 Data on 20 connectors, including (1) the fluvial network to which they belong, (2) the 

connector number, (3) the probability of passability (CI) in both directions of each connector. 

River 

basin 

Connector 

number 

 
Passability probability (CI) 

 Upstream 

(CI up.) 

Downstream 

(CI down.) 

Cega 

2  1 1 

3  1 1 

4  0 0 

5  0.2 0.4 

22  0 0 

28  1 1 

29  0 0 

48  0 0 

49  0.2 0.2 

53  0 0 

Pirón 

55  0 0 

59  0.7 0.7 

60  0.6 0.6 

66  0.7 0.7 

67  0.7 0.7 

68  0.7 0.7 

78  0 0.2 

79  0.7 0.6 

100  0.7 0.7 

102  0.2 0.5 
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Fig. 2 Graph representation of the Cega and Pirón river network. Grey circles represent 

headwaters and joints between two watercourses, whereas black circles represent barriers. 

Each river segment is delimited by two numbered connectors. 

Once the graph is built and each node and link are characterised, the relevance of each 

particular node and link for the overall connectivity of the basin is calculated. To 

measure the overall connectivity of the whole river system, we used the Probability of 

Connectivity index (PC) (Saura and Pascual-Hortal, 2007), which allows for modulating 

the passability of each particular obstacle in a continuous range from 0 to 1. The 

results of the PC were also compared to those provided by the Integral Index of 

Connectivity (IIC) (Pascual-Hortal and Saura, 2006), which has been used in previous 

studies related to river networks (Segurado et al., 2013, Erös et al., 2011) and only 

allows for including either full barriers or fully permeable junctions along the river 

network. The IIC is a connection index based on a binary system by which two habitat 

patches are either connected or disconnected without intermediate modulation of the 

strength of the connection between both patches and viability of dispersion (Figure 3). 

The PC and IIC increase with higher connectivity and range from 0 to 1. Both are also 

topo-ecological indices, i.e. they account for the attributes of the habitat patches along 

with the topological relationships between those patches within the network (Saura 

and Rubio, 2010). The two connectivity indices (both the PC and the IIC) were 
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calculated using the software package Conefor (Saura and Torné, 2009; available at 

www.conefor.org). Furthermore, the PC for asymmetric graphs was computed using a 

purposefully developed version of the Conefor command line (available under request 

to authors). 

 

Fig. 3 Schematic comparison between the results of applying the IIC and PC indices to different 

river scenarios. A simple visual representation of the three possible connectivity situations in 

the rivers is shown: a river in natural conditions without obstacles (0), small weirs that can be 

assumed to be a hindrance to connectivity depending on some different attributes (fish 

species, river flow and physical characteristics of the obstacle) (1), and big dams that generate 

disruption to the river connectivity (2). The left side shows the results of the application of dIIC 

whereas the dPC results are shown on the right. 

Application of habitat availability indices to prioritise connectivity conservation and/or 

improvement  

The contribution of each node or river segment to the overall connectivity was 

assessed by calculating the percent variation in the values of the indices after removal 

of that particular segment from the river network (dIIC and dPC, where d means the 

percentage of the variation). The contribution of landscape elements (in this case, river 

segments) to the overall connectivity can be divided into the sum of three sub-indices: 

intra, flux and connector (Saura and Rubio, 2010).   
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The intra fraction represents the intrapatch connectivity (habitat resources that 

can be reached within a given segment, without moving to other segments). This 

fraction is independent of how a node is connected with the others. The flux fraction 

reflects how well connected a segment is to the rest of the habitat segments in the 

river network. The connector fraction represents how important a given segment is for 

maintaining the rest of the habitat segments connected to each other. For this reason, 

this fraction is particularly relevant to this study due to the special characteristic of 

river systems: one single path of movement (the river stream) without other possible 

alternative paths making these ecosystems exceptionally vulnerable to fragmentation 

(Erös and Grant, 2015). This feature of river systems is what makes the connector 

fraction essential, acting as a bridge patch or “stepping stone”. 

On the other hand, evaluating the contribution of each link allows us to 

determine the effects on the connectivity of the removal of an obstacle (dam or weir). 

This feature was assessed by recalculating the connectivity indices, considering that a 

given link is fully passable (no restrictions on movement between two particular 

segments). In the probabilistic model of the PC, this translates as the connection 

between segments having a probability equal to 1 of conducting movement, i.e. the 

probability of circulation between two pairs of segments will be 1 rather than the 

resistance value it had before. In a riverine network, we only consider the pairs of 

segments with a direct connection between them. Calculations were performed using 

the “link improvement” functionality of the Conefor software package (Saura and 

Torné, 2012).  

Determining the reliability of considering the river as a symmetric model 

In order to test the effectiveness of using an asymmetrical version of PC versus the 

symmetrical one used in previous studies, we compared both indices through the 

generation of two different scenarios with different movement characteristics: 1) a 

scenario where downstream passability is only considered, and then all barriers are 

impassible for the upstream movement and totally passable for the downstream 

movement and 2) a scenario where upstream passability is only considered, with 

inverse conditions to the previous scenario. 
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Results 

Converting the fluvial system into a graph 

In the absence of obstacles, the graph depiction would be comprised of the river 

segments linked by the junctions of the main river and its tributaries. By adding the 

dams and weirs, the number of segments in the graph rises from 38 to 104 (Figure 2). 

According to the CI values, the number of impassable obstacles in both directions for 

the Cega River and its tributaries reaches 21, while for the Pirón, it is 17. The remaining 

obstacles in the Cega River are considered easy to overcome because, except for three 

cases, they possess CI values between 1 and 0.7. In the Pirón River nine obstacles with 

CI values between 0.7 and 0.6 are found.  

Application of connectivity indices to the fluvial basin 

Both the IIC and the PC indices have determined which of the river segments are the 

most sensitive to the loss of connectivity and thus, are more valuable for removing or 

permeabilising dams (Figure 4). The values of the connector fraction and the position 

on the ranking of influence for the overall connectivity differ when one or the other 

index is applied. These differences are a result of both the positions of the nodes in the 

network and of the characteristics of the barriers or links among them. The dIIC and 

dPC ranking results were substantially different for the same segment: only 45% of the 

barriers are coincident in both approaches. The lowest dPC values were found in 

segments located in the upper reaches of small streams or near an insurmountable 

obstacle that prevents the movement of fish species. On the other hand, the highest 

values were found in the lower reach, where the Pirón meets the Cega, in the Cega 

main watercourse and in the segments with fewer obstacles. The contribution of each 

river segment, measured by the IIC and PC, is shown in Figure 3. In the case of the dIIC, 

60% of the 20 most important connectors corresponded to river segments that were 

limited by insurmountable barriers, whereas in the case of the dPC, only a 35% of the 

segments are limited by barriers that are totally insurmountable in both directions. 

