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In the Flix Reservoir (Ebro River, Spain), ca. 300,000 tons of industrial waste were dumped because of the
activity of a factory plant in Flix. Within the recovery program implemented, this exceptional situation
provides a unique opportunity to test the value of zebra mussel as sentinel organism. Ten metal
concentrations were measured in mussels from different sites to assess spatial redistribution of metals and
bioavailability to the food web. Our results showed an important metal uptake by mussels; metal
concentrations (except As) measured in impacted sites were up to 10 times higher than in control sites,
and Mn and Hg exceeded several times the levels previously reported for polluted waters. Concentrations
increased downstream showing the metal mobilization from polluted sediments in Flix Reservoir. The higher
metal concentrations measured in zebra mussel individuals clearly indicated their bioavailability to the food
web, allowing the toxics transfer to predators and occasionally to humans. Thus, zebra mussel is a valuable
sentinel organism to identify highly polluted waters, transport routes and trophic transfer.
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1. Introduction

Aquatic biotopes are still subject to heavy chemical stress because
of both natural and anthropogenic influence. Actually, both industrial
and agricultural human activities produce a wide range of metals,
often in the proximity of freshwater systems, and finally end up into
the water. Thus, metal contributions from anthropogenic sources are
much higher than natural contributions (Rodríguez et al., 2008).
Metals are mainly accumulated in sediments, bioaccumulated in
aquatic biota and biomagnified throughout the entire food web
(Molloy et al., 1997; Lowe and Day, 2002). Furthermore, they can
have, even in low concentrations, potential harmful effects on
environment, wildlife, agricultural products and human health
(Mañosa et al., 2001). Consequently, in Europe, the Water Framework
Directive 60/2000/CE and the European Directive 76/464/CEE make
compulsory the control of pollutants in the aquatic environment.
However water may contain negligible metal levels because its
content depends on sediment load, such as resuspension during
floods (Gómez-Gutiérrez et al., 2006; Vericat and Batalla, 2006).
Therefore, since pollutant uptake and organism accumulation are
dependent on environmental bioavailability tissue concentrations can
be used as a measure of exposure (Bervoets et al., 2005).

In freshwater ecosystems, an interesting organism to assess environ-
mental pollution is the zebra mussel (Dreissena polymorpha). Because its
relative long life span, abundance, ability to bioaccumulate chemicals
and resistance to a broad range of pollution types it has been frequently
used as a sentinel organism to assesswater contamination (e.g. Hendriks
et al., 1998; Kwan et al., 2003; Bervoets et al., 2005). Zebra mussel is
also sedentary, responding to site-specific pollution, easy to collect and
it is an important food source for fish and water birds, favoring trophic
transfer and biomagnification (seeMolloy et al., 1997). The zebramussel
is a successful invasive bivalve native to the Ponto-Caspian region that
has been introduced throughout Europe and North America (Ram and
Palazzolo, 2008). In the Iberian Peninsula the zebra mussel was first
introduced to the Ebro River basin in 2001, where nowadays it is one of
the most abundant invertebrate species in the lower basin (Ram and
Palazzolo, 2008; Rajagopal et al., 2009); in 2005 it was transferred to the
Segura and Jucar basins (Rodríguez-Labajos et al., 2010).

