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A B S T R A C T   

Rivers are very vulnerable to fragmentation caused by the presence of man-made barriers. To restore river basin 
connectivity, numerous indices have been developed to calculate river fragmentation and optimise barrier 
mitigation actions. These methods usually calculate connectivity for whole river basins, but sometimes it is useful 
to analyse the connectivity for certain elements of interest. The main goal of this study was to develop a simple 
method to calculate the connectivity of specific riverine habitats or fish meta-populations. 

The framework of the Dendritic Connectivity Index (DCI) created by Cote et al. in 2009 was changed to 
develop the Population Connectivity Index (PCI). This index would depend on the number of populations, the 
total river length occupied by each population, the distance between populations, the dispersal capability of the 
fish species and the presence of barriers in the river. The outcome of the index is a percentage that measures the 
degree of connectivity in a meta-population. The PCI was tested in four Iberian fish species with different 
dispersal capabilities: Salmo trutta, Luciobarbus comizo, Anaecypris hispanica and Cobitis vettonica. 

The results show a natural connectivity between populations (without considering dams) of 7.95–47.48%. The 
most connected meta-population was L. comizo while the most naturally fragmented meta-population was 
A. hispanica. When large impassable dams were added to the index the results show a connectivity of 
2.19–16.48%. Dams reduce connectivity between 5.37 and 30.99 points. Dams were ranked according to their 
impact in the fragmentation of each studied meta-population. 

This PCI allows to find out naturally isolated fish meta-populations and to assess the impact of dams in the 
fragmentation of fish meta-populations. It can also be used in dam prioritization decisions such as dam removals 
and new dam location selection. It also can aid in the creation of river ecological corridors between endangered 
or important fish populations.   

1. Introduction 

Dams have multiple impacts on riverine organisms, especially on 
freshwater fish species as they are totally constrained to the river 
streams (Gido et al., 2016). Nowadays, there are more than 45,000 large 
dams all over the world, with hundreds more under construction (Zarfl 
et al., 2014). All of these dams regulate more than 50% of all major 
world river systems and water flow (Nilsson et al., 2005; Vörösmarty 
et al., 2010). These obstacles to fish movement reduce the connectivity 
of the river and between fish populations. A single barrier such as a dam 
may be enough to completely block the movement of fish between 

segments, totally isolating adjacent populations (Campbell Grant et al., 
2007). 

Diadromous fishes are the most impacted, as obstacles block their 
migrations upstream from the sea to reproduce (Clavero and Hermoso, 
2015; Garcia de Leaniz, 2008; Nieland et al., 2015). However, pota
modromous fishes are also affected, as they usually travel between 
feeding and reproduction grounds (Benitez et al., 2015; Ferguson et al., 
2011; Lucas and Batley, 1996; Ovidio and Philippart, 2002). Even 
resident fishes, which move generally short distances, are impacted as 
river segment isolation caused by the presence of dams has impacts in 
the structure of fish populations and communities and can lead to the 
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extirpation of entire populations within decades (Horreo et al., 2011; 
Morita and Yamamoto, 2002; Vera-Escalona et al., 2018; Yamamoto 
et al., 2004). 

To better understand the effect of man-made obstacles such as dams 
in river connectivity, different methods have been developed. Some 
tools are simple and rank dams according to their passability, without 
considering the effects of the accumulation of barriers in the river 
network (Kemp and O’Hanley, 2010). Others are more complex and 
consider dams as part of a bigger system (Erös et al., 2011). In general, 
river basin connectivity assessment needs at least three variables: a river 
network, the position of each dam in the network (with a measure of 
passability) and a measure of river habitat. With these three variables 
different connectivity indices can be calculated (Cote et al., 2009; Grill 
et al., 2015; McKay et al., 2013). The outcome of these indices is the 
percentage of a river basin available to organisms. Connectivity indices 
are generally calculated with segment length as a proxy for river habitat. 
However, other variables such as habitat quality or stream size can be 
added to a connectivity index to emphasize different river characteris
tics important to certain species (Diebel et al., 2015; Grill et al., 2014; 
Rodeles et al., 2019). 