This means that, in this case, considering the IIC index instead of the PC, the loss of 

connectivity has been overestimated. 
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Fig. 4 Graph-based representation of the Cega and Pirón Rivers using the dIIC and dPC indices 

and their corresponding connection fraction. The darkest circles represent elements with high 

connectivity values and thus are targets for conservation 

With respect to the results of the connector fraction, we can define which river 

segments need to be prioritised, i.e. those where it is critical to keep high levels of 

connectivity throughout the river. In this case, when the dIICconnector was applied, 

55% of the segments were limited by insurmountable barriers, while the percentage 

was reduced to 5% when using the dPCconnector. In the case of the dPCconnector, the 

connectors with high values are located at the confluence of the waterways, as shown 

in Figure 4; for that reason, they are characterised as being especially important in the 

conservation of these river networks.  

The application of the link improvement procedure generated a ranking of the 

barriers that hinder fluvial continuity. This ranking determines that connector 55 is the 

major disruptor in connectivity, followed by connectors 22, 5, 4, 37 and 9. This is a 

consequence of the strategic topological position of these barriers in the network, 

mostly in the downstream sections or in the junctions among important segments, 

generating a disconnection with the upper reaches of the river.  

  



91 
 

Comparison between the symmetric and asymmetric PC approach 

Results from the application of the symmetric and the asymmetric versions of 

PC suggest important differences between both versions, highlighting that a symmetric 

passability should not be assumed in connectivity studies for river systems. While the 

differences in the ranking are limited so that the first nine segments are equal in both 

cases, the results of the connector fraction differ between both symmetric and 

asymmetric approaches (Table 2). The difference between the dPC values when 

considering symmetric and asymmetric passability is around 9%, evaluated through 

the sum of the differences. In the connector fraction, this sum rises to 24.89%. In this 

particular case, the majority of the obstacles have a symmetric passability. The sum of 

the differences between the upstream CI and downstream CI values is around 6.7% of 

the mean values of both CIs.  

Table 2 Comparison of dPC and dPCconnector values in the study area using different versions 

of the PC index (symmetric versus asymmetric) for the 20 most important connectors. Each 

column contains the number of the connector, ordered according to its importance in the 

overall connectivity. Black arrows represent correspondence between the connectors in both 

models. 

PC dPCconnector 

symmetric asymmetric symmetric  asymmetric 

6 6 6 6 

22 22 5 5 

5 5 40 38 

8 8 38 40 

4 4 35 35 

75 75 34 34 

28 28 41 12 

77 77 12 99 

33 33 99 97 

40 55 13 13 

55 56 48 41 

56 99 42 75 

99 34 75 20 

41 13 20 17 

38 80 17 14 

34 12 14 48 

48 40 68 68 

13 11 67 50 

80 36 58 67 

12 7 19 58 
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The differences between the asymmetric and the symmetric perspectives are 

emphasised in the case of upstream connectivity (20 major differences vs. 14 in the 

case of downstream connectivity) (Figure 5). Normally, the symmetric index 

overestimates the importance of the connector (yellow circles), except for five 

connectors of the middle reach of the river (the orange circles 22, 28, 33, 75 and 77), in 

which the dPCconnector for the asymmetric network exceeds the value of the 

symmetric case.  

 

Fig. 5 Graph representation of the major differences between the symmetric and the 

asymmetric models for upstream and downstream movement. The circled numbers represents 

important differences. Yellow filled circles imply an overestimation of the symmetric version 

versus the asymmetric one, while orange filled circles represent an underestimation. 

A pair of graphics has been developed to represent differences in the use of the 

dPC index from upstream and downstream passability (Figure 6). Higher overweights in 

the symmetric indicator are found in the downstream connectors, specifically in 

numbers 6, 5, 4, 99 and 102 (yellow). In connector 22, the asymmetric index has a 

higher value than does the symmetric (orange circle), indicating a higher level of 

importance of this element. Regarding upstream connectivity, the pattern is similar: an 

overweight of the symmetric indicator for connectors 6, 5, 4, 48, 49, 99, 100 and 102, 

but with a lower bias (i.e. smaller absolute value). The dPC value of connector 22 is 
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smaller in the asymmetric analysis. However, this difference is smaller compared in 

this upstream direction than in the downstream one (Figures 6a. and b.).  

The graph model was evaluated to determine the importance of the connectors 

according to their dPC upstream value. We observed that the most important 

barriers/links are connectors 5, 6 and 8, where an asymmetry exists in the probability 

of passability. On the other hand, connector 22 has a high value but its probability of 

passability upstream and downstream is symmetric. It is noticeable that among the 

main connectors, both barriers (i.e. 22 with a value of 20.6 or 5 with 16.5) and river 

junctions (i.e. 6 with a value of 27.3; 8 with 13.2; 75 with 6.2 or 28 with 5.2) are 

included. 

It seems that the number of overestimations is lower in the asymmetric model 

(32 yellow circles against 72 in orange). It is also interesting that in the lower part of 

the basin, overestimation of the importance calculated by the symmetrical method is 

more common, while in the upper reaches underestimation of the node importance is 

more frequent (i.e. in the figure, orange nodes are more abundant) (Figures 6c. and 

d.).  
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Fig. 6 Graph representation of the differences between the upstream and downstream 

passability using the dPC index. Charts a. and b. represent a bubble diagram where maximum 

variations among the results by using symmetric and asymmetric models are shown. Charts c. 

and d. show the type of bias on the symmetric model assessment: overestimation (yellow) and 

underestimation (orange). 

Discussion 

This study supports the view that graph-based methodologies are effective tools for 

identifying the obstacles that make the greatest contributions to the overall loss of 

longitudinal connectivity in rivers. Moreover, these methods can help prioritise the 

river segments to be protected or restored. The graph model of the basin simplifies the 

study of the river network and the attributes, as well as the location of the diverse 

barriers on it.  
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The aim of this research coincides with previous studies of longitudinal 

connectivity in freshwater ecosystems, but differs from them in the asymmetric 

implementation of the graph-based approach. In this study, connectors associated 

with passability values separated the nodes. We consider that our model provides 

more accurate information about the behaviour of a dendritic stream network by 

providing data about the location and permeability value of the barriers.  

