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• A moderate relationship was observed
among indicators of conservation value.
• Protected areas offered limited coverage to imperilled freshwater fauna.
• River tributaries were identiﬁed as native ﬁsh refugees.
• Restoring water quality and the natural
hydrological regime are priority tasks.
• Multiple components of diversity
should be examined in resource management.
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a b s t r a c t
Global freshwater biodiversity is declining at unprecedented rates while non-native species are expanding. Examining diversity patterns across variable river conditions can help develop better management strategies. However, many indicators can be used to determine the conservartion value of aquatic communities, and little is
known of how well they correlate to each other in making diagnostics, including when testing for the efﬁcacy
of protected areas. Using an extensive data set (99,700 km2, n = 530 sites) across protected and unprotected
river reaches in 15 catchments of NE Spain, we examine correlations among 20 indicators of conservation
value of ﬁsh communities, including the beneﬁts they provide to birds and threatened mammals and mussels.
Our results showed that total native ﬁsh abundance or richness correlated reasonably well with many native indicators. However, the lack of a strong congruence led modelling techniques to identify different river attributes
for each indicator of conservation value. Overall, tributaries were identiﬁed as native ﬁsh refugees, and nutrient
pollution, salinization, low water velocity and poor habitat structure as major threats to the native biota. We also
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found that protected areas offered limited coverage to major components of biodiversity, including rarity, threat
and host-parasite relationships, even though values of non-native indicators were notably reduced. In conclusion,
restoring natural hydrological regimes and water chemical status is a priority to stem freshwater biodiversity loss
in this region. A complementary action can be the protection of tributaries, but more studies examining multiple
components of diversity are necessary to fully test their potential as ﬂuvial reserves in Mediterranean climate
areas.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Biodiversity loss is occurring at unprecedented rates driven by global
change (Foley et al., 2005; Halpern et al., 2008; Tittensor et al., 2014). Although global change effects are visible across a wide range of habitats,
freshwater ecosystems are particularly affected (Strayer and Dudgeon,
2010). A good example are Mediterranean rivers, where many endemic
species live and some of them are at the brink of extinction (Smith and
Darwall, 2006; Marr et al., 2010). Human pressure in the Mediterranean
area date back to ancient times when humans settled along main rivers
and began to exploit water and biological resources, including on the
riverbanks (Hooke, 2006). This pressure intensiﬁed with modern civilisations that also diversiﬁed the type of impacts, including emergent pollutants (Petrovic et al., 2011; Kuzmanović et al., 2015) and the release of
non-native species (Leprieur et al., 2008a; Cobo et al., 2010). The situation is expected to worsen due to climate change and human population
growth (Vörösmarty et al., 2010); therefore, conservation of freshwater
diversity and the goods and services they provide to society requires urgent management actions.
Protected areas are considered as a mainstay of biodiversity conservation as well as contributing to human well-being (Gaston et al.,
2008). In rivers, the most effective conservation strategy is proposed
to be framed at the basin scale (Allan et al., 1997; Saunders et al.,
2002; Linke et al., 2012). This framework considers that basins are
biogeographic units (Doadrio, 1988; Reyjol et al., 2007), and that
rivers are linear systems through which major threats to freshwater
diversity such as pollution can easily propagate (Allan et al., 1997;
Nel et al., 2007). Environmental quality standards have been proposed at the basin scale driven by international legislation, such as
EU's River Basin Management Plans (Directive 2000/60/EC). At this
scale, however, a strict protection is unrealistic. It generates many
socio-economic conﬂicts and is logistically unfeasible for large basins
(Saunders et al., 2002); therefore, river reaches need to be prioritised
according to their conservation value (Margules and Usher, 1981;
Filipe et al., 2004; Hermoso et al., 2015). Nevertheless, this raises
the question of which are the best indicators to assess the conservation
value of a community.
Traditionally, conservation priorities have been based on indicators
such as species richness, rarity, and threatened status (Margules and
Usher, 1981). The threatened status is often based on the International
Union for the Conservation of Nature (IUCN) Red List (http://www.
iucnredlist.org/). However, the conservation status of a species can be
unknown or vary across regions due to discrepancies in classiﬁcations;
for example, the river blenny Salaria ﬂuviatilis is listed as least concern
in the IUCN Red list and as endangered in the Spanish Red Data Book
(Doadrio et al., 2011). Therefore, the focus on international criteria can
bias setting conservation priorities at the national level; the target of
most conservation actions since they are more politically than
biogeographically driven (O'Riordan and Stoll-Kleeman, 2002; Battisti
and Fanelli, 2015). Likewise, prioritising rarity to reduce extinction
risk may leave unprotected species with a less restricted distribution,
including species of major importance for other threatened taxa as
food source (e.g. Ruiz-Olmo et al., 2001; Lopes-Lima et al., in press) or
for the functioning of the ﬂuvial ecosystem (Winﬁeld and Townsend,
1991; Flecker et al., 2010). Thus, the ideal conservation action would
be one that secures threatened species while maximising the protection
of species diversity at the basin scale.