The Ebro River is the largest one in Spain receiving the potential
influence of ca. 3 million people. The main sources of anthropogenic
compounds expected are from urban wastewater, agriculture and
from heavily industrialized areas (Terrado et al., 2006). Flix is one of
these heavily industrialized areas, characterized by the presence of a
chlor-alkali plant, located at ca. 115 km upstream from the mouth.
The industrial activity, operational since 1897, together with the
construction of the Flix Reservoir in 1945, resulted in the deposition of
industrial wastes (ca. 3×105 tons) in the adjacent riverbed (Ramos
et al., 1999; Grimalt et al., 2003; Gómez-Gutiérrez et al., 2006). The
industrial waste is composed of amixture of pollutants, namely, heavy
metals (e.g. the mean sediment concentration (in μg/g) of As was
16.1; Cd=2.28; Cr=209; Cu=39.5; Hg=48.7; Mn=190; Ni=67.3;
Pb=27.3; Ti=729; and Zn=114), organochlorine pesticides (such
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as hexachlorobenzenes (19.3 μg/g), pentachlorobenzenes (8.9 μg/g),
DDEs–DDTs (1.37 μg/g), polychlorobiphenyls (39.0 μg/g), polychlor-
onaphthalenes (1.1 μg/g) and polychlorostyrenes (0.36 μg/g)) and
radionuclides (mainly 238U, 226Ra and 210Pb, reaching concentrations
of 11,700, 9400 and 3500 Bq/kg respectively) (see Grimalt et al., 2003
for further details). It is suspected that significant amounts of pollutants
originating from Flix are transported downstream, mainly mobilized
during floods, ending up in the Ebro Delta and the Mediterranean Sea.
The lower Ebro River and its Delta have enormous ecological,
agricultural and recreational interests. The water and nutrient inputs
from the river contribute to the development of farming (mainly due to
rice crops), aquaculture activities and establishes one of the richest
fishing areas in the Mediterranean Sea; also, about 8000 ha of the delta
are Natural Park (Ibáñez and Prat, 2003; Rodríguez et al., 2008; Navarro
et al., 2009). So, the large amounts of pollutant substances remaining in
the Flix Reservoir sediment (Grimalt et al., 2003) can have strong
negative repercussions on the economic activities developed in the
lower Ebro River, its Delta and in the Mediterranean Sea.

Because social and commercial interests, as well as the potential
risk of toxic waste remobilization, a remediation project designed to
withdraw the Flix contaminated sedimentswill be implemented in the
next years. In this context, the present studywas conductedwithin the
framework of an ongoing research project to assess the availability,
dispersal and impacts of the contaminated sediments from the Flix
Reservoir, prior to the start of the remediation project. The aims of the
present work are to measure metal levels (As, Cd, Cu, Cr, Hg, Mn, Ni,
Pb, Ti, and Zn) in zebra mussel tissues to show that zebra mussel is
a useful sentinel for assessing metal bioaccumulation and spatial
redistribution from a point pollution source. We carried out General-
ized Additive Models (GAMs) analyses to determine metal spatial
redistribution. GAMs are an extension of generalized linear models
(Lepš and Šmilauer, 2003) which allow explanatory variables to
be modeled as non-parametric smoothing functions (Hastie and
Tibshirani, 1990). Thus the relationship between the predictors and
the dependent variable can take on any shape, from a straight line to
non-parametric curves of increasing complexity. This flexibility pro-
vides an excellent fit in the presence of nonlinear relationships (such as
metal concentrations) and significant noise in the predictor variables.

2. Material and methods

2.1. Study area

The Ebro River, with 930 km of length and 85,362 km2 of basin area,
crosses the northeastern part of the Iberian Peninsula and discharges
into the Mediterranean Sea originating a delta of 320 km2 (Fig. 1). It is
the river with the highest water flow in the Iberian Peninsula (annual
mean 426 m3/s), but there are significant differences between dry
(118 m3/s) andwet (569 m3/s) years. Five siteswere selected, according
to zebra mussel availability and the hazardous sediments located in the
Flix Reservoir (Fig. 1). Thus, three sites were sampled upstream of the
reservoir to serve as control, one inMequinenza Reservoir (S1) and two
in Riba-roja Reservoir (S2 and S3); and two sites were sampled
downstream (S4 and S5). No mussels were found in the Flix Reservoir
between the industrial waste and the dam. The Flix Reservoir is
relatively small, with 11 hm3 capacity (Vericat and Batalla, 2006);water
level fluctuations are moderate and water residence time is very short
(0.15 days), preserving some of the river's properties but not the
upstream connectivity. All sampling stations had similar physical and
limnological features (e.g. pH range 7.6–8.0, conductivity 1209–
1388 μS/cm and water Tª 18.3–20.8 °C).