Our analysis reveals the importance of considering downstream sections as 

target elements for conservation due to their relevance in maintaining the connectivity 

of upstream segments (Cote et al., 2009, Erös et al., 2011). However, since we have 

here evaluated dPC characterizing river segments by their habitat extension (namely, 

total wet area), the importance of segments we have obtained might be biased 

towards those located in the lower, wider reaches. This bias can be corrected by 

considering the reach length, instead of the area, as the proxy of the habitat attribute 

that is assigned to every node in the calculation of the PC metric (Cote et al., 2009). 

Connectivity is likely non-additive (O´Hanley and Tomberlin, 2005, O´Hanley 

2011), that is, the impact of removing many clusters of dams is not necessarily 

equivalent to the sum of the impact of removing individual obstacles separately. 

However, the approach and tools used in this research are equally applicable for 

evaluating the cumulative effect of removing several obstacles at a time. 

Considering a continuous range of passability values rather than treating all obstacles 

as full or no barriers 

Saura and Pascual-Hortal (2007) suggested the application of IIC and PC among the 

existing indices used to calculate ecological connectivity. Between those two indices, 

they recommend the application of the PC because the IIC can generate an 

oversimplified representation of connections between nodes due to the fact that the 

barriers are classified either as completely insurmountable or completely 

surmountable, in contrast to the probabilistic approach provided by the PC index. 

The observed ranking differences between the dIICconnector and 

dPCconnector are caused by the different connectivity models on which each of them 

relies (binary against probabilistic connections) (Baranyi et al., 2011). The dIIC ranking 

values present important differences regarding dPC values (see Results section) 

because of the characteristics of each index: the IIC gives more value to the 

impassability of the barriers, while the PC values give more importance to the position 
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of the dam in the fluvial network, beyond a simplified consideration of whether or not 

a given obstacle is impassable.  

In this case, the PC index is required because some of the obstacles in the case 

study rivers are not absolutely insurmountable, depending on the physical 

characteristics of the obstacle and the biology of the chosen fish species. Therefore, it 

is important that the classification of the obstacles is not reduced to only being 

insurmountable or surmountable, but that it also possesses intermediate values, 

depending on the analysed parameters. Another important aspect is that the ability of 

the fish species to pass barriers must be measured in two ways, upstream and 

downstream. The CI provides passability values for each obstacle, allowing us to 

determine the probabilities of crossing every barrier in both directions for the selected 

species and thus allowing for the generation of a bidirectional graph. Then, only the PC 

index enables the consideration of this asymmetrical characteristic. 

Asymmetric model vs. symmetric model 

Traditionally, when it is established that both directions are equally important in 

determining the overall connectivity of river networks, downstream passability 

receives less attention than does the upstream one (González Fernández et al., 2010). 

The importance of asymmetry of movement in dendritic systems (Padgham and Webb, 

2010, Grant 2011) is a relevant condition to apply an asymmetric graph resolution to 

prioritise barriers that suppose an obstacle for species movement. If a single 

passability value is assigned to quantify the relevance of an obstacle, symmetric 

passability is assumed. In this work, this assumption is avoided by considering different 

passability values in those obstacles where movement is easier in one direction than in 

the other. To assess the importance of neglecting the asymmetric passability of 

obstacles in these studies, the results of both approaches were compared. After 

comparing the results from both approaches (Table 2), the ranking of obstacles 

according to the dPC in both models is congruent for the most important obstacles but 

not for all of them. In the connector fraction, a higher variability between the models 

can be observed in the connector ranking. 

When analysing passability in the asymmetrical model, it was found that 

upstream and downstream values were similar in most of the cases (see Figure 1c). 

Therefore, it appears that symmetric passabilities can be assumed. However, while the 

mean difference between the downstream and upstream CI is small, the asymmetric 

model was found to be helpful for improving the downstream passability in some 
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cases. Both models are really useful, but the asymmetric model is useful to refine the 

model and evaluate more subtle changes in connectivity. The asymmetric model may 

be especially useful for analysing clusters of close barriers because of the differences in 

their passability due to flow conditions. While the asymmetric model may be 

preferable in networks with small obstacles, the symmetric model may be useful in 

rivers with large insurmountable dams. Although the barrier ranking was rather similar 

for both the symmetric and asymmetric models, the prioritisation of conservation 

measures depends on more parameters, i.e. actuations on small barriers with different 

levels of passability located in headwaters could be more cost-effective than the 

elimination of a large dam. 

The asymmetrical methodological framework distinguished between some 

barriers whose downstream passability might be increased by soft actions from other 

barriers where their upstream passability will only be increased by the implementation 

of more budget-demanding measures, such as hard fish passage constructions or dam 

wall demolitions.  

Further research 

The assumption of symmetric passabilites may not always be affordable (Baranyi et al., 

2011). Previous studies of fluvial connectivity (Erös et al., 2011; Segurado et al., 2013, 

2014) have only considered the ranking of river segments to prioritise those that 

maintain river connectivity, while the study of links (named connectors in this 

research) has received little attention. Conefor can calculate the link importance by 

means of the link improvement tool, which creates a rank of barriers that suppose a 

hindrance to connectivity. This tool allows the decision makers to establish priorities in 

dam management by providing information on improvement of the connectivity when 

each obstacle is eliminated relative to the current situation (Bednarek 2001). An 

extension of this application that includes dam placement in the riverine network, the 

height and the material with which dams are built may lead to a more realistic model 

of connectivity in which differential passability plays a crucial role. We consider that 

further research on this area should be conducted. 

Climate change prospects may increase water storage necessities and the 

pressure to build more dams (Oki and Kanae, 2006), increasing habitat fragmentation 

and threatening important segments that maintain river connectivity (Rahel and 

Olden, 2008). Mediterranean rivers are especially fragile to fragmentation produced by 

water scarcity. For that reason, we consider it essential to study these types of rivers 
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because they will be particularly affected in the future by climate change predictions 

(Santiago et al., 2015). In this situation of increasing water scarcity, measures to wisely 

conciliate human exploitation and river conservation become essential for ensuring 

the structure and functions of healthy ecosystems. 
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“Be skeptical. But when you get proof, accept proof”  

Michael Specter 
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Using Fuzzy Cognitive Maps for predicting river management responses: 

A case study of the Esla River Basin, Spain 

This chapter reproduces entirely the paper published in: 

Solana-Gutiérrez J, Rincón G, Alonso C, García de Jalón D. 2017. Using Fuzzy Cognitive 

Maps for predicting river management responses: A case study of the Esla River Basin, 

Spain. Ecological Modelling 360 (2017) 260–269. 

