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Natàlia Corcoll • Manel Leira • Alexandra Serra

Received: 28 August 2009 / Accepted: 22 January 2010 / Published online: 25 February 2010

� Springer Science+Business Media B.V. 2010

Abstract The expected response of fluvial biofilms

to the environment and metal pollution prevailing

under different discharge conditions was investigated.

The relationship between inter-annual hydrological

variability and metal concentration in water and

sediments was explored in Mediterranean rivers

(Catalonia, NE Spain) affected by low but chronic

metal pollution, using monitoring data provided by

the Catalan Water Agency (ACA). During the period

investigated (2000–2006), metal pollution was char-

acterized by low water concentrations and high

concentrations in sediments. The most consistent

pattern was observed for sediment cadmium (Cd)

concentrations, showing a positive relationship with

annual discharge, reaching values of environmental

concern (above ecotoxicological benchmarks). A

different pattern was observed for Cu, Zn, and As

increasing with flow in some sites and decreasing in

others. While Cd seems to proceed from diffuse

sources being washed by surface runoff, Zn, Pb, and

As may proceed from either diffuse or point-sources

in the different river sites investigated. The relevance

of diffuse metal pollution in the area of study

indicates that polluted landfills runoff might be an

important source of metals causing repetitive pulses

of high metal concentration in the receiving water

courses. The experimental results presented demon-

strate that metal effects in fluvial biofilms may be

accumulative, increasing the toxicity after repetitive

pulse exposures. Since draughts and extreme rain

events are expected to increase at higher latitudes due

to global change, the sources of metal pollution, its

final concentration and potential effects on the fluvial

ecosystem may also change following the patterns

expected for human-impacted Mediterranean rivers.
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Introduction

Human activity is one of the major causes of elevated

concentrations of metals in fluvial ecosystems caus-

ing a great concern over potential toxicity and trophic

transfer. Metal concentrations are very variable in
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time and space depending on the source of pollution

(diffuse or point-source), the hydrological regime and

the processes affecting their transfer from the water

phase to other compartments. Furthermore, it is

expected that below average surface flow conditions,

will also change the fate and effects of metals at

ecosystem scales (Guasch et al., 2009b). Based on

recent modeling of the fate and transport of metals in

streams (Caruso et al., 2008), higher metal concen-

trations are predicted during low flow (mostly for

Zn). This tendency is common in mining areas where

metal inputs come from groundwater. In these cases,

metal concentration is lowest at highest discharges

due to dilution (Audry et al., 2004; Bambic et al.,

2006; Armitage et al., 2007). The influence of flow in

sites affected by low but chronic metal pollution (i.e.,

influenced by urban and agricultural activities) has

been poorly investigated (i.e., Brown & Peake, 2006).

While the differences in metal concentration between

the dry and rainy season described by Fianko et al.

(2007) were attributed to dilution, other studies report

no linkage between discharge and metal pollution

(Benson & Etesin, 2008).

The duration and frequency of increased metal

concentration episodes is of great relevance since

metal bioaccumulation and toxicity are strongly

influenced by the time and frequency of exposure

(Meylan et al., 2003). The expected linkages between

fluvial hydrology and metal exposure of fluvial

biofilm communities were addressed in Guasch

et al. (2009b). It was indicated that point-sources of

metal pollution might cause chronic and variable

metal exposure depending on flow conditions (of

lower concentration under high-flow conditions due

to dilution). On the other hand, diffuse sources of

metal pollution such as the urban runoff would cause

intermittent metal exposures directly linked with

rainfall episodes. It was also concluded that chronic

exposure would lead to community adaptation and a

decrease in sensitivity, whereas metal toxicity would

be maximum if a non-adapted community was

suddenly exposed to peak metal concentrations.

Community responses to intermittent metal exposures

were not directly addressed in this review article.

Reinert et al. (2002) indicate that the long-term

effects on non-target organisms of intermittent pesti-

cide exposure can be a function of the damage

sustained during exposure, the capacity of the organ-

isms to recover, and the duration of the recovery

period between pulses. Furthermore, sequential expo-

sure can lead to an increased or decreased effect

during each subsequent exposure, depending on the

mode of action of the toxicant, the resilience of the

biotic community, and its adaptation capacity

(Macinnis-Ng & Ralph, 2002; Hoang & Klaine,

2008). Results of previous studies (Serra et al., 2009),

demonstrated that Cu accumulation kinetics and tox-

icity differed among fluvial biofilms with different Cu-

exposure history. Biofilms that had been continuously

exposed to Cu, differed from those unexposed and also

from those exposed to short Cu-pulses in their species

composition (due to the replacement of sensitive algal

classes by tolerant ones) and also on their metal

content, several orders of magnitude higher. The non

pre-exposed and Cu-pulsed communities were more

sensitive to Cu than the chronically exposed commu-

nity showing a slight decrease in the photosynthetic

efficiency after the short exposure to higher Cu

concentration (Serra et al., 2009). In this study,

photosynthesis inhibition was slightly higher in the

Cu-pulsed than in the non pre-exposed community

indicating that the pulses may enhance Cu toxicity.

Several authors (Pinto et al., 2003; Torres et al.,

2008) have proposed the study of ‘‘signals of

distress’’ at molecular level as toxicity biomarkers.

Studies performed on algal cultures have already

shown the sensibility of several enzymatic biomark-

ers to the presence metals (Tripathi et al., 2006).

