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Abstract

The aim of this study was to elucidate how theigpatale and the set of variables
included influence our ability to detect the efteof different types of pollution on the biota.
Using variance partitioning analysis we assessedhttividual importance of a set of
environmental factors (eutrophication and orgamiduytion) versus metal level pollution on the
community structure of diatom assemblages at diffespatial scales. At regional scale
environmental factors did not explain more of th@ance compared to the watershed study. The
results of the watershed scale field survey indithat diatom community composition was
influenced by low metal concentrations but thidgrait was only observed by the inclusion of
biofilm metal concentration data. We recommendahalysis of metal traces in the water phase
and the biota (fluvial biofilms) as well as the wdehe Diffusive Gradient in Thin films (DGT)

technique to characterize low metal level pollutiofreshwater systems.
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1. Introduction

The scale-dependence of ecological patterns aragses has been widely recognized by
freshwater ecologists, current knowledge of scHéets on monitoring networks is still
insufficient. Furthermore, this might be a comptiéchtask in polluted rivers with different types
of pollution occurring simultaneously. The recogmtof what factors structure benthic
communities at different spatial scales is alsecessary for water policy makers. In the case of
Europe, this knowledge will contribute to the implkentation of th&uropean Water Framework
Directive (WFD)(Directive 2000/60/EC). The WFD is an importantgeief legislation aiming to
achieve a “good ecological quality” for all watémshe EU by 2015.

Pollution and monitoring programmes routinely irddithe examination of diatoms to
investigate the ecological status of fluvial syssg(ikelly et al., 1998; Prygiel et al., 2002, Jittne
et al., 2003). It is also recognised diatoms seitgito high metal pollution as has been shown in
watersheds draining mining areas (lvorra et aR9]1#irst et al., 2002; Nunes et al., 2003; Gold
et al., 2003) but also to low metal pollution asa&ed under experimental conditions (Paulsson
et al., 2000; Guasch et al., 2002). However, theedew studies relating diatom species
composition with metal pollution in fluvial systerdgining urban areas or receiving Waste
Water Treatment Plant (WWTP) outfalls. The simudiauns occurrence of low metal pollution
with eutrophication and organic pollution, may amnid the specific effects of metal pollution on
diatom communities (Rogers et al., 2002; Hirstlet2®02; Boisson & Perrodin, 2006).
Significant increases in surface water metal cotmagan can occur in the vicinity of WWTP
outfalls and due to urban runoff. In this contélxg usual approach used in most of the stream
monitoring programs might be confounded by spa@aiation, therefore limiting our ability to
separate the effect of all sources of human dianae. Sediments play an important role in
reducing water column concentrations following ugfit release. The dominance of adsorption
and complexation processes in natural systems ntleanshost trace metals are rapidly

incorporated within bottom sediments (Bubb & Lesi&95). Consequently, monitoring
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programs based on water metal concentration matofdetect this type of pollution if data
concerning metal content in the bottom sedimentisbémia are not considered.

Particularly, metal concentration in periphyton baen related with metal pollution, but it
may also be modulated by differences in metal speci (Meylan et al., 2003). Metal speciation
is a matter of interest as it controls toxicitysessment of total, dissolved and free (ions) métals
thus needed for understanding the real expositi@anganisms. Diffusive Gel in Thin films
(DGT) has been proposed as a technique capableaduring metal speciation “in situ”.

The main aim of this study was to elucidate thef@mamding effects of spatial variation in
community structure in order to determine the iafloe of low metal pollution on the ecological
status of fluvial systems. Our specific objectivesre to i) describe the pollution gradient and the
corresponding diatom community at regional sc@l@ktain a good characterization of metal
loads and metal availability in a watershed chralhyoeexposed to low metal pollution and iii)
investigate, at both scales, the relative contigoutf different types of pollution: eutrophication
and organic pollution vs. metal pollution to diatspecies composition using variance
partitioning multivariate analyses

2. Methods

Multivariate analysis were applied to two differelaita-sets, one covering a large area (referred to
as regional study) and the second restricted toal svatershed (referred to as watershed study).
Data used for the regional study was provided kyGhtalan Water Agency. The data set aimed
to cover a large environmental gradient. Availakdéa included a characterization of water
mineralization, nutrient content, water metal coricaion and inventories of diatom species from
different watersheds influenced mainly by urbamjcadtural and industrial activities (Tornés et
al., 2007). Furthermore, and due to the limite&@aailable concerning metal pollution at a
regional scale, a more detailed sampling was pkhiméhe Fluvia watershed slightly impacted by
agricultural, urban and small industrial activitiascontinual in situ sampling (time-integrated)

followed by analysis in the laboratory was applisthg the Diffusive Gradient in Thin films
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(DGT) technique. Metal analysis techniques wese ahproved (reducing detection limits from

10 pg/L to 0.1 pg/L); and the analyses of metakealtrations in biofilms was also included.

2.1 Area of study

Regional study. Twenty-one sites monitored by the Catalan WaternaggCatalonia, NE Spain)
were included in the regional study. The diversitynorphology, climate and human land uses in
the area of study determine an important spatisrbgeneity across the region (Leira & Sabater,
2005). The sites were selected to cover a largdigmaof metal pollution, ranging from pristine to

polluted, with different levels of human disturbar(@able 1 and Fig. 1).

Watershed study. The watershed study was carried out in the Rivewik] a Mediterranean
calcareous river in Catalonia (NE Spain). The akatudy is located within a volcanic zone
(declared Natural Park in 1982) in the upper pathe Fluvia watershed (1080 km2). This study

included six sampling sites in the headwater ofRher Fluvia and its main tributaries (Fig. 1).