Abstract 

The planning and management of river ecosystems affects a variety of social groups 

(i.e., managers, stakeholders, professionals and users) who have different interests 

about water uses. To avoid conflicts and reach an environmentally sustainable 

management, various methods have been devised to enable the participation of these 

actors. Mathematical modelling of river systems is highly recommended to forecast, 

but we do not always have enough information to do it. In these cases, the soft and 

meta-models can be valid alternatives to simulate these complex systems.  

The Fuzzy Cognitive Maps (FCMs) are presented as a tool that facilitates the modelling 

of ecological systems, functions and services. FCM networking concepts are 

intertwined through causal relationships. The FCM concept spatial arrangement and 

the use of fuzzy logic facilitates the integration of different expert opinions. In our 

study, from a panel of seven experts from representatives of different social sectors, 

an aggregated FCM was obtained. The most central concept in the aggregated map 

was cross barriers, dams and weirs. Using our FCM expert model, we performed a 

number of simulations from different possible scenarios, such as the continuous 

degradation of natural conditions and the improvement of river natural conditions. A 

regular increment in the the natural conditions generates a substantial enhance in 

variables as natural water flow and sediment transport. Conversely, the increment in 

human activities as agro-forestry production address to a deterioration of river banks 

among other variables. 

In the Esla River, the FCM indicators showed an ecosystem that was greatly influenced 

by human activity, especially by the presence of barriers, in which the economic 

variables presented high network influence even though their centrality indices were 

relatively low. Meanwhile, the essential elements for the proper functioning of this 

ecosystem, as a natural flow regime, showed very low values that were visibly affected 

by anthropogenic variables.  
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FCM methodology enabled us to not only understand the perception of current fluvial 

ecosystems but to also generate plausible management scenarios based on expert 

knowledge in this field. 

 

Keywords: River management, Fuzzy Cognitive Maps, Ecosystem modelling, Simulation 

 

Introduction 

Mediterranean fluvial ecosystem has always been difficult to manage due to the large 

number of natural and human factors that affect them. Moreover, the pressure of 

human activities on these ecosystems has increased over time, reaching a point where 

most of these systems are highly degraded (Kauffman et al., 1997; Millennium 

Ecosystem Assessment, 2005; European Environmental Agency, 2012). 

The outcomes of continuous human intervention in European rivers have caused a loss 

of function and environmental services (Elosegi et al., 2010). Thus, plans and actions 

regarding rivers not only affect natural and economic river resources, but also social 

assets (Millennium Ecosystem Assessment, 2005; Hommes et al., 2009). This 

legitimises the need for sustainable fluvial management and ecological restoration.  

Frequently, various social actors present different scopes to address fluvial issues and 

contribute their different perceptions to assess and solve problems (Eshuis and 

Stuiver, 2005; Rinaudo and Garin, 2005). Therefore, to develop socially concerned and 

sustainable river practices, a participatory process should be established that, allows 

the stakeholders: (a) to work together to define the criteria for sustainable 

management, (b) evaluate alternatives, (c) set priorities and restrictions, (d) 

recommend technologies, (e) propose policies and (f) monitor and evaluate impacts 

(Johnson et al., 2001; Giordano et al., 2005; Rinaudo and Garin, 2005). 

To assist in the development of a river management plan based on both public 

participation and expert knowledge, we propose the use of Fuzzy Cognitive Maps 

(FCMs) as a semi-quantitative model tool as provides a structured, simple and 

inexpensive way to model overall fluvial systems through a soft evaluation of the 

relationship between different concepts and factors interpreted by stakeholders 

(Giordiano et al., 2005; Papageorgiou et al., 2009; Malek, 2017; Paolisso and Trombley, 

2017).  

Therefore, the present study aims to 1) explain the FCM as qualitative methods to 

model a fluvial system; 2) analyse the scope of expert knowledge in the development 
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of multi-user decision-making models; and 3) apply the FCM in a case study of a 

Mediterranean fluvial management.  

Material and Methods 

Fuzzy Cognitive Maps 

FCMs constitute a structured modelling technique that can be used in complex 

systems (Papageorgiou et al., 2009). Predictions on systems performance are made 

through a semi-quantitative or semantic assessment of the relationships between 

concepts (Papageorgiou and Kontogianni, 2012). A FCM can be described as a 

qualitative model that portrays how a given system operates (Özesmi and Özesmi, 

2004). The qualitative model is derived by describing the system in terms of its 

component variables and the causalities among these variables (Park and Kim, 1995). 

An FCM is a directed network (i.e., diagraph) composed of nodes or concepts that are 

used to describe system behaviour and edges that represent the causal links between 

concepts. Each concept (node) has a state variable that varies from 0 to 1 and it is 

associated with an activation variable (i.e., {0} means no-activate and {1} means 

activate), and each link has an associated real number or weight variable from -1, 1 

that reflects the relationship “what-if” between concepts (Papageorgiou and 

Kontogianni, 2012). With the fitted connection weights, a FCM connection matrix is 

encoded from each FCM as deeply described in Banini and Bearman (1998). 

These maps can be obtained by asking people to define the variables of the system and 

to identify relationships among these variables using “what if” rules to justify the cause 

and effect relationship in each connection inferring a semantic weight for each 

connection (Stylios and Groumpos, 2000, 2004; Papageorgiou and Groumpos, 2005). 

This information can be facilitated by filling out questionnaires, interviewing people, 

checking on scaled semantic attributes or drawing arrows of different width on a 

concept map (Özesmi and Özesmi, 2004). 

The construction of a FCM requires the input of human experience and knowledge of 

the system under consideration. Thus, FCMs integrate the accumulated experience 

and knowledge concerning the underlying causal relationships among factors, 

characteristics and components that constitute the system (Papageorgiou and 

Kontogianni, 2012). 

This tool is considered to be a semi-quantitative method because the quantification of 

concepts and links can be interpreted in relative terms (Kok, 2009). 
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The main elements of a FCM are nodes or concepts {C1, C2,..., Cn}; directed edges {C1C2, 

etc.} as a set of directed arcs that represent the relationship (positive or negative) 

between concepts; adjacency matrix (Ec=eij) as a matrix that contains the values of 

each relationship (the values belong to the interval from -1 ,conversely correlated, and 

1, directly correlated) and state vector A= (a1, a2, ..., an) where an is a real number 

between 0 and 1, from which the categorical concept status is obtained: 1 activate or 0 

no-activate (Kok, 2009; Papageorgiou and Kontogianni, 2012). 

