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a  b  s  t  r  a  c  t

Loss  of  natural  river  network  connectivity  is  presumed  to be  one  of  the  more  generalized  and  important
human-induced  alterations  in  natural  environments  and  is  frequently  perceived  as  one  of  the  main  causes
of the  decline  of  freshwater  fish  species.

The purpose  of  the  present  study  was  to ascertain  the impact  of  barriers  on  the  distribution  of  freshwater
fish  species  with  distinct  life  histories.  In this  study  196  sites  in  three  river  basins  in  Western  Iberia were
sampled  and  analyzed  for  the  presence  of  barriers.  Three  alternative  analytical  approaches  based  on
Generalized  Linear  Models  (GLM)  were  used  to  test  the  contribution  of  connectivity-related  variables  to
species distribution:  (1)  explore  whether  connectivity-related  variables  are  included  in the best-fitting
distribution  models;  (2)  use  models  calibrated  at non-disturbed  sites  to  compute  deviations  from  model
predictions  made  at sites  with  connectivity-related  disturbances;  and  (3)  use  a hierarchical  partitioning
approach,  in  which  the  improvement  of model  fit due  to the  inclusion  of  connectivity  as  a  predictor
variable  is  assessed  using  all possible  variable  combinations.

The  results  indicate  a  general  lack  of influence  of  barriers  on  freshwater  fish  species  distributions.
The  effects  of  environment  and  human  pressures  exceeded  the isolated  effect  of connectivity  losses.
Further  studies  based  on  experimental  designs  that  are  more  specifically  directed  at this  specific  issue are
needed  in order  to  fully  understand  the effects  of barriers  on  species  and  communities.  A more  thorough
assessment  of  the  effects  of connectivity  on  fish  is  crucial  to  the  implementation  of  adequate  restoration
actions  that  are  in turn  needed  to achieve  the  goals  of the European  Water  Framework  Directive.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Connectivity – or more precisely, isolation (Moilanen and
Nieminen, 2002) – is considered to be one of the primary factors
that influence the distribution of species (MacArthur and Wilson,
1967; Levin, 1974; Merriam, 1984; Fahrig and Merriam, 1985). In
riverine environments a single barrier immediately isolates con-
tiguous river segments (Jager et al., 2001). The increasing demand
for water supplies and the lurking threat of climatic changes are
driving the construction of hydraulic structures for water reten-
tion, such as dams and weirs. This construction has accelerated
over the last 50 years (ICOLD, 1998; Ward et al., 1999), resulting
in reduced connectivity and the loss of successional trajectories in
watercourses (Ward and Stanford, 1995; Ward et al., 1999). Such
habitat alteration is hazardous, as the associated modification of
the natural flow alters the environmental triggers for fish migration
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(Mallen-Cooper, 1995). These habitat transformations frequently
favor generalist species, such as the exotic species in Mediterranean
rivers, which are more adapted to the lentic environments (Vila-
Gispert et al., 2005) created by barriers.

The concept of longitudinal connectivity is based on the river
continuum concept postulated by Vannote et al. (1980),  and is
related to the habitat fragmentation theory (Andrèn et al., 1985;
Wilcove et al., 1986; Dickman, 1987; Noss and Csuti, 1997) and
the concept of ecological corridors (Forman and Godron, 1986).
Connectivity can be defined as a functional “exchange pathway of
matter, energy and organisms” (Ward and Stanford, 1995) or, from
a hydrological perspective, as a “water mediated transfer of matter,
energy and/or organisms within or between elements of the hydro-
logic cycle” (Pringle, 2003) that acts at both regional and global
scales. Connectivity is comprising of four dimensions: longitudi-
nal, vertical, lateral, and temporal (Ward, 1989; Brunke and Gonser,
1997; Tockner et al., 1998). However, longitudinal connectivity is
regarded as the most important connectivity dimension for fresh-
water fish species, because it allows upstream and downstream fish
migration cycles to occur (Lucas and Baras, 2001).

Barriers such as weirs and dams interrupt longitudinal con-
nectivity and promote species isolation (Falke and Gido, 2006),
presumably thus affecting fish movements for reproduction, feed-
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ing and habitat colonization purposes, with potential genetic
impoverishment and loss of population fractions, while possibly
promoting the spread of alien fauna. Even small obstacles can
have a significant effect on flow, temperature regime, movement
of animals and habitat quality (Larinier, 2001), thereby potentially
altering the natural distributions of fish species.

