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A B S T R A C T

Different indices have been developed to quantify the extent and severity of river fragmentation. These indices
vary depending on the specific goals of the study. Here, we present a new Conservation Connectivity Index
(CCIP) for potamodromous fish species that considers the conservation value (richness, rarity and vulnerability)
of river segments.

The Iberian Peninsula holds > 20 endemic and endangered potamodromous fish species as well as > 1000
large dams (> 1 hm3 of capacity). The CCIP was calculated for the eight most important river basins of the
Iberian Peninsula and compared to the Dendritic Connectivity Index (DCIP) developed by Cote et al. in 2009,
which uses only river length as a habitat variable. With the use of both DCIP and CCIP, the dams were analysed
and ranked according to their impacts on the river basin.

The main results show that Iberian river basins are heavily fragmented, with river basin connectivity per-
centages of less than 20% in most cases using both DCIP and CCIP. CCIP values are slightly higher than DCIP
values in almost all cases. When the impact of individual dams is analysed, differences also appear between the
DCIP and CCIP. CCIP highlights the impact of dams located in areas of high fish conservation value while DCIP
emphasize the impact of dams fragmenting large river segments.

The CCIP appears to be adequate to highlight important sites for conservation in river connectivity studies. It
could be applied in different studies and river basins around the world to prioritize dam removals or plan new
dam locations.

1. Introduction

River fragmentation due to dams and other man-made obstacles is
one of the main threats to river ecosystems (Grill et al., 2019; Olden,
2016; Vörösmarty et al., 2010). There are> 45,000 large dams con-
structed worldwide, while thousands more are planned or under con-
struction (Zarfl et al., 2014). Globally, only 35% of large river systems
are completely unfragmented (Nilsson et al., 2005).

The effects of river fragmentation are very obvious on diadromous
fish species as obstacles can block their migrations and consequently
reduce and totally extirpate these fish populations from large river
systems (Clavero and Hermoso, 2015; Hall et al., 2011; Hitt et al., 2012;
Lundqvist et al., 2008; Nieland et al., 2015; Thorstad et al., 2005).
However, potamodromous freshwater fishes are also deeply affected by
the presence of barriers due to population fragmentation (Almodóvar
and Nicola, 1997; Clavero et al., 2004; Kanehl et al., 1997; Kondolf
et al., 2006; Perkin and Bonner, 2011; Richter et al., 2010). Small,
isolated populations are more vulnerable to extinctions due to loss of

genetic variability and the incidence of catastrophic events (Hanski and
Gilpin, 1991; Letcher et al., 2007; Levins, 1968; MacArthur and Wilson,
1967; Nislow et al., 2011). Dams have been related to low fish species
richness (Dodd et al., 2003; Nislow et al., 2011), low genetic variability
(Morita et al., 2009; Wofford et al., 2005; Yamamoto et al., 2004) and
even population extirpations (Morita and Yamamoto, 2002).

Due to the extent and magnitude of fragmentation impacts, river
connectivity has received growing attention in recent decades, with
studies focusing on dam impacts, river fragmentation assessments, river
connectivity importance for river conservation or barrier mitigation
(Erös et al., 2018; Grill et al., 2019; Hermoso et al., 2017; Magilligan
et al., 2016; O’Connor et al., 2015). Different tools developed to study
river connectivity fragmentation vary depending on the objectives and
scale of the study (Kemp and O’Hanley, 2010; McKay et al., 2017).
River connectivity studies are generally focused on understanding the
impacts of barriers in river basin fragmentation and organisms, prior-
itizing obstacles for removal and reporting the best new barrier loca-
tions (Diebel et al., 2015; King et al., 2017; King and O’Hanley, 2016;
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Maitland et al., 2016).
Accurately modelling river connectivity is a difficult task due to the

large and often difficult to collect array of variables affecting it. As a
consequence, indices are generally restricted to use few and simple
factors (Bourne et al., 2011; Kemp and O’Hanley, 2010; Maitland et al.,
2016). Some of the most applied indices use network analysis to create
models that consider barrier passability and location inside a river
network. Usually, river length or water volume are used as proxies for
habitat quality (Cote et al., 2009; Grill et al., 2015; McKay et al., 2013).
However, the results of the indices may vary depending on the variables
selected to build them (Bourne et al., 2011; Rodeles et al., 2019). River
connectivity modelling methods need to be adapted to the objectives of
particular studies to improve the accuracy of their predictions. Some
connectivity indices add habitat variables for one (Rodeles et al., 2019)
or a group of fish species (Diebel et al., 2015; Maitland et al., 2016;
O’Hanley et al., 2013) or other parameters that indicate the quantity
and quality of river habitat (Grill et al., 2014). This flexibility allows for
index adaptation to different environments and objectives.