Since a major ecological rule is that biodiversity increases with surface area (Lomolino, 2000; but see Allouche et al., 2012), and river size
increases downstream (Strahler, 1964), protecting downstream areas
could maximise the number of species protected at the basin scale.
However, these reaches are usually neighboured by large urban areas
and hence the most disturbed, including the presence of non-native
species (Marchetti et al., 2004; Closs et al., 2015). As biological invasions
pose a signiﬁcant threat to biodiversity and ecosystem services (Vilà et
al., 2009; Simberloff et al., 2013), the presence of non-native species
may jeopardise conservation goals in rivers. Studies examining diversity
patterns help identify hotspots of high conservation value, but also the
mechanisms behind these patterns (Baselga, 2010; Gutiérrez-Cánovas
et al., 2013). For instance, if turnover dominates diversity patterns, it
suggests that stress generates new communities in which tolerant species may replace those sensitive (Baselga, 2010). In contrast, if species
poor sites are a subset of species of those enriched (high degree of
nestedness), it suggests that stress causes a progressive loss of sensitive
species and that conservation efforts may focus on species rich sites
(Baselga, 2010). However, hotspots of native species richness may not
be congruent with rarity or threat (Orme et al., 2005; Collen et al.,
2014), further increasing the complexity of setting conservation targets.
In this study, we examine indicators that can be used to determine
the conservation value of fauna across 15 catchments (99,700 km2) in
the Western Mediterranean area, a world hotspot of biodiversity
(Myers et al., 2000) but also highly prone to biological invasions
(Leprieur et al., 2008a). The selected basins typify common threats to
other Mediterranean-type rivers, including pollution, overharvesting,
hydrological alterations, and riparian removal (Moyle et al., 2011). We
mainly focus on ﬁsh because the distribution of many native species
has markedly declined worldwide (Closs et al., 2015), including in the
study area (Maceda-Veiga et al., 2010). Firstly, we used pair-wise correlations to test whether one indicator of conservation value could act as
surrogate of the others to plan management actions, including measures of ﬁsh species diversity, rarity, and nativeness plus indicators of
conservation value of ﬁsh for other fauna, such as host for freshwater
mussels or prey for mammals and birds. Secondly, we tested whether
current protected areas meet conservation indicators of the aquatic
fauna because they were designed primarily to protect terrestrial taxa
(Filipe et al., 2004; Lawrence et al., 2011; Hermoso et al., 2015). Finally,
we examined relationships between these indicators of conservation
value, and geographical, water and habitat variables to identify the
river attributes in which management policies can act to enhance the
conservation value of ﬁsh communities. These river attributes were further conﬁrmed via a ﬁsh community analysis, which also identiﬁed the
mechanisms behind community variation across rivers and their
conditions.
2. Materials and methods
2.1. Study area
We assembled environmental and ﬁsh data from our own surveys
performed in NE Spain from 2002 to 2009 (Maceda-Veiga et al., 2010;
Maceda-Veiga and De Sostoa, 2011; Figuerola et al., 2012, and unpublished data). Brieﬂy, this data set comprised 530 sampling sites that involved all Catalonian catchments from the Muga to Riudecanyes basins,
plus the complete River Ebro and part of the Garonne basin (Fig. 1). Our
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Fig. 1. Location of the 530 sampling sites surveyed for the current study in NE Spain with protected areas highlighted in green.

data set accounted for all river typologies present in this region in terms
of hydrological alterations, riparian characteristics, geology, water quality and ﬂow. Most of these rivers are small and follow a typical Mediterranean hydrological regime, with severe droughts in summer and
torrential ﬂoods in autumn. Large rivers, however, peak in ﬂow in spring
because of snowmelt. We surveyed in low ﬂow conditions because this
is when ﬁsh populations are more stable and can be properly sampled
using electroﬁshing (see below). Low ﬂow conditions also represent
more intense stressful conditions in Mediterranean rivers (Gasith and
Resh, 1999) and consequently, we could better identify the environmental drivers of ﬁsh fauna.
Sampled ﬁsh included species exclusively found in Iberian rivers
(endemisms), such as the Ebro barbel (Luciobarbus graellsii) and the
Iberian red-ﬁn barbel (Barbus haasi), in addition to some of the world's
worst invasive species, such as the largemouth bass (Micropterus
salmoides) and the common carp (Cyprinus carpio). Only strictly freshwater ﬁsh were included in our analyses with the exception of the critically endangered European eel (Anguilla anguilla). We did not include
brackish species (e.g. mugilids) that mostly occur in coastal lagoons or
river mouths, which are more inﬂuenced by marine than freshwater
conditions.
Other fauna included threatened freshwater mussels that depend on
ﬁsh as host to complete their life cycle (Lopes-Lima et al., in press) and
piscivorous animals, such as the European otter (Lutra lutra) and many
waterbirds, including the common kingﬁsher (Alcedo atthis), the Grey
heron (Ardea cinerea) and cormorants (Phalacrocorax carbo). We did
not survey them but used their potential distribution in our study area
(e.g. Palomo et al., 2007; Lopes-Lima et al., in press; SEO Birdlife,
2012a,b) to estimate the conservation value of ﬁsh for freshwater mussels, mammals and birds.
2.2. Fish survey
We followed an international standardised ﬁsh sampling method
(CEN standards EN 14962 and EN 14011), as driven by the European
Water Framework Directive. Fish were sampled by a single-pass electroﬁshing using a portable unit which generated up to 200 V and 3 A
pulsed D.C in an upstream direction, covering the whole wetted width
of the 100-m long reaches surveyed at each location (see also
Maceda-Veiga et al., 2010; Benejam et al., 2012). We selected the

location of each sampling site based on accessibility and representativeness, including a variety of habitat types (pools, riﬂes and runs). The
same equipment was used across sites to avoid bias in ﬁsh captures
(Benejam et al., 2012), and the crew had a standardised time devoted
to the electroﬁshing passes according to their own experience and the
reach features. Fish captures were standardised to captures per unit of
effort (CPUE - ﬁsh abundance divided by ﬁshing time in minutes and
the area surveyed in square meters). Although sites were only surveyed
once due to the vast geographical area covered, the methodological consistency across sites should accurately reveal relative changes in ﬁsh
abundance or richness depending on river conditions. Our estimates of
species richness and abundance from 4-pass electroﬁshing were reasonably high with 80–100% of the species detected and 50–90% of the
individuals captured (A. Sostoa, unpublished data).
Fish were identiﬁed to species level, counted, and released in each
site. Species nomenclature was updated from previous studies
(Maceda-Veiga et al., 2010; Maceda-Veiga and de Sostoa, 2011) after
an exhaustive examination of recent literature (Doadrio et al., 2011;
Aparicio et al., 2013) and ﬁsh collections at the Natural History Museum
of Madrid, Spain. Fish species were deﬁned as non-native if they did not
historically occur in a basin and in Spain, and as translocated if their
presence is the result of an introduction from another basin within
Spain where they are native (Table 1). Non-native and translocated species were grouped as introduced.
2.3. Indicators of conservation value
We calculated 20 indicators of conservation value to describe the
ﬁsh community at each sampling site along the 15 basins surveyed in
NE Spain. We deﬁned an indicator of conservation value as any trait of
the ﬁsh community composition that can be used to determine its conservation interest and guide management strategies (e.g. presence of
threatened and non-native species, overall native richness). We ﬁrst
calculated the total abundance (captures per unit of effort) and richness
for native, non-native, translocated and introduced ﬁsh species separately. We then calculated the proportion of native, non-native and
translocated species in relation to the total ﬁsh abundance and richness
in each site as a measure of the degree of nativeness and invasiveness of
the ﬁsh community. We also calculated the number of species listed as
the world's worst invaders (http://www.issg.org/). To better determine
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Table 1
Occurrence (%) of freshwater ﬁsh species in NE Spain (n = 530 sites) with indication of their distribution (endemic, native, and non-native) and threatened status (catalogued as endangered in the IUCN red list, Habitats Directive, Spanish legislation or the Red data book of ﬁsh), the presence of spawning migratory behaviour in native ﬁsh, and the value of all ﬁsh species
for waterbirds, threatened mussels and mammals (see methods for further details).
Scientiﬁc name