For the species with an ecological obligation to undertake repro-
ductive migrations, the maintenance of longitudinal connectivity
in riverine systems is reported to be of paramount importance
(Jungwirth et al., 1998; Lasne et al., 2007), especially for the long-
distance migratory species that migrate between the marine and
freshwater environments. The effect of barriers on the decline of
populations of these groups is well documented (Jungwirth et al.,
1998; Lasne et al., 2007). However, evidence for barrier effects in
non-diadromous species is much harder to understand and less
well documented (Lucas and Batley, 1997), especially in cases in
which other human pressures are also affecting fish populations.

The Iberian region poses another interesting problem with
regard to the effects of connectivity loss. River systems present
a large flow variability and tend to naturally present less con-
nectivity for extended parts of the year. Mediterranean species
ought therefore to display adaptations to this natural variability,
through higher population resilience and behavioral mechanisms –
for example, the urge for a rapid colonization of upstream segments
when temporal windows enable the river to be connected. Still, the
most common and abundant native species in Iberian freshwater
systems – the potamodromous cyprinids that perform reproduc-
tive migrations within rivers – ought nonetheless to be affected by
the multiple barriers built along the systems. These species have
been the object of much less study, and knowledge of their migra-
tion ecology and their ability to negotiate obstacles is scarce (Lucas
and Batley, 1997).

The Water Framework Directive (WFD, 2000) was  launched by
the EU with the basic goal of ensuring that all the various types
of body of water attain a good ecological status. Ecological sta-
tus before and after restoration is primarily classified in terms of
biological quality elements, complemented by abiotic and hydro-
geomorphological elements that include river connectivity (Mader
and Maier, 2008), which is often viewed as a priority (Roni et al.,
2002; Mader and Maier, 2008). However, it is necessary to incor-
porate statistical uncertainty into the ecological classifications and
this requires reliable responses of species and communities to spe-
cific pressures. One important question is whether we  are able
to describe sufficiently robust responses in order to use them as
guidelines for the restoration of river connectivity.

The present study used empirical data on species presence and
absence to look at the distribution of fish species in three Por-
tuguese river basins. The effects of barriers were quantified and the
influence of covariables controlled by applying several Generalized
Linear Modeling (GLM) techniques. The following questions were
asked: (i) are distributions of potamodromous species negatively
associated with the number of upstream or downstream barriers?
(ii) are distributions of exotic species positively associated with the
number of upstream or downstream barriers? and (iii) are distribu-
tions of resident species associated with the number of upstream
or downstream barriers?

2. Methods

The present study assumes an underlying premise that species
with different life histories are affected in different ways by con-
nectivity losses. In theory, species that are more adapted to lotic
environments are negatively affected by transversal obstacles,
while conversely lentic fish species are promoted by such alter-

Fig. 1. Location of the 196 sampling points in the three river basins (Tagus, Mon-
dego, and Vouga) in central Portugal.

ations. The seven studied species were ubiquitous to the three
sampled basins and present in at least 15 of the 196 considered
sites. Two of the species are potamodromous (the Iberian barbel
Luciobarbus bocagei, and the Iberian straight-mouth nase Pseudo-
chondrostoma polylepis), two  are sedentary (the Calandino Squalius
alburnoides, and the Southern Iberian spined-loach Cobitis palu-
dica), and three are exotic (the mosquito fish Gambusia holbrooki,
the pumpkinseed sunfish Lepomis gibbosus, and the Pyrenean gud-
geon Gobio lozanoi).

2.1. Study area

The study area is comprising of three river basins – the Tagus,
Mondego, and Vouga – in central Portugal (Fig. 1), all of which flow
westwards to the Atlantic Ocean. This area includes a large assort-
ment of landscapes, ranging from mountains to coastal lowlands.
The Tagus is the longest Iberian river (700 km), originates in Central
Spain, and its basin covers an area of 24,800 km2 in Portuguese ter-
ritory. The Mondego (227 km), which lies to the north of the Tagus,
is the largest river that runs exclusively in Portuguese territory,
where its basin covers an area of 6670 km2. The Vouga catchment
(136 km)  is the smallest and northernmost of the three sampled
river basins, with an area of 3600 km2 (INAG, I.P.).