River connectivity indices are usually applied in dam mitigation 
prioritization (McKay et al., 2017) and are calculated for entire river 
basins, no matter segment characteristics or quality for species devel
opment. However, in some instances, other connectivity frameworks 
may be useful: connectivity studies on terrestrial ecosystems are per
formed for certain types of habitat or populations. Connectivity is thus 
usually measured as the probability of an organism of the species of 
interest crossing between suitable habitat patches successfully (Galpern 
et al., 2011; Taylor et al., 1993; Tischendorf and Fahrig, 2000). This 
connectivity is essential for the long-term survival of meta-populations 
and thus species conservation (Hanski and Gilpin, 1991; Levins, 1968; 
MacArthur and Wilson, 1967). Some terrestrial connectivity methods 
have been applied to river fish populations (Schick and Lindley, 2007) 
but they are generally complex and are not widely used. 

We wanted to develop a simple connectivity index to calculate the 
connectivity of fish species meta-populations. The proposed index is 
adapted to the river structure and includes barrier accumulation impact 
in connectivity. Moreover, it can be easily used to prioritise dam miti
gation actions. 

The Iberian Peninsula is an interesting place to study river connec
tivity and its effects on fishes as it contains more than a thousand large 
dams and numerous endangered endemic freshwater fish species 
(Maceda-Veiga, 2013). This article will present the theoretical frame
work of a simple meta-population connectivity index (PCI) developed 
using examples from Iberian endangered fishes. This new index may be 
useful to calculate the impact of obstacles in the connectivity of fish 
meta-populations and to find the barriers with the highest effect in 
population connectivity in order to inform management and conserva
tion actions. 

2. Methods 

2.1. Iberian Peninsula and fish species 

The Iberian Peninsula is in southwestern Europe, surrounded by the 
Atlantic Ocean to the west, the Cantabrian Sea to the north and the 
Mediterranean Sea to the east and south (Fig. 1). It is isolated from 
mainland Europe by the Pyrenees. The Mediterranean climate, with 
warm and dry summers and wet winters, dominates the majority of the 
Iberian Peninsula while humid and temperate Atlantic climate is present 
along the north coast (Rivas-Martínez, 1987). The Iberian Peninsula is 
crossed by numerous mountain ranges. The isolation from mainland 
Europe, the clash of climates and its varied geography have led to the 
evolution of numerous endemic freshwater fish species, many of them 
restricted to one river basin or sub-basin (Antunes et al., 2016). More 
than 60% of native and endemic Iberian fish species are under some 
degree of threat according to the International Union for the Conser
vation of Nature (IUCN 2019). 

At the same time, there are around 1000 large dams (>1 hm3 of 
capacity) and thousands of small dams and weirs scattered through 
Iberian rivers (Antunes et al., 2016). More than 50% of Iberian fish 
species are threatened by water storage and extraction (Maceda-Veiga, 
2013). Due to this, the Iberian Peninsula is an excellent place to study 
river and fish population connectivity. 

We tested the new fish Population Connectivity Index using data of 
four species with different dispersal capacities as examples: Salmo trutta 
Linnaeus 1758, Luciobarbus comizo (Steindachner 1864), Anaecypris 
hispanica (Steindachner 1866), and Cobitis vettonica Doadrio & Perdices 

Fig. 1. The Iberian Peninsula, with its large dams (black dots, MAGRAMA, 2004). The river basins studied in this paper are highlighted in white. 1: Ebro, 2: Tagus 
and 3: Guadiana. 
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1997. Salmo trutta is a large salmonid with high swimming and leaping 
capacity, capable of large migrations from feeding to reproduction 
grounds. Luciobarbus comizo is a large barbel endemic of various large 
Iberian river basins (Doadrio et al., 2011), capable of large migrations 
during reproduction season. Anaecypris hispanica is a small potamodro
mous cyprinid. Lastly, C. vettonica is a small benthonic sedentary fish, 
endemic of a few river basins of the Iberian Peninsula. As a model, each 
these four species were studied in one river basin (Table 1). 

2.2. Population modelling 

As a proxy for fish populations, habitat suitability models were fitted 
for fish species in each major river basin. Presence and absence data was 
provided by the Iberian Society of Ichthyology (SIBIC, 2015), while 
raster environmental variables (30 arc-seconds resolution) were down
loaded from http://www.earthenv.org/streams (Domisch et al., 2015). 
These variables are based on WorldClim (Hijmans et al., 2005) and 
consider the spatial structure of river networks, modifying the envi
ronmental data according to the position of each cell in the river basin. A 
correlation analysis was performed on all bioclimatic, elevation and soil 
variables and the ones with a correlation > 0.7 were removed, one by 
one, trying to keep the least correlated and most diverse and ecological 
relevant set of parameters. As uncorrelated variables may still be 
related, a Variance Inflation Factor (VIF) assessment was also per
formed, removed the variables with a VIF > 5. To create simple potential 
habitat models adequate to the number of occurrences available, five 
environmental variables were selected as the independent variables for 
the models: BIO10 (mean temperature of warmest quarter), BIO11 
(mean temperature of coldest quarter), BIO12 (annual precipitation), 
BIO15 (precipitation seasonality) and pH. Species suitable habitat 
models were calculated for the river basins they were present on. Of the 
four fish species selected, C. vettonica did not have enough presence 
points (< 20) to fit a model, so its suitable habitat was described using 
the appropriate literature (Doadrio, 2001; Doadrio et al., 2011; Kottelat 
and Freyhof, 2007). 