Occurrence

Threatened status

Distribution

Migratory

Mussel host

Piscivorous

Achondrostoma arcasii
Anguilla anguilla
Barbatula quignardi
Barbus haasi
Barbus meridionalis
Cobitis calderoni
Cobitis palludica
Cottus hispaniolensis
Gobio lozanoi
Luciobarbus graellsii
Parachondrostoma miegii
Phoxinus bigerri
Salaria ﬂuviatilis
Salmo trutta
Squalius laietanus
Gasterosteus aculeatus
Alburnus alburnus
Ameirus melas
Barbatula barbatula
Carassius auratus
Cyprinus carpio
Esox lucius
Gambusia holbrooki
Gobio occitaniae
Gobio spp.
Lepomis gibbosus
Micropterus salmoides
Oncorhynchus mykiss
Phoxinus spp.
Pseudorasbora parva
Rutilus rutilus
Sander lucioperca
Scardinius erythrophthalmus
Silurus glanis

4.72
11.51
10.5
26.06
15.66
2.45
0.19
0.57
19.06
28.11
21.89
24.34
4.53
34.34
16.23
0.94
9.06
0.75
1.5
1.51
14.91
0.38
2.45
2.45
5.40
4.15
1.32
1.89
6.60
0.19
0.38
0.38
3.4
1.89

Endangered
Endangered
Not endangered
Endangered
Endangered
Endangered
Endangered
Endangered
Not endangered
Not endangered
Endangered
Not endangered
Endangered
Not endangered
Not endangered
Endangered
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Endemism
Native
Native
Endemism
Native
Endemism
Endemism
Native
Native
Endemismt
Endemismt
Native
Native
Nativet
Native
Native
Non-native
Non-native
Non-native
Non-native
Non-nativew
Non-native
Non-nativew
Non-native
Non-native⁎
Non-native
Non-nativew
Non-native
Non-native⁎

No
Yes
No
No
No
No
No
No
No
Yes
Yes
No
No
Yes
Yes
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

No
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
No
Yes
Yes
Yes
No

No
No
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
No
Yes
No
No
Yes
Yes
Yes
No
Yes
No
No
No
No
No
No
No
No
No
No
No
No
No

Non-native
Non-native
Non-native
Non-native
Non-native

t

translocated native species in some catchments of NE Spain.
Listed as world's worst invasive species (http://www.issg.org/).
⁎ Introduced taxa pending of genetic studies to conﬁrm species identify in some catchments of Catalonia.
w

the contribution of native and non-native species richness in ﬁsh diversity hotspots, we also calculated the ratio between the current native
species present in each site and the total number of native species historically occurring in each basin following Doadrio et al. (2011).
To assess the conservation value of ﬁsh communities based on their
endangerment degree, we calculated the number of species in each site
using three classiﬁcations: the IUCN red list of globally endangered species (http://www.iucnredlist.org/), the red data book of the ﬁsh of Spain
(Doadrio et al., 2011), and the list of ﬁsh species protected by Spanish
legislation (Real Decreto 139/2011). A species was considered as threatened if it was catalogued as ‘critically endangered’, ‘endangered’ or ‘vulnerable’. We also considered the ﬁsh species listed in Annexes of the
EU's Habitats Directive, which denotes threatened species at the European level. As a regional ﬁsh conservation index, we used the scores of
species provided by Maceda-Veiga et al. (2010) that were summed to
describe the conservation value of each location. Finally, we calculated
the number of species whose range occupied b5% of our sites as a measure of rarity, and the number of native species exclusively found in
Spain as a measure of endemicity (Table 1).
To further determine the importance of the ﬁsh fauna in each site,
we calculated total richness of migratory species (Doadrio et al., 2011,
Table 1). This indicator informs about river connectivity, as migratory
species play a major role in energy transfer along rivers (Flecker et al.,
2010). We also calculated the proportional abundance of ﬁsh suitable
as hosts for freshwater mussels (see Lopes-Lima et al., in press in relation to the total ﬁsh abundance in each site (Table 1). Freshwater mussels that use ﬁsh as hosts for their larvae are worldwide-threatened taxa
(Strayer et al., 2004; Lopes-Lima et al., in press). For this analysis, we
only considered basins where we had historical evidence of occurrence