Antioxidant enzyme activities (AEA) such as super-

oxide dismutase (SOD), catalase (CAT), ascorbate

peroxidase (APX), and glutathione S-transferase

(GST) activity are of great importance in oxidative

stress to cope with free radicals that lead to several

disturbances (Geoffroy et al., 2004). Elevated Cu

levels induce oxidative stress by generating reactive

oxygen species (ROS), such as hydrogen peroxide,

superoxide radical, singlet oxygen, and hydroxyl

radical, via Haber–Weiss as well as Fenton reactions

that can oxidize proteins, lipids and nucleic acids.

This often leads to the cell structure being damaged

or even cell death (Tripathi & Gaur, 2004; Dewez

et al., 2005). AEA characterization may provide early

warning systems of detection of toxicity on auto-

trophic communities at lower exposure time and/or

dose than other classical endpoints such as photo-

synthesis or algal growth (Sabater et al., 2007).

The main objective of this article is to present the

expected response of the biota (fluvial biofilms) to the
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metal pollution prevailing under different discharge

conditions. In order to reach this objective the

following specific objectives were addressed:

1. To explore the relationship between inter-annual

hydrological variability and metal concentration

in water and sediments in Mediterranean water-

sheds (Catalonia, NE Spain) affected by low but

chronic metal pollution.

2. To present a specific example dealing with the

response of fluvial biofilms to repetitive Cu-

pulses using AEA as early warning systems of

toxicity detection.

3. To provide a conceptual framework about the

influence of temporal dynamics of metal expo-

sure on metal accumulation and toxicity in fluvial

biofilms.

In order to reach the first specific objective, moni-

toring data provided by the Catalan Water Agency

(ACA) were selected in order to cover a large

environmental gradient and temporal scale (from

2000 to 2006).

In an experimental study, changes in the defense

capacity of biofilms were used to evaluate the effects

of several pulses of Cu. This complemented a series

of investigations dealing with the significance of the

time of exposure on the fate and effects of Cu on

fluvial biofilms (Serra & Guasch, 2009; Serra et al.,

2009).

Materials and methods

Monitoring

Nine sites located in seven watersheds were included in

this study (Table 1). The physical and chemical

characterization including nutrient content, water

metal concentration, sediment metal concentration,

and flow was performed at each site. Furthermore, the

Catalan River basins were characterized according to

their typology and their impact degree. Since sediment

metal concentration was analyzed once a year, average

or integrated annual values of the rest of variable were

included for comparison. Temporal variability was

based on the inter-annual variability over 7 years

(2000–2006). Conductivity was determinate by elec-

trical conductivity (ISO 7888:1985), pH by continuous

instrument, dissolved oxygen by electrochemical

probe method (ISO 5814-1990). Ammonium by flow

analysis (continuous flow and flow injection analysis)

and spectrometric detection (ISO 11732:2005) and

phosphate was determinate by ammonium molybdate

spectrometric method (ISO 6878:2004). Metal con-

centration in water was analyzed by inductively

coupled plasma mass spectrometry (ICP-MS) and

metal concentration in sediments was determinate by

inductively coupled plasma atomic emission spectros-

copy (ICP-AS). Flow was obtained from the Catalan

network of gauging stations.

Statistical analysis

Non parametric correlation analysis (Spearman’s rho)

was carried out between the relative flow recorded at

each sampling station and the metal concentration in

water and sediment. The environmental variables

(physical, chemical and heavy metal concentration in

water and sediments) along the study period were

obtained from the Catalan Water Agency (ACA).

Some of the variables available were selected on the

basis of their relevance for the distribution and

abundance of the biofilm community. The variables

used were copper, lead, cadmium, arsenic, mercury,

chromium, nickel, and zinc concentration in the

sediment, and zinc in the water. As metal content and

dynamics were likely to be substantially affected by

time, the year in which the data were collected was

included as independent variables in partial correla-

tion analyses to describe the linear relationship

between the variables while controlling for the effects

of temporal variations in the metal content in the

streams.

Significant differences in metal concentration in

streams between flow conditions were examined

using one way ANOVA (Winer, 1971). Two possible

flow conditions were considered as factors in

ANOVA, either high or low flow. Each site was

classified in either of both classes according to their

deviation from the standard condition. Deviations

were calculated as anomalies by subtracting the mean

from each observation, then dividing by the standard

deviation. The contribution of spatial and temporal

random effects to the variance of the sediment metal

concentration was assessed by variance components

procedure. Maximum likelihood (ML) method was

used in the Variance Components procedure. The

maximum likelihood method accounts for the
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temporal and spatial dependence of the observations

that characterize our dataset. Using the Variance

Components procedure, the year effect’s contribution

to the random variation in a given variable can be

estimated. Multiple comparisons between means

were analyzed in all the cases with a Tukey HSD

(Honest significant difference) test (Winer, 1971).

Statistical analyses were performed using SPSS for

Windows (version 13.0; SPSS Inc., Illinois).

Influence of Cu pulses on the structure and

function of biofilms

Fluvial biofilms were cultivated and exposed to

copper under controlled conditions. The experiments

were carried out in an indoor channel system

consisting of six Perspex channels (each 170 cm

long and 9 cm wide) as described in Serra et al.

(2009). Briefly, water was supplied from 10 l carboys

located at the end of each channel and was recircu-

lated at a rate of 1 l min-1 through centrifuge pumps.