Models were calibrated using the software R v3.4.2 (R Core Team, 
2015) with the packages raster (Hijmans et al., 2016) and BIOMOD2 
(Thuiller et al., 2016). Spatial autocorrelation was diminished by 
removing presence points located in a same cell or in adjacent cells 
(Komori et al., 2020; Veloz, 2009). Ten runs of the nine available sta
tistical models (Generalized Boosted Model, Generalized Linear Model, 
Generalized Additive Model, Classification Tree Analysis, Artificial 
Neural Network, Surface, Range Envelope, Flexible Discriminant Anal
ysis, Multivariate Adaptive Regression Splines and Random Forest) were 
done with 80% of presences and absences. The other 20% was used for 
testing. For more information about the characteristics of the models, 
see Guisan et al. (2017). Because not all models perform equally for 
every species, ensemble models that average the results of all models 

were created (Guisan et al., 2017; Segurado and Araújo, 2004). All 
models with Area Under the Curve (AUC) > 0.7 were selected to create 
the ensemble by calculating the mean of the models weighted by their 
AUC. All ensembles had an AUC > 0.8. A cut-off threshold that maxi
mizes the true skill statistic (TSS) was selected to transform the 
continuous ensemble model into a binary one (suitable/non-suitable). 
Binary suitability raster maps were created. 

A line shapefile of Iberian river networks was downloaded from 
HydroSHEDS (Lehner et al., 2008). In ArcMap 10.6 (ESRI, 2011) all river 
segments that contained at least one suitable raster cell of the ensemble 
models was classified as suitable. This was calculated for the four ana
lysed species (Fig. 2). 

2.3. Population connectivity index 

The new Population Connectivity Index (PCI) is based in the Den
dritic Connectivity Index for potamodromous fish species (DCIP, Cote 
et al., 2009). This index considers the length of river sections between 
dams, the passability of each dam and their cumulative impact between 
sections. It can be expressed as: 

DCIP =
∑n

i=1

∑n

j=1
cij

li

L
lj

L
*100 (1)  

where n is the number of sections (number of dams + 1), cij is the cu
mulative passability of all dams between sections i and j, li is the length 
of section i, lj is the length of section j, and L is the total length of the river 
basin. 

In our Population Connectivity Index, a population area is defined as 
the sum of the lengths of all the suitable river segments that are inter
connected, i.e., not separated by dams. Thus, li and lj are the total area 
(length) of populations i and j of a particular species in a river basin, and 
L is the sum of all populations’ areas (suitable habitats) in the river 
basin. In this paper suitable river segments were used indistinctly as fish 
populations. Populations are treated as nodes connected by edges rep
resented by cij. The parameter cij measures the dispersal capability of the 
studied fish species corrected by the minimum distance (d) and the cu
mulative passability (B) of the M barriers (p) between the populations i 
and j. If there is an impassable dam between populations i and j, B =
0 and cij = 0. If there are no dams between populations i and j, B = 1. 

Bij =
∏M

m=1
pm (2) 

The dispersal capability of a species is defined here as the mean 
distance that can be travelled successfully by its individuals. The 
dispersal capability varies from one species to another (Tischendorf and 
Fahrig, 2000). As the dispersal capability of our fish species is not well 
studied, we used a probability of dispersal (PD) based in size and 
swimming capability as proxy (Table 2). PD is a number between 0 (no 
capable of dispersal) and 1 (totally capable of dispersal) that describes 
the probability of a fish travelling a certain distance. In this case PD 
refers to the probability of fish travelling 10 km. 