2.2. Sampling procedures and analytical methods

Zebramussel soft tissues (muscle and gill) were analyzed formetal
concentrations. Mussels were collected in October 2008 (Fig. 1 and
Table 1) by a scuba diver at 3–5 m depth; and immediately
transported to the laboratory. From the 130 to 150 mussels collected
at each location, ca. 90 mussels of similar size (shell length range 19–
24 mm) were selected and divided in 3 groups. Mussel tissues from
each group were removed from shells and dissected for soft tissues,
rinsed with ultrapure water (Milli-Q system), pooled and homoge-
nized; sub-samples were transferred to polyethylene bags with
hermetic seals, frozen and freeze dried with a lyophilizer for 24 h.
Metal concentrations were determined following the methods
described in Solà et al. (2004) and Suárez-Serrano et al. (2010),
with minor modifications. Briefly, immediately prior to digestion,
dried samples were grinded in a vibrating ball mill. Microwave-
assisted digestion was then done by adding 3 mL concentrated nitric
acid and 2 mL hydrogen peroxide to 100 mg dry weight (hereafter,
dw) of sample using 60 mL closed Teflon® reactors for 2 h. Because
the drastic microwave conditions and the easiness to chemically
attack soft tissue, this method has been found successful to
decompose zebra mussel tissues. Ten metal concentrations (Table 1)
were determined by inductively coupled plasma mass spectrometer
(Perkin-Elmer Elan 6000) with Rh as an internal standard to correct
for any non-spectral interferences. A reagent blank and samples of
similar weight of a certified reference material (mussel tissue from
the European Reference Materials, ERM-CE278) were analyzed with
every five samples to account for background contamination levels
and to control the process, thereby ensuring that the instrument
remained calibrated. Concentrations under the detection limit were
not found and recovery values were nearly quantitative (N95%) for
the above microwave digestion method. All materials used were
thoroughly cleaned with 10% nitric acid for 24 h and rinsed with
ultrapure water to avoid external contamination. High purity reagents
were used (Instra quality, Baker) and laboratory work was performed
under a clean fume hood.

2.3. Statistical analyses

Principal component analysis (PCA) was applied to explore
relations among metal levels. Kaiser–Meyer–Olkin's (KMO) measure
of sampling adequacywas used to assess the usefulness of a PCA. KMO
ranges from 0 to 1 and should be N0.5 if variables are sufficiently
interdependent for PCA to be useful (Tabachnick and Fidell, 2001).
Differences in heavymetal concentrations among sampling sites were
first analyzed with multiple analysis of variance (one-way MANOVA).
MANOVA is used when several dependent variables (e.g. metal
concentrations) are measured on each sampling unit instead of only
one variable. MANOVA compares the mean vectors of k groups;
whereas equality of the mean vector implies that the k means are
equal for each variable, if two means differ for just one variable then
we conclude that themean vectors of the k groups are different (Sokal
and Rohlf, 1995). Significances were further explored with one-way
analysis of variance (ANOVA), followed by Games–Howell post-hoc
tests (GH tests). GH tests are post-hoc multiple comparison tests that
are among the most powerful and robust to unequal variances (Day
and Quinn, 1989). In addition to P values we used partial eta squared
(ηp2) as ameasure of effect size. Like r2, ηp2 is the proportion of variation
explained for a certain effect [effect sum-of-squares (SS)/(effect SS+
error SS)] and has the advantage over eta squared (effect SS/total SS)
of not depending on the number of sources variation used in the
ANOVA (i.e. it could be compared among different designs), because
it does not use the total SS as the denominator (Tabachnick and
Fidell, 2001). In contrast to P value, ηp2 has the advantage that allows
the proper comparison of treatments (e.g. lower P value does not
necessarily mean that a factor has stronger effect).

In addition, to describe the metal concentration variations along
the river, and thereby its relationship with distance to the industrial
sludge we also fitted generalized additive models (GAMs) (Lepš and
Šmilauer, 2003), expressed as distance to river mouth since negative
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Fig. 1. Location of the study area and zebra mussel sampling sites (S). The chemical factory and the industrial waste deposit placed in the Flix Reservoir are also shown.
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values log-transformation is not allowed. GAMs are an extension of
generalized linear models that, unlike more conventional regression
methods, do not require the assumption of a particular shape for the
Table 1
Mean±mean's standard error of metal concentrations (μg/g dry weight) in zebra mussel fro
Location of sampling sites (see Fig. 1) and distance to the river mouth are also shown.