In spite of being a mainly forested area (68% & surface), the Fluvia watershed is
highly influenced by agricultural activities (25%)he remaining area of the watershed consists of
shrub lands (4%), built-up space (2%), and wethaggktation (<1%). The sampling sites chosen
in this study followed a gradient in the dominaahd uses from mostly forested area (B1,
B2=J070 and T1) to agricultural, urban and indakuses (Rd=J105, T2=J104, OI=J013). Two
sampling sites receive WWTP outflows: Rd urban easters from a small town (Olot, 32,000

inhabitants) and T2 food industry wastewaters (Begyu

2.2 Field sampling

Regional study. Data were obtained from the monitoring program pé&hby the Catalan Water
Agency (ACA) for the assessment of diatom indicesirdy summer (July-August) 2002 and
spring (May-June) 2003. Epilithic diatom samplesreveaken from the riffle sections at sites

covering the major types of geomorphological angspigraphical conditions (ACA, 2003). At
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least five stones were randomly collected fromdtieam bottom, and brushed to detach the algal

2
communities to a final area of 2-10 cmA pooled sample was obtained from each site.
Simultaneously, field physico-chemical variableseveneasured and site descriptors taken from
field observations. Diatom sampling and countinfjofeed the CEN standard protocols (2000,

2001). Algal samples were preserved in formaldel@fgv/v) until analysis.

Watershed study. Sampling of the six sites within the Fluvia wateghtook place at three
different periods: December 2003, February and R004. During each sampling period,
physico-chemical parameters were measured in ¢he ffamples of benthic diatoms were taken

as for the regional study.
2.3 Water chemistry

Regional study. Water chemistry of the selected sites was obtainech the Catalan Water
Agency (ACA) which monitors them monthly. The faollmg variables were included:
conductivity, water hardness, dissolved oxygen, TROs-N, P.Os, SQ,, Cl, HCG;; NH4-N, K,
Ca, Na (the most common used for monitoring purpoaad water metal concentration (Cd, Cr,
Cu, Pb, Ni, Zn, As, Hg). Water samples were analyowing standard procedures (APHA,

1989).

Watershed study. Physicochemical parameters of each point were talte® sampling dates,

December 2003, February and July 2004. At each lgagndate, temperature, pH, dissolved
oxygen and conductivity were measured in the fidthg WTW probes, and water samples (1
litre per site) were collected and transportedigefated for their analysis in the laboratory.
Samples were filtered by GF/C Whatman glass miereffilters, refrigerated (4°C). They where
analysed within 24h for ammonium measurements amh for SRP, nitrate and nitrite analyses
following standard procedures (APHA, 1989). Natiyrdkerived DOC is relatively low in the area
of study ranging between 1-3 mg/L (Blanck et al20@OC values above 5 mg/L are indicative,

in this area, of anthropogenic organic pollution.
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Metals in water.Total dissolved metal concentration measurementg warried out in
triplicates of water samples collected in the figltl each sampling point. Samples were
immediately filtered (Whatman nylon filters 0.2 pemd acidified with nitric acid (Supra pure,

Merck; 1%).

Metals in biofilms.Biofilms were scratched from three different storeasdomly collected
from the stream bottom at each sampling site bygusi clean microscope slide. After the
collection, biofilms were lyophilized and weigheBry samples were digested with 4ml of
concentrated nitric acid (Supra pure) and 1mL of%3Mf hydrogen peroxide in a high
performance microwave oven (Milestone, Ethos set) were thereafter diluted to 25 mL with
milli-Q water. Metal concentrations of water andfiim samples were determined by inductively

coupled plasma mass spectroscopy (ICP-MS; HP 720f)ient).

DGT. Diffusive Gradient in Thin films has been proposeada technique capable of
measuring metal speciation “in situ” (Davison et2l00). DGT was applied to measure free and
labile copper, which is supposed to be a good asitm of the bioavailable part in the water
(Davison and Zhang, 1994). This technique has tBckeen validated in fluvial systems
(Tusseau-Vuillemin et al., 2007).

Each DGT device consisted of a plastic base (2.8iemeter) and a plastic cap with a
2 cm diameter window; this plastic holder was l@hdéth a filter, a resin gel, a diffusive gel and
a second filter. DGT holders (piston type), difftesgel disks (0.8 mm thick) and Chelex-100
binding resins (0.4 mm thick) were purchased fro@Dresearch (Lancaster, UK); nitrate
cellulose filter membranes (0.13 mm thick; Ou4B mesh) were purchased from Millipore
(Molsheim, France). Three DGTs were deployed ah sampling site (B1, B2, T1, T2, OL, Rd)
in two occasions (December and July 04). The DAdlidre were placed in a plastic grid role with
the window down to avoid sediment settlement onaiofvem. The grid role was made by a piece

of plastic grid (square of 30 * 30 cm with 4 cmé®hpprox.) which was rolled and the DGT
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holder was fixed to a small window. The whole dewas attached to big stones inside the river
during one week. Exact exposure time, temperataier flow, and pH were recorded for each
sampling site. After exposure, the resin gels vedueed in 7 mL 1M HNQ@. Metal concentrations
of the DGT resin gel eluates and the acidified @1B&O3) water samples were measured by
inductively coupled plasma mass spectrometry (IC®-MP 7500c Agilent). The mass of metal
sequestered on the DGT resin was evaluated comgidan 80% vyield of elution (Zhang et al.
1995). Calculations of labile copper were done atiog to Davison and Zhang (1994). All
material used was soaked previously in 10% HR D24 h and rinsed with ultrapure water.