PD can be replaced by any other dispersal capability value. The PD is 
elevated by the distance between populations. Following the work of 
Schick and Lindley (2007) we proposed an exponential relationship 
between the probability of dispersal and distance as shown in the 
following equation: 

cij = BijPDdij (3) 

The parameter cij between two fish populations i and j is the PD of the 
species raised to the minimum distance d that separates the two pop
ulations. In our example, fishes travel short distances more easily than 
long distances. Other studies also use an exponential relationship be
tween distance and dispersion (Fullerton et al., 2011; Schick and Lind
ley, 2007). However, the relationship between PD and d can be changed 

Table 1 
Fish species studies with their IUCN category, maximum length and estimated 
probability of dispersion. The river basins in which they were studied are also 
added.  

Family Species IUCN 
category 

Maximum 
size (cm) 

Prob. 
disp. 
(10 
km) 

River 
basin 

Cobitidae Cobitis 
vettonica 

Endangered 13  0.3 Tagus 

Salmonidae Salmo trutta Least 
Concern* 

60**  0.9 Ebro 

Cyprinidae Luciobarbus 
comizo 

Least 
Concern 

100  0.8 Tagus 

Cyprinidae Anaecypris 
hispanica 

Endangered 10  0.5 Guadiana 

*Vulnerable in Spain (Doadrio et al., 2011). 
**Freshwater form. 
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and adapted to other dispersal situations (e.g. a lineal relationship be
tween distance and probability of dispersal. 

2.4. Index calculation 

For the calculation of the PCI, four georeferenced geographic layers 
are needed. The first is the dam location layer with their coordinates. 
Here, large dams (defined as impounding more than 1 hm3) were used 
(MAGRAMA, 2004). The second is a river basin layer with segments 
separated by their junctions and dams. Sections (groups of segments 

between two dams) have to be calculated and uniquely numbered. The 
third is the meta-population layer, with segments divided by their 
junctions and dams. Population segments need to have a unique popu
lation ID and population length. The last layer contains the suitable 
habitat or population nodes. These nodes are located in the junctures 
between suitable and non-suitable habitat and have their coordinates, 
and the ID of the section and population they belong to (Fig. 3). 

Populations are treated as the nodes of a graph, connected by edges 
that in these examples can be i) a dam with passability = 0, or ii) the 
minimum length along the river between the external limits of the 
populations’ range corrected by the dispersal capability of the species. 
River section and population ID was calculated in R (R Core Team, 2015) 
using the packages raster (Hijmans et al., 2016) and igraph (Igraph Core 
Team, 2015). Nodes were created in ArcMap (ESRI, 2011). Distances 
between population nodes were calculated in R with the package riv
erdist (Tyers, 2017). 

With all this information, natural PCI was calculated in R for each of 
the fish species in the selected river basins (Fig. 3a). After that, PCI was 
calculated adding the river basin dams (Fig. 3b). Then, the same PCI was 
calculated removing one dam of the river basin at a time. The increment 
in PCI resulting from the removal of each dam was calculated as the 
difference between the new PCI and the PCI with all dams. Lastly, dams 
were ranked according to their impact to the overall connectivity of each 
species meta-population (the full list of dams can be seen in the Appendix 
1). 

The R scripts used for the analyses are available in the Appendix 2. 

3. Results 

The fragmentation of all four studied fish species meta-populations 
increased between a 48.7% and a 190% when natural populations where 
divided by dams. Meanwhile the mean length of the populations 
decreased 32.8–65.5% when impassable dams were considered. Cobitis 
vettonica has only 10 natural populations and is the most impacted 
species, as dams divide them in 29 smaller populations 65.5% shorter 
than natural populations (Table 3). Attending to number and length of 
populations S. trutta is the second most impacted fish species as its 
natural populations are divided by 133 dams. Anaecypris hispanica is the 
least impacted fish species when we look at number and length of its 

Fig. 2. Suitable river segments (dark lines) for a) Salmo trutta in the Ebro River basin, b) Anaecypris hispanica in the Guadiana River basin, c) Luciobarbus comizo in the 
Tagus River basin, d) Cobitis vettonica in the Tagus River basin. Dams are represented as grey points and unsuitable segments as light grey lines. 

Table 2 
Probability of dispersal assumed for the main groups of Iberian freshwater 
fishes, with their maximum total size and estimated swimming capabilities. 
Some Iberian genus and species are added as examples.  