2.2. Fish sampling

A total of 196 sites in the three studied basins were sampled
between 1996 and 2006. The sampling was  performed using elec-
trofishing, which is the least biased method for sampling stream
fish (Cowx, 1989) and was similar to the ones defined by the
protocol adopted by the European Committee for Standardization
(CEN norm 14011, March 2003). The field sampling team moved
upstream in a zigzag pattern, thus ensuring that all habitats were
covered by the sampling procedure. Fish were collected using a
dip net and were promptly placed in a container filled with river
water. After the sampling all the fish were counted, identified to
the species level and returned to the river alive.

2.3. Environmental and pressure variables

Twelve variables describing the natural environmental gradient
were compiled for each site (EU project EFI+, see documentation at:

dx.doi.org/10.1016/j.ecoleng.2011.05.008


Please cite this article in press as: Branco, P., et al., Does longitudinal connectivity loss affect the distribution of freshwater fish? Ecol. Eng. (2011),
doi:10.1016/j.ecoleng.2011.05.008

ARTICLE IN PRESSG Model

ECOENG-1962; No. of Pages 9

P. Branco et al. / Ecological Engineering xxx (2011) xxx– xxx 3

Table 1
Pressure variables and classification scheme. “No” means that no pressure of that kind was  recorded. Parenthesised values state the score given to each of the pressure
variable’s classification class.

Pressure type Single pressure variables Score

Connectivity Number of barriers upstream or downstream
in the river segment (2 separate variables)
(Barriers Up and Barriers Down)

No barrier (1)
1 km segments = 1 (3), >1 (4)
5 km segments " 2 (3), >2 (4)
10 km segments " 3 (3), >3 (4)

Hydrology Impoundment No (1), weak (3), strong (5)
Hydropeaking No (1), partial (3), yes (4)
Water abstraction No (1), weak (3), strong (5)
Hydrological modifications No (1), yes (3)

Morphology Channelization No (1), intermediate (3), straightened (5)
U-shaped cross section No (1), intermediate (3), yes (5)
Instream habitat alterations No (1), slight (2), high (5)
Riparian vegetation alteration No (1), local (2), intermediate (3), high (5)
Embankment No (1), continuous permeable (3), continuous impermeable (5)
Flood  protection No (1), yes (3)
Former floodplain No (1), yes (3)
Sedimentation No (1), low (3), intermediate (4), strong (5)

Water  quality Toxic substances No (1), Intermediate (3), high (5)
Eutrophication No (1), low (3), intermediate (4), extreme (5)
Organic pollution No (1), weak (3), strong (5)
Organic siltation No (1), yes (3)
Water Quality Index Score 1 (good quality) – 5 (poor quality)

http://efi-plus.boku.ac.at/download.htm).  They were comprised of
three climatic (mean total annual precipitation on the catch-
ment, local mean temperature in July, local difference between
mean January and July temperature), three topographical (mean
catchment altitude, local altitude, river slope), and one geolog-
ical (natural sediment) variable, and five variables directly or
indirectly related to river geomorphology (geomorphologic river
type, valley form, floodplain extent, distance to source, catch-
ment area). The climatic, topographical and geological variables
were derived from the CCM2 European River Network (Vogt
et al., 2007) using the ArcGis 9.3 software (ESRI). Geomorpho-
logic river type, floodplain extent, and valley form were recorded
during the field work (EU project EFI+, see documentation at:
http://efi-plus.boku.ac.at/download.htm). Some of this informa-
tion was complemented by a visual analysis of sites on Google Earth
(Google Inc.). River slope, distance to source, and catchment area
were log-transformed.

Each set of variables except natural sediment, river slope, and
mean total annual precipitation on the catchment was summarized
into a reduced number of dimensions using the axis scores of a
Principal Component Analysis (PCA). For climatic and topograph-
ical variables only the scores of the first axis were used, because
this axis explained a large percentage of total variance (86% for
both variables). In the case of geomorphology, a special kind of
PCA – the Hill–Smith ordination (Hill and Smith, 1976) – was used
because it permits the inclusion of mixed-type variables (quantita-
tive, factor, and ordered) in the analysis. In this case, the scores of
the two first axes were used. This ordination was computed with
the dudi.mix function (Dray and Dufour, 2007) from the Ade4 pack-
age (Thioulouse et al., 1997) for R version 2.9.1 (R Development
Core Team 2009).