2.4. Diatom analyses

Diatom frustules were cleaned of organic materigl dzid oxidation using sulphuric acid,
dichromate potassium and hydrogen peroxide. Permiatides were mounted using Naphrax (r.i.
1.74). At least 400 valves were counted on eacle ¢y performing random transects under light
microscopy using Nomarski differential interferermmntrast optics at magnification of 1000 x.
Taxa were identified mainly according to standadodals (Krammer & Lange-Bertalot 1991-1997,

and Lange-Bertalot 2001).
2.5. Data analysis

Polluted sites are likely to contain a mixture adtals which in turn might have additive effects
even at chronic concentration. Consequently, wd asmeasure of total metal concentration and
toxicity; the cumulative criterion unit (CCU; Clemis et al., 2000) which has been already
applied to analyse the response of different osgasito metals in streams (Clements et al., 2000;
Hickey and Golding, 2002; Hirst et al., 2002). Hoe®e so far, the CCU is untested in the field in
continental Europe. Cumulative criterion unit (CQG3dpres were calculated from metal

concentrations after EPA (2006) as:

CCU=) m/c
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wherem is the total recoverable metal concentration @glthe criterion value for thiéh metal.
The criterion value is based on U.S. EPA guidelmesritical concentrations, which, when
exceeded, may harm aquatic organisms. Metals thia elow detection were not included in the
CCU. Thus, a CCU value of 1.0 represents a congeevastimate of the criterion value for all
metals based at any given sampling site. We cadkxithe relative percentage contribution of
each metal to the CCU values to evaluate which Isietatribute most to toxicity. We placed the
sampling sites into one of three categories basdti@measure CCU. Background sites were
defined as sites with CCU values below 1.0. Assgrtiiat metal effects are additive, a value of
1.0 represents the point at which we would expeaotice adverse effects on the aquatic
organisms. The low metal category consisted ofdlsites with a CCU value between 1.0 and 2.0.
The medium metal category consisted of sites wititu@alues between 2.0 and 10.0. We
selected these cutoff values because we were steeren quantifying the effect of metals at low
and moderate concentrations, so the medium leteosy would be ideal to test if the diatom
communities would become tolerant when metal camagans exceed the limit criterion value by
a factor of only 2 or less. As water hardness #&ftdte toxicity and bioavailability of some

metals, criterion values for Cd, Cu, Pb and Zn ey, and were modified to account for

variation in water hardness between sites.

Water metal concentration and metal concentraiiotise biofilm were also used to
calculate cumulative criterion units for the wabkeg study following the procedures described
above and referred to as CCUw and CCUDb, respegtilrethe case of CCUD, criterion values
were not corrected for water hardness due to ttledainformation concerning water chemistry
in the biofilm. However, differences in metal aaility due to hardness are expected to be small

since all sites belong to the same geologic ardéhame similar water hardness.

2.6. Statistical methods

Physico-chemical variability over time was firsippdored. In the regional study, temporal
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variability was evaluated by comparing spring anchser average values. In the watershed
study, differences between the three sampling tiwere evaluated using ANOVA using the time

as a factor.

Multivariate techniques (ter Braak & Verdonsch®93) allow the elucidation of
ecological factors, which may explain the variatiordiatom communities. Constrained
ordination does not allow to estimate the unigdectfof a set of explanatory variables. However,
variation partitioning or partial canonical anas/éBorcard et al., 1992) may help to estimate the
fraction of the variance in diatom community distiion explained by different sets of
environmental factors influencing. Multivariate danalyses were performed on the diatom
dataset to explore the main gradients of florigigation and to detect and visualize similarities
in the diatom samples. Diatom data were analysaudgns of detrended correspondence analysis
(DCA) (Hill & Gauch, 1980) to determine the lengththe gradient. DCA revealed that the
gradient was greater that 3 standard deviatiors {#iB) in the regional study, therefore unimodal
ordination techniques would be more appropriatevéier, the gradient length was smaller than
3 standard deviation units (2.7) in the watershiadysand linear ordination techniques should be
applied (ter Braak an§imilauer, 2002). Constrained ordination, canonicatespondence
analysis (CCA) and Redundancy Analyses (RDA) werluo relate diatom assemblage structure
to all predictor environmental variables and tolesgthe relationships among and between
species and the environment (Ter Braak & Verdonsd#95). According to this preliminary
CCA and RDA, we identified collinear variables a&lected a subset on inspection of variance
inflation factors (VIF<20) (ter Braak & SmilaueQ@2. Forward). Explanatory variables were
submitted to the step-wise forward selection amd@dure in which the statistical significance of
each variable was tested by the Monte Carlo petinatgest (ter Braak & Smilauer, 2002),(999
permutations). Probabilities for multiple companseere corrected using the Bonferroni
correction. Then, partial CCA and RDA were useddparate and examine the relative

importance for the species data of two sets ofaqgibry variables on the diatom assemblage



224 (Borcard et al., 1992). We were interested in sapeg metal pollution from all the other

225 variables and then testing whether these two diffegroups were redundant to each other, or
226  whether they each explained unique aspects ofapeomposition. The variance partitioning was
227 conducted in different steps: (1) CCA/RDA of thesps matrix constrained by the

228 environmental matrix; (2) CCA/RDA of the speciestrixaconstrained by the metal pollution

229 matrix; (3) partial CCA/RDA of the species matronstrained by the environmental matrix and
230 using the metal pollution matrix as covariable$;ddrtial CCA/RDA of the species matrix

231 constrained by the metal pollution matrix and ughmenvironmental matrix as covariables. The
232 data set included two sampling times (summer 20@2saring 2003) in the regional study, and
233 three sampling times (December 2003, February aly2004) in the watershed study. The set of

234 variables included are detailed in Tables 2, 4%nd

235 Only diatom taxa occurring in more than 2 samplék @ relative proportioa 1% were
236 included in the analyses. Taxa abundance was squatrércansformed to reduce the effect of
237 highly variable population densities on ordinatsmores. Environmental data (except pH) were
238 logarithmically transformed before analysis to reglgkewed distributions. All ordinations were

239 performed using CANOCO version 4.5 (ter Braak & Bunér, 2002).
240 3. Results
241 3.1. Regional study

242  Physical, chemical and biological characteristics. Streams were characterized by conductivities
243  from 57 to 2750 pS cthand a variety of nutrient levels (Table 2). Metahcentration ranged
244  between <0.1-0.8 pg/L for Cd and Hg, <1-10 pg/LAsr Cr and Pb and <10-80 pg/L for Cu, Ni
245 and Zn. Comparing spring and summer data, averalgew of dissolved salts (conductivity and
246 chloride), nutrients (mainly phosphate) and me@lGnere slightly higher in summer than in
247  spring, but the variability between sites (seestiamdard error of the mean) was always much

248 higher than temporal variability (Table 2). OveB28xa of diatoms were identified from the
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study sites. Of those, twenty-three diatom taxaevireeluded (typically represented > 1% of the

diatom community at all sites).