PD Fish characteristics Iberian examples References  

0.9 High swimming and leaping 
capacity 

Salmonids 2, 3, 9,10, 
15,18  

0.8 Medium swimming and 
leaping capacity. Size ≥ 35 cm 

Luciobarbus, 
Pseudochondrostoma 

1, 7, 14, 15, 
16  

0.7 Medium swimming and 
leaping capacity. 25 cm ≤ size 
< 35 cm 

Barbus, 
Parachondrostoma 

2, 8, 9, 10, 
13  

0.6 Medium swimming and 
leaping capacity. 15 cm ≤ size 
< 25 cm 

Iberochondrostoma 6, 19, 20, 21  

0.5 Medium swimming and 
leaping capacity. 10 cm ≤ size 
< 15 cm 

Phoxinus, Anaecypris 2, 3, 9, 13  

0.4 Medium swimming and 
leaping capacity. Size < 10 cm 

Aphanius 5, 12, 13  

0.3 Benthonic. Low swimming and 
leaping capacity 

Barbatula, Cottus, Cobitis 2, 4, 11, 17, 
18 

[1] Alexandre et al. (2014); [2] Baudoin et al. (2015); [3] Holthe et al. (2005); 
[4] Knaepkens et al. (2007); [5] Latorre et al. (2020); [6] Mameri et al. (2020); 
[7] Mateus et al. (2008); [8] O’Steen and Bennett (2003); [9] Ordeix et al. 
(2011); [10] Ovidio and Philippart (2002); [11] Pavlov (1989); [12] Rubio- 
Gracia et al. (2020a); [13] Rubio-Gracia et al. (2020b); [14] Sanz-Ronda et al. 
(2015); [15] Sanz-Ronda et al. (2016); [16] Silva et al. (2012); [17] Stahlberg 
and Peckmann (1987); [18] Tudorache et al. (2008); [19] Corse et al. (2015); 
[20] Pires and Magalhães (2013); [21] Santos and Ferreira (2008). 
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populations. 
Natural PCI outcomes ranged from 7.95% to 47.48% depending on 

the species (Table 3). The most naturally connected species meta-pop
ulation is L. comizo. On the other hand, A. hispanica has the least con
nected meta-population. Cobitis vettonica, which has the lowest PD, had 
low PCI numbers even when there are only 10 natural populations 
(Table 3). Adding dams to the PCI reduced the connectivity results. The 
most affected species is L. comizo, with a PCI almost 31 points lower 

compared to its natural connectivity. Cobitis vettonica and A. hispanica 
meta-populations were not very affected by dams, with reductions in PCI 
of 5 points. 

When dams in the meta-population area of influence were removed 
one at a time, the observed PCI increase varied considerably. The most 
impacting dam is “José María de Oriol (Alcántara II)”, which divides a 
large L. comizo population in two (Table 4, Fig. 2c). In general, the most 
impacting dams affect L. comizo and C. vettonica in the Tagus river basin. 

Fig. 3. Simplified example of the data needed for the calculation of a) natural populations PCI and b) PCI with dams added to the river network. Segments need to be 
grouped in unique populations. Total length of populations, location of dams and inter-population segments’ length are necessary to calculate PCI. In this simple 
example, using PD = 0.5 and a logarithmic relationship between PD and distance, the a) natural PCI = 32.18%; while b) PCI = 23.21% when impassable dams 
are included. 

Table 3 
Descriptive characteristics of the four studied meta-populations (number of populations, total population length, mean population length) and their respective PCI 
results. Results for both natural populations and dam-isolated populations are given. All length measurements are given in km. PD information can be found in Table 2. 
The PCI was estimated according to the proposed equation in the Material and Methods section.      

Natural populations Fragmented populations 

River basin Species PD Total pop length Number of pops Mean pop length PCI Number of pops Mean pop length PCI 

Tagus Cobitis vettonica  0.3  845.82 10  84.58  20.09 29  29.17  14.36 
Tagus Luciobarbus comizo  0.8  2520.32 70  36.00  47.48 120  21.00  16.48 
Guadiana Anaecypris hispanica  0.5  4468.79 117  38.19  7.95 174  25.68  2.59 
Ebro Salmo trutta  0.9  8961.47 89  100.69  19.3 222  40.37  2.19  

Table 4 
The five most impacting dams for each fish species meta-population, ranked from most to least impacting. The increment in the PCI is given in points. The potential of 
dispersion (PD) of fish species was considered according to Table 2. The PCI was estimated according to the proposed equation of Material and Methods section.  