Connectivity-related variables were derived from aerial
imagery (Google Earth, Google Inc.) through visual assessment
of river stretches up and downstream from the sampling sites,
by registering all the apparently insurmountable barriers in the
river channel (Table 1). The length of each inspected river segment
varied according to the catchment size upstream of the sampling
site. Segments of 1, 5, and 10 km were considered when catchment
sites were respectively less than 100 km2, from 100 to 1000 km2,
and greater than 1000 km2. Connectivity reference sites were

considered to be those without any influence from barriers, up or
downstream, in the selected segment.

In addition to connectivity-related variables, seventeen human-
induced pressure variables related to alterations in hydrology,
morphology, and water quality (EFI+, see documentation at:
http://efi-plus.boku.ac.at/download.htm) were also considered
and assigned to different categories (Table 1). These variables were
assessed using on-site measurements, expert judgment and satel-
lite imagery from Google Earth (Google Inc.). Each set of human
pressure variables except connectivity-related variables was then
summarized into one dimension using the first axis scores of a
Multivariate Correspondence Analysis (MCA).

2.4. Data analysis

Analyses were based on species presence–absence data because
abundance is more susceptible to seasonal and annual variations,
especially in the case of Mediterranean rivers (Magalhães et al.,
2007; Hermoso et al., 2009). Furthermore, the sampling effort was
not constant among sites and this could introduce additional bias
into some statistical analyses. Three alternative approaches based
on Generalized Linear Models (GLM), assuming a binomial dis-
tribution of errors and a logit link function (logistic regression),
were used to quantify the contribution of connectivity-related vari-
ables to each species occurrence. In a first approach the effect of
the number of upstream and downstream barriers was  tested in
conjunction with the available environmental and pressure vari-
ables using two alternative model selection procedures based on
Akaike’s information criterion (AIC; Akaike, 1973): a stepwise vari-
able selection and an information-theoretical approach based on
the computation of AIC weights (Burnham and Anderson, 2002).
The stepwise selection procedure was  comprised of two steps:
(1) a first model selection based exclusively on environmental
variables; and (2) a second model selection based on pressure
variables (including connectivity-related variables), in which the
environmental variables selected in the first step were retained
in the second step. The information-theoretical procedure was
based on 66 candidate models that were selected following the
criteria of both biological significance and non-redundancy of vari-
ables. In a second step, candidate models were compared using AIC
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weights and the final model was selected. The AIC weights sum to
1 for all candidate models and can be defined as the probability
that the model would be selected as the best-fitting model if the
data were collected again under identical circumstances (Burnham
and Anderson, 2002). For both model selection procedures, if the
connectivity-related variables were retained in the final model, it
was assumed that they affected fish occurrence.

A second approach was based on deviations from expected
occurrences at sites affected by upstream or/and downstream bar-
riers, using predictive models. This approach was  comprised of
two steps: (1) adjustment of a GLM for connectivity reference
sites using environmental and pressure variables, excluding those
related to connectivity; (2) computation of the observed minus the
expected values (residuals) for the whole set of sites; and (3) assess-
ment and testing for differences in the residuals between reference
and non-reference sites. Model selection was based on the same
procedures as those used in the first approach (see previous para-
graph), except that only 33 candidate models were considered for
the information-theoretical procedure. If the residuals from non-
reference sites were significantly more negative than those from
reference sites, this would indicate that species tended to be absent
from sites affected by upstream or/and downstream barriers, when
the model predicted their presence.

A third approach was based on partition techniques and
involved estimating the independent contribution of pressure
variables to statistical models for species distribution. With this
approach it was assumed that the effects of connectivity loss
were proportional to the percentage of variation in species data
explained exclusively by the number of upstream and/or down-
stream barriers. A hierarchical partitioning approach was used
to quantify the independent (i.e. controlling for natural envi-
ronmental and other pressure co-variability) contribution of the
connectivity-related variables to the occurrence of each species.
Hierarchical partitioning involved the computation of the increase
in the fit of GLM with a particular predictor compared to the equiv-
alent model without that variable, and averaging the improvement
in the fit across all possible models (i.e. considering all possi-
ble variable combinations) with that predictor (for more details
see MacNally, 2002; Quinn and Keough, 2002). As a result, for
each independent variable, hierarchical partitioning provided an
estimate of both the independent contribution and the contribu-
tion that was shared with all remaining variables (Chevan and
Sutherland, 1991).

All statistical analyses were performed with R software version
2.9.1 (R Development Core Team 2009).