of freshwater mussel species (see Lopes-Lima et al., in press). As ﬁsh are
a key food item for the European otter and many waterbird species, we
also calculated the total abundance of potential preferred prey based on
diet studies of these consumers in our study area (e.g. Lekuona and
Campos, 1997; Ruiz-Olmo et al., 2001; Vilches et al., 2012).
As a by-product of electroﬁshing, we also captured the red-swamp
crayﬁsh (Procambarus clarkii) and the signal crayﬁsh (Pacifastacus
leniusculus). Although both non-native species are a potential valuable
food resource for mammals and waterbirds (Tablado et al., 2010),
both cause several ecological impacts due to their trophic and non-trophic activities (Gherardi, 2006; Carvalho et al., 2016). Thus, the abundance (expressed as CPUE) of the two crayﬁsh species was also
included as a neutral indicator of conservation value in our analyses.
2.4. Geographical and environmental descriptors
We characterised each sampling site with 27 variables related to geography, habitat quality and water properties.
As geographical features, we recorded the basin name and elevation
(m.a.s.l.) in each sampling site using Google Earth®. Elevation was used
as a surrogate for the position of the sampling site in the river, and summarise the role of natural spatial gradients in ﬁsh indicators, as previously validated in this region (Maceda-Veiga et al., 2013; Murphy
et al., 2013). We also calculated the Strahler stream order number on
a map (1:50,000) as a measure of river size. It ranks rivers from a
small, ﬁrst order tributary all the way to the largest main river based
on a hierarchy of tributaries. Strahler stream order number is directly
proportional to relative watershed dimensions, channel size and stream
discharge at that place in the system (Strahler, 1964). Because stream
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order number is dimensionless, two drainage basins differing greatly in
linear scale can be easily compared with respect to corresponding
points into their geometry.
Prior to each ﬁsh survey we analysed 7 water quality variables in
situ. A digital multiparametric YSI® sonde was used for temperature
(°C), conductivity (μS/cm) and pH, and the colourimetric test kit
VISOCOLOR® for ammonium (NH+
4 , mg/l; detection limit (dl) =
−
0.2 mg/l), nitrite (NO−
2 , mg/l; dl = 0.02 mg/l), nitrate (NO3 , mg/l;
dl = 1 mg/l) and phosphate (PO3−
-P,
mg/l;
dl
=
0.2
mg/l)
concentra4
tions. To characterise habitat quality, we incorporated 17 variables
from two widely used habitat quality indices in this region: the riparian
vegetation quality index QBR (Munné et al., 2003), and a version of the
U.S. Rapid Bioassessment (RBA) protocol (Barbour et al., 1999) for Mediterranean rivers. Brieﬂy, RBA ranked 10 features of the local habitat
(habitat structure, habitat diversity, river channelization, channel morphology, water ﬂow, degree of silting, erosion of river margins, macrophyte coverage, and the coverage and width of riparian canopy) on an
ordinal scale of 1–10 for RBA and 0–25 for QBR (score increases with
quality). RBA includes more variables related to physical habitat for
aquatic fauna than the QBR (total vegetation cover and structure, vegetation cover quality, and river channel alterations) but both consider the
status of riparian vegetation.
To assess whether the sampling site was located in a protected area,
we combined the layers of regional protected areas and the Natura 2000
network from the Autonomous Government of Catalonia, the Ebro
Water Authority and the Spanish Government with the layer containing
all our sampling points using the Geographical Information System
(GIS) software ArcGis®. Subsequently, we obtained a matrix with our
sampling points and the value of the landscape attribute, resulting in
27% of the sampling sites within protected areas (n = 139).
2.5. Statistical analyses
All statistical analyses were performed in R v.2.15.3 (R Core Team,
2013) using the libraries ‘MASS’ (Venables and Ripley, 2002), ‘vegan’
(Oksanen et al., 2015), ‘lme4’ (Bates and Maechler, 2009), ‘car’ (Fox
and Weisberg, 2011), and ‘betapart’ (Baselga and Orme, 2012) and the
functions outlined below. Spearman rank correlation (ρ) was used to
examine congruence among indicators of conservation value in ﬁsh
communities. Correlation coefﬁcients around 0.1 were considered to
be weak, 0.3 as moderate, 0.5 as moderately strong, and 0.7 and above
as strong (modiﬁed from Lamoreux et al., 2006 and Tisseuil et al., 2013).
To assess if protected areas fulﬁl conservation values, we compared
values of the 15 least correlated indicators of conservation value
(ρ b 0.7) between protected and unprotected areas using a series of generalised linear mixed models (GLMMs) with the function ‘lmer’. Basin
was included as random factor in GLMMs to account for spatial autocorrelation of sites within each basin. Sampling year was also included as
random factor to control possible inter-annual variation in ﬁsh captures,
but it was removed from the ﬁnal models because it did not inﬂuence
the signiﬁcance of predictors, as reported in a sub-set of the current
data-set (Murphy et al., 2013).
To test whether indicators of conservation value identify the same
river attributes, we determined relationships between the least correlated indicators of conservation value and the predictors related to geography, water and habitat quality (Appendix S1) using a series of
GLMMs with the function and random term stated above. Elevation
was included as ﬁxed factor in models to account for the longitudinal
position of the reach in the stream, and the role of spatial gradients in
the ﬁsh community structure. Main and interactive effects of Strahler
stream order number with elevation were also included to account for
the differences in the conservation value of tributaries and main rivers
at different elevations. For each indicator of conservation value we
built a saturated model (containing all predictors) and followed a manual step-wise deletion of non-signiﬁcant terms (Crawley, 2007; Zuur et
al., 2009). Signiﬁcance of predictors in GLMMs was tested using a
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likelihood-ratio test within the function ‘Anova’. The comparison of
nested models (models with and without a predictor) via a likelihoodratio test led to the same minimum adequate model.
Final models were validated via diagnostic plots of model residuals
against ﬁtted values and against each predictor, Q-Q plots of model residuals and the Cox statistic to verify the assumptions of normality, homoscedasticity and detect unduly observations following Zuur et al.
(2009) and Thomas et al. (2015). Relationships between each indicator
and the selected or excluded predictors were also visually inspected to
further determine their relevance. Log-transformation was applied to
continuous predictors and arcsine squared root transformation to proportions to increase model ﬁtting and meet statistical assumptions. Although we are aware of a vibrant debate on “the best” model selection
procedure, all have pros and cons (e.g. Aho et al., 2014; Cade, 2015;
Leek and Peng, 2015) and we considered a backward stepwise procedure is appropriate in our case given the clear effects of the selected predictors on the response variables and their ecological relevance.
To further determine the role of geography, habitat quality and
water properties in the ﬁsh community, we examined relationships
among the composition of the ﬁsh community (presence/absence)
and the 15 least correlated predictors used in the GLMMs. For this analyses, predictors were grouped in three sets: (i) geographical features
(basin, elevation and the Strahler river order number), (ii) water properties (conductivity, pH, concentrations of ammonia, nitrites, nitrate,
and phosphate), and (iii) habitat quality (water velocity, aerial coverage, riparian coverage, habitat diversity, and macrophyte coverage, percentage of dead wood, and channel morphology. The variation in
community composition attributed to each of these three sets of predictors was computed using variation-partitioning analyses (VP). Whilst
causality cannot be determined in observational studies, VP decomposes the variation of dependent variables in independent and joined
effects of a set of predictors (Borcard et al., 1992).
To determine the mechanisms behind community variation across
sites, we used Baselga's method (2010) that decomposes total dissimilarity (i.e. beta diversity) in the community into its turnover (species replacement) and nestedness-resultant components (species loss). The
relationship between community variation (either turnover or
nestedness-resultant dissimilarity) and the predictors was assessed
using distance-based Redundancy Analyses (db-RDA, function
‘capscale’ in R). We ranked the predictors within each group according
to their unique explained variance (from greater to the least), introduced them in db-RDA models in this order, and tested for signiﬁcance
using the function ‘anova.cca’. Only signiﬁcant predictors were retained
to avoid overﬁtting due to the inclusion of non-signiﬁcant terms. Finally,
we ran series of db-RDA models containing all combinations of the selected predictors per set to estimate the unique and shared fractions
of explained variation. Signiﬁcance was reached at P ≤ 0.05 in all statistical procedures.
3. Results
We found 16 native and 18 non-native ﬁsh species in rivers of NE
Spain, including two introduced uncertain taxa (Phoxinus spp. and
Gobio spp.), and translocated native species from the Ebro basin
(Table 1). Threatened species at national and international levels represented 56% of the ﬁsh fauna, including all endemic ﬁsh species (Table 1).
However, ﬁve out of six are not listed as threatened at the European
level (EU's Habitats Directive), even though they occurred in ≤ 5% of
the sampling sites (Table 1).
3.1. Relationships among the indicators of conservation value and their coverage by protected areas
Most pair-wise correlations among native-ﬁsh indicators of conservation value were moderately strong (ρ ~ 0.5) to moderate (ρ ~ 0.3).
The strongest positive relationships (ρ ≥ 0.7) occurred between richness
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Table 2
Spearman rank correlation coefﬁcients (ρ) among 20 indicators of conservation value used to describe the ﬁsh community of rivers in NE Spain (n = 530). Note that most indicators of
conservation value were not strongly correlated to each other (r ≥ 0.70 in bold). See methods for further details.
1
1. Total native ﬁsh abundance
2. Total native ﬁsh richness
0.67
3. Endemic ﬁsh richness
0.49
4. IUCN threatened ﬁsh richness 0.36
5. Local conservation index
0.63
6. Legally threatened ﬁsh in Spain 0.28
7. Spanish Red Book ﬁsh
0.40
8. EU's threatened ﬁsh species
0.20
9. Rare ﬁsh richness
0.23
10. Migratory ﬁsh richness
0.41
11. Historical versus actual richness 0.40
12. Non-native ﬁsh abundance
0.01
13. Non-native ﬁsh richness
0.01
14. Traslocated ﬁsh abundance
−0.13
15. Traslocated ﬁsh richness
−0.08
16. Introduced ﬁsh abundance
−0.05
17. Introduced ﬁsh richness
−0.01
18. Worst invasive ﬁsh richness
0.18
19. Preferred ﬁsh prey
0.94
20. Mussel hosts
0.48