River basin Fish species Name Longitude Latitude PCI Increment (points) 

Tagus Luciobarbus comizo José María De Oriol (Alcántara II) − 6.8899  39.7267  13.75 
Tagus Luciobarbus comizo Encín − 6.4278  39.9554  2.41 
Tagus Luciobarbus comizo Santa Marta De Magasca − 6.0784  39.5221  1.43 
Tagus Luciobarbus comizo Torrejón Tiétar − 5.9891  39.8441  0.57 
Tagus Luciobarbus comizo Torrejón Tajo − 5.9836  39.8362  0.48 
Tagus Cobitis vettonica Besagueda − 7.0778  40.1414  0.97 
Tagus Cobitis vettonica Rivera De Gata (Main) − 6.6325  40.1340  0.79 
Tagus Cobitis vettonica Jerte (Jerte Plasencia) − 6.0407  40.0592  0.14 
Tagus Cobitis vettonica Gabriel y Galán − 6.1301  40.2243  0.13 
Tagus Cobitis vettonica Manufacturas Béjar − 5.7464  40.3951  0.11 
Ebro Salmo trutta Cereceda − 3.4676  42.7867  0.26 
Ebro Salmo trutta Leiva − 3.0501  42.5053  0.23 
Ebro Salmo trutta Cillaperlata − 3.3575  42.7840  0.11 
Ebro Salmo trutta Oliana 1.2970  42.0933  0.08 
Ebro Salmo trutta Ullivarri − 2.6124  42.9291  0.08 
Guadiana Anaecypris hispanica Mendoza − 4.9255  38.7054  0.78 
Guadiana Anaecypris hispanica La Colada − 5.0112  38.5469  0.25 
Guadiana Anaecypris hispanica Castilseras − 4.7975  38.7417  0.16 
Guadiana Anaecypris hispanica Caia − 7.1413  39.0022  0.05 
Guadiana Anaecypris hispanica Aroche (Valdesotellas) − 6.9764  37.9887  0.05  
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The increment in meta-population connectivity due to one dam removal 
is generally low, with only three dam removals increasing the PCI in 
more than one point. 

4. Discussion 

River connectivity indices have become a common tool to assess the 
fragmentation of river basins and help in barrier mitigation prioritiza
tion. However, these indices are generally used to calculate connectivity 
for a whole river network, considering a continuous habitat between the 
headstreams and the river mouth (Cote et al., 2009; Grill et al., 2014; 
McKay et al., 2013). 

Our PCI index is developed to analyse connectivity for certain habitat 
characteristics or meta-populations for aquatic-obligated organisms like 
fish. In terrestrial ecosystems, connectivity is measured between the 
studied habitat patches (e.g. connectivity of forest patches across crop
lands or protected areas). These habitats are often suitable for a species 
of interest or ecosystems of high conservation value. The connectivity is 
thus measured between those habitats of interests, not the totality of 
habitats (Bunn et al., 2000; Galpern et al., 2011; Pascual-Hortal and 
Saura, 2006). This methodology has many applications such as creating 
networks of connected areas for the conservation of certain species or 
stablishing efficient ecological corridors between high biodiversity areas 
(Galpern et al., 2011). 

Freshwater organisms such as fishes realize certain ecological niches 
(determined by environmental and biological variables such as water 
temperature, flow, substrate, pollution, presence of predators, etc.) and 
have different dispersal capabilities (Wiens, 2002). This capability de
pends on multiple factors such as the swimming power of the fish and 
the length and characteristics of the non-suitable habitat that has to be 
crossed (Crook et al., 2015). Potamodromous fish populations separated 
by large distances of non-suitable habitat are usually more isolated than 
closer populations although the degree of isolation for the same inter- 
population distance depends on species-specific characteristics (Dun
ham and Rieman, 1999; Heino et al., 2015; Tischendorf and Fahrig, 
2000). 

The PCI only considers the connectivity of habitats of interest or 
meta-populations instead of the connectivity of the whole river basin. It 
does not depend on graph theory, making it more approachable and it 
requires a small number of easily collected variables, thus making the 
index calculation simple and easy to adapt to different situations and 
scales. The PCI is a simple method to identify naturally isolated fish 
populations. For example, the PCI can put numbers to the degree of 
isolation of S. trutta populations, which are very fragmented and located 
in cold and oxygen-rich mountain streams (Elliott and Elliott, 2010; 
Jonsson and Jonsson, 2011, Fig. 2a). According to the PCI results, 
S. trutta natural meta-population connectivity is only a 17.11%, probably 
due to the large distances separating populations. 