3. Results

3.1. Potamodromous species

Variable stepwise selection through AIC did not select any
connectivity-related variable for L. bocagei but, with a positive
contribution, it did select the presence of barriers downstream
(Barriers Down) for P. polylepis (Table 2). Model selection through
AIC weights gave similar results, but the model selected for the
nase included the variables for both barriers (Barriers Up and Bar-
riers Down) with a positive relationship with the distribution of the
species (Table 3). The analysis based on residuals showed that there
were no significant differences (Mann–Whitney U-tests, P > 0.05)
among reference and non-reference sites (connectivity wise) in the
residual values for either L. bocagei or P. polylepis (Tables 4 and 5).
The results of the analysis based on hierarchical variation partition-
ing (Fig. 2) showed that the most important variables when it came

Fig. 2. Pure contribution of each environmental variable to the percentage of
explained variation of each species distribution using a Hierarchical Variation Parti-
tioning technique. 1 – Geomorphology1, 2 – Geomorphology2, 3 – Slope, 4 – Natural
Sediment, 5 – Precipitation, 6 – Altitude, 7 – Temperature, 8 – Morphology, 9 –
Hydrology, 10 – Water Quality, 11 – Barriers Up, 12 – Barriers Down.

to explaining the variation for these two species did not include the
connectivity variables.

3.2. Resident species

For C. paludica, no connectivity-related variables were chosen
with the AIC criteria (Table 2), nor was  any present in the best
(i.e. the most parsimonious) model found through AIC weights
(Table 3). Conversely, the presence of barriers downstream (Barri-
ers Down) was chosen by the AIC stepwise selection for inclusion
in the model for the distribution of S. alburnoides, with a posi-
tive contribution in the model. The most parsimonious model for
this species, which was  chosen by AIC weights, not only included
the variable Barriers Down with a positive contribution, but also
the Barriers Up variable, in this case with a negative contribution.

dx.doi.org/10.1016/j.ecoleng.2011.05.008
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Table 2
Species’ best model chosen through STEP.AIC variable selection. Each variable is represented with its contribution to the model.

Species Variables selected in the model (with each variable’s contribution)

Potamodromous species
Luciobarbus bocagei Slope (#), Precipitation (+), Hidrology (+), Water Quality (#)
Pseudochondrostoma polylepis Geomorphology1 (#), Slope (#), Temperature (+), Natural Sediment (+), Precipitation (+), Hidrology (+), Water Quality (-),

Barriers Down (+)
Resident species

Cobitis paludica Slope (#), Precipitation (#), Temperature (#), Morphology (+), Water Quality (#)
Squalius alburnoides Slope (#), Natural Sediment (+), Temperature (+), Water Quality (#), Barriers Down (+)

Exotic species
Gambusia holbrooki Geomorphology1 (#), Geomorphology2 (#), Slope (#), Altitude (#), Temperature (+), Morphology (+)
Lepomis gibbosus Geomorph1 (#), Geomorph2 (#), Slope (#), Precipitation (+)
Gobio lozanoi Geomorph1 (#), Geomorph2 (#), Altitude (#), Precipitation (+)

Note: Temperature variable corresponds to the scores of the first axis of a PCA using local mean temperature in July and local difference between mean January and July
temperature. Altitude variable corresponds to the scores of the first axis of a PCA using mean catchment altitude and local altitude. Geomorphology1 and Geomorphology2
variables correspond to the two  first axis of and Hill–Smith ordination PCA using geomorphologic river type, valley form, floodplain extent, distance to source and catchment
area.  Hydrology, Morphology and Water Quality each represents the first axis of a MCA  using human induced pressure variables present in Table 1.

Table 3
Species’ most parsimonious model chosen through AIC Weights criterion, from an a priori 66 model batch. Each variable is represented with its contribution to the model.