Sampling points

S1 S2

Latitude 41° 19′ 16″ N 41° 13′ 55″ N
Longitude 0° 5′ 39″ E 0° 20′ 39″ E
Distance to mouth (m) 186,318 138,439
Arsenic (As) 5.77±0.11 5.80±0.06
Cadmium (Cd) 0.30±0.03 0.14±0.003
Copper (Cu) 8.37±0.08 7.66±0.04
Chrome (Cr) 2.52±0.14 1.77±0.05
Mercury (Hg) 0.04±0.01 0.03±0.001
Manganese (Mn) 48.32±0.48 82.17±2.06
Nickel (Ni) 7.01±0.07 4.25±0.03
Lead (Pb) 0.86±0.01 0.64±0.04
Titanium (Ti) 20.52±1.80 21.01±0.92
Zinc (Zn) 78.98±0.98 88.38±1.26
response variable distribution along the environmental gradient (Lepš
and Šmilauer, 2003). Distance to river mouth was measured in the
middle of the river bed with ArcGis 9.2. Model complexity was
m sampling sites (three replicates by site) upstream and downstream the Flix Reservoir.

S3 S4 S5

41° 14′ 49″ N 41° 13′ 59″ N 41° 7′ 54″ N
0° 25′ 50″ E 0° 33′ 52″ E 0° 38′ 36″ E
128,849 110,973 92,761
5.71±0.12 4.38±0.14 3.68±0.04
0.13±0.002 2.34±0.03 1.39±0.30
6.83±0.63 21.13±2.27 47.24±5.35
1.68±0.06 3.35±0.34 4.83±0.05
0.07±0.004 0.57±0.01 0.60±0.05
20.41±0.66 518.31±53.94 305.07±17.41
3.85±0.16 14.94±0.24 12.34±0.08
0.48±0.01 1.40±0.13 2.32±0.06
16.68±0.42 26.39±2.54 61.54±11.15
82.47±1.00 100.44±1.99 85.75±1.66
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selected by the stepwise selection procedure using the Akaike
information criterion (AIC), as available in CANOCO 4.5. AIC not
only considers the goodness of fit but also parsimony, penalizing very
complex models (Burnham and Anderson, 1998). Response variables
without an adequate candidate model (e.g. rare concentration for
which there is no evidence of response to the gradient) are
automatically deleted by this procedure.

Multiple linear regression, with enter and stepwise procedures, was
used to relate mussel levels to metal traits. Squared variables were also
included in the model to test for nonlinear responses (i.e. polynomial
regression). The adjusted coefficient of determination (adjusted R2)
was used to measure the proportion of variation explained by the
model, since it corrects for overestimation when the sample size is
small or the number of predictors is large; and standardized β
coefficients allow for direct comparison of association strength between
dependent and independentvariables, e.g.whenvariables aremeasured
in different units (Schroeder et al., 1986; Tabachnick and Fidell, 2001).
Prior to analysis, quantitative variables were log-transformed to
improve linearity and homoscedasticity. All statistical analyses were
performed with SPSS 17.0, except for GAMs (CANOCO 4.5 was used).

3. Results

3.1. Metal associations

PCAs conducted on zebra mussel metal bioaccumulation showed
that the main trend was an increment of metal concentrations (Fig. 2)
below the Flix factory (i.e. polluted sediments). As expected, most
metal concentrations were interdependent and significantly correlat-
ed among them (Fig. 2); KMO (0.725) indicated the usefulness of
the PCA, with the two first axes explaining, respectively, the
81.4% (eigenvalue=8.14) and 11.7% (eigenvalue=1.17) of the total
variation (93.1%) among sampling sites (Fig. 2). Overall, all metal
concentrations were positively correlated among them and opposed
to As (Fig. 2). The first PCA axis identified a dominant gradient of
metal concentrations that contrasted sampled points below the Flix
Reservoir (S4 and S5) with highest concentrations of all metals except
As (Fig. 2), more abundant in points above the reservoir (S1, S2 and
S3). The second PCA axis wasmainly related to Zn concentration, since
distinguished sampled points with highest Zn concentrations (mainly
S4) from the others, with similar Zn levels (Table 1); so Zn differences
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log-transformed) analyzed in zebra mussels from sampling sites upstream and
downstream the Flix Reservoir. Metal concentration loadings (▲) and sampling
stations scores (circles) on the first two principal components axes are shown.
were not related to longitudinal variation along the Ebro River (Fig. 2).
Furthermore, PCA axis scores showed significant differences among
sampled points (MANOVA,Wilks’ λb0.001; F8, 18=123.40; Pb0.0001),
andmetal levelsweremostly higher in stations below Flix Reservoir (S4
and S5) than in upstream stations (Wilks’ λ=0.026; F2, 12=226.66;
Pb0.0001). Nevertheless, these differences were only due to PCA axis
1 scores (ANOVA, F1, 13=272.20; Pb0.0001; ηp2=0.95), since PCA axis
2 scores did not differ (F1, 13=0.263; P=0.62; ηp2=0.02) between
stations upstream and downstream the polluted sediments. PCA axis 1
scores were also significantly related to the distance to contaminated
waste (GAM, Deviance=0.747, nonlinear F2, 11=40.89, Pb0.0001)
(Fig. 3). Thus, metals related with PCA axis 1 were the most important
source of variation in order to understand concentrations differences
above and below the polluted sediments.