Light was provided by halogen lamps (80–

100 lmol m -2 s-1) with a 12 h light/12 h dark

cycle and the temperature was kept between 19 and

20�C using a cooling bath. Two consecutive coloni-

zation experiments were performed: one with no

copper added (No-Cu); and the other with several Cu

pulses (referred to as Cu-pulsed). In each coloniza-

tion experiment, biofilms were allowed to colonize

the surface of etched glass substrata (8.5 * 12 cm)

placed at the bottom of each channel. In the No-Cu

colonization treatment, no copper was added during

the whole colonization period (5 weeks). In the

Cu-pulsed colonization treatment, biofilms were

exposed to three pulses of 20 lg/l Cu (nominal

concentration) on the 5th week of colonization. Each

pulse lasted for 2.5 h. After each pulse, water from

the system was replaced by water without Cu.

At the end of each colonization period, three glass

substrata were removed at random from three differ-

ent channels to characterize the chlorophyll fluores-

cence of the different algal classes composing the

biofilm communities by means of a Phyto-PAM

chlorophyll fluorometer (Heinz Walz, Effeltrich,

Germany).

These mature communities were thereafter

exposed to higher Cu concentration to assess the

influence of Cu pre-exposure on Cu sensitivity.

Three channels were exposed for 24 h to 100 lg/l

Cu (nominal concentration) and the other three

channels were used as controls (maintained without

Cu in the water) following the procedures described

in Serra et al. (2009). In order to follow accumu-

lative effects, biofilms were collected at time 0 and

after 6 and 24 h of exposure to study antioxidant

enzyme activities. Cu accumulation, the algal bio-

mass (Fo), and quantum yield (effective and optimal

quantum yield) were also analyzed following the

procedures described in Serra et al. (2009). All

fluorescence measurements were performed using

the Phyto-PAM. It employs an array of light-

emitting diodes (LED) to excite chlorophyll fluores-

cence at different measuring lights (470, 520, 645,

and 665 nm), and to illuminate samples with actinic

light and saturation pulses. The deconvolution of the

overall fluorescence signal into the contributions of

Table 1 Summary of river sites

River Sampling site UTM’s Typology Impact degree

Francolı́ Tarragona 351987X, 4557363Y Karst feed river High

Foix Castellet i la Gornal 385673 X, 4569332Y Lowland Mediterranean river High

Llobregat a-Abrera 409999X, 4595622Y Large watercourse High

b-St.Joan Despı́ 416170X, 4588578Y Large watercourse High

Muga Castelló d’Empúries 530429X, 4680997Y Lowland Mediterranean river Intermediate

Fluvià L’Armentera 500869X, 4668447Y Lowland Mediterranean river Intermediate

Tordera Fogars de la Selva 474637X, 4621141Y Lowland Mediterranean river Intermediate

Besós a-Montcada i Reixac 438807X, 45999056Y Lowland Mediterranean river Intermediate

b-Montornès del Vallès 432124X, 4593424Y Lowland Mediterranean river High

Name of the river (river); name of each sampling site (sampling site) and geographic location (UTM’s). Typology according to the

Catalan Water Agency (ACA) classification and impact degree according to the Water Framework Directive
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three algal groups is based on the internal ‘reference

excitation spectra’ of a pure culture (Schmitt-Jansen

& Altenburger, 2008). The differences in pigment

composition of the antenna complexes of photosys-

tem II can be determined because the shapes of the

excitation spectra depend on the spectra of three

algal groups (Ruser et al., 1999). Reference spectra

which have previously been validated for periphyton

communities were used (Schmitt-Jansen & Alten-

burger, 2008). The fluorescence linked to cyanobac-

teria, referred to as F(Bl), the fluorescence linked to

green algae, referred to as F(Gr) and the fluores-

cence linked to diatoms, referred to as F(Br), were

used for evaluating the relative contribution (in

percentage) of each algal class to the whole com-

munity. The measurements of in vivo chlorophyll

fluorescence of PSII were used to estimate F, which

corresponds to the steady-state fluorescence in the

given actinic irradiance, and F’m, which refers to the

maximum fluorescence yield of an actinic-adapted

sample. These two parameters were used to calculate

the effective and optimal quantum yield (Y) accord-

ing to Genty et al. (1989). In our study, Y was based

on the fluorescence obtained with 665 nm light-

emitting diode (F4). Y measurements were used to

follow changes in the photosynthetic efficiency of

the communities after Cu exposure. The measure-

ments were performed at room temperature (20�C).

Saturation pulses were applied in the same actinic

light conditions as the ones used for periphyton

colonization.

Effective quantum yield (eff QY) is taken as a

measure of the photosynthetic efficiency of the

community. Yield inhibition indicates that the toxi-

cant is reducing electron flow in the PSII. The

optimal quantum yield (opt QY) provides information

about the maximum electron flow. It is a potential

estimate and is expected to change after longer

exposures if the treatment produces alterations in the

photosynthetic apparatus (i.e., shade-adapted chloro-

plasts). Basal fluorescence (Fo) may increase if the

toxicant induces fluorescence production (i.e., in the

case of herbicides blocking electron flow). In most

cases, however, Fo is used to estimate algal biomass

since chlorophyll fluorescence is proportional to total

chlorophyll content. Therefore, it is expected that Fo

will decrease if the treatment causes a reduction in

the number of cells due to cell death (structural

damage).