Species Variables selected in the model (with each variable’s contribution)

Potamodromous species
Luciobarbus bocagei Slope (#), Natural Sediment (+), Temperature (+), Hidrology (+), Morphology (+)
Pseudochondrostoma polylepis Slope (#), Natural Sediment (+), Temperature (+), Hidrology (+), Water Quality (#), Barriers Up (+), Barriers Down (+)

Resident species
Cobitis paludica Geomorphology1 (+), Geomorphology2 (+), Precipitation (#), Temperature (#), Morphology (+)
Squalius alburnoides Geomorphology1 (#), Geomorphology2 (#), Natural Sediment (+), Precipitation (#), Temperature (+), Water Quality (#),

Barriers Up (#), Barriers Down (+)
Exotic species

Gambusia holbrooki Geomorphology1 (#), Geomorphology2 (#), Natural Sediment (#), Precipitation (#), Temperature (+), Morphology (+),
Water Quality (+), Barriers Up (#), Barriers Down (+)

Lepomis gibbosus Geomorphology1 (#), Geomorphology2 (#), Precipitation (#), Temperature (+), Morphology (+), Hidrology (+)
Gobio  lozanoi Altitude (#), Natural Sediment (#), Hidrology (+), Water Quality (#)

Note: Temperature variable corresponds to the scores of the first axis of a PCA using local mean temperature in July and local difference between mean January and July
temperature. Geomorphology1 and Geomorphology2 variables correspond to the two  first axis of and Hill–Smith ordination PCA using geomorphologic river type, valley
form,  floodplain extent, distance to source and catchment area. Hydrology, Morphology and Water Quality each represents the first axis of a MCA  using human induced
pressure variables present in Table 1.

Table 4
Mann–Whitney U-test between the residuals, reference and non-reference sites, of each species’ model, with variables selected through STEP.AIC.

Species Reference Non-reference U P-level

Luciobarbus bocagei 9693.5 9612.5 4440.5 0.372924
Pseudochondrostoma polylepis 9499.0 9807.0 4246.0 0.167201
Cobitis  paludica 10,865.0 8441.0 3976.0 0.039227
Squalius alburnoides 9536.0 9770.0 4283.0 0.197748
Gambusia holbrooki 10,025.0 9281.0 4772.0 0.955779
Lepomis gibbosus 10,167.0 9139.0 4674.0 0.762298
Gobio  lozanoi 10,402.0 8904.0 4439.0 0.370899

When the residuals of connectivity reference sites were compared
with connectivity-impacted sites, no differences were detected for
S. alburnoides (Tables 4 and 5), but a significant difference among
the model residuals of the two site types (Tables 4 and 5) was found
for C. paludica. This difference among sites was corroborated by the

box and whiskers plots, where some differences are visible (Fig. 3).
The hierarchical partitioning of variation for the resident species
showed that the connectivity-related variables are among the least
important variables when it comes to explaining the variation in
the distribution of the species (Fig. 2).

Table 5
Mann–Whitney U-test between the residuals, reference and non-reference sites, of each species’ model selected through AIC Weights criterion.

Species Reference Non-reference U P-level

Luciobarbus bocagei 9805.0 9501.0 4552.0 0.541882
Pseudochondrostoma polylepis 9453.0 9853.0 4200.0 0.134342
Cobitis  paludica 11,100.0 8206.0 3741.0 0.007952
Squalius alburnoides 9536.0 9770.0 4283.0 0.197748
Gambusia holbrooki 10,729.0 8577.0 4112.0 0.085614
Lepomis gibbosus 11,075.0 8231.0 3766.0 0.009567
Gobio  lozanoi 10,916.0 8390.0 3925.0 0.028500

dx.doi.org/10.1016/j.ecoleng.2011.05.008
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Fig. 3. Box and whiskers plots of the residual analysis. NREF – non-reference site, i.e. impacted by barriers; REF – reference site, i.e. not impacted by barriers. On  the y-axis
zero  (0) means no deviation from predicted occurrences, negative (#) values mean that a given species was  absent from a site where it was predicted to be present, positive
values  mean that a given species is present at a site where it was predicted to be absent.

3.3. Exotic species

In accordance with the results of the stepwise AIC method
(Table 2), no variables related with connectivity were selected in
the models for the three exotic species (G. holbrooki, L. gibbosus, and
G. lozanoi). Only the model for the L. gibbosus that was  most par-
simonious by AIC weights included the presence of both barriers
upstream (Barriers Up) and barriers downstream (Barriers Down),
with a negative and a positive contribution, respectively (Table 3).
The analysis of residuals with variables selected through STEP.AIC
showed that there were no differences among the model residu-
als of the reference and the impacted sites (Mann–Whitney U-test;
Table 4). The residual analysis with the model selected using the
AIC Weights criterion detected differences among the model resid-
uals of the reference and the impacted sites for both L. gibbosus
and G. lozanoi (Mann–Whitney U-test; Table 5; Fig. 3). Finally, the
hierarchical variation partitioning indicated that the connectivity
variables were the least important when it came to explaining the
distribution of the exotic fish species (Fig. 2).