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

0.61
0.32
0.93
0.35
0.72
0.24
0.35
0.74
0.19
0.19
0.22
−0.07
−0.09
0.12
0.15
0.42
0.61
0.43

0.47
0.71
0.29
0.10
−0.21
0.22
0.34
0.02
0.12
0.15
−0.06
0.01
0.05
0.13
0.37
0.48
0.32

0.35
0.28
0.08
0.13
0.16
0.15
0.32
0.04
0.06
0.00
0.06
0.00
0.07
0.04
0.34
0.36

0.31
0.64
0.16
0.36
0.68
0.15
0.25
0.28
0.09
0.14
0.25
0.30
0.48
0.62
0.47

0.20
0.29
0.62
0.12
−0.09
0.12
0.14
−0.06
−0.04
0.07
0.10
0.20
0.24
0.04

0.45
0.35
0.80
0.22
0.27
0.30
0.21
0.15
0.34
0.33
0.42
0.41
0.36

0.06
0.15
0.35
0.05
0.04
0.28
0.21
0.18
0.11
0.00
0.22
0.45

0.18
−0.03
0.21
0.23
−0.06
−0.03
0.15
0.19
0.20
0.19
0.03

0.12
0.14
0.18
0.14
0.10
0.18
0.19
0.25
0.41
0.21

−0.29
−0.29
0.08
0.00
−0.19
−0.26
−0.25
0.32
0.61

0.96
0.14
0.17
0.81
0.86
0.65
0.15
0.07

0.13
0.17
0.80
0.88
0.68
0.14
0.07

0.90
0.60
0.45
0.02
0.07
0.22

0.54
0.53
0.08
0.09
0.17

0.91
0.49
0.15
0.16

0.59
0.15
0.13

0.25
0.08

0.47

and abundance-based indicators, and between total native richness and
that of migratory and threatened species in the Spanish Red Book
(Table 2). A highly positive relationship was also found between total
native richness and the local conservation index score, which also correlated well with endemic species richness (Table 2). However, total
native richness was moderately related to that of threatened species according to the IUCN, European and Spanish legislation (Table 2). The latter only correlated well with the richness of rare species. A moderately
strong relationship also occurred between total native richness and the
number of potentially preferred prey for birds and mammals and world
worst invasive species (Table 2). Hotspots of introduced and non-native
ﬁsh species correlated well to each other. However, both were weakly
related to mussel hosts, as opposed to native ﬁsh indicators, including
the current hotspots of richness in relation to the historical ﬁsh occurring
in each basin (Table 2).
The lack of strong congruence (ρ ≥ 0.7) among the majority of indicators suggests that factors affecting them differ markedly, including
the effect of protected area (Table 3). The abundance and total richness
of native ﬁsh species, together with the proportion of native ﬁsh species,