Graph theory and FCM 

Cognitive maps are compounds of a large number of variables (one per concept) that 

have many interconnections and feedback cycles. The direction and numbers of 

relationships between variables produce three types of concepts: transmitter 

concepts, receiver concepts and ordinary concepts (Eden et al., 1992; Harary et al., 

1965). The type of variables in a map is important, because the map shows the 

relationships among these variables and facilitates an understanding of its structure 

(Özesmi and Özesmi, 2004).  

Graph theory indices provide a way to characterize FCM structures by means of three 

indices: outdegree, indegree and the centrality index (Özesmi and Özesmi, 2003, 

2004). 

FCM development process 

Once the stakeholder and/or expert group interviews were conducted, we obtained an 

individual FCM from each participant. These individual cognitive maps were 

augmented and additively superimposed (Kosko, 1987, 1992) to generate the 

aggregate map (Figure 1). There are a number of different methods to aggregate the 

individual maps (Van Vliet et al. 2017), each has advantages and disadvantages. In this 

case, each individual map was combined to generate a group or social map 

(Mouratiadou and Moran, 2007). For that, each individual matrix was augmented and 

added, producing a single matrix that represents the FCM. Then, the final aggregated 

FCM was obtained by normalizing each adjacency matrix element according to the 

number of experts who supported it, k, and their decisional weight, 𝑝𝑖 (Eq. 1) (Banini 

and Bearman, 1998): 

𝐸𝑐 = ∑ 𝑝𝑖𝐸𝑖
𝑘
𝑖=1 /𝑘          (Eq.1) 

Where k represents the number of experts interviewed; 𝑝𝑖 is the decisional weight of 

the expert i, where ∑ 𝑝𝑖 = 1𝑘
𝑖=1 ; 𝐸𝑐 is the aggregated connection matrix, and 𝐸𝑖 is the 
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connection matrix written by the expert i. The use of decisional weight 𝑝𝑖 for 

calculating each adjacency matrix element allows a freedom degree for generating 

new scenarios under different social contexts. 

 
Figure 1. Schematic representation of a step by step FCM generation process. There are 4 main 

steps, connected in the figure by bold arrows. Bubbles represent the depiction of the process 

produced in each step and what happens between each step of the process. 

The FCM involved an iterative technique, in which each state variable 𝑎𝐶𝑖 changed its 

value. Each iteration corresponded to a given interval step, and the value of each item 

in the current iteration was computed based on the values of the preceding items in 

the previous simulated iteration. Due to the iterative nature of this process, the system 

represented by a FCM changes over time as: a) a new steady state at equilibrium, b) an 

un-converged state and c) a periodic loop of states (Curia and Lavalle, 2011). To 

facilitate the system convergence in each iteration the values of the state vector were 

filtered by an activation function. According to Bueno and Salmeron (2009), there are 

mainly four activation functions that determined the activation level of each concept. 

Among them we have chosen a sigmoid function (Eq.2), used in other studies that 

apply FCM (Stylios and Groumpos, 1999). 

𝑓(𝑥)  =  1/(1 + 𝑒−𝑚(𝑥−𝑙𝑝))        (Eq.2) 
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Where 𝑚 is a real positive number (as a general rule, the higher m the safer the 

convergence), 𝑙𝑝 is the numerical threshold from dividing each variable into ten 

activation level (i.e., 𝑝 = 1/10, 2/10, 3/10, and so on), and 𝑥 is the value of the state 

variable at a determined iteration. If the variable value is lower than the lowest 

threshold, 𝑥 <  𝑙𝑝, the filter 𝑓(𝑥) produces a number close to 0 (implying no 

activation) while if the variable value is higher, the result will be 1 (implying activation). 

In scenario simulation this concept division in ten pieces produces a more sensitive 

response on output variables, and then a more graduated policy can be simulated. This 

procedure is applied to keep the status variable as a categorical variable which 

facilitates convergence. In addition, this graduated method offers the possibility of 

developing easily comparative analysis between scenarios in a complex decisional 

environment (Bueno and Salmeron, 2009). 

Simulation process  

The FCM was used to analyse the system behaviour by running simulations and to 

determine future possible management scenarios, which can serve to guide 

environmental managers in the decision-making process regarding the objective 

system (e.g., the river system). Simulations were made by multiplying the initial state 

vector (𝐴1) by the adjacency matrix of the aggregate FCM (𝐸𝑐), where 𝐴1 is a row 

vector of size 1xN, with N being the total number of variables (Tan and Özesmi, 2006). 

The process of simulation begins when we assign a value of 1 (i.e., activate concept) to 

each variable. Based on the collective expert/stakeholder knowledge, each activated 

concept contributed its weight to activate its descendent concepts; then, these 

concepts are free to interact with others concepts (Papageorgiou and Kontogianni, 

2012). In each iteration, the filter function was applied, which produced a new state 

vector with {1} activated concepts and {0} no-activate concepts. If a concept has an 

activation value of 0, this concept would not contribute at the next iteration, whereas 

an activation value of 1 would represent the contribution at the next iteration.  

 The next step was to obtain responses on management scenarios by asking “what-if” 

questions to determine the state of the system that would be developed under 

different conditions or if different policy options were implemented (Kosko, 1987).   

The case study area 

Esla River is a tributary of Duero River on its right bank, located in the Iberian Peninsula 

(Fig. 2). It has a basin area of 16026 km2, a length of 287.83 km and an average of 5066 

hm3 annually (CHD, 2015).  
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Figure 2. Map of the Esla River Basin located on the northwest part of the Iberian Peninsula. 

Two large reservoirs are located along the river. The Riaño is on the river´s source, with 

a maximum capacity of 650 hm3 and an area of 817.51 km2 (CHD, 2015). Ricobayo is 

near the mouth of the Esla River in the Duero River. Ricobayo has a maximum capacity 

of 1179 hm3 and covers an area of 159.52 km2 (CHD, 2015). The presence of these 

dams conditioned the river´s natural flows regime, changing the natural pattern of the 

river downstream from the dams with an increase of water availability in summer, 

coinciding with irrigation season. The presence of the Alto de Payuelos, Cea-Carrión, 

Curueño-Porma and Páramo Bajo channels plays an important role in the Esla River 

basin regulation (CHD, 2015). 

This fluvial system supplies water to a total of 278000 people, including the city of 

León; to an irrigation area of 97000 ha; to three fish farms; and to the refrigeration 

system of the Robla thermal power plant. In addition, 19 hydroelectric plants are 

present, with a combined capacity of 451 MW and an average production of 1115 

GWh. A marked increase of irrigation demand is expected (CHD, 2015). 
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Application of FCM to Esla River basin. 