4. Discussion

River connectivity is commonly referred to in the literature as
being one of, if not the most important variable for consideration
when studying freshwater systems (e.g. Cowx and Welcome, 1998;
Roni et al., 2002; Kondolf et al., 2006; Rahel, 2007). The connec-
tivity of rivers is based on four dimensions (Ward, 1989), but in
many parts of the river system the longitudinal component is the
most important for freshwater fish species. Unlike other studies,
ours particularly attempts to quantify the importance of longitu-
dinal connectivity, based on distinct analytical techniques. Models
are simplifications of the ecological reality, and as such, inevitably
suffer from limitations. Using more than one model can cross-
corroborate or question the results obtained – something that does
not happen in the usual approach involving a single data treatment
(Segurado and Araújo, 2004). The extensive sampling period, the
seasonal and annual fluctuations in the numbers of the different
species in Mediterranean rivers and the different sampling efforts
among sites required the use of presence-absence data (Magalhães
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et al., 2007; Hermoso et al., 2009) to minimize statistical errors and
unweighted sampling.

Results show that tracing the effects of longitudinal connec-
tivity losses in Mediterranean freshwater fish species is a difficult
endeavor. None of the methodologies used to determine the distri-
bution of the Iberian barbel – a species with a potamodromous life
history, which ought supposedly to be negatively affected by con-
nectivity loss – present a traceable impact caused by transversal
barriers. The influence of the barrier variables was only detected
for the nase. They were selected as part of the most parsimonious
model for this species’ distribution. Furthermore, hierarchical vari-
ation partitioning showed that the most important variables when
it comes to explaining the distribution of both these potamodro-
mous species do not include connectivity variables. The results
of the residual analysis show that the influence of barriers was
not significant, which means that deviations from the expected
probabilities of occurrence did not differ among reference and non-
reference sites. These findings contradict the general postulations
made for potamodromous species (e.g. Cote et al., 2009; Fullerton
et al., 2010).

Due to the fragmentation of their populations, it is also expected
that sedentary native species will be negatively influenced by con-
nectivity losses, albeit to a lesser extent than potamodromous
species. In general, the distinct techniques used yielded results that
were similar to those of earlier studies, though the residual analysis
(Mann–Whitney) of the C. paludica showed significant differences,
which are noticeable on the box plots comparing the residuals of
reference and impacted sites. However, the other methodologies
adopted showed opposite trends. The composition of S. alburnoides
distribution models included barrier variables, but the residual
analysis and the variation partitioning demonstrated that these
variables are not important to an explanation of the species distri-
bution, or to altering the predictability of the models. For species
with a limited home range, connectivity loss should have less effect
on species occurrence than local habitat conditions.

Exotic species were expected to be positively impacted by lack
of connectivity, because the new lentic habitats created along the
river act as population sources (Adams et al., 2001; Fukushima et al.,
2007; Spens et al., 2007) and flow regulation associated with bar-
riers usually prevents the winter flashing flows that are typical of
Mediterranean areas and are assumed to be deleterious to these
species. However, the results show that the distribution of the three
exotic species studied is not amplified by barriers. Barrier variables
were present in the most parsimonious model for G. holbrooki dis-
tribution, and the residual analysis with model selection through
the AIC Weights criterion pointed to the influence of barriers on
the distribution of L. gibbosus and G. lozanoi.  However, hierarchical
variation partitioning and residual analysis with variable selection
through stepwise selection did not reveal any influence of connec-
tivity on fish distributions. In fact, these were the least important
variables when it came to explaining exotic fish distribution. G.
lozanoi is a translocated Iberian species and may  be well adapted
to summer disconnectivity, while L. gibbosus is highly dependent
on local habitat conditions and a certain degree of organic pollu-
tion (Fox et al., 2007) and is known to prefer lentic-like conditions.
This is a highly tolerant and opportunistic species with regard to
both feeding and habitat preferences, and is likely to be able to sur-
vive most conditions, particularly as a result of the development of
population ecomorphs (Vila-Gispert et al., 2007).

In the present study the effect of environment and of other
pressures exceeded the isolated effect of connectivity. Most of
the barriers we analyzed produce low-depth lentic environments,
which make it possible to maintain a certain degree of habitat het-
erogeneity. This may  reflect or mimic  natural variability in habitat
and/or food availability, thereby explaining the resilience of the

studied sites (Santos et al., 2006) in terms of non-significant differ-
ences in fish species distributions.