Metal Cumulative Concentration Units categories. Heavy metal concentrations, expressed as
CCU do not differ greatly among stations and rarfgeh 0.065 to 6.383 (mean 1.906) (Table 2)
and were less than 2.0 at the majority of site8{6d he relative importance of As, Cd, Cr and Ni
was < 5% to the overall CCU. Pb was the most ingmdninetal and accounted for 53% of all the
CCU followed by Cu (24 %), Hg (12%) and Zn (8 %heTlrelative contribution of each metal to
the CCU differed among the three metal categoRas @). The contribution of Cu and Zn was c.
57% and 37% respectively at background sites. Phtlemost important metal at low and
medium level sites (CCU > 1.0). The relative impade of Cu and Zn decreased at low and
medium level sites, while Hg and Pb increased. &hthe highest absolute concentration in the
streams, but its contribution to the CCU was coersidly smaller that that of Cu and Pb once the

criterion values and the effects of water hardioeskioavailability were taken into account.

Relative importance of metal pollution vs. other environmental factors. The summary of the
ordination gives an overall measurement of how muatation can be related to both explanatory
variables. However, not all diatom species are gueell explained by the same set of
environmental variables. The fit for species cam$ed as a measurement to find out which
species are better represented and the percerftageamce fit by each set of explanatory

variables.

The first run of the data analysis (i.e. environtaénariables as explanatory variables)
showed that organic pollution and conductivity wetatistically significant. In the second run
(i.e. metal pollution as explanatory variables)ochium and CCU turned out to be statistically
significant. Environmental variables alone accodrfte 22.6% of explained variation. The metal
pollution represented 9.8% of explained variatibhe results showed that 5.1% of the diatom

data variation was shared by the environmental ayedal pollution variables. Finally, the
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unexplained variation corresponded to 62.5%.

The percentage of variance explained by metal politand other environmental factors
with respect to the unconstrained variance diffan®ng the different species (Table [Savicula
saprohila has its distribution mostly explained by metallpiadbn (Fig 2). Gomphonema pumilum,
Gomphonema parvulum, Nitzschia palea, Cymbella sinuata, Cymbella minuta, Nitzschia
frustulum, Cyclotella meneghiniana, Achnanthes minutssima, Gomphonema minutm, Nitzschia
amphibia, Navicula minima, andCocconeis placentula were mostly related to the other
environmental factordNavicula seminulum andNavicula veneta had both large amounts of their

distribution explained by the two sets of explanat@riables (Table 3).

3.2. Watershed study

Physical, chemical and biological characteristics. Based on the physical and chemical variables
analyzed, two sampling sites had low nutrient catregion (B1 and T1), another two sites were
slightly eutrophic due to diffuse pollution (B2 a@d), and the remaining two (T2 and Rd) had the
highest nutrient concentration 3-10 times highemamia, phosphate and DOC (Table 4). There
were no significant differences between samplinge (ANOVA, p<0.001) since the variability

between sampling sites was always higher than teahpariability (Table 4).

Metal contents. The water metal concentration (Table 5) followesirailar pattern to nutrients

and conductivity but differences between sites iess evident. Metal concentration was lower at
B1, T1 and OlI; and slightly higher at B2 and Rdjlerimetal levels in biofilms were lower at B1,
B2 and T1, higher at Ol and T2 and reaching maximtiRd (Table 5). The bioavailable metal
portion in water — estimated with DGT analysis Holwed the same pattern but amounted to 16 -
23% of total dissolved metal content (average peage Ni: 23,1%; Cu: 23,2%; Zn: 16,7%; Cd:
15,6%; and Pb: 19,6% respectively). A good coriefabetween water concentration and metal
levels in biofilms was obtained for Zn (r =0,86)3,&\s, Cd, and Pb concentrations in water were

very low (<5 ug/L), close to the detection levekioé method showing a high scatter and were not

12
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significantly correlated with biofilm metal conceation.

CCU calculated using water concentrations (CCUwnyea between 0.06 and 0.75
(average 0.34). The relative importance of As, Hg Bli to the overall CCUw was < 10%. Cd
was the most important metal and accounted for @68t the CCUw followed by Zn and Cu (24
%) and Pb (17%). In order to increase sensitivitthe detection of changes due to metal
pollution, biofilm metal concentration was usedébculate CCUb. CCUDb values ranged between
0.90 and 15.4. The relative contribution of eachain® the CCUb was similar among the three
metal categories (Fig. 3a). In this case the rddtnportance of As, Ni, Zn and Cu was < 10% to
the overall CCUb. Pb was the most important metdlaccounted for 68% of all the CCUb

followed by Cd (18 %).

Diatom community responses to metal levels. Phosphate, nitrate and water temperature were the
environmental variables with a significant effenttbe diatom distribution. These environmental
variables alone accounted for 23.2% of explainedtian. Metal concentration and CCU units in
biofilm (Cu-biofilm, Pb-biofilm and CCU biofilm) ttned out to be statistically significant
amongst the metal pollution variables. Metal padintrepresented 21.1% of the explained
variation. Up to 15.9% of the diatom data variatiees shared by the environmental and metal

pollution variables. Finally, the unexplained véioa corresponded to 39.8%.