An FCM was applied to model the perception of a group of experts in river issues to 

develop a future Esla River management plan. The FCMs were obtained by seven in-

depth interviews conducted in group sessions with experts in fluvial ecosystem and 

water resources who acted as representatives of the river authority, municipalities, 

farmers and hydroelectric enterprises. We believed that a sample of seven expert 

interviews was manageable and sufficient to draw conclusions. 

At the beginning of the interviews, the participants were given an A4 sheet containing 

a number of variables that were predefined by the authors to serve as a guideline to 

the participants as depicted in Table 1. These predefined variables were selected from 

the REFORM EU project (www.reformrivers.eu), where a conceptual river system 

scheme was created showing the main interactions between pressures, processes, 

states, impacts and response variables in European rivers (OECD, 1993; EEA, 2012). 

This conceptual scheme was made after a deep review process of scientific documents 

and publications that explicitly reported causal effects between river pressures and 

biological responses in fluvial systems (García de Jalón et al., 2013; Lorenz 2015). 

The participants were also provided with a table that had a rating scale of 10 degrees, 

numbering from -5 to 5, by which they could describe any type of connection between 

the variables (Table 2). The weights of the connections were added when answering 

the following question: “Do you think that variable x is affected by or affects any other 

variables?” (Mouratioadou and Moran, 2007). 

Table 1. Predefined variables 

Variable Definition 

Cross barriers, dams and weirs Set of artificial barriers that prevent or 

obstruct the natural water flow 

Natural water flow regime Water flow in natural conditions 

Water quality Physicochemical status of surface and ground 

waters 

Sediments dynamics Erosion, transport and sedimentation balance 

in natural conditions 

Agro-forestry production Agricultural and livestock farming in river 

banks and floodplains (presumably water 

abstractors)  

Urban uses, infrastructures Presence of human structures near the river 

that alter the natural river dynamic 
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Continuity and width of riparian landscapes Riparian vegetation in a continuous strip 

Socioeconomic aspects Influence of human activities on river 

ecosystems 

Riparian vegetation Vegetal species associated with the riparian 

ecosystem and their quantity and quality  

In-stream communities Fish and other animal species populations 

living in/around the river canal  

Hydroelectric production Alteration of the river ecosystem due to the 

existence of hydroelectric power plants 

River connectivity (longitudinal, lateral and 

vertical) 

Connectivity of riparian ecosystem 

Bank conditions Alteration of river banks 

 

To analyse the structure of the map according to the graph theory, important FCM 

indices such as indegree, outdegree and centrality were calculated in R (Kolaczyk and 

Csárdi, 2014). The simulation of different management scenarios was also calculated 

with the Fuzzy Cognitive Mapping & Modelling software tool (Bachhofer and 

Wildenberg, 2010) (freely available in www.fcmappers.net). The variables with the 

highest centrality, indegree and outdegree are depicted in Table 4. 

Table 2: Interpretation of the causal relationships between variables 

Strength connection by 

interviewer 

Sign and strength of 

relationship 

(linguistic weight) 

Interpreted crisp weight 

-5 Negatively very strong -1 

-4 Negatively strong -0.8 

-3 Negatively medium -0.6 

-2 Negatively weak -0.4 

-1 Negatively very weak -0.2 

1 Positively very weak 0.2 

2 Positively weak 0.4 

3 Positively medium 0.6 

4 Positively strong 0.8 

5 Positively very strong 1 

 

  

http://www.fcmappers.net/
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Results  

FCM outcome 

The number of variables in the seven individual FCMs was 13, while 46.57 ± 26.42 

connections (±SD), on average, were observed into them. So, a total of 13 variables 

with 114 connections were observed in the aggregated FCM (Table 3), which are 

shown in Figure 3, painted with the software Pajek (Batagelj and Mrvar, 1998). 

Table 4: Comparison of the values between individual maps and collective FCM 

Index Individual FCMs Aggregated FCM  

Number of maps 7 1 

Variables  13 13 

Number of connections 46.57 ± 26.42  114 

Connections/variables 1.58 8.77 

Density 0.124 0.67 

 

 
Figure 3. Aggregated FCM of the Esla River.  

As seen in Figure 3, arrows mean the causal-effect relationships and nodes symbolise 

concepts. The continuous lines represent positive relationships while dotted lines 
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represent a negative relationship. The most influential or central variable was “Cross 

barriers, dams and weirs” as many arrows come in and come out from this node.  The 

most affected variables (i.e., receivers) by others are (in order) “Riparian vegetation”, 

“River connectivity”, “Sediment dynamics”, “Continuity and width of riparian 

landscapes”, “In-stream communities”, “Water quality”, “Bank conditions” and “Socio-

economic aspects”. 

The most central variable was “Cross barriers, dams and weirs.” This variable had a 

strong effect on the other variables (outdegree of 6.54), and they were affected by an 

indegree of 0.4. The variables were ordered according to their centrality, as shown in 

Figure 4 and Table 4.  

 
Figure 4. Representation of the importance of the variables in the aggregated FCM according 

to their centrality, which is the sum of the indegree and outdegree of a variable, and 

demonstrates the importance of the variable. 

The variables that greatly affected other variables (outdegree > indegree) (i.e., 

transmitters or drivers) were “Cross barriers, dams and weirs”, “Natural water flow 

regime”, ”Agro-forestry production”, “Urban uses” and “Hydroelectric production”, 

whereas the opposite situation was for “Riparian vegetation”, “River connectivity”, 

“Sediment dynamics”, ”Continuity and width of riparian landscapes”, “In-stream 

communities”, “Water quality”, “Bank conditions” and “Socio-economic aspects” (Table 

4). 
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Table 4: Variables with the highest centrality, indegree and outdegree. 

Centrality 

(Influential) 

Indegree 

(Receiver or state) 

Outdegree 

(Transmitter or driver) 

Cross barriers, dams and 

weirs 

Riparian vegetation Cross barriers, dams and 

weirs 

Riparian vegetation In-stream communities Natural water flow regime 

Natural water flow regime River connectivity Agro-forestry production 

 

Scenario simulations 

First, the steady state of the Esla River system was obtained before considering any 

fluvial management action. The steady state vector characterized the system according 

to the panel of experts´, actors´ and stakeholders’ knowledge. If a concept was 

reinforced by a policy, the state vector would change, and the effects would be 

measured as a difference of the value of the concepts. To determine the steady state, 

we ran a FCM process starting with an initial state vector A0, with all variables set to 1 

(Figure 5), and after convergence an equilibrium or steady state vector was obtained. 