increased in protected compared to unprotected areas (Table 3).
Protected areas also had a higher abundance of potential preferred
ﬁsh prey for birds and mammals, which was strongly correlated with
total native ﬁsh richness (Table 2). Protected status was negatively associated with all indicators related to introduced ﬁsh species (Table 3) but
neutral for the two introduced crayﬁsh species. This was also the case of
the indicator related to threatened mussels and most indicators of the
native ﬁsh fauna, including number of threatened and rare species
(Table 3).
3.2. Inﬂuence of geography, habitat quality and water properties on the indicators of conservation value
The relative inﬂuence of geography, habitat and water quality variables varied with the indicators of conservation value (Table 4). Overall,
both native and introduced ﬁsh indicators were negatively related to elevation. A negative relationship was also found between native ﬁsh indicators and nutrient pollution (ammonium, nitrites, nitrate and
phosphate), whereas introduced-ﬁsh indicators increased in reaches

Table 3
Estimates and their associated standard errors and tests for the effect of protected area on indicators of conservation value of river reaches in NE Spain (n = 530). The direction of the effect
on each indicator is shown based on the sign of estimate and signiﬁcance (at P ≤ 0.05) in generalised linear mixed models.
Estimate

SE

χ2

P value

Effect

Native ﬁsh
Total native ﬁsh abundance (Nat abun)
Total native ﬁsh richness (Nat rich)
Endemic ﬁsh richness (End rich)
IUCN threatened ﬁsh richness (IUCN rich)
Legally threatened ﬁsh in Spain (Leg Spain)
EU's threatened ﬁsh species (Leg Habitats)
Rare ﬁsh richness (Rare rich)
Historical versus actual richness (Hist rich)
Ratio native:total ﬁsh richness (Ratio nat rich)

0.20
0.12
0.04
0.09
−0.15
0.04
0.29
0.33
0.05

0.05
0.05
0.09
0.12
0.25
0.18
0.27
0.04
0.03

15.46
4.90
0.18
0.65
0.33
0.04
1.19
62.86
4.26

b0.001
0.02
0.66
0.41
0.56
0.85
0.28
b0.001
0.03

Positive
Positive
Neutral
Neutral
Neutral
Neutral
Neutral
Positive
Positive

Introduced ﬁsh
Non-native ﬁsh richness (Non-native rich)
Traslocated ﬁsh richness (Tras rich)
Worst invasive ﬁsh richness (Worst inv. rich)
Ratio non-native:total ﬁsh richness (Ratio nnative rich)
Ratio introduced:total ﬁsh richness (Ratio intr rich)

−0.86
−1.19
−0.42
−1.03
−1.08

0.24
0.23
0.18
0.27
0.21

12.57
27.06
5.43
14.58
25.17

b0.001
b0.001
0.02
b0.001
b0.001

Negative
Negative
Negative
Negative
Negative

Other categories
Procambarus clarkii abundance (Proc abun)
Pacifastacus leniusculus abundance (Pacif abun)
Mussel hosts

−0.10
0.45
0.19

0.19
0.29
0.27

0.27
2.33
4.01

0.60
0.13
0.06

Neutral
Neutral
Neutral
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Table 4
Predictors related to geography, habitat quality and water properties retained as having a signiﬁcant effect (at P ≤ 0.05) on the indicators of conservation value of ﬁsh communities in NE
Spain according to generalised linear mixed models with basin as random factor (see methods for further details). The direction of effect is based on regression coefﬁcients of predictors for
each indicator of conservation value (+, positive; −, negative; +/−, inconsistent). See Table 3 for Acronyms and Appendix S2 for descriptive statistics of the predictors.
Channel
Dead Habitat
Macrophytes Riparian Water
Ammonia-Nitrites Conductivity Nitrate pH Phosphate
Indicators of Elevation Stream Aerial
order
coverage morphology wood diversity
coverage velocity
conservation
value
Native ﬁsh fauna
Nat abun
ns
Nat rich
−
End rich
−
IUCN rich
−
Leg Spain
ns
Leg Habitats ns
Rare rich
−
Migr rich
ns
Hist rich
ns
Ratio nat rich ns

ns
ns
+/−
ns
+/−
ns
ns
+
−
−

ns
ns
ns
−
−
−
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
+/−

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

−
+
ns
ns
+/−
ns
ns
+/−
+/−
ns

+
+
+
ns
ns
ns
ns
ns
+
+/−

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

+
ns
ns
ns
+
ns
+
ns
ns
ns

−
−
−
ns
ns
−
−
−
ns
ns

ns
ns
+
−
+
+
+
−
ns
−

ns
ns
ns
ns
ns
ns
ns
ns
−
ns

ns
+
+
ns
ns
ns
ns
+
ns
−

−
−
ns
−
−
ns
−
ns
ns
ns

Introduced ﬁsh fauna
Exo rich
−
Tras rich
ns
Worst rich
−
Ratio exo rich −
Ratio intr rich ns