The percentage of variance explained by both detar@bles independently with respect
to the unconstrained variance differs among thiermiht speciesNavicula gregaria, Amphora
pediculus, Rhoiscosphenia abbreviate, Navicula tripunctata, Nitzschia fonticola, Navicula
subhamulata andNavicula cryptotenella had their distribution mostly explained by metal
pollution (Table 6). In fact, the RDA first axiswes differ between CCU metal levels (ANOVA;
p=0.059; F= 3.469). Overall, this group of spetsesbsent or present with low abundance at the
lowest metal category, increase with metal contamd, rise up to more 30% of total abundance in

the highest metal category (Fig. 3 b, ¢, d, e and’he most significant caseN&vicula gregaria.
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325

326

327

328

329

330

331

In this case, metal pollution explains 42% of viacew. This taxon is absent at sites with low metal
content in biofilms, and increases with increasmgjal content (Fig 3b) presenting significant
differences in the abundance between CCU metajcaes (ANOVA; p=0.03; F=8.93).
Gomphonema minutum, Gomphonema parvulum, Cocconeis pediculus were amongst the most
related to other environmental factors. FinalNitzschia frustulum, Cymbella minuta, Achnanthes
minutissima, Melosira varians, Navicula menisculus var. grunowii,Gomphonema micropus,
Cocconeis placentula, Navicula capitatoradiata andNitzschia dissipata were both explained by

metal pollution and other environmental factorshf€zs).

14



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

4. Discussion

Based on the opportunity to evaluate the respohsarmerous species simultaneously,
community ecotoxicology can provide a much broadertext for the assessment of
environmental contamination than the study of irdiial species (Clements and Newman, 2002).
Different species in a community respond differalhtito contaminants and other stressors
because of differences in life history charactessand tolerance. Thus, the composition of
communities at different locations, or at differ@oints in time, provide useful information about

the environmental conditions.

Diatom communities are used in this study as iridrseof different types of pollution:
eutrophication and organic pollution vs. metal gixdin. The relative contribution of each type of
pollution and the respective key environmentalatalgs differ between the two case-studies.
Focusing on the first type of pollution (eutrophioa and organic pollution), the percentage of
variance explained was similar between both c&28% and 23.2%, respectively), but the key
environmental variables were different: organidytan and conductivity in the regional study
and nutrients (nitrate and phosphate) and watepéesture in the Fluvia watersheédany studies
show that key environmental variables which areartgnt determinants of freshwater
communities function and structusee influenced by factors operating at differemperal and
spatial scales. The regional study included sitefterent order from different watersheds
covering a broad range of conditicaisthe highest spatial level. Diatoms followed adignt of
pollution but also differed in the growing condit®for total dissolved salts (57-27G8/cm).
Environmentafactors explaining diatom assemblage distributioa large spatial scale have been
clearly shown to be predominantly related to phgisaphic characteristics (Leira & Sabater,

2005) and water mineralization (Potapova & Chai2€€_3).

In contrast with the regional case-study, studsssih the Fluvia watershed were selected

in order to provide the minimum physiographical gedchemical variability. All sampling sites

15



357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

had similar hydromorphology (2-3 order streams)niing the same geological area. In this case
diatoms followed a clear eutrophication gradierg@p&itive sampling over time (2-3 times)
provided temporal variability which was also inflieeng diatom species due to seasonal water

temperature changes.

Focusing on the second type of pollution analyzedmetal pollution, the percentage of
variance explained in the regional study was lo{#&0%) than in the Fluvia watershed (21.1 %).
This difference was mainly due to the variablesuded in the analysis: water metal
concentration in the first case and both, watert@ofiim metal concentrations in the second one.
As it was expected, water metal content was abetéglictor of the diatom community structure
in the regional than in the watershed study. TakimegCCU as a summary of water metal
pollution, all sampling points included in the Hancase-study correspond to the lower metal
category of the regional data set. In addition,levmetal loads exceeded expected toxicity
thresholds in some of the cases included in themagstudy we did not expect metal toxicity in
the watershed study. The Fluvia case-study isa ebeample of low-metal pollution from diffuse
(B2 and Ol) and point sources (the outflow of rigkdyy small WWTP in T2 and Rd). In spite of
the fact that metal loads were relatively high, pleecentage of variance explained by metal
pollution in the water phase in the regional caas lew, and the partition of variance included
only the most polluted cases. It was related witly one diatom speciedlavicula saprophila,
considered to be very tolerant to pollution (Soémr2002, Rakowska 2004, Tornés et al. 2007).
Navicula saprophila was a dominant taxon (>60% relative abundancehdwpring in the lower
part of the Besés (J034 and J048) and Francolisriid®79). One of the sites (J048) is located in
an industrial area and has the highest metal ladwish exceed quality thresholds (0.80 ug/L Cd,
4 ug/L Hg and 6.26 CCU). Water metal concentratas also above the quality threshold at
J048 (3.58 CCU), but relatively low at J034 (0.29W. Differences in TOC were very broad and
may have modulated periphyton metal bioavailabikyrthermore, it has been reported that Cu

and Zn toxicity on periphyton are influenced byrrerit loads (Ivorra et al., 2002; Guasch et al.,
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2004, Paulsson et al., 2000). Differences in phatgand nitrate concentration may also
influence the sensitivity of periphyton modulatitng response of diatoms to metal under different

nutrient conditions.

Total metal concentration in the water has beersidened a poor indicator of metal
availability (Campbell, 1995; Tusseau et al., 200/@tal loads are derived from single water
samples which only record a limited time periodinPwater sampling cannot account for the
temporal variability and detecting the occurrenthigher concentration episodes that may have
been recorded either with passive samplers (intiegrap to the 7 previous days) or benthic biota
(fluvial biofilms may integrate several weeks opesure). Furthermore, it is well known that
biologically active surfaces (periphyton and seditagplay an important role in reducing water
column concentrations following effluent release adsorption and complexation processes
(Bubb & Lester, 1995) providing an integrated reerdgation of the accumulation of toxicants in
the benthic environment (Meylan et al., 2004). um study, metal content in biofilms accounted
for a significant portion of diatom species vari@n€he partial RDA identifies seven diatom
species related with biofilm metal concentratiohrél different patterns were observed. Two
species, Navicula gregaria andRhoicosphenia abbreviata) which were not found in the reference
sites, increased linearly with biofilm metal contration. In the case davicula gregaria, the
relative abundance increased from 0 to 12%. Irctimtext of our area of study, this species may
be considered indicative of slight metal concemdraincrease. In agreement with our resiits,
gregaria was considered to be tolerant to metal pollutipiCbanson et al. (2005) but also to
organic pollution (Goma et al., 2005). Another diatspeciesNizschia tripunctata), already
present in the reference sites, showed a slightase at higher metal concentration. Finally,
Nitzschia fonticola andNavicula cryptotenella showed a non-linear increase with metal
concentration. Overall, this group of species iasesl from <5% to more than 30% of the total
abundance with increasing metal concentration @igRogers et al. (2002) also found a good

correlation between metal concentration in vegetatiabitats and the corresponding biological
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condition using macroinvertebrate communities. peeentage of variance explained by metal
concentration in vegetative habitats was 22%, e¢hrge to the 23% variance explained by metal

concentration in the biofilms of our investigation.