Then we ran a battery of simulations with different activation levels (i.e., from 0 to 1 

by 0.1) for some specific concepts to generate different restoration scenarios (Figure 

6). 

Expectedly, “Cross barriers” was the most central variable, because this concept was 

an artificial element that altered further natural river conditions and affected many of 

the socio-economic variables. Next, the most central variables, such as “Riparian 

vegetation” and “Natural water flow regime”, were the natural variables that were 

currently affected by anthropic activities in the Esla River Basin. 
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Figure 5: Simulation of the steady state conditions of the variables obtained from the 

aggregate FCM. Environmental variables are coloured in grey and the socioeconomic variables 

are coloured in black.  

As Figure 5 shows, socioeconomic variables had higher initial values than most of the 

environmental variables, because the Esla River, like most Mediterranean rivers, is a 

system that is heavily degraded by anthropogenic activities (EEA, 2012). Therefore, 

socioeconomic variables had a very high initial value, despite not being the most 

central variables in our knowledge map. Otherwise, the “Natural water flow regime” 

showed a low value in our steady state system, due to the strong influence that other 

variables with high outdegree values, such as “Cross barriers” or “Agroforestry 

production”, had on the system. 

The importance of the generation of simulation scenarios was to measure the change 

experienced by the variables from their steady state values. Therefore, we fairly 

accurately measured and quantified the effects of different actions applied to the 

management of the Esla River. In our study, we aimed to determine the results of 

simulating variables with high outdegree values regarding variables with large indegree 

values, because we considered the importance of regulating the effects of the strong 

variables and how most sensitive variables reacted when changes were made. 
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Figure 6. Influence of concepts with a high outdegree (i.e., transmitters or drivers) on concepts 

with a high indegree (i.e., receivers or state). We simulated the values of the concepts with 

high outdegree values on the variables with high indegree values to determine the percentage 

of change from steady state conditions under different management situations. Situation 1 (a): 

Simulation of the "Cross barriers" concept in which a decrease determines a continuous 

increment in the selected variables. Situation 2 (b): The decrease in the value of the variable 

“Natural water flow regime” caused a progressive reduction in the value of the selected 

variables. Situation 3 (c): A decline in the variable “Agroforestry production” produces a 

general increment with a flat tendency when the value of the simulation was between 0.6 and 

0.4. Situation 4 (d): An increasing trend in the values of the analysed variables was observed 

when performing a downward simulation of the variable "Urban uses, infrastructures". 

Once the effects of simulating the main high outdegree variables were determined, 

different management scenarios were developed based on the simulation of one of 

the system variables or several variables together. These scenarios included: 1) the 

increase in the presence of dams due to the requirements of agricultural uses and 2) 

the increase of river connectivity, especially longitudinal connectivity. The objective 

was to measure the degree to which the variables changed from their steady state 

values. A negative value indicated a reduction in the variable state compared with the 

initial conditions, while a positive value reflected an increase in the variable state (Tan 

and Özesmi, 2006). 

Scenario 1: increment the presence of transversal barriers 
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This scenario simulated the effects of increasing the number of cross barriers (dams 

and weirs) in the river. We expected the decrease of natural water flow, which meant 

that there was an alteration in the sediment balance. The longitudinal connectivity of 

the river also decreased due to the discontinuity generated by the presence of new 

obstacles. On the contrary, we expected the agro-forestry production, infrastructures, 

hydroelectric production and socioeconomic aspects to increase. 

Scenario 2: increment of river connectivity 

This scenario simulated the effects of increasing the river connectivity of the Esla River. 

We expected the decrease in the presence of artificial barriers and, therefore, an 

increase in natural water flow regime, sediments dynamics, riparian vegetation, 

riparian landscape continuity, in-stream communities and bank conditions.   

 
Figure 7. Effects of simulating several concepts in our aggregated FCM. We simulated a 

decrease in the transmitter concepts "Cross barriers” (1), "Agroforestry production" (5) and 

"Urban uses, infrastructures" (6), while there was an increase in the "Natural water flow 

regime" (2), and we obtained the relative effects on the other variables: “Water quality”(3), 



119 
 

“Sediments dynamics” (4), “Continuity and width of riparian landscapes” (7), “Socioeconomic 

aspects” (8), “Riparian vegetation” (9), “In-stream communities” (10), “Hydroelectric 

production” (11), “River connectivity” (12), and “Bank conditions” (13). The results depicted the 

percentage of change from the steady state in two different simulations: from a worst scenario 

for natural conditions (dark coloured bars) to the best scenario for natural conditions (light 

coloured bars) and the tendency among both scenarios. 

Discussion 

Characteristics of the variables 

The variables of our aggregated FCM were all ordinary, meaning that causal 

relationships existed among these variables. However, certain variables had high 

values in their outdegrees, suggesting that specific variables strongly influenced the 

system and could be considered to be drivers (“agroforestry production”, “urban uses”, 

“cross barriers” and others) or pressures (disturbance of “natural flow regime”) 

according to the DPSIR classification (i.e., Drivers, Pressure, State, Impact, Response) 

(OECD, 1993; EEA, 2012). The drivers, as variables that will be less affected by changes 

in the system, are ideal candidates to manipulate the system (van Vliet et al. 2017). 

This driver concept may produce environmental effects on the structure and 

functioning of the river (García de Jalón et al., 2013), which was mostly reflected on 

the high indegree variables considered to be state variables (i.e., “river connectivity”, 

“continuity and width of riparian corridor”, “riparian vegetation” and “in-stream 

communities”) that were related to abiotic or biotic ecosystem conditions (García de 

Jalón et al., 2013). In summary, the values of the variable’s indegree and outdegree 

were important in determining the roles of the variable in the ecosystem. Moreover 

the most important variables were those with high centrality values, because they 

controlled the dynamics of the system. This concept classification (i.e., driver vs state) 

highlighted the FCM robustness for capturing the core concepts of the fluvial 

ecosystem by only using qualitative information (Tan and Özesmi, 2006). In addition, 

the procedure for building the aggregate cognitive map from a different set of points 

of view provided a high level of representativeness for the FCM results. 

Aggregation process, steady vector and general issues 

This study explored the use of the FCM as a tool for simulating fluvial ecosystem 

responses and forecasting concept trends. Some drawbacks can be found during the 

aggregation process where the individual maps are combined into a general one. The 

existence of new methodologies recently published for map aggregation can be 
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combined with previous simpler aggregation methodologies: however there is no 

consensus on how to best construct the aggregated FCM (van Vliet et al. 2017). 