+
+
+
+
+

ns
ns
ns
ns
ns

+/−
ns
ns
−
−

ns
ns
ns
ns
ns

ns
+
ns
ns
ns

ns
ns
ns
ns
−

ns
ns
ns
ns
ns

−
ns
ns
ns
ns

ns
ns
ns
ns
ns

+
ns
ns
+
+

ns
ns
ns
ns
ns

+
ns
+
+
+

ns
ns
ns
ns
ns

+
ns
ns

ns
+
ns

ns
+/−
ns

ns
+
ns

−
+
+

ns
ns
+

ns
ns
ns

ns
ns
ns

ns
ns
ns

ns
−
+

+
+
ns

ns
+
ns

ns
ns
ns

Other categories
Proc abun
−
Pacif abun
ns
Mussels'
ns
hosts

with low water velocity, low macrophyte coverage, and high pH and
conductivity, as proxy of salinity (Fig. 2). Interestingly, the nativeness
of ﬁsh communities declined with conductivity and river size, as deﬁned
by Strahler stream order (Table 4). Small streams typically had the most
well-preserved native ﬁsh fauna (Appendix S3), including the largest
proportion of native species historically present in each basin (Fig. 3).
As for introduced ﬁsh, the abundance of the crayﬁsh P. clarkii increased
with river size and nitrate pollution (Table 4). The latter was also related
to the presence of the crayﬁsh Pacifastacus leniusculus, which was also
associated with reaches with a higher habitat complexity and lower salinity (Table 4).
The total variation in the composition of ﬁsh communities (R2 =
24%) was mostly driven by geographical features (15%) followed by
habitat quality (3%) and water properties (2%, Fig. 4). The total explained variance by the dissimilarity analysis (beta diversity) was
higher, either in its turnover (69%) or nestedness-resultant component
(79%). Geographical features made the largest contribution to variation
in the two components of beta diversity, representing 35% for turnover
and 39% for the nestedness-resultant dissimilarity (Fig. 4). However, the
latter was more related to water (14%) and habitat quality (8%) than
was turnover (7 and 4%, respectively), suggesting that disturbed river
reaches had a subset of species of those enriched.
4. Discussion
Our intensive survey used 20 indicators of conservation value to assess ﬁsh communities and the associated beneﬁts for other riverine
taxa. We found that hotspots of native and introduced ﬁsh richness
were weakly correlated, but that the former encapsulated at least reasonably well variation in one indicator of rarity and threatened status
and the beneﬁts of ﬁsh for mussels, birds and mammals. However,
protected areas had a neutral effect on most native indicators, as opposed to the introduced ones, highlighting the need to increase their
value for the former. We identiﬁed tributaries as native ﬁsh refugees,
and nutrient pollution, salinization, low water velocity and poor habitat
structure as major threats to the native biota at the basin scale.

4.1. Low congruence among most indicators of conservation value and the
limited coverage of imperilled fauna by protected areas
Our results are consistent with previous data showing that regional
and Natura 2000 protected areas did not markedly favour European and
IUCN threatened aquatic taxa (Abellán and Sánchez-Fernández, 2015;
Guareschi et al., 2015). Our study expands ﬁsh research in the Natura
2000 network by Hermoso et al. (2015) including regional protected
areas and introduced species, and showing the congruence among 20
indicators of conservation value. Since many native indicators did not
strongly correlate to each other, we suggest that the design of new
protected areas should use indicators that balance richness and rarity,
such as the conservation index by Filipe et al. (2004). In our study
though, this index generated a similar pattern of total native ﬁsh richness, highlighting the difﬁculties of setting conservation priorities and
nourishing the debate of what to conserve (Wilson et al., 2006;
Polasky et al., 2008). This debate also applies to the use of richness or
abundance data in ecological research (Brotons et al., 2004; Howard et
al., 2014). Despite their strong correlation in our study, it is advisable
that the former provides unique information, such as population viability (Morris et al., 2002).
In our study, total native ﬁsh richness and abundance also correlated
reasonably well with the number of potential preferred ﬁsh prey for
birds and mammals compared to mussel hosts. This can be attributed
to the host speciﬁcity of mussel's larvae, which also varies across species
(Lopes-Lima et al., in press). However, it may be related to the fact that
this aspect of mussels' biology is still poorly studied (Lopes-Lima et al.,
in press). Differences in congruence among these indicators also resulted in a different coverage by protected areas, having a neutral effect on
the mussel hosts and a positive effect on the prey for birds and mammals. These results support the notion that current protected areas
were designed primarily to protect terrestrial taxa (Lawrence et al.,
2011; Hermoso et al., 2015). Likewise, they illustrate that the protection
of species interactions is largely neglected in conservation (ValienteBanuet et al., 2015), even though freshwater mussels are one of the
most imperilled faunal groups (Lopes-Lima et al., in press). For instance,

462

A. Maceda-Veiga et al. / Science of the Total Environment 574 (2017) 455–466

Native fish
Percentage (%)

100
80
60
40
20
0

Introduced fish
Percentage (%)

100
80
60
40
20
0

Fig. 2. Percentage of generalised linear mixed models (from Table 4) in which each predictor was retained as having a signiﬁcant effect (positive: blue, negative: red, and both: orange) on
indicators of conservation value related to native and introduced (non-native + translocated) ﬁsh species in river reaches of NE Spain. See Appendix S2 for predictor value ranges.

the river blenny (Salaria ﬂuviatilis) is not listed as threatened in the
IUCN but if left unprotected in Spain, the conservation of the highly
threatened mussel Margaritifera auricularia can be seriously compromised. This blenny is the unique living host for the larvae of M.
auricularia, a species that is only found in the Ebro basin (Araujo et al.,
2001; Lopes-Lima et al., in press).
Although protected areas did not favour all indicators of threatened
status in our study area, they had higher native and less introduced richness and abundance than unprotected areas. We are not aware of eradication or control campaigns for introduced ﬁsh in protected areas of NE
Spain, therefore our results are likely to be attributed to the fact that
protected areas restrict activities such as angling, which is a major pathway of ﬁsh introductions (Marr et al., 2010; Maceda-Veiga, 2013). Low
human disturbance may also explain why protected areas had more native ﬁsh species. However, focal reach protection often does not guarantee good conditions for aquatic taxa, as upstream and downstream
insults can jeopardise conservation goals (Nel et al., 2007; Linke et al.,
2008). As in other Mediterranean-climate areas (Hermoso et al., 2013;
Moyle, 2014), tributaries acted in our study as major refugia for native
ﬁsh. We thus urge their protection to arrest the decline in native ﬁsh
species observed in NE Spain (Maceda-Veiga et al., 2010) and especially
for 38% of native ﬁsh species with a focal distribution. These protected
areas could also act as green corridors for many terrestrial species
(Baschak and Brown, 1995).
4.2. Management actions should also focus on improving water quality and
restoring the natural hydrological regime
Besides the creation of ﬂuvial reserves, we argue that the protection
of aquatic fauna requires improving water chemical status, as reported
in other Mediterranean regions (Petrovic et al., 2011; Moyle, 2014).
Our results show that salinization (Cañedo-Argüelles et al., 2013) and