Behra et al. (2002) indicate that metal concemnaitn biofilms is influenced by metal
speciation and may be subject to temporal dynamittse environment. The used DGT technique
is believed to give an estimation of the labile ah&taction in the water. The average percentage
of DGT labile metals of the total dissolved metahcentrations in this study were in good
agreement with results obtained by Odzak et aDZp(evealing that only a minor fraction of the

total dissolved metal content is bioavailable.

The consistency between temporal replicates, andetbults obtained by passive samplers
indicate that biofilm metal concentration can bedi® evaluate aquatic metal contamination and
bioavailability. Furthermore, since water metal cemtration was near detection limits in some
reference sites, the higher metal contents measuit@dfilms allowed a better characterization of
metal pollution. This measurement provided a higlegsitivity for the elements such as As or Cd

that occurred at very low concentration in the aysephase.

The results obtained in the Fluvia watershed inditaat the biofilm metal analysis may

have improved the assessment of metal polluticeceffat a broader scale.

Looking for generalizations, large scale studiesaatempting approach for research and
also management purposes. However, they are irdbekby regional scale variability that may
conceal the effects of human impacts. Converselyan impacts are better detected in small
scale studies, including reference and impacte@tsins, within a restricted range of
environmental variability. However, any conclusnawn from these studies is restricted to the
area of study and cannot be easily generalizegriSumrgly, few studies have addressed the
importance of scale. The comparison between thecage studies here illustrates the relevance of

the scale but also the importance of using a gebdfsexplanatory variables. In addition, the
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434 results obtained in our local case study, the Bluwatershed, reveal that diatom assemblages may
435 respond to low levels of metal pollution. Given tkegional differences in climate and land use we
436 were not surprised to find differences in commuuiynposition at the regional scale that were
437 correlated with these strong ecological gradieadtipough the finding that at watershed level

438 streams were responding to low metal pollution ofasterest. This finding was possible by

439 means of a good sampling strategy, but also them#tee use of highly sensitive analytical

440 techniques for the study of metal concentration l@odvailability. Analyses of metal traces in the
441 water phase and the biota (fluvial biofilms), tduatwith the use of passive samplers are

442 recommended for assessing low metal pollution.

443 5. Conclusions

444 The results obtained illustrate two key pointsiaid sampling: the scale of study and the
445 importance of choosing a good set of explanatorialsies. Large-scale studies of human-derived
446 impacts are complicated by the natural variabbgyween sites, requiring the inclusion of many
447 variables accounting for all sources of variatieowring at different scales (physiographical,
448 geochemical and biological). This difficulty canrfaly be solved if human-impact is analyzed at
449 a smaller scale, including contrasted referencerapdcted sites. Focusing on metal pollution,
450 metal water concentration is a poor indicator ofahavailability in chronic low metal pollution
451 scenarios. Analyses of metal traces in the watas@land the biota (fluvial biofilms) together

452  with the use of passive samplers are, therefoceymenended.

453 In addtion, the cases presented in this paper shewsefulness of variance partitioning
454  analysis to evaluate the relative contributioniffedent sources of pollution to the ecological

455  status of fluvial systems when they occur simultarsty, i.e. low metal pollution, eutrophication
456 and organic pollution. Application of these techugg allow to assess changes in the composition
457  of diatom communities at different locations, oddferent points in time, in response to

458 overlapping environmental condition gradients, uilohg situations of low metal pollution.

459
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637

638
639
640
641

River Tributary | Code| Utm x | Utm y | typeof pollution
Ebre Noguera J164 346200 4697150, Reference site
Pallaresa
Francoli | main course JO79 35188( 45577409 Industrial andaltpial
Llobregat main course J117 41434% 4676946 Reference site
main course Jos4 40990( 4595207  Urban, industnihlagricultural
main course J046 426317 4575156  Urban, industnclagricultural
Besos main course J043 43274% 4593970 Industrial, urbdregricultural
main course Jo48 43347( 4589092  Industrial, urlbdnagricultural
main course JO69 436397 4599652  Industrial, urlbdnagricultural
Tordera | main course J0o83 458991 4615836  Agricultural
main course J062 474623 4621201  Urban
Vallfogona J124 457436 4614524 Agricultural
Arblcies JO66 468683 4620831 Urban and industrial
Ter main course TeO 438961 4697736  Reference site
main course J034 440624 4648776  Agricultural
main course JO60 467193 4648385  Agricultural
Onyar J020 486931 4646084 Agricultural
Fluvia main course JO13 459669 4671043  Agricultural
Bianya JO70 459601 4673984 Agricultural
Turonell J104 462182 4673130 Urban, agricultural awdustrial
Ridaura J105 457655 4674088  Urban, agriculturaliadidstrial
Muga Muga Jo12 488502 4687167  Agricultural

Table 1. Summary of the location (river basin,utdry, ACA code and UTM coordinates) and

main type of pollution (in order of importance)tbe cases selected in the regional study.
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642