3.2. Flix industrial waste, river flow and redistribution

Zebra mussels significantly presented different metal concentra-
tions among sampling points (MANOVA, Wilks's λb0.001; F40, 5.65=
132.38; Pb0.0001) (Table 1). Overall, zebra mussels collected in
sampling points downstream Flix Reservoir (S4 and S5), had higher
metal levels than those coming from sites upstream Flix (S1, S2
and S3) (Tables 1 and 2). The exceptions were Zn and As concen-
trations, with maximum Zn levels in the sampling site just below the
Flix Reservoir (S4) but without a clear pattern; and As levels
being significantly higher in mussels from sampling points upstream
the reservoir (S1, S2 and S3) than downstream (S4 and S5) (Tables 1
and 2). Furthermore, these differences were more evident when
sampling points above the contaminated sediments were compared
with those below the sediments (i.e. pooling mussels by capture
position, above or below) (MANOVA, Wilks's λ=0.003; F10, 4=131.04;
Pb0.0001). All metal concentrations measured in zebra mussel were
significantly higher downstream the Flix Reservoir, except for As that
was higher upstream the contaminated sediments (Tables 1 and 2).
These results showed that metal contamination was clearly associated
with the presence of the industrial waste sediments placed in the Flix
Reservoir. The highest differences, and thusmetalsmore associatedwith
the presence of polluted sediments, were found in Hg and Cd (see ηp2

values on Table 2); while Zn and Ti, in addition to As, were the metals
less associated to the contaminated sediments (ηp2 on Table 2).

Zebra mussel metal levels as a function to distance to the sediments
(expressed as distance to the river mouth) confirmed the metal
bioaccumulation pattern (GAMs on Table 2 and Fig. 3). The response
curve for As agrees with previous results showing a concentration
reduction along the river course. Although the soft increase of Zn
concentration downstream (Table 1 and Fig. 3), the smooth response
curve for this metal did not show a clear link between Zn and
contaminated sediments. However, the response curves for Cu, Cr, Ni,
Pb, Ti, Cd,HgandMnwith adrastic increase observedbetween sampling
stations S3 and S4 clearly showed a link to Flix industrial waste.
Interestingly, whereas response curves for Cd and Mn peaked at S4
sampling point, just below the Flix sediments, the response curves for
Cu, Cr, Ni, Pb and Ti showed an exponential increase between S4 and S5
sampling stations, ca. 30 km down stream from the polluted sediments
(Fig. 3). It is noteworthy that Hg concentration curve increased at
sampling point S4, remaining similar river down at sampling point S5
(Fig. 3). Therefore the Flix contaminated sediment presencewas related
with an increase ofmetal concentrations downstream the Flix Reservoir
with river playing an important role ofmetal redistribution to the lower
Ebro River.