More than 70% of Iberian freshwater fish species are endemic, and
59% of all native species are under threat according to the International
Union for the Conservation of Nature (IUCN, IUCN, 2019). Dam-related
impacts and water extraction affect 60% of Iberian native freshwater
fish species (Maceda-Veiga, 2013). However, river connectivity frag-
mentation studies are scarce and have focused on few river basins
(Benejam et al., 2014; Branco et al., 2014, 2012; Segurado et al., 2015,
2013; Solà et al., 2011) or the effects of single dams (Alexandre and
Almeida, 2010; Almodóvar and Nicola, 1997).

Our first objective was to develop a new index to assess the struc-
tural connectivity of river networks. It is called Conservation
Connectivity Index (CCIP) and includes a conservation value for fresh-
water fish species. This index is based in the Dendritic Connectivity
Index for potamodromous fishes (DCIP, Cote et al., 2009), and adds the
Biodiversity Index (BI) developed by Rey Benayas and De La Montaña
(2003). The Biodiversity Index would allow us to identify high-value
river segments for the conservation of rare and endangered potamo-
dromous fish species. The CCIP was designed to highlight the impact of
dams in the connectivity of valuable areas for freshwater fish con-
servation. The impact of each studied dam was assessed with both in-
dices to evaluate the capacity of CCIP to prioritize important areas for
freshwater fish conservation. The second objective of this research was
to analyse the river connectivity of the Iberian Peninsula. In this regard,
the eight main Iberian river basins were analysed using both DCIP and
CCIP and the most impacting dams to structural river connectivity of
Iberian River basins were identified. This is the first study describing
the impact of large dams on river connectivity and conservation at large
scales in the Iberian Peninsula.

2. Methods

2.1. Iberian Peninsula and dams

The Iberian Peninsula has an area of 580,000 km2, with a coastline
of 8821 km. It is divided into two countries: Spain, with an area of
506,030 km2 and Portugal, with an area of 91,152 km2. The orography
of the Iberian Peninsula is abrupt, with numerous mountain ranges
oriented east–west and a central high plateau (Antunes et al., 2016).

The eight main river basins in the Iberian Peninsula (Ebro, Duero,
Tagus, Guadiana, Guadalquivir, Miño, Jucar and Segura) were used for
this study. These eight basins have different sizes and discharges
(Table 1). The clash between the Atlantic climate, restricted to the
north and with high annual precipitation (> 2500 mm), and the
Mediterranean climate, with very low annual precipitation (below
300 mm), creates high discharge variability among these river basins
(Lorenzo-Lacruz et al., 2012). The Duero has the largest river network
with > 18500 km of streams and the highest mean discharge
with> 13,500 hm3 per year. The smallest river basin is Segura with

2748 km of rivers and a mean annual discharge of 118 hm3. The Miño
River basin has the smallest drainage area but a high mean annual
discharge (above 10,000 hm3) due to a very high annual precipitation
(Table 1).

There are> 1000 large dams in the Iberian Peninsula, 874 in the
eight basins selected for this research (Fig. 1, Table 1). The Tagus River
has the highest number of dams in total, while the Miño River basin has
the highest density per kilometre of stream. The Jucar River basin has
the least number and density of dams (Table 1).

River basins were downloaded from HydroSHEDS (Lehner et al.,
2008). Information on the dams in Spain was downloaded from the
Water Information System (MAGRAMA, 2004), and that of the dams in
Portugal was downloaded from the Portuguese official dam database
(Agência Portuguesa do Ambiente, 2018). Via ArcGIS 10.5 (ESRI,
2011), all dams were moved to intersect their closest river segment.
Then, river segments were split by dam intersections. A segment was
defined as the line i) between two stream intersections, ii) an inter-
section and a dam or iii) two dams (Fig. 2a and 2b). With these resulting
segment and dam layers, connectivity indices could be calculated.