643
644
Summer Spring . Tox.
Mean| s.e. | Mean s.e. Min. IMax- inreshold
pH 757 0.12 795 0.10 6.7 8.5
Conductivity ( uS /cm) 1142203.8 853.6 196.3 57.02750.C
Temperature (°C) 20.490.771 17.28 153 8.0 25.0
Dissolved oxygen (mg/L) 7.420.75 1496 598 4.0 74.6
Nitrate (mg/L) 11.10 1.83 10.99 2.01 0.4 22.3
Phosphate (mg/L) 2.400.87 0.62 0.18 0.1 12.3
Sulphate (mg/L) 113(627.27 118.9 29.38 4.0 384.8
Chloride (mg/L) 299.7140.8 126.2 37.38§ 2.42041.C
Bicarbonate (mg/L) 265|6 30.6 253.0 36.26 35.0 417.4
Ammonium (mg/L) 3.783 1.72 402 2013 0.1 20.9
Potassium (mg/L) 18.249.72 9.23 2.69 0.1 141.7
Calcium (mg/L) 93.2313.14 98.81 14.46 11.6 220.3
Magnesium (mg/L) 19.83 6.24 22.14 5.04 1.0 98.0
Sodium (mg/L) 179.672.97 93.11 29.46 1.41045.3
TOC (mg/L) 527 1.37 5.0 1.0 0.5 16.5
Cd (ug/L) <0.1 0.07 0.07 <0.1 0.8 0.25
Cr (ug/L) <0.1 0.93 0.66 <0.1] 6.60 74
Cu (pna/L) 9.40 3.34 5.03 142 <5 50.0 9
Pb (ug/L) 1.0y 0.77 <1 <1 10.0 2.5
Ni (Lg/L) 14.64 6.51 8.20 4.44 <1 80.0 52
Zn (pnal/L) 37.45 4.75 35.11 4.37 6| 63.0 120
As (ug/L) <] 231 1.21 <1 10.0 150
Hg (ng/L) 0.04 0.04 0.36 0.3 <0.1 4.00 0.77
CCuU 3.56 0.67 3.30 0.92 0.065 6.383 2
645
646
647
648

649 Table 2. Physico-chemical variables used in the @Cte regional study (Catalonia, NE Spain).
650 Average and standard error of summer (n=14) andgfn=11) data, minimum (Min.);

651 Maximum (Max.) values recorded (n=25) and corresjpantoxicity threshold.

652

653
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654

655

656

657

658

659

660
661
662
663

Fraction of total

Fraction of

1%

Code |Taxon variance explained varianc
Environ.| metals | Environ| Metals
NVEN | Navicula veneta Kitzing 61.21 19.76 75.6 24.4
Gomphonema pumilum (Grunow)
GPUM| Reichardt & Lange-Bertalot 52.90 4.07 92.9 7.1
GPAR | Gomphonema parvulum Kiitzing 52.72 7.8 87.1 12.9
NPAL | Nitzschia palea (Ktitz) Smith 47.86 10.89 81.5 18.5
CSIN |Cymbella sinuata Gregory 45.63 2.73 94.4 5.6
CMIN | Cymbella minuta Hilse ex Rabenhorst 43.24 0.93 97.9 2.1
NIFR | Nitzschia frustulum (Katingow) Grun. 41.26 4.97 89.2 10.8
CMEN | Cyclotella meneghiniana Kiitzing 33.44 3.62 90.2 9.8
AMIN | Achnanthes minutissima Kitzing 31.82 3.46 90.2 9.8
GMIN | Gomphonema minutum (Ag.) Agardh 29.63 2.66 91.8 8.2
NAMP | Nitzscia amphibia Grunow 28.10 1.19 95.9 4.1
NMIN | Navicula minima Grunow 27.52 5.82 82.5 17.5
CPLA | Cocconeis placentula Ehrenberg 26.41 0.58 97.9 2.1
NSEM | Navicula seminulum Grunow 25.29 14.72 63.2 36.8
Navicula saprophila Lange-Bertalot &
NSAP | Bonik 1.22 47.12 2.5 97.5

Table 3. Regional study. Results of the partiabcéeal correspondence analysis (CCA) with

forward selection of environmental variables.
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664
665
666
667
668
669

670
671
672
673
674
675
676
677

678

679

680

681

682

683

site| Cond | phosphatg Nitrate | Ammonium| DOC | Oxygen| pH Temp

(uSfem)|  (uM) | (UM) (M) | (mg/L) | (mg/L) (°C)

Bl 533 0.860 49.4 0.781 1.129 | 10.77| 7.80 9.97

+25 +0.912 8.6 +0.487 +1.01 | +0.39 | #7.11

T1 587 0.272 78.9 0.495 0.610 | 10.68| 7.93 10.03

+18 +0.156 | +63.8 +0.008 +1.30 | £0.33 | #6.41

B2 658 0.283 97.6 0.497 0.957 | 11.27| 7.73 11.57

+90 +0.250 | +32.5 +0.006 +0.96 | +£0.20 | %5.95

ol 597 0.564 104.0 1.862 1301 | 1243| 8.24 11.97

+20 +0.534 | £71.5 +1.825 +0.79 | +0.23 6.97

T2 | 1457 115.9 205.0 15.22 0.990 1042 8.45 12195

Rd 1687 21.29 38.7 4.709 8.557 | 11.17| 8.30 16.77

+219 +3.309 | +53.8 +1.318 +4.12 | +0.19 | +5.83

Table 4. Physico-chemical variables used in the RDithe watershed study (Fluvia river).
Average and standard deviation for the three diffesampling periods (December, February and
July) of conductivity (Cond), nutrient concentratjalissolved organic carbon (DOC), oxygen

concentration, pH and temperature at the diffesantpling sites (n=17).
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684