3.3. Element characteristics relationship with bioaccumulation

Multiple linear regression selected 5 of the following 19 consid-
ered metal characteristics: atomic number; boiling point; melting
point; atomic density; atomic mass; most stable oxidation state;
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covalent radius; atomic radius; Van der Waals radius; ionization
potential (first, second and third); specific heat capacity; thermal
expansion; thermal conductivity; electrical conductivity; electroneg-
ativity; heat of vaporization and heat of fusion. Each metal con-
centration found in zebra mussel was significantly related to atomic
mass, atomic radius, first ionization potential, electrical conductivity
and melting point (Table 3 and Fig. 3). Therefore, heavier metals with
larger radius and higher ionization potential, electrical conductivity
and melting point tended to be less abundant in mussel tissue;
with 87% of the variation (adjusted R2) explained by the model
(ANOVA, F5, 144=201.73; Pb0.0001) (Table 3). Standardized regres-
sion coefficients (Table 3) showed that melting point together with
the first ionization potential and atomic mass, were more important
metal characteristics than electrical conductivity and atomic radius,
in order to understand bioaccumulation differences. The same
pattern was observed when only points below the Flix industrial
waste were selected (S4 and S5), increasing goodness of fit up to 94%
(F5, 54=156.63; Pb0.0001). Similar patterns are observed in metals
for the earth's crust (Wedepohl, 1995). Overall, heavier metals affect
organisms at lower concentrations (Hendriks et al., 1998), suggesting
that organisms are generally adapted to environmental concentra-
tions of different natural substances. Nevertheless, variability in metal
accumulation and tolerance among species and sites is large, in-
dicating that different strategies can be adopted.

4. Discussion

4.1. Metal content in zebra mussel and spatial variation

Metal levels measured in zebra mussel from control sites, far from
known sources of pollutants, were generally low and comparable to
levels previously reported from slightly or unpolluted water bodies
(Kwan et al., 2003; Camusso et al., 2001; Bervoets et al., 2005). Metal
level variation between upstream and downstream from the Flix
Reservoir revealed a strong longitudinal gradient for most metals,
thus indicating that the industrial waste placed in Flix Reservoir was
the metal enrichment factor. When comparing downstream levels to
those previously published from industrially polluted waters (Kwan
et al., 2003; Camusso et al., 2001), levels of Ni and Zn were slightly
lower and similar for As, Cd, Cr and Pb. Although Ti is related to the
chemical industry, to the best of our knowledge, here are reported the
first Ti levels in an aquatic species from the Ebro River and in zebra
mussel worldwide. Ti concentration found in the impacted zone was
up to 3 times higher than in control sites. When compared to other
studies the levels of Cu, Mn and Hg found at the impacted sites were
much higher, mainly Mn and Hg levels, exceeding several times the
highest levels by the literature (e.g. Kwan et al., 2003; Camusso et al.,
2001; Bervoets et al., 2005).

All metals investigated showed different levels related to
sampling point, and most of them were highest downstream than
upstream from the Flix Reservoir. Only As, with a contrasting
pattern, and Zn levels were not related to Flix industrial waste.
According to this, high levels of both metals were measured in
unpolluted sediments of the Ebro Basin (Rodríguez et al., 2008),
while As reduction downstream may be attributed to a change in
soil lithology or to their precipitation due to pH increase (Terrado et
al., 2006). Overall, levels measured in zebra mussels collected
downstream the Flix Reservoir were 3–10 higher than those
measured upstream the reservoir. Our results are similar to those
reported by Carrasco et al. (2008); although they only studied total
Hg and methylmercury, they also found that levels in zebra mussels
collected downstream the Flix sediments were 20 times higher than
those measured upstream. Effects of Flix sediments in other river
species have been observed previously; for instance, red swamp
crayfish (Procambarus clarkii) individuals from near the polluted
sediment had the highest Pb and Hg levels, and metal concentrations
were related to industrial dump distance (Suárez-Serrano et al., 2010).
The polluted sediments placed in the Flix Reservoir have been
associated with an increase of morphological anomalies and ectopar-
asites in fish, and a decrease in condition and liver weight of roach
(Rutilus rutilus), bleak (Alburnus alburnus) and sunfish (Lepomis
gibbosus) (Benejam et al., 2010). Important alterations in reproductive



Table 2
ANOVAs of themetal concentrations (μg/g dw) found in zebra mussel among sampling points. Spatial variation was assessed with GAMs; nonlinear statistics are shown. See Fig. 3 for
metals response curves. Significance levels; a: Pb0.0001; b: Pb0.001; c: Pb0.005; d: Pb0.05.