2.2. Dendritic Connectivity Index

Longitudinal river connectivity was assessed using the Dendritic
Connectivity Index for potamodromous species (DCIP) developed by
Cote et al. (2009). This index uses the passability of each obstacle and
“sections”, which are calculated as the sum of the length of all segments
between two barriers. In this case, all barriers were assumed to be to-
tally impassable because only large dams (> 1 hm3 capacity) were
assessed.

If L is the total length of a river basin, li is the length of the ith
section, and i = 1, …, n, where n is the number of river sections
(number of dams + 1), the equation for DCIP when barrier passability
outcome is binary is defined as:
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The length of a river section between two dams i is calculated as the
sum of the length of all river segments that compose it (Fig. 2c). The
outcome of the index is a percentage that indicates the proportion of
connected river length on a river basin.

The DCIP was calculated in R 3.4.2 (R Core Team, 2015) using the
split segment river network and the dam database (as seen in Fig. 2b)
with the packages raster (Hijmans et al., 2016), rgdal (Bivand et al.,
2016), magrittr (Bache and Wickham, 2014) and igraph (Igraph Core
Team, 2015). Then, the river DCIP was calculated by removing every
dam, one by one, to isolate the most impactful obstacles.

This index was used to assess longitudinal connectivity for each of
the eight selected basins. Then, it was modified to create a new con-
nectivity index that adds the ecological value of river segments,

Table 1
Main river basins of the Iberian Peninsula and their main characteristics
(Lorenzo-Lacruz et al., 2012).

River basin Main
stem
length
(km)

Drainage
area (km2)

Mean
discharge
(hm3/year)

Number
of dams

Dams per
100 km of
river

Ebro 910 83,876 12,279 167 1.05
Duero 895 91,179 13,788 158 0.84
Tagus 1007 68,167 12,350 206 1.56
Guadiana 778 48,712 4039 130 1.02
Guadalquivir 657 47,212 3780 98 0.94
Miño 310 14,946 10,570 62 1.97
Júcar 498 21,629 1023 17 0.41
Segura 325 15,920 118 36 1.31
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represented here by the Biodiversity Index (Rey Benayas and De La
Montaña, 2003).

2.3. Habitat suitability models and the Biodiversity Index

As a previous step to calculate the Biodiversity Index (BI), the dis-
tribution of Iberian freshwater fish species had to be determined. We
chose to build ecological niche models to calculate potentially suitable

habitats for each fish species. We chose habitat suitability models be-
cause they analyse presence and absence data at smaller scales and
could generate more refined species distributions. Forty-nine native
Iberian freshwater fish species were evaluated (Supplementary Data 1).
Estuarine fish species were not included in the analysis. Cottus hispa-
niolensis Bacescu-Mester 1964 was not considered an Iberian fish be-
cause it inhabits a French river basin and was removed from the ana-
lysis. Last, Luciobarbus steindachneri (Almaça 1967) is not considered a

Fig. 1. Main river basins of the Iberian Peninsula with their dams (black dots). Numbers indicate the river mouth of each basin: 1. Miño; 2. Duero; 3. Tagus; 4.
Guadiana; 5. Guadalquivir; 6. Ebro; 7. Júcar; 8. Segura.

Fig. 2. Representation of a simple river basin with two rivers and three dams. The downloaded rivers were split by their intersections resulting in three segments. In
(a) dams were not located on the rivers. In (b) dams were moved to intersect rivers at the nearest point, and segments were split in six segments. In (c) all river
segments between two dams were fused together in four sections to calculate the connectivity indices.
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valid species in Spain (Doadrio et al., 2011), so it was also not analysed.
Presence and absence fish data were provided by the Iberian Society

of Ichthyology (SIBIC, 2015). As environmental variables, nineteen
freshwater-specific variables at 1 km grid cell resolution were selected
(Domisch et al., 2015). Fourteen are climatic variables, following the
“bioclim” structure developed by WorldClim (BIO1, BIO4, BIO5, BIO6,
BIO10, BIO11, BIO12, BIO13, BIO14, BIO15, BIO16, BIO17, BIO18 and
BIO19) and the other five variables are topographical (average cell
elevation and average cell slope) and chemical (mean cell pH, mean cell
soil organic carbon and mean cell cation exchange capacity). All vari-
ables follow the HydroSHEDS river structure (Hijmans et al., 2005;
Lehner et al., 2008). These freshwater-specific variables were selected
because they consider the hierarchical nature of river networks and the
influence of the surrounding basin areas (Domisch et al., 2015). Five
environmental variables related with fish species presence were se-
lected for habitat suitability modeling: mean temperature of the
warmest quarter (BIO10), mean temperature of the coldest quarter
(BIO11), annual precipitation (BIO12), precipitation seasonality
(BIO15) and mean pH. Temperature, precipitation and water chemistry
have likely relationships with the presence of Iberian fish species
(Doadrio, 2001; Doadrio et al., 2011).