Antioxidant enzyme activities

Biofilms were removed from the glass substrata with

a cell scraper and centrifuged at 2,300g for 5 min

(?10�C) to remove the excess water. The pellets

were frozen immediately in liquid nitrogen and stored

at -80�C until the enzyme assays. Samples were

homogenized for 3 min on ice by adding 2.5 ml of

homogenization buffer, containing 100 mM potas-

sium phosphate buffer (pH 7.4), 100 mM KCl, 1 mM

EDTA and 10% (w/v) PPVP (Polyvinylpolypyrroli-

done), to the pellet. Homogenates were then centri-

fuged at 10,000g for 30 min at ?4�C and the

supernatants were used as the enzyme source. The

protein contents of the supernatants were determined

by the method of Lowry et al. (1951) using bovine

serum albumin as a standard.

Catalase activity was measured spectrophotomet-

rically at 240 nm according to Aebi (1984). 750 ll of

reaction mixture was contained in a final concentra-

tion of 80 mM potassium phosphate buffer (pH 7.0),

20 mM H2O2 and enzyme extract (*60 lg protein).

The optimum substrate concentration and protein

content of enzyme extract were determined by using

5.0, 10, 15, 20, and 25 mM H2O2 concentrations and

approximately 10, 30, 35, and 60 lg protein in the

test media, respectively. The decomposition of CAT

was determined by measuring the decrease in absor-

bance at 25�C for 1–5 min during optimization

procedures. Enzymatic activity was measured after

monitoring for 1 min, at the end of which linearity

was shown. CAT activity was calculated as lmol

H2O2/mg protein/min.

Ascorbate peroxidase activity was assessed by

monitoring the decrease in absorbance at 290 nm at

25�C for 2 min due to ascorbate oxidation according

to Nakano & Asada (1981). Test medium was

contained in a final concentration of 80 mM phos-

phate buffer (pH 7.0), 0.3 mM Na-Ascorbate, 0.5 mM

H2O2 and enzyme extract (*65 lg protein) in a final

volume of 1 ml. The optimum Na-Ascorbate, H2O2

concentration and protein content of enzyme extract

were determined by using 0.1, 0.2, 0.3, 0.5 and 0.1,

0.2, 0.3, 0.5 and approximately 10, 25, 30, 45 lg

protein in the test media, respectively. APX activity

was calculated as lmol Ascorbate/mg protein/min.

Superoxide dismutase activity was measured by

the indirect method involving the inhibition of

cytochrome c reduction, which SOD competes with
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for superoxide radicals, generated by the hypoxan-

thine/xanthine oxidase system at 550 nm for 1 min

(McCord & Fridovich, 1969). The reaction buffer

contained 50 mM potassium phosphate buffer (pH

7.8), 0.1 mM EDTA, 10 mM cytochrome c, 0.05 mM

hypoxanthine, and enzyme extract (*25 lg protein).

The reaction was started by adding 1.87 mU/ml

xanthine oxidase in a final volume of 1 ml, which

gives a 0.02 absorbance increase at 550 nm. A unit of

SOD activity was defined as the amount of enzyme

that causes 50% inhibition of cytochrome c reduction

and was given as unit/mg protein.

Glutathione S-transferase activity was evaluated

by the absorbance increase at 340 nm due to conju-

gation of reduced glutathione (GSH) and CDNB

(1-chloro-2,4-dinitrobenzene) (Habig et al., 1974).

The reaction buffer contained 100 mM potassium

phosphate buffer (pH 7.4), 1 mM GSH, 1 mM

CDNB, and enzyme extract (*250 lg protein) in a

final volume of 1 ml. GST activity was calculated as

nmol/min/mg protein.

Catalase activity was measured in biofilms for the

No-Cu experiment and CAT, APX, SOD, and GST

for the Cu-pulsed experiment.

Statistical analysis

One way ANOVA test was used to examine differences

in the community structure between the no-Cu and the

Cu-pulsed treatments and also to compare photosyn-

thesis, and AEA between controls, and Cu exposed

communities during acute exposure (100 lg/l Cu).

Statistical analyses were performed using SPSS for

Windows (version 13.0; SPSS Inc., Illinois).

Results

Monitoring

The nine selected sites include karsts fed rivers,

lowland Mediterranean rivers, and large watercourses

from intermediate to high degree of impact (Table 1).

Average water discharge values were between 1 and

10 m3/s, ranging from 0 to 65 m3/s (Table 2). Total

Organic Carbon (TOC) ranged from low (1 mg/l) to

high (20 mg/l) concentration. Dissolved metal con-

centration was in general low and below detection

limits in most cases (data not shown) except for Zn

concentration ranging between 13 and 201 lg/l.

Sediment metal concentrations (in lg/g) were well

above background concentrations and above ecotox-

icological benchmarks in many cases (Table 2).

Comparing flow categories, the most consistent

pattern was shown by Cd in sediments increasing at

higher flow (Table 3). Comparing sites, the most

consistent pattern between metals was found in

Besós-b (Montornès del Vallès) and Francolı́

(20–86% and 22–42% increase with water flow,

respectively). On the other hand, a negative relation-

ship between flow and metal contents (with the

exception of Cd) was found in Besós-a (Montcada i

Reixac), 21–39% higher in the lower flow category.

Overall, Cd in sediment varied significantly

(P \ 0.001) across the river flow condition classes.