Despite, the aggregate FCM was used in this research to reach the steady state vector 

by activating start concepts and then obtaining responses by solving a system of 

filtered linear equations. Adjacent matrix coefficients were estimated as an average of 

the individual expert’s values, and standard error can be also estimated for each 

coefficient. This provided an estimate interval and a significance level to evaluate the 

FCM explicative power (Shmueli, 2010; Shmueli and Koppius, 2011). In addition, 

keeping adjacency matrix for each representative expert allows making weighted 

averages based on different social composition. For instance, a change toward a more 

“ecologist” concerned society can be model by an increment in the weight of ecologist 

representative, conversely, a more “productivist” society shall be model by higher 

loading for farmer and landowners. 

In the Esla River FCM, the steady state vector showed an ecosystem that was greatly 

influenced by human activity, in which the economic and social variables presented 

high network influence, even though their centrality indices were relatively low. 

Meanwhile, the essential elements for the proper functioning of this ecosystem, as a 

“natural flow regime”, showed very low values that were affected by anthropogenic 

variables. 

Simulation of management scenarios 

The aggregate cognitive map can be considered an a priori model of the analysed 

ecosystem. When an expert made their FCM, it is supposed to apply their full 

knowledge along with the accessible information. The methodology was based on the 

comparison of different steady state vectors obtained from different activation vectors 

composed of a different set of activated variables, by different action levels of activate 

levels or both. The interpretation of the simulated scenarios in the present study was 

that the results should be interpreted in a qualitative, rather than a quantitative, 

manner (Tan and Özesmi 2006). Despite this, FCMs are a promising structuring tool in 

the scenario development (van Vliet et al. 2012).  

Scenario 1: increment the presence of transversal barriers 

This scenario simulated an increment in the placement of new artificial barriers in the 

Esla River (Figure 7). The highest indegree variables were greatly affected by the 

increment in the value of this variable, whose outdegree was the highest of the entire 

system. The width and continuity of the riparian corridor would be affected, because 
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the river regulation involves fundamental changes in the flow and sediment transfer, 

which were the main factors in fluvial morphodynamic changes (Church, 1995). The 

trend of an increase in agricultural land in the study area corresponded to the need to 

build more water storage structures that would alter the ecosystem downstream of its 

location (Ward and Stanford, 1983, 1995; Petts and Gurnell, 2005, 2013; Vörösmarty et 

al., 1997). As shown in Figure 6.a, the presence of riparian vegetation would be 

reduced downstream of the dams (Nilsson et al, 1991; Anderson et al, 2000; Merritt et 

al, 2010, Merritt and Wohl, 2002, 2006). Figure 6.a. also shows that in-stream 

communities were not immune to the further fragmentation of the river. A strong 

impact on species migration and diversity was due to the effect of artificial barriers 

(Kingsford 2000 a, b; Cote et al 2009; Jager et al 2001). Clearly, the hydrological 

connectivity would be greatly altered by the existence of dams (Ward and Stanford, 

1983, 1995, 2006; Segurado et al 2013, 2014). Pringle (2003) argued that “hydrologic 

connectivity is essential to the ecological integrity of the landscape, and reduction or 

enhancement of this property by humans can have major negative environmental 

effects”.  

Scenario 2: increment of river connectivity 

This scenario simulated a situation in which an increase of river connectivity was 

achieved due to the intervention of other variables ("Cross barriers”, "Agroforestry 

production", "Urban uses, infrastructures", etc.), which caused a hindrance to the natural 

connectivity of the river (Figure 7). According to the idea of the multiple dimensions of 

fluvial connectivity (Ward 1989), the measurements made in this simulation were 

aimed at diminishing the importance of the variables that generated a disturbance in 

one or more of the river connectivity dimensions. Variables such us “agro-forestry 

production” and “urban uses” would be reduced from their initial values due to an 

increase in the interactions of the river channel with the adjacent riparian system and 

the floodplain, improving the exchanges of nutrients and organic matter (Ward, 1989). 

Special efforts to improve the longitudinal dimension of connectivity should be 

considered, as it determines several vital ecological processes (Ward 1989; Tockner et 

al., 1998; Lucas and Baras 2001). The reduction of the disconnection generated by 

artificial barriers lead to a progressive increase in the water flow regime, which could 

be the most important measure to recover the riverine ecology, and it needs to be 

implemented first in a fluvial restoration process (Lorenz et al, 2015). The variable “in-

stream communities” increased its value parallel to an increment in the connectivity 
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value due to the longitudinal connectivity restoration having positive impacts on fish 

species, especially in migratory species (Segurado et al, 2014).  

For these reasons, all of the approaches that were oriented to enhance the unions 

between habitat patches (in this case, river segments separated by artificial barriers) 

should be applied in conservation planning (Erös et al., 2011). 

Conclusion 

The present river management will produce a future response on the river ecosystem 

which should be forecasted. The use of FCMs to determine the behaviour of Esla River 

and possible future management scenarios was useful in building a model based on 

the available knowledge of how a complex system was perceived, because more 

detailed information may not be available. This methodology dealt with the 

connections between the ecological and social concepts of an ecosystem. FCMs are 

subject to limitations due to their semi-quantitative approach. Nevertheless, they were 

proven to be suitable for organizing complex ecosystem models, in which concepts and 

the causal relationships between them could be determined. The analysis of how 

variables with high outdegree values affected variables with high indegree values was 

valuable for quantifying the effects of the impact over the most sensitive variables and 

for determining the behaviour of the system. The simulations suggested that to 

develop an effective fluvial management plan according to the experts involved in the 

process, a reduction in the effects of the artificial barriers that leads to an increase of 

the naturalization of the river system is necessary. 

Stakeholder participation is the primary component of the FCM methodology. In this 

case, the reviews of seven experts regarding river issues provided a clear description of 

how the river ecosystem worked together. Expanding the use of this methodology to 

other stakeholders, such as local residents, consumer associations or ecologists, for 

further research and studies will be essential. However, more research is needed on 

the process of aggregating individual maps into a single map to prevent that the 

perceived knowledge on their individual map by each stakeholder are undervalued on 

the final  map. 

Therefore, we determined that FCMs were a good tool for decision making and could 

be a suitable methodology for generating simulations of future policy scenarios aimed 

to develop realistic fluvial restoration works and better conservation strategies. 
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