Habitat suitability models for each fish were built on the basins the
fish species was found, not the whole Iberian Peninsula, as freshwater
fish species distributions are more restricted by historical and geo-
graphic limits (Filipe et al., 2009). Species with fewer than 20 occur-
rences were not modelled because they were considered insufficiently
represented. In these cases, distribution models were built using the
distribution data provided by the appropriate literature (Doadrio, 2001;
Doadrio et al., 2011; Rogado et al., 2004; SIBIC, 2014; Verissimo et al.,
2018).

The R package BIOMOD2 (Thuiller et al., 2016) was used to build
habitat suitability models for each species. Following the method used
by Clavero et al. (2017), nine model algorithms were used (GBM, GLM,
GAM, ANN, CTA, RF, SRE, FDA and MARS). Ten runs of each model
were performed, separating 20% of species presences and absences for
evaluation. Then, all the algorithms with a mean area under the curve
(AUC) > 0.7 were selected to create models with all presences and
absences. Then we created an ensemble model with means weighted by
the AUC, so models with higher area under the curve weighted more in
the ensemble. All ensemble models had an AUC > 0.8. The cutoff
threshold that maximizes the true skill statistic (TSS) was selected to
transform the outputs of the continuous models (more or less prob-
ability of presence) into binary predictions (presence-absence).

In ArcGIS, binary suitability models for all species were added to the
HydroSHEDS line river networks. With that, presence/absence data of
fish species was added to each segment. A variable number of segments
(between 1 and 5%) of Mediterranean River basins (Tagus, Guadiana,
Guadalquivir and Segura) were found unsuitable for any fish species.
Some of these segments may exist only in winter and spring or may
suffer extreme temperatures, droughts, and oxygen scarcity in certain
seasons, making the survival of fish species difficult. This is a drawback
to using binary habitat suitability models in extreme habitats such as
intermittent Mediterranean rivers. With the binary habitat suitability
models, the biodiversity index corrected by basin size was calculated
for each river segment.

The Biodiversity Index (Rey Benayas and De La Montaña, 2003)
combines species richness, rarity and vulnerability. For a given segment
r, the Biodiversity Index can be expressed as:

∑= ×
=

BI V1
r i

S
m
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ri1 ri

where S is the number of fish species in segment r, mri is the number
of segments in which species i was found, N is the total number of
segments in the river basin, and Vri is the vulnerability of species i.
Species richness is implicit in =Σi

S
1. The vulnerability of species i was

determined as its IUCN threat category, ranging from 1 (Least Concern)
to 5 (Critically Endangered). There was a not-evaluated fish species
(Squalius pyrenaicus). For this fish, the “Vulnerable” threat category
given in the Spanish Red List books was used (Doadrio, 2001; Doadrio
et al., 2011). The result of the Biodiversity Index is a number for each
river segment, which is higher when the segment contains a higher
number of species, rarer species or more threatened species. The Bio-
diversity Index was calculated for each river segment in R 3.4.2 with
the packages raster (Hijmans et al., 2016), rgdal (Bivand et al., 2016),
and magrittr (Bache and Wickham, 2014).

2.4. Conservation Connectivity Index

Using this Biodiversity Index per segment and the Dendritic
Connectivity Index (DCIP), the Conservation Connectivity Index for
potamodromous fish species (CCIP) was developed. In this index, the
importance of a segment is not given by segment length but a combi-
nation of length and the Biodiversity Index. This is called Conservation
Interest of a river segment (ci), and for a given segment r, it can be
expressed as:

= ×ci s BIr r r

where sr is the length of segment r and BIr is the Biodiversity Index
of segment r. Then, the cir values of all segments of a section (R) are
summed to calculate the Conservation Interest cs of a section i between
dams:

∑=
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Then, the Conservation Connectivity Index equation is calculated
for the river sections of a basin:
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where i = 1, …, n is the number of sections present in the river
network, csi is the Conservation Interest of section i and CS is the
Conservation Interest of the whole river network, calculated as the sum
of the cs of all sections:
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The outcome of the index is a percentage that indicates the pro-
portion of connected habitat (measured here as Conservation Interest,
cs) on a river basin. As the CCIP depends on the number of species
present on a river basin, its results cannot be compared between river
basins. To compare the results of this index between river basins, the
results should be standardized by the number of species present in the
river basins.