The low flow condition class shows an average Cd

concentration in sediment of 0.98 lg/g ranging from

0.41 to 2.31 lg/g while sites within the high flow

condition class have Cd concentrations between 0.51

and 4.13 lg/g with mean = 1.57. A significant

correlation between Cd sediment values and flow

was obtained when temporal variation among sample

collection was controlled for (i.e., variables were

treated as covariables in partial correlation analyses).

The contribution of the different components evalu-

ated to total random variance was 0.128 due to

temporal variation (years), 0.003 explained by spatial

variation (basin) and 0.007 due to error.

The comparison of Cd concentrations over time

shows that Cd values in sediment peaked during 2003

in most of the rivers (Fig. 1a) although no clear

correspondence appears to exist between water

discharge and Cd sediment concentratrions (Fig. 1b).

Another simple way of looking at the relationship

between flow and heavy metal concentrations is by

grouping water discharge into different classes

(Fig. 1c). After grouping water discharge into differ-

ent classes it can, however, be observed that Cd

content in sediment is higher in high flow conditions

(Fig. 1c).

Influence of Cu pulses on the structure

and function of biofilms

The exposure of mature biofilms to 20 lg/L of Cu

for 2.5 h did not alter the effective quantum yield
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(Table 4). Furthermore, at the end of the three

consecutive pulses (Cu-pulsed community), algal

biomass (based on basal fluorescence, Fo), and the

community composition (in terms of the percentage

of fluorescence of different algal groups) was

similar to the non pre-exposed community (no-Cu)

(Table 5).

The effects caused by the acute exposure (100 lg/l

Cu for 24 h) differed between the no-Cu and the

Cu-pulsed communities (Table 6). Effects on photo-

synthesis (in terms of effective quantum yield) and

photosynthetic capacity (in terms of optimal quantum

yield) were similar, but the AEA showed a different

pattern. While CAT showed a slight increase in the

non pre-exposed community (no-Cu), it showed a

marked reduction in the Cu-pulsed one (Table 6).

SOD and GST were also inhibited after 24 h of

exposure (Fig. 2).

Discussion

Monitoring

Dissolved metal concentration was low and below

detection limits in many cases but sediment metal

concentration (in lg/g) was in general high. Sediment

metal concentrations were within the values obtained

in river sediments which range 0.073–9.5 (Cd); 19.7–

72.5 (Cr); 12–131 (Cu); 15–150 (Pb); and 37–303

(Zn) (Huang & Lin, 2003; Jain, 2004; Adamo et al.

2005; Demirak et al., 2006). Cd, Pb, Zn, and Cu

values were characteristic of human-impacted rivers

(Peplow & Edmonds, 2005; Demirak et al., 2006)

well above background concentrations. Previous

study has shown that the relationship between metal

loads and diatom species composition can be very

poor probably due to the fact that metal concentration

Table 2 Summary of variables selected: average, minimum,

and maximum discharge (Q, Q Min and Q Max, respectively);

conductivity (cond); pH; dissolved oxygen (O2); nitrate (NO3);

phosphate (PO4); ammonium (NH4); Total Organic Carbon

(TOC), and water hardness (hardness)

Median Avg ± SD Max Min Backgrounda Benchmarcksb

Q (m3/s) 1.44 3.47 ± 4.52 17.57 0.00

Q Min (m3/s) 0.16 1.14 ± 2.27 9.78 0.00

Q Max (m3/s) 6.06 10.2 ± 12.8 64.81 0.01

Cond (lS/cm) 1,152 1,137 ± 423 2,343 516

pH 7.99 7.99 ± 0.15 8.42 7.65

O2 (mg/l) 9.08 8.96 ± 1.18 11.24 4.81

NO3 (mg/l) 12.01 16.2 ± 10.5 51.81 4.89

PO4 (mg/l P2O5) 0.54 1.67 ± 2.05 8.03 0.16

NH4 (mg/l) 0.87 3.38 ± 5.16 19.58 BDL

TOC (mg/l) 4.50 5.39 ± 3.26 19.87 1.15

Hardness (mg/l) 399 393 ± 140 683 159

Zn (lg/l) 32.20 50.1 ± 42.1 200.70 13.00

Cd (lg/g) 1.10 1.26 ± 0.79 4.10 0.15 0.2 ± 0.1 1

Cr (lg/g) 26.70 31.7 ± 20.7 98.70 5.90 21.6 ± 6.9 n.l.

Cu (lg/g) 38.00 50.3 ± 43.3 247.00 8.00 21 ± 6.4 34

Pb (lg/g) 30.20 67.1 ± 128 752.00 6.00 23 ± 3.7 47

Ni (lg/g) 21.20 28.4 ± 24.0 144.00 4.00 n.l. 21

Zn (lg/g) 129.40 162 ± 106 401.60 16.00 56 ± 25 100

As (lg/g) 5.3 12.9 ± 24.2 136.20 b.d.l. n.l. 8

Total water metal concentration (Zn) and total sediment metal concentrations (Cd, Cr, Cu, Pb, Ni, Zn, and As). Median, average (±SD),

maximum and minimum values of the nine sites over time (2000–2006)
a Range of background concentrations (Adamo et al., 2005) and becotoxicological benchmarks (Peplow & Edmonds, 2005)

b.d.l. below detection limits, n.l. not in the literature
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in the water was a bad indicator of metal availability

(Guasch et al., 2009a). Metal contents in the water

phase represented 9.8% of variation in diatom species

composition, including only the most polluted sites:

lower part of the Besós and Francolı́ rivers, both

affected by urban, industrial, and agricultural activ-

ities. In the current study, sediment metal pollution

was remarkable in these sites, but also in the lower

part of the Llobregat and Tordera rivers where Cd,

Cu, Pb, Ni, and Zn concentrations was also high,

above ecotoxicological benchmarks in many

occasions.