nutrient pollution (e.g. nitrite, nitrate, phosphate) (Camargo and
Alonso, 2006; Johnson et al., 2010) are two of the major threats to native
ﬁsh. However, their interaction has to be considered in management
practices. Salinity can alleviate nitrite toxicity to freshwater taxa
(Alonso and Camargo, 2008; Noga, 2011) and be anti-parasitic, as reported in aquaculture (Noga, 2011; Maceda-Veiga and Cable, 2014).
Likewise, nitrate can protect ﬁsh against some monogenean infections
(Smallbone et al., 2016). Thus, it may happen that a partial removal of
pollutants can worsen the status of a species, and highlights the urgent
need of studies examining the context-dependence of effects of pollutant interactions on wild ﬁsh populations (Hamilton et al., 2015; Colin et
al., 2016). This is particularly important given the complex mixtures of
pollutants occurring in rivers (Petrovic et al., 2011; Kuzmanović et al.,
2015; Hukari et al., 2016), including water quality hazards such as phosphates for which there is limited insight into their direct toxicity to
aquatic taxa.
Poor water and habitat quality were also related in our study to the
proliferation of introduced ﬁsh species. In particular, they were mostly
found in reaches with low water velocity and altered channel morphology, including embankments and weirs, supporting the notion that the
natural hydrology of Mediterranean rivers protects native ﬁsh
(Marchetti et al., 2004; Kiernan et al., 2012). Restoring river connectivity is of major importance to allow migratory species (e.g. A. anguilla,
Luciobarbus graellsii) access to ﬂuvial reserves, although they may transport toxicants and diseases from downstream areas (see Flecker et al.,
2010). However, restoring the natural hydrological regime may not
control the spread of introduced species, as translocated native species,
which represent 26% of ﬁsh introductions in our study, have evolved
under the Mediterranean climate. Further, non-native species can
occur in natural Mediterranean streams (Moyle, 2014; Closs et al.,
2015), even though most species, including the worst invaders
Micropterus salmoides, Cyprinus carpio and Gambusia holbrooki, perform
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Fig. 3. Relationships between river size as deﬁned by the Strahler river order number and the degree of nativeness of the ﬁsh community, including the number of world worst invasive ﬁsh
species in river reaches of NE Spain (see methods for further details). The number of sampling sites per stream order is shown on the top, and details on ﬁsh species composition according
to stream order are provided in Appendix S3.

better in low water velocities (Marr et al., 2010; Doadrio et al., 2011).
Nonetheless, it is worth noting that their eradication may not be desirable, as long-term introduced species can be playing a key role in recipient communities (Schlaepfer et al., 2011).
Since C. carpio and P. clarkii were common non-native species in our
study area, and profoundly alter aquatic ecosystems (e.g. bioturbation,
macrophyte removal) (Gherardi, 2006; Shin-ichiro et al., 2009), it is
likely that some of the associations found between introduced species
and river conditions are partly explained by their activity. Whether induced by non-native species or not, according to our partitioning analysis of dissimilarity, environmental degradation seem to cause the loss of
sensitive species in ﬁsh communities, as reported in aquatic invertebrates (Gutiérrez-Cánovas et al., 2013). In our study, the relationship
between the nestedness-resultant dissimilarity and water and habitat
degradation was poorer (8–14%) than that (31–51%) reported by
Gutiérrez-Cánovas et al. (2013). However, our results support previous

data on aquatic organisms showing a poor relationship between beta diversity (or related measures) and environmental conditions (Beisner et
al., 2006; Heino et al., 2015). Although the reasons are not fully understood, the low explanatory power could be related to the presence of
rare species (i.e. numerous absences in the site-by-site species matrix)
(see Heino et al., 2015). However, it may also be attributed to the fact
that aquatic ecosystems are highly dynamic and a single snapshot sampling of biota and abiotic conditions fails to reveal strong communityenvironmental relationships (Beisner et al., 2006; Erős et al., 2012;
Heino et al., 2015).
The loss of sensitive species does not necessarily mean that the ﬁsh
community was dominated by non-native species, as taxa sensitive to
poor water and habitat quality exist among native and non-native species (Kennard et al., 2005; Maceda-Veiga and de Sostoa, 2011; Segurado
et al., 2011). In-depth knowledge of the physiological response of ﬁsh to
multiple stressors (Maceda-Veiga et al., 2015; Colin et al., 2016) can
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regimes were identiﬁed as management priorities. It will help conserve
riverine aquatic diversity and ensure, at a lower cost, the quality of
freshwater resources upon which human populations depend on
(Vörösmarty et al., 2010; Green et al., 2015). As a complementary action, we propose careful monitoring and focal removal of introduced
species in tributaries as current native ﬁsh diversity refugees (see also
Hermoso et al., 2013). The efﬁcacy of common ﬁsh catching methods
(electroﬁshing) is also higher in small than in large rivers (Bohlin et
al., 1989). However, the design of ﬂuvial reserves is complex and requires the selection of multiple protected zones with different management regimes (Linke et al., 2008, 2012; Hermoso et al., 2016).
Nonetheless, we believe that the design of new protected areas should
not change the focus on the management of hydrological regimes and
sewage discharges at the basin scale, as this is the most effective way
to conserve ﬂuvial diversity. In this regard, our study suggests the
need of establishing safe thresholds of pollutant mixtures for the native
fauna, especially under forecast climate conditions, and the use of genetic tools to reveal taxonomic gaps.
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