This index also allows the inclusion of artificial barriers to under
stand their impacts in the connectivity of different habitats and pop
ulations and assess the impact of each individual dam (Table 4). More 
naturally isolated fish populations may be less susceptible to dam 
fragmentation than more connected meta-populations as suggested by 
the PCI results of L. comizo. This well connected meta-population was 
heavily fragmented by barriers, with a PCI reduction of more than 30 
points (Table 3). Cobitis vettonica and A. hispanica have the lowest PCI 
reductions when dams are added, possibly due to their low dispersal 
capacities or necessities (Table 3). This may suggest that fish species 
with lower dispersal capability may also be less impacted by the pres
ence of dams between populations, because they would not cross the 
large distances between them (Doadrio, 2001; Doadrio et al., 2011). 
Moreover, in naturally isolated meta-populations such as C. vettonica and 
S. trutta, barriers dividing a population in smaller isolated parts are more 
impacting than barriers located on the river stretches between pop
ulations. This suggests that the degree of connectivity between pop
ulations determines the effect of each barrier and governs the selection 

of the most impacting obstacles for removal or mitigation. 
Dams impacting different species or higher-quality habitat may be 

found out and their effects mitigated. If economic, social and environ
mental factors allow it, the dam may be removed to restore river con
nectivity. However, dam removal needs to be carefully studied because 
some dams may prevent further colonization of freshwater invasive 
species (Milt et al., 2018; Rahel, 2013). Moreover, toxic sediments and 
hydromorphic changes need to be assessed beforehand to avoid degra
dation of the freshwater ecosystems upstream and downstream of the 
dam (Gangloff, 2013; Stanley and Doyle, 2003). There are other partial 
connectivity restoration solutions that do not require the removal of the 
barriers, such as the construction of fishways to allow fish passage and 
thus the reconnection of populations (Seliger and Zeiringer, 2018). 

The PCI may also be used to assess the vulnerability of meta-pop
ulations and individual isolated populations with the aim to create river 
ecological corridors. These river corridors would be unfragmented river 
segments that ensure the connectivity of essential fish communities or 
habitats. Connectivity is essential for the appropriate selection of pro
tected river areas (Erös et al., 2018; Hermoso et al., 2011) and PCI may 
help in the assessment of valuable connected river segments. However, 
due to its nature, PCI is built for specific species and meta-populations 
and its results can’t be applied to manage entire river networks. This 
index is complementary to river basin connectivity indices and they 
could be applied together to create a complete picture of connectivity for 
freshwater fish in a river network. 

There are some challenges to the application of the PCI, that should 
be addressed before using it for freshwater fish management. The most 
important one is the accurate estimation of fish dispersal capabilities. 
Connectivity at meta-population scales is driven by the movement of 
individuals. Migration movements between fish species are very vari
able (Crook et al., 2015). Is the species migration obligated? Is the 
migration directional, such as a spawning migration upstream? What are 
the physiological capabilities of the species? Is there a passive larvae 
movement or adult active migration? When is the migration occurring? 
Dispersal has to be empirically studied and understood for each species 
and even population, as individual evolution and environmental factors 
play a role in movement (Lowe and McPeek, 2014). 

Our PCI model relies in very broad qualitative dispersal categories. 
These are assigned according to the fish species size and swimming ca
pabilities similar to the ones used in some dam passability indices (Solà 
et al., 2011). The connectivity study is thus simplified and more 
approachable but the results are less accurate. As we do not know the 
dispersal capabilities of fish species we cannot comprehend how they 
are related to distance. We assumed an exponential relationship where 
fish is more likely to move short distances than large stretches as was in 
other studies (Schick and Lindley, 2007). However, this assumption can 
be easily replaced by others that reflect reality more accurately. 

River habitat characteristics is also related to the dispersal capabil
ities in two ways: first, the migration behaviour and necessity for 
movement of each individual on a population may vary with the nearby 
presence or absence of suitable habitats. Some individuals may live in 
high quality and diverse habitats, thus making migration unnecessary, 
while others may need to migrate long distances to find suitable habitats 
(Branco et al., 2017). Moreover, the quality of the habitat between 
populations is also important. Some habitats may pose partial or total 
barriers to migration due to the tolerance of different species to their 
characteristics (high slope, high water velocity, low oxygen concentra
tion, high temperatures, presence of predators, etc.). The PCI is able to 
include these parameters by correcting river segment length by its 
habitat characteristics, thus weighting the distance (d) between pop
ulations by its resistance to the movement of different species. Although 
that analysis is beyond the scope of this study and habitat characteristics 
(and their effect in fish species) are difficult to obtain at large scales, it 
would be advisable to consider them in future studies. 