Focusing on temporal variability, the year effect

appeared to account for the majority of the variation

of the sediment content of cadmium. In fact, temporal

variation explained 93% of total random variance,

while spatial distribution of the sampling sites and

error explained 2 and 5%, respectively. The compar-

ison of Cd concentrations over time shows that Cd

values in sediment peaked during 2003 in most of the

rivers followed by a subsequent decrease over the

next few years (Fig. 1). Remarkably, the river

Tordera was the most polluted river in 2003. The

average relative water discharge at river Tordera has

increased since 2000 showing a sharp decrease since

peak values in 2003 (Fig. 1). Although most of the

river basins studied are characterized by an increase

in sediment Cd concentration coincident with high

discharge during 2003, Cd values in sediment do not

behave in a predictive manner according to flow in all

of them. Precisely, sediment Cd values did not differ

under different water discharge conditions within a

same basin. For example, sediment Cd concentrations

at Francolı́ were high in 2003 when mean discharge

was also above average while Cd values drop to a

minimum in 2005 coinciding with the highest

discharge for the study period (Fig. 1). However,

overall, Cd content in sediment increases as water

discharge rises (Fig. 1c). A different pattern was

observed for Cu, Zn, and As increasing with flow in

some sites and decreasing in others. The differences

observed in the total measured heavy metal concen-

trations can be a consequence of the relative contri-

bution of the different pathways of metal pollution.

The relationship between concentration of a sub-

stance and discharge exhibits a non-linear

Table 3 Average values of discharge (Q), rainfall, conductivity, Zn water concentration and sediment metal concentrations for each

flow category: low flow (1) and high flow (2)

Site Flow Q

(m3/s)

Rainfall

(mm)

Cond

(lS/cm)

Zn

(lg/l)

Cd

(lg/g)

Cr

(lg/g)

Cu

(lg/g)

Pb

(lg/g)

Ni

(lg/g)

Zn

(lg/g)

As

(lg/g)

Besós-a 1 0.76 350.7 2,343 76.00 0.80 11.10 12.20 22.00 12.00 47.00 1.50

2 0.87 450.8 1,856 56.95 1.20* 55.25** 167.0*** 45.40* 71.95** 276.1** 2.65*

Besós-b 1 0.39 478.4 1,187 145.1* 1.10 51.73* 87.73* 71.33* 34.13 354.9* 61.00

2 0.55 494.1 1,156 93.75 2.00* 33.55 53.98 30.98 28.20 187.55 43.70

Fluvià 1 4.64 708.7 818 34.67 0.90 29.40 20.03 18.53 22.90 64.20 7.47

2 8.00 733.4 777 46.60 1.55* 30.60 17.90 19.85 26.35 65.15 3.85

Foix 1 0.19 456.1 1,719 46.53 0.67 15.50 33.60 17.63 10.33 53.50 4.53

2 0.57 386.5 1,553 39.85 1.60* 23.05 64.05* 35.30* 18.75* 120.8* 6.70

Francolı́ 1 0.70 462.4 1,166 20.61 0.74 20.92 40.12 39.90 17.90 114.7 4.74

2 1.69 645.1 1,095 25.20 1.80* 47.65* 75.10* 70.25* 34.30* 220.6* 7.40*

Lobregat-a 1 10.71 625.4 1,486 34.15 0.85 17.75 36.70 24.25 22.80 97.00 8.70

2 15.38 534.5 1,233 27.20 1.33* 32.63* 48.57 32.70 32.47 158.4* 9.07

Lobregat-b 1 12.02 560.1 1,335 27.57 1.60 50.90 75.43 37.55 40.63 207.3 13.27

2 15.52 578.2 1,310 30.10 2.20 49.80 93.40 72.10* 44.60 233.5 11.70

Muga 1 1.41 366.1 649 32.47 1.03 22.00 22.60 17.80 17.07 124.6* 4.03

2 2.22 393.3 683 46.03 0.95 18.75 19.60 15.38 13.65 68.40 4.78

Tordera 1 0.75 665.7 634 92.57* 1.30 22.63 33.13 91.17 28.93 200.5 4.27

2 3.89 1,011 763 61.15 2.33* 35.28* 34.78 390.9** 47.93* 258.7 2.65

For each flow category, asterisks indicate the percentage of deviation from the average: [20% (*); [50% (**); and [75% (***)
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Fig. 1 Average annual Cd

sediment concentrations in

the different study rivers

(a); average annual relative

water discharge for all study

rivers (b); and average

annual values for all study

rivers grouped in discharge

classes (c). The water

discharge classes were

calculated by determining

an ‘‘upper anchor’’ and

‘‘lower anchor’’ (the upper

and lower 10th percentile)

for the average relative

annual flow and in doing so

the width of the high low

water discharge band. The

width of the remaining

classes was calculated by

dividing the interval

between the upper and

lower anchors equally

Table 4 Description and effects of the three consecutive Cu-pulses

Pulse 1 Pulse 2 Pulse 3

Exposure (hours) 2.5 2.5 2.5

Cu water (lg/l) 18.3 24.4 18.1

Clearance (days) 3 3 3

Eff QY (% of pre-exposure) 96.7 (18.3) 101.7 (24.4) 104.4 (18.1)