The CCIP was calculated in R 3.4.2 (R Core Team, 2015) using the
split segment river network and the dam database (as seen in Fig. 2b)
with the packages raster (Hijmans et al., 2016), rgdal (Bivand et al.,
2016), magrittr (Bache and Wickham, 2014) and igraph (Igraph Core
Team, 2015). Then, the river CCIP was recalculated by removing one
different dam per run to identify the most impactful obstacles. The R
code developed to calculate DCIP, CCIP and the Biodiversity Index are
available in Supplementary Data 2.

3. Results

According to the DCIP results, all major Iberian river basins are
heavily fragmented by large dams, with low percentages (3.49 –
19.94%) of river connectivity showed in all cases (Table 2). The most
fragmented river basin is the Duero, with a DCIP of 3.49%, followed by
the Tagus River basin (3.76%). The most connected river basin is the
Jucar, with a DCIP of nearly 20%. When CCIP is calculated, river
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connectivity appears higher than when the DCIP is used in all river
basins except two (Guadiana and Júcar River basins, Table 2). Only the
Jucar and Miño River basins surpass a CCIP of 10%. The most frag-
mented river basin in absolute numbers is Ebro, with a CCIP of 7.33%.
When the number of species of each basin is considered to standardize
the CCIP results, the Tagus river basin is the most fragmented by spe-
cies, with a CCIP of 0.48% per species and the most connected is the
Miño river basin, with a CCIP of 2.3% per species.

The calculated impact of dams on river fragmentation changed from
DCIP to CCIP. Dams isolating smaller sections with higher Conservation
Interest (cs) are more impactful than dams isolating larger sections with
a poor Biodiversity Index (Fig. 3).

When creating ranks, the most impactful dams are different from
DCIP to CCIP (Table 4). When river basin connectivity is calculated with
DCIP, the most impactful dam is Alcalá del Río, in the Guadalquivir
River, close to the river mouth. The second is José Bautista, which
isolates a large river section of the Segura River basin. Other main stem
dams are very impactful, such as Pignatelli and Mequinenza in the Ebro
River basin, José María de Oriol in the Tagus River basin and Alqueva
in the Guadiana basin (Table 3). There are no Tagus, Duero or Miño
dams among the ten most impacting dams of all studied river basins
(Supplementary Data 3). The removal of the two most impacting dams
in the Duero and Miño River basins increases river basin connectivity
by less than one point (Table 3).

When CCIP is used, the most impactful dam in absolute numbers is
Santarem, in the lower Tagus River basin, which isolates sections with
critically endangered endemic fishes (Fig. 3). This dam does not appear
among the most impacting dams of the Tagus River basin according to
DCIP (Table 3). Pignatelli and Mequinenza are the two most impacting
dams of the Ebro River basin according to both DCIP and CCIP. Alcalá
del Río, Alqueva and José Bautista are also the most impacting dams in
their river basins according to both indices (Tables 3 and 4). However,
the two most impacting dams in the Duero River basin are different
from DCIP to CCIP. The complete lists of dams ranked by impact can be
found in the Supplementary Data 3.

4. Discussion

Numerous river basin connectivity indices have been developed
over the last two decades to help understand the impacts of river
fragmentation by dams and other obstacles (Kemp and O’Hanley, 2010;
McKay et al., 2017). In this paper, a connectivity index (DCIP) to ana-
lyse the structural connectivity of river basins for potamodromous
fishes was modified to develop a new connectivity index (CCIP) that
considers the conservation value of river segments for freshwater fish
species. This new index should highlight dams impacting important
conservation areas for freshwater fish species and, thus, aid in dam
mitigation prioritization decisions. At the same time, we analysed the
connectivity of the eight main river basins of the Iberian Peninsula.