685
686

687

688

689

690

691

B1 T1 B2 oL T2* RD Avg +s.e.
Ni Biofilm | 4.11 | 15.30 | 12.51 | 2.08 4.20 9.77 8.00 +2.17
+0.01 | £17.71| £14.63| +1.20 +3.62
water | 19.54| 3.12 1.18 3.03 1.71 6.02 5.77 +2.84
+26.17| £2.44 | £+0.32 | £2.50 +0.84
DGT 0.21 0.13 0.22 0.35 0.40 3.40 0.78 +1.28
Cu biofim| 1.93 | 0.85 1.03 1.26 3.35 8.06 2.74 +1.13
+0.47 | £0.27 | £0.60 | £0.97 +3.33
water 0.65| 1.44 0.99 1.11 4,93 4.23 2.23 +0.76
+0.19 | £1.00 | £0.35 | £0.15 +0.11
DGT 0.20 0.12 0.18 0.40 0.46 0.32 0.28 +0.13
Zn biofilm | 23.84 | 5.27 5.71 8.15 | 44.46 80.98 | 28.07 | +12.25
+6.35 | #5.56 | +4.74 | £8.20 +4.29
water | 16.58 5.54 1256  4.90 30.8 79.9 25.0 +11.6
DGT 5.26 5.44 3.82 4.24 12.49 13.59 7.47 +4.37
As biofilm | 1.696 | 0.508 | 0.888 | 0.420 | 0.690 1.507 | 0.95 +0.22
+0.185| +0.249| +0.676| +0.255 +0.707
water | 0.635| 0.514 | 0.702 | 0.849 | 1.326 1.153 | 0.86 +0.13
+0.184| +0.023| +0.033| +0.334 +0.222
Cd biofilm | 0.218| 0.098 | 0.122 | 0.133 | 0.187 0.440 | 0.20 +0.05
+0.214| +0.101| +0.068| +0.024 +0.448
water | 0.055| 0.057 | 0.057 | 0.047 | 0.058 0.077 | 0.06 +0.00
+0.029| £0.033| £0.025| £+0.061 0.083
DGT 0.01 0.01 0.01 0.01 0.01 0.01 0.01+£0.001
Pb biofilm | 3.452| 2.662 | 5.225 | 8.637 | 7.207 15.7 7.15 +1.94
+1.129| +#1.836| +0.238| +1.626 +14.4
water | 0.370| 0.589 | 0.413 | 0.381 | 0.675 0.751 | 0.53 +0.07
+0.332| +0.303| +0.117| +0.087 0.047
DGT 0,09 0,07 0,05 0,08 0,08 0,08 0,08 +0.019
CCUw 0.277 | 0.180 | 0.241 | 0.255| 0.540 0.590 | 0.339 | +0.049
+0.169| £0.099| £0.154| £0.194 +0.146
CCUDb 2.895| 1.817 | 3.233 | 4.696 | 4.457 9.482 | 4.428 | +0.818
+0.551| £0.578| £0.286| £0.552 +3.255
*n=2

Table 5. Metal concentration variables includethim RDA: metal concentration in biofilms

(ng/g) and water (ug/L). For each site, valuedta@eaverage and standard error of three

sampling. Average metal concentrations estimatéid BGT (ng/L) were not included in the

RDA and are the average of two sampling.
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Fraction of
Taxon Fraction of total explained
Code variance variance
Environ.| Metals| Environ. Metals

Gomphonema minutum (Ag.)

GMIN |Agardh 37.02 7.38 83.4 16.6
Gomphonema parvulum Kiitzing

GPAR 31.27 4.18 88.2 11.8
Cocconeis pediculus Ehrenberg

CPED 33.56 5.83 85.4 14.6
Nitzschia frustulum (Kitzing)

NIFR | Grunow 46.98 | 21.83 | 68.3 31.7
Cymbella minuta Hilse ex

CMIN |orst&Rabenh. 39.66 33.9 53.9 46.1
Achnanthes minutissima Kiitzing

AMIN 35.67 16.83 67.9 32.1
Melosira varians Agardh

MVAR 33.27 | 32.77 50.4 49.6
Navicula menisculus Schuman var.

NMEG |grunowii Lange-Bertalot 33.14 44.87 42.5 57.5
Gomphonema micropus Kitzing

GMIC 29.77 | 26.66 | 52.7 47.2
Cocconeis placentula Ehrenberg

CPLA 29.4 31.33 | 484 51.6
Navicula capitatoradiata Germain

NCPR 2742 | 3583 | 43.3 56.6
Nitzschia dissipata (Kutzing)

NDIS |Grunow 21.13 43.47 32.7 67.3
Navicula gregaria Donkin

NGRE 11.52 | 4208 | 21.5 78.5
Amphora pediculus (Kutzing)

APED | Grunow 7.5 38.13 16.4 83.6
Rhoicosphenia abbreviata

RABB | (C.Agardh) Lange-Bertalot 6.57 28.19 18.9 81.1
Navicula tripunctata (O.F.Muller)

NTPT |Bory 3.32 28.05 10.6 89.4
Nitzschia fonticola Grunow

NFON 2.98 23.48 11.3 88.7
Navicula subhamulata Grunow

NSBH 2.56 37.07 6.5 93.5
Navicula cryptotenella Lange-

NCTE |Bertalot 2.19 38.73 5.3 94.6

692

693 Table 6. Watershed study. Results of the partiaboecal correspondence analysis (RDA) with
694 forward selection of environmental variables.

695
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Figure 1. Location of the area of study (Catalohig, Spain). Study sites included in the regional aatershed studies (left and right maps,
respectively). The code assigned by Catalan Wagengy. The location of the Fluvid watershed inrdggonal map is also indicated.
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Fig 2. Regional case-study. Relative contributbmarious metals to the cumulative criterion

unit (CCU) at background (CCU<1, n=10); low metedCCU<2, n=7); and medium metal
(2<CCU<10, n=8) categories. Average and standad,dor each metal category, of the

abundance of diatom taxon related to metal content.
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Fig 3. Relative contribution of various metaldtie cumulative criterion unit calculated using
biofilm concentrations (CCUb) at increasing metkgories in the Fluvia case-study. CCUb<2
(n=3); 2<CCUb<5 (n=10); and CCu>5 (n=4). Averagd arandard error, for each metal

category, of the abundance of diatom taxa relateddtal content.
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