Duration of the exposure (exposure), Cu concentration reached at plateau (Cu water), time between pulses (cleaning), and changes in

effective quantum yield (eff QY) during exposure
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dependency. Under this framework the low flow

conditions reflect the dominance of point sources

from base flow. At higher flow conditions it seems

that the input from diffuse sources dominates the

transport. While Cd seems to proceed from diffuse

sources being washed by surface runoff, Zn, Pb, and

As may proceed from either diffuse or point-sources

in the different river sites investigated. Although

sediment sampling frequency was not optimal (only

once a year), sediment characteristics are far more

conservative than water metal concentrations and

allow an insight within inter-annual variability.

Temporal patterns occurring at shorter time scales

may also take place. A more frequent sampling

is required for a better characterization of metal

pollution patterns.

Influence of Cu pulses on the structure

and function of biofilms

Cu pulses were not toxic but caused a progressive Cu

accumulation increasing the sensitivity of the

Cu-pulsed community in comparison with the non

pre-exposed one. Effects on photosynthesis (in terms

of effective quantum yield) were similar, but the AEA

showed a different pattern. While CAT was activated

in the non pre-exposed community (no-Cu), it was

clearly inhibited in the Cu-pulsed one. In this later

case, SOD and GST were also inhibited indicating that

toxicity exceeded the antioxidant cell defenses. The

response variability of the antioxidant enzymes may

be related to several factors, such as ROS production

due to toxic effects of Cu, which can be dependent on

the specific toxicity at different cellular sites, orga-

nelle localizations of these enzymes, metal concen-

tration and exposure duration (Sauser et al., 1997;

Pinto et al., 2003; Li et al., 2006). Decreased CAT and

GST activities may be related to the direct binding of

Cu on the sulfhydryl groups of the enzyme or elevated

levels of ROS leading to deleterious effects on cell

structure. In addition, Cu bioaccumulation may cause

GSH depletion due to the high affinity of Cu to GSH,

which leads to a decrease in GST activity. GST

activity in Fucus sp. was found to be higher in less

contaminated regions than in more contaminated

regions of the Portuguese Atlantic coast, which is

impacted by complex discharges of contaminants

such as petroleum derived products as well as

industrial and urban effluents (Cairrao et al., 2004).

In the microalgae Scenedesmus sp., Cu caused an

Table 5 Characterization of the periphytic communities at the

end of the respective colonization periods

No-Cu Cu-pulsed

Avg SD Avg SD

Fo 315 260 157 103

Fo (Bl) 26.1 11.1 37.4 3.1

Fo (Gr) 23.9 10.9 7.0 7.3

Fo (Br) 50.1 0.20 55.6 6.7

Chlorophyll a fluorescence (Fo) (in relative units of

fluorescence) and percentage of chlorophyll fluorescence (F)

of each algal class (Bl, blue-green algae; Gr, green algae and

Br, brown algae) from the two treatments (Avg ± SD; n = 3).

No significant differences (P \ 0.05) among treatments were

found for no one of the parameters studied (ANOVA one way

test)

Table 6 Response of non pre-exposed (No-Cu) and pre-exposed biofilms to three consecutive short pulses of 20 lg/l Cu (Cu-pulsed)

to an acute Cu exposure (100 lg/l)

No-Cu Cu-pulsed No-Cu Cu-pulsed No-Cu Cu-pulsed No-Cu Cu-pulsed

0 h 0

(0)

36.5

(16.8)

98.6

(12.1)

97.1

(13.4)

94.7

(4.2)

94.5

(8.2)

89

(23)

100

6 h 30.0

(6.2)

73.0

(9.5)

79.4

(8.9)

67.5

(11.6)

84.2

(11.5)

95.2

(8.3)

100

(107)

56

24 h 102.8

(47.9)

103.3

(35.4)

89.8

(5.3)

b.d.l. 94.0

(6.3)

85.1

(6.5)

107

(18)

55

Cu biofilm (lg/g) Eff QY (% control) Opt QY (% control) CAT (% control)

Bioaccumulation (Cu biofilm); effective quantum yield (eff QY); optimum quantum yield (opt QY); and catalase activity (CAT) after

0, 6, and 24 h of exposure

*Average and standard deviation (in parenthesis)
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increase in CAT and APX activity at lower Cu

concentrations (up to 5 lM), while at higher concen-

trations (up to 40 lM) the activities decreased. This

was associated with metals binding to sulfhydryl

groups on the enzyme or by displacement of an

essential element (Tripathi & Gaur, 2004). In conclu-

sion, decreased CAT, SOD, and GST activities appear

to be related to high levels of oxidative stress caused

by Cu, which is also in agreement with other studies

(Sauser et al., 1997; Tripathi & Gaur, 2004; Dewez

et al., 2005). It is emphasized that antioxidant

responses to toxicants can also depend on the

magnitude of stress. Increased antioxidant enzyme

activities due to the metal-induced disruption of the

oxidative balance can be seen under low dose

exposures. However, toxic effects of pollutants may

exceed the antioxidant defenses and cell death or

damage of cellular mechanisms may follow under

acute conditions (Andrade et al., 2006). This is also

supported in our data.