According to our results, CCIP is always slightly higher than DCIP

except in the Guadiana and Júcar River basins. This may be due to the
presence of segments not suitable for any fish species resulting from the
habitat suitability models fitted. However, it may also indicate that
Guadiana and Júcar dams are in river stretches with high Conservation
Interest values (Fig. 3). Other river basins, such as the Ebro or Duero
(that contain fish species in all segments), may have a higher CCIP than
DCIP due to the presence of numerous dams in headstreams where the
Biodiversity Index is lower (Figs. 1 and 3).

The contribution of each section to the total river basin index
changes between the two indices as does the importance of each dam
for connectivity (Tables 3 and 4). The presence of many of the same
dams among the most impactful of each river basin when using both
indices may indicate that the effect of the Conservation Interest added
to the index might not be strong enough to completely offset the effect
of river section length in the connectivity index outcome. However,
some dams appear in the CCIP list due to the high Conservation Interest
of their locations only (Table 4). This is especially true for the lower
Tagus River basin, home to endangered and rare endemic fish species
such as Iberochondrostoma olisiponensis or I. lusitanicum. The high con-
servation value of this area (Fig. 3) makes the Santarem dam the most
impactful obstacle of the Tagus River basin when CCIP is used (Table 4).
The Tagus River connectivity increases 4.32 points when the Santarem
dam is removed according to CCIP. However, using DCIP, the Tagus
River connectivity increases only 0.34 points when the Santarem dam is
removed (Supplementary Data 3). This indicates that the Conservation
Interest of this area is high enough to compensate for the short river
length of the section. There are numerous other dams in a similar si-
tuation (Pocinho, etc., Supplementary Data 3). Following these results,
we think that this new connectivity index (CCIP) effectively emphasizes
river sections with a high conservation value.

However, there are a few drawbacks to this study. The most im-
portant one is the use of habitat suitability models with a binary out-
come as a previous step to Biodiversity Index calculation. Habitat
suitability models allow the creation of potential habitat maps at small
scales. However, the accuracy of the results depends on numerous
factors (Guisan et al., 2017). The first one is the quantity and quality of
presence and absence data. The fish sampling data used to build the
models were collected from thousands of different projects and re-
searchers scattered randomly across the Iberian Peninsula. Some rare
species were under-sampled, and others may not be well represented
across their whole distribution area, skewing the result of the habitat
suitability models. Generalist species are also more difficult to model
(Gu and Swihart, 2004; Hortal et al., 2008; Meynard and Quinn, 2007).
Spatial autocorrelation may also be an issue, although we tried to re-
duce its impact by removing presence points that were too close to each
other (Araújo and Guisan, 2017; Meynard and Quinn, 2007). Ensemble
models were created to soften the differences between models, as there
is not an ideal modelling method for all circumstances (Segurado and
Araújo, 2004). The ensemble model area under the curve (AUC) was
high in all cases (> 0.8), but that only means the models correctly
discriminate presences from absences (Lobo et al., 2008). Moreover, the
conversion of the continuous habitat suitability to binary (suitable/non-
suitable) categories simplifies the calculation of the connectivity index,
but it is also a source for error because it uses a threshold to transform
the model, and no threshold selection method is perfect. The method
used here (maximizing the true skill statistic, TSS) may overestimate
rare species (Freeman and Moisen, 2008). Furthermore, as explained in
the Methods section, some species could not be modelled so their ha-
bitat suitability maps were performed selecting river segments with
occurrences according to the available literature. These maps have their
own sources of errors, different from the habitat suitability models,
which need to be considered when making decisions at the local scale.
On the other hand, fishes may live in less-than-ideal environmental
situations, so binary suitability models could underrepresent the po-
tential habitat for some fish species. However, this is not a shortcoming
of the CCIP, but a problem with the examples used to calculate it, as

Table 2
DCIP and CCIP results for the analysed river basins, with the number of sections,
mean length and total river basin length.

River basin Number
of
sections

Section
mean
length
(km)

Basin
length
(km)

DCIP (%) CCIP (%) Number
of
species

Ebro 168 95.0 15,958.5 6.28 7.33 12
Duero 159 118.2 18,777.9 3.49 8.03 11
Tagus 207 63.7 13,181.3 3.76 8.67 18
Guadiana 131 97.5 12,778.7 8.41 7.57 11
Guadalquivir 99 105.5 10,446.1 7.05 9.88 10
Miño 63 50.0 3150.5 9.71 11.50 5
Júcar 18 228.4 4111.8 19.94 17.89 9
Segura 37 74.3 2748.2 7.16 7.97 4
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there were not accurate species distribution maps for the analysed river
basins at the required spatial scale. For areas with adequate species
distribution maps, the CCIP should not present this source of error.