Nevertheless, these results could have been limited/hampered
to some extent by a number of factors. The lack of historical data
on the species distribution prior to barrier construction precluded
a temporal analysis of the data and obliged us to adopt a spatial
treatment. Even if it is systematic and always conducted by the
same operator, the detection of barriers through airborne imagery
is in itself liable to produce errors due to image resolution and to a
variable shade effect resulting from different times of day, seasons
and angles of view. The present study did not include a field habitat
survey extensive enough to evaluate the existence of suitable habi-
tats – namely for the reproduction of potamodromous fish species
between barriers – that might limit their need to migrate further
upstream to conclude their life cycle (Santos et al., 2006). Remote
imagery may  be used to map  riffle habitats for spawning in the
future, but this technology is not readily available at the moment.

Barriers of different sizes were pooled together in the present
study. It is reasonable to expect that big barriers, such as dams
and small hydropower plants, will be completely insurmountable,
but the same cannot be assumed for smaller barriers like small
weirs (<2 m).  When water rises to uncommon levels weirs may
be submerged, becoming partly surmountable and ceasing to act
as barriers to fish movements (Ovidio and Phillipart, 2002). Fish
movements are mostly active, but they can also be passive, espe-
cially in the larval and juvenile phases, with drifting movements
able to recolonize downstream segments. This is especially true
during autumn, when river connectivity increases in relation to
small obstacles and flashy flows may  occur. In fact, connectivity
studies focused on potamodromous species ought to incorporate
discharge variability, because it governs the extent to which obsta-
cles are transposable (Fullerton et al., 2010). Connectivity studies in
Mediterranean rivers also need to incorporate the temporal dimen-
sion. Human translocation of fish species has been considered to
be an important factor in some cases (Maitland, 1987). Indeed, the
potamodromous species considered in the present study are appre-
ciated by anglers, as there is no practice of stocking these species
in Portugal.

In the last ten years, the percentage of publications evaluating
connectivity (mostly the impacts of its losses) in ecology-oriented
journals increased from 0.5 to 2.5% (Fullerton et al., 2010). Studies
focused on connectivity disruption assume that the construction
of barriers may cause some populations to be lost, while oth-
ers become more fragmented, with less movement of individuals
between them. In addition to direct impacts on connectivity caused
by physical barriers, hydromodification can also disrupt connectiv-
ity by dewatering habitats or altering thermal regimes (Fullerton
et al., 2010). Many of these studies do not consider connectivity as a
measurable effect, but rather as a condition of testing (e.g. Navarro
et al., 2007; Benejam et al., 2010). Fullerton et al. (2010) propose
that if we  are to improve the understanding of hydrologic connec-
tivity for wide-ranging riverine fish, we need to address the river
structure dimension (type of river network, type of flow regime,
and scale-dependence of the natural connectivity), the temporal
dimension (how boundaries change, how individual species react
to change, how complex and wide-ranging life cycles are), and the
human dimension (intertwined anthropogenic factors and align-
ment of management goals).

Barriers have an effect on the availability to species of suitable
habitats, and many of them also promote flow-regime alteration.
The re-establishment of longitudinal connectivity in river systems
is therefore one of the goals which the WFD  (2000) proposes in
order to obtain a good ecological status (Mader and Maier, 2008). In
the present study we found that obstacles do not significantly alter
species distribution. Other potential effects, such as those on com-
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munity structure, recruitment and abundance, have to be looked at
attentively. In general, these effects may  be detected by the biotic
or multimetric indices that are being used in the ongoing Europe-
wide monitoring of ecological quality, at the community level (see
http://www.wiser.eu/). However, it is apparent from the present
study that more effort should be put into understanding the effects
of connectivity and connectivity loss on freshwater fish species
and communities. There are indicators which suggest that a great
deal of planning and financial effort will be put into river restora-
tion in the coming decades. It is therefore important to ensure a
maximum cost/benefit ratio as ecosystems move towards an eco-
logically healthier status.

Our general results point towards a shift in the way  in which
connectivity is seen in large-scale approaches. At this macro-scale,
barriers may  alter community structure, recruitment and abun-
dance, but given that for some of them the blockage may  be only
intermittent, they do not alter the distribution of fish species.
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