Metal ANOVA ANOVA GAM

Among points Relative to Flix Model
deviance

Distance

F4, 10 ηp2 GH post-hoc tests F1, 13 ηp2 df F

As 101.73a 0.976 S1=S2=S3NS4=S5 103.66a 0.889 0.0063 1, 12 42.76a

Cd 171.83a 0.986 S2=S3bS1bbS4=S5 125.50a 0.906 0.2896 2, 11 42.09a

Cu 99.49a 0.975 S1=S2=S3bbS4bS5 75.32a 0.853 0.0660 2, 11 44.70a

Cr 58.73a 0.959 S2=S3bS1bS4bS5 40.25a 0.756 0.0594 1, 11 48.18a

Hg 253.37a 0.990 S1=S2bS3bbS4=S5 294.26a 0.958 0.1016 2, 11 68.61a

Mn 526.54a 0.995 S3bS1bS2bbS5bS4 65.87a 0.835 0.8084 2, 11 10.29c

Ni 848.64a 0.997 S2=S3bS1bS4bS5 71.67a 0.846 0.2636 1, 12 16.05c

Pb 137.66a 0.982 S3bS1=S2bbS4bS5 48.78a 0.790 0.1270 1, 12 40.13b

Ti 24.35a 0.907 S1=S2=S3=S4bS5 17.83a 0.567 0.0688 2, 11 19.96b

Zn 32.14a 0.928 S1=S3bS2=S5bS4 8.64d 0.399 0.0102 1, 11 5.28d
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traits (delay in maturation, less ova number and arrested spermato-
genesis) have been observed in carps (Cyprinus carpio) captured just
below the Flix Dam (Lavado et al., 2004; Benejam et al., 2010).
Furthermore high levels of DDTs, PCBs, Hg and Cd in fish tissue, as well
as reduced glutathione in liver and nonylphenol in bile were detected
in carp and barbel (Barbus graellsii) in the Flix Reservoir and
downstream (Lavado et al., 2006; Eljarrat et al., 2008; Navarro et al.,
2009). Quirós et al. (2008) showed an increase of the micronuclei
frequency in peripheral erythrocytes from heron (Ardea purpurea)
nestlings from Flix Reservoir nests. Therefore, pollution effects from
Flix sediments are widespread among river fauna, affecting all trophic
levels within the foodweb. Despite the presence of the dam, our results
showed an important metal uptake by zebra mussels collected
downstream from the Flix Reservoir, indicating pollutant transport
and redistribution from the Flix Reservoir; which is surely enhanced
during floods due to sediment resuspension (Gómez-Gutiérrez et al.,
2006; Vericat and Batalla, 2006). Of major concern is that the situation
has not changed during the last years, since metal levels and
distribution in zebra mussel are consistent with current pollutant
distribution in river sediments, which are very similar to those values
reported 10 years ago (Ramos et al., 1999; Grimalt et al., 2003; Terrado
et al., 2006). However, the river water contains negligible amounts of
metals all along the low Ebro River, as determined by current measures
(www.chebro.com; http://www.gencat.cat/aca ) and historical data
(Ramos et al., 1999; Terrado et al., 2006).

Overall, bioaccumulation studies show organism levels at different
places, but only few of them model the relationship between level and
distance to pollution point source. In this study we have used
Generalized Additive Models (GAMs) to model the relationship
between metal levels and distance to industrial point source and we
have shown that the results of GAMs were in agreement with most
traditionally used ANOVA. Nevertheless turning to more flexible
approaches, such asGAMs, the relationship between variables,modeled
as non-parametric smoothing functions, could take any shape, relaxing
linearity assumption (Hastie and Tibshirani, 1990; Lepš and Šmilauer,
2003). Once fitted, GAMs is a flexible and strong analytical tool for
Table 3
Multiple linear regression of metal concentration in zebra mussel (Dreissena
polymorpha) with metals parameters selected by the regression model. All variables
were log-transformed.