Another problem is the presence of intermittent and seasonal
Mediterranean rivers, which are not distinguished in the river segment
layers used to create the habitat suitability models. Some rivers that
appear suitable for a fish species may be dry for a variable part of the
year, making fish presence impermanent or even impossible. As inter-
mittent rivers are by nature disconnected during a variable time of the

year, the fragmentation caused by dams measured in this study may be
overestimated. This special type of river should require additional site-
specific connectivity assessments to ensure more accurate dam frag-
mentation analyses.

This is the first large-scale assessment of river basin connectivity in
the Iberian Peninsula. This study puts numbers to a widely recognized
but understudied impact, showing the severity of dam fragmentation of
the largest Iberian river basins. Seven out of eight of the Iberian River
systems studied have an average of ~ 1 large dam or more per 100 km

Fig. 3. Studied river basins with coloured river sections between dams. The differences between connectivity values using a) the DCIP and b) the CCIP can be seen for
both river sections and dams. The value assigned to each section varies from DCIP to CCIP, with CCIP increasing the value of smaller river sections (green lines) with a
higher Biodiversity Index and decreasing the value assigned to large river sections with lower Biodiversity Index (orange and red lines). The value assigned to each
dam varies in the same way, with more value given to dams located between river sections with high Biodiversity Index when using CCIP. In color.
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of stream and most river basins have DCIP and CCIP values of 10% or
less (Table 3). This high degree of fragmentation may be crucial for
numerous Iberian fish populations in the long term (Morita et al., 2009;
Morita and Yamamoto, 2002). It must be considered that river frag-
mentation is a “recent” impact (few decades old), so population ex-
tirpations of potamodromous fish species due to genetic and stochastic
events may not have been manifested yet (Olden et al., 2010). This
delayed extinction is called “extinction debt” and refers to lagged po-
pulation extirpation as populations reach a new ecological equilibrium
following an impact (MacArthur & Wilson 1967; Ewers & Didham 2006;
Kuussaari et al. 2009). The CCIP developed in this study appears to be
effective in highlighting the most impacted river sections according to
their length and conservation value, despite the shortcomings of the
methodology described above.

It also must be mentioned that there are thousands of small dams
and weirs in the Iberian Peninsula, many of them not mapped. For
example, there are> 3000 small obstacles on the Spanish side of the
Duero River basin and almost 2000 in the Ebro River basin (Rodeles
et al., 2017). Together, these small obstacles may have very similar
effects on connectivity as the larger dams. As a result, river basin

connectivity is likely to be much lower than what was shown by DCIP
and CCIP. Management and conservation plans at smaller scales should
consider the presence of these small obstacles in river connectivity
calculation.

Moreover, DCIP and CCIP only assess the structural river con-
nectivity (the connectivity between the structural elements of the river
basin, i.e. river segments), not the functional connectivity (the con-
nectivity due to the transfer of organisms between the segments). The
migration capacity between populations of the different fish species
analysed in this study is not considered as it is beyond the scope of the
CCIP.

The CCIP adds a new dimension to the study of river connectivity
because it models the effects of fragmentation for valuable areas for the
conservation of freshwater fishes. This allows the union of river con-
servation management with river connectivity. River connectivity and
ecological value must be assessed together to achieve efficient river
area conservation (Hermoso et al., 2017, 2012). It is also necessary to
remember that connectivity indices do not assess other profound dam
impacts, such as erosion, lack of sediment and nutrient transport, the
facilitation of exotic species invasions or hydrological regime changes,
which have to be considered in river conservation plans (Clavero and
Hermoso, 2011; Liermann et al., 2012; Timpe and Kaplan, 2017).
However, we hope this first step in the joint study of connectivity and
conservation will contribute to the understanding of river fragmenta-
tion effects and will help in the development of methods for con-
servation area prioritization.

5. Data statement

R code developed for the calculation of DCI and DCI will be avail-
able in Supplementary Data 2 file, as well as the results of dam prior-
itization calculations. Presence/absence data used to create habitat
suitability models belong to the SIBIC and are available under request
to sibic@sibic.org and can be visualized at http://www.cartapiscico-
la.es/#/home.
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