The lack of change in the optimal quantum yield

(Table 5) indicates that the photosynthetic apparatus

was not damaged and that Cu exposure was probably

too low to cause cell death in fluvial biofilms after

24 h of exposure. In addition, the effects on the

effective quantum yield were slight. In agreement

with our results, catalase activity was found to be

more sensitive than the photosynthetic activity in
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Fig. 2 Plots of AEA:

catalase (CAT); ascorbate

peroxidase (APX);

superoxide dismutase

(SOD); and gutation-S-

transferase (GST) versus Cu

contents in biofilms after

acute Cu exposure on

biofilms non pre-exposed

(No-Cu) and biofilms pre-

exposed to three

consecutive short pulses of

20 lg/l Cu (Cu-pulsed).

The regression curves

(linear for CAT and SOD

and exponential decay for

GST) and the corresponding

regression coefficients and

probabilities are also

indicated
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detecting the effects of the herbicide flumioxazin

(Geoffroy et al., 2004).

Time-varying or repeated exposures can have a

variety of consequences. The first pulse may select

more tolerant species, causing an apparent lessening

in toxic response (Allin & Wilson, 2000). Induced

community tolerance was observed by Tlili et al.

(2008) as a result of the exposure of fluvial biofilms

to consecutive diuron pulses. A clearance interval

between consecutive pulses may allow time for the

community to recover from exposure by depurating

or detoxifying the contaminant. However, if the

contaminant is not completely depurated or detoxi-

fied between transient pollution events, thus the

compound could accumulate and result in a cumula-

tive toxic effect over several doses. In a study of the

effects of multiple pulses of Cu and Irgarol on the

photosynthesis performance of Zostera, Macinnis-Ng

& Ralph (2002) reported a clear recovery after the

first pulse, but a clear damage in the photosynthetic

apparatus after the second one, indicating cumulative

toxic effects.

Organisms experience toxicity when toxicant

accumulation exceeds their tolerance. Fluvial bio-

films were not apparently damaged during the short

exposure durations in our study. However, marked

effects on their AEA did occur after the fourth

exposure to higher dose and longer duration. This

suggests that Cu accumulation exceeded the tolerance

of organisms inhabiting the biofilm after repeated

exposures. In contrast with the unexposed biofilm,

total Cu content in the Cu-pulsed community was
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Fig. 3 Conceptual figure

showing the expected

effects of metal exposure

episodes of different

duration on fluvial biofilms.

Changes in total metal

concentration in water and

the corresponding pattern of

variation of biofilm metal

concentration (upper
panel); expected

physiological responses:

photosynthesis and

antioxidant enzyme

activities, AEA (middle
pannel) and structural

changes: biomass and

percentage of sensitive

species in the community

(lower pannel)
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above 30 lg Cu/g DW (36.5 on average) after the

three short-pulses suggesting that the biofilm was

already exposed and that residual biofilm Cu contents

increased the sensitivity of the community. This

suggestion is supported by Guan & Wang (2004),

who reported that more than about 30% of the

accumulated trace metals (Cd, Zn, and Se) remained

in Daphnia magna after 8 days holding in a clean

environment causing retarded lethal effects.

Conceptual model linking temporal variability

of metal exposure with fluvial biofilm community

responses

The results obtained in our Cu-pulsed experiment

contribute to our understanding of the response of

fluvial biofilms to metal pulses. Temporal dynamics

of total metal concentration in water, the correspond-

ing pattern of variation of biofilm metal concentration

and the expected physiological and structural changes

are theoretically represented in Fig. 3.

Input to fluvial systems by metals may occur in

pulses and by continuous exposure. Biofilm commu-

nities exposed to sublethal levels for short periods

may lead to progressive internal dosage (bioaccumu-

lation). Once entering the cell, the heavy metal ions

may either be detoxified or adversely affect cell

processes. Acute exposure may lead to transitory

physiological effects. If the community is not adapted,

metal exposure is expected to cause oxidative stress,

increased activity of the enzymes that may cope with

this stress and finally photosynthesis inhibition and

toxicity that may damage the cell defense capacity

(Fig. 3b). On the other hand, frequent episodes of

exposure or chronic exposure may induce an increase

in community tolerance driven by the substitution of

sensitive species by tolerant ones becoming more

resistant to higher concentrations. It is also expected

that metal adaptation will be linked to photosynthesis

recovery, increase of antioxidant enzyme activities,

slight reduction in biomass, and a higher metal

accumulation capacity (Fig. 3c).

Conclusions

Diffuse metal pollution is expected to be high in

human-impacted areas, such as the densely populated

Mediterranean region. In these areas, pollutants may

be accumulated in the terrestrial systems due to low

rain, and pollution may be linked to rain events that

create urban runoff or industrial spill. The experi-

mental results presented demonstrate that metal

effects in fluvial biofilms may be accumulative

increasing the toxic effects after repetitive pulse

exposures. Longer exposure may allow the commu-

nity to adapt by the replacement of sensitive species

by tolerant ones. Community adaptation is also linked

with higher bioaccumulation capacity, in agreement

with the results obtained in sediment field samples

(monitoring data).

Below average surface flow conditions as well as

floods are expected to increase at higher latitudes due

to global change. Consequently, the sources of metal

pollution, its final concentration and potential effects

on the fluvial ecosystem may also change following

the patterns expected for human-impacted Mediter-

ranean rivers.
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