Variables in the model Units Coefficients

β Stand. β t P

Constant 81.690 18.889 b0.0001
Atomic mass u −10.956 −2.523 −22.313 b0.0001
Atomic radius Å −26.300 −1.293 −15.604 b0.0001
Ionization potential (1st) eV −39.282 −2.584 −16.895 b0.0001
Electrical conductivity2 106/Ω. cm −0.742 −0.704 −16.390 b0.0001
Melting point2 K −10.945 −3.311 −16.837 b0.0001
conducting nonlinear regression analysis. Furthermore, another advan-
tage of using GAMs models is their high predictive ability (Hastie and
Tibshirani, 1990), which is useful for making accurate predictions of
unsurveyed sites to produce distribution maps of metal levels.
Therefore, GAMs provide a useful framework for modeling spatial
distribution ofmetal concentrations; and for comparing datawith other
contamination scenarios (a common practice in the literature); for
instance, once fitted, GAMs allow comparing not only metal concentra-
tions but also distribution trends from point pollution source.

4.2. Zebra mussel as sentinel organism and implications for trophic
transfer

The zebra mussel is probably one of the most widely distributed
freshwater bivalves in area occupied, since it is present in most of
Eurasia and eastern North America (Ram and Palazzolo, 2008). Zebra
mussel is easy to collect (e.g. manually), capable to colonize a wide
variety of natural and artificial hard substrates with their byssal
threads, with a relative long life span and a high fecundity (up
1,000,000 eggs per female), eurythermal, and tolerate moderate
salinity (up to 6‰) and low oxygen values (Ram and Palazzolo, 2008).
Undoubtedly, the fact that the zebra mussel is relatively sedentary,
responding to site-specific pollution, together with its high filtering
rate (Aldridge et al., 1995; Lowe and Day, 2002) are the traits that
confers an advantage for the comparative assessment of contaminant
levels and availability in freshwater systems. The high filtration rate
allows the uptake and bioaccumulation of toxic chemicals from
polluted water and suspended particulate matter (Aldridge et al.,
1995; Camusso et al., 2001). Metal levels in mussels are correlated
with those in sediment, thus representing a dynamic link between the
benthic and the pelagic zones of a water body (Strayer et al., 1999;
Lowe and Day, 2002). Because its high capacity of bioaccumulation
and population survival despite the high metal concentrations
accumulated, we conclude that D. polymorpha is a valuable sentinel
organism. Furthermore, the zebra mussel is considered one of the
world's 100 worst invasive alien species (http://www.issg.org/
database/). Therefore, from a conservation point of view, zebra
mussel for use as sentinel organisms does not suppose an ecosystem
disturbance and is an alternative to native fauna such as threatened
unionids, previously suggested for that use.

After zebra mussel introduction, it becomes the most abundant
macroinvertebrate and a keystone species, establishing trophic
relationships with all trophic levels (MacIsaac, 1996; Strayer et al.,
1999). So, the huge metal concentrations found in zebra mussel show
that these pollutants are highly bioavailable to the entire food web.
The zebra mussel forms part of the diet of several crayfish, aquatic
birds (mainly diving ducks) and fish species (MacIsaac, 1996; Molloy
et al., 1997), for instance bleak, roach, carp, goldfish (Carassius
auratus), sunfish, eel (Anguilla anguilla), and perch (Perca fluviatilis),

http://www.chebro.com
http://www.gencat.cat/aca
http://www.issg.org/database/
http://www.issg.org/database/
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which are common in the Ebro River. Therefore, the zebra mussel
contributes to bioavailability, trophic transfer and thus, redistribution
of contaminants because the displacement capacity of higher trophic
levels. Although the Ebro River fish species have not commercial
interest; angling is very popular, mainly focused on carp and catfish
(Silurus glanis), a carp predator. Crayfish, also, is occasionally
collected. Therefore fish and crayfish are occasionally consumed
with the potential health risks to humans by pollutants transference.

5. Conclusions

Our results confirm that the zebra mussel is a valuable sentinel
organism, because it is able to identify pollution impacted sites with a
high degree of statistical significance, including situations with high
metal levels, e.g. the hazardous industrial waste placed in the Flix
Reservoir. Furthermore, Generalized Additive Models, a flexible and
effective technique for conducting nonlinear regression analysis, is a
powerful tool for accurately estimate metal distributions patterns.
Zebra mussel is also a link between sediment pollutants and food web
allowing the toxics transfer to predators such as fish, birds and
potentially humans. Thus, the zebra mussel is a valuable tool for
assessing pollutant transport routes in freshwater systems and
potential entry of those into the full aquatic food web.
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