Other challenge is to define separated populations. The area occu
pied by a population change depending on the scale of study and the 
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methods used to select the area. Intense field studies are necessary to 
create accurate maps of populations. However, at large scales, intense 
fieldwork may be unviable. Here we used habitat suitability models as a 
proxy for populations and the accuracy of models depend on the quality 
of presence and absence data used to calibrate them and the set of in
dependent variables selected as predictors (Hortal et al., 2008). More
over, some species such as generalists or rare species are more difficult 
to model than others (Gu and Swihart, 2004; Meynard and Quinn, 
2007). As there is no ideal modelling method for all circumstances, 
ensemble models were calibrated (Segurado and Araújo, 2004). We 
transformed the continuous ensemble model into a binary (suitable/ 
non-suitable) model to simplify the calculation of PCI. However, this 
may be a source of error as thresholds used to transform the models are 
not perfect (Freeman and Moisen, 2008). In short, a certain fish species 
may not be present in the entire suitable habitat estimated by the binary 
model and may live in habitats deemed non-suitable. In addition to the 
challenges defining populations to study, we do not know if those 
populations are the result of past impacts, including the extinction of 
populations due to the construction of barriers decades or hundreds of 
years before. 

Another problem is the simplicity of most river connectivity 
methods. Simplicity may be essential to ensure indices are widely used 
but it does not capture the complexities of barrier cumulative impacts in 
populations (direct and indirect mortality, invasive species colonization 
facilitation, etc.) at both small and large scales (Samia et al., 2015). Due 
to this, it may be difficult to use them in population dynamics models. 
Indices must accurately reflect reality to predict persistence or extinc
tion of fish populations. Validation of river or fish population connec
tivity indices with empirical studies is essential if we want to effectively 
use them in conservation and management plans (Samia et al., 2015). 

Lastly, the calculation of all possible prioritization actions would 
require the analysis of all combinations of dams in a river basin, with 
different types of solutions (dam removal or fishway construction). This 
would be the best way to find the most optimal connectivity restoration 
solution, but requires very powerful computers and is time consuming. 
Here we have only analysed the impact of single dams to show the ca
pacities of the index. Furthermore, the PCI can also be combined with 
budget optimization methods to analyse the optimal river connectivity 
restoration solutions given limited economic resources (McKay et al., 
2013). 

Although only large totally impassable barriers were analysed as 
example on this study, the PCI is prepared to analyse the impact of 
partial barriers and partial river connectivity restoration solutions (e.g. 
fishways). This can be done by multiplying the partial barrier pass
abilities, ranging from 0 (impassable) to 1 (completely passable) to 
create the cumulative barrier passability B as shown in Eq. (2). This 
study was performed with only large dam data due to the lack of data on 
small dam presence and passability. If small dams and weirs were added, 
the connectivity of meta-populations may be further reduced. 

4.1. Conclusions 

During the last two decades river connectivity has gained increasing 
attention. Numerous theoretical and empirical studies have been pub
lished highlighting different aspects of river connectivity and its role in 
conservation (Clavero and Hermoso, 2015; Erös et al., 2018; Hermoso 
et al., 2011; Liermann et al., 2012; Maitland et al., 2016; Nilsson et al., 
2005). Here we present the basic framework and methodology of a new 
Population Connectivity Index (PCI) for potamodromous fish species 
with some examples, we analyse its advantages, shortcomings, appli
cations and further studies to build and improve upon this one. This 
study is an exercise that analysed occurrence data to showcase a new 
method to assess the fragmentation of fish populations in rivers, and 
specific results for these specific fishes populations should not be 
considered for their management without the revision and updating of 
data distribution and pieces of evidence about migratory behaviour of 

fish populations. 
The PCI allows calculating the impact of dams in fish population 

connectivity and creating dam mitigation plans adjusted to each situa
tion. The index shows that the impact of barriers varies with the 
dispersal capability of fish species and the distance between pop
ulations. The PCI can be used to make species-specific river restoration 
plans, select locations for new dams and to create ecological corridors 
connecting important fish populations. However, there is much work to 
be done if we want to fully understand and mitigate the effects of 
fragmentation in rivers and their fish communities at different scales. 
We hope that this study opens the door to assess the impacts of river 
fragmentation in river organisms and habitats at all scales. 
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