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Abstract A study was undertaken to investigate the environmental impact of herbicides on natural communities of freshwater periphyton and phytoplankton in the river Ozanne and in related nearby water reservoirs, including both pristine and pesticide- (atrazine and isoproturon) contaminated stations. The microalgal toxicity of both herbicides was investigated by short-term studies, using the in vivo fluorescence pattern to perform dose-effect experiments. The taxonomic composition of the communities sampled was assessed by microscopy and by HPLC pigment analysis. The EC50 (periphyton) or EC125 (phytoplankton) values, calculated using in vivo fluorescence endpoints, increased with the herbicide concentration found in the water. In contrast, the structure of the algal communities (periphyton) inhabiting the contaminated stations seemed to be permanently affected when compared to the reference community. A ‘memory effect’ could be detected, both in herbicide sensitivity and in the structure of periphytic communities that persisted even when peak contaminations had disappeared. This study shows that the response of algal communities is likely to reflect past selection pressures, and suggests that the function and structure of a community could both be modified by the persistent or repeated presence of microcontaminants in natural environments. We could use short-term ecotoxicological tests on freshwater microalgae to assess the effects of past temporary contaminations by agricultural pesticides, and combining this with diversity indices could make it possible to assess the ecotoxicological risk of herbicide contamination even when a complete chemical analysis of the contamination is not feasible. 䊚 2003 Elsevier B.V. All rights reserved. Keywords: Pesticides; Phytoplankton; Periphyton; Community; River; Ecotoxicology



1. Introduction The increased worldwide occurrence of xenobiotics, such as herbicides, in surface waters has led to a huge number of studies and concern about their impact on non-target aquatic organisms. Phytoplankton and periphyton (sessile photosynthetic *Corresponding author. Tel.: q33-450-267-811; fax: q33450-260-760. E-mail address: [email protected] (C. Leboulanger).



microorganisms) are often the most important primary producers in water systems, and because of their physiological similarities with the intended target organisms (e.g. invasive plants in crops), they can be affected by herbicides. These compounds often act in combination with other pesticides (e.g. Hoagland et al., 1993; Streibig et al., 1998) or their own degradation products (e.g. Okamura et al., 2000; Tixier et al., 2001). According to the PICT (Pollution-Induced Community



0048-9697/04/$ - see front matter 䊚 2003 Elsevier B.V. All rights reserved. doi:10.1016/S0048-9697(03)00398-X



102



U. Dorigo et al. / The Science of the Total Environment 318 (2004) 101–114



Tolerance) concept described by Blanck et al. ´ (1988) and applied by several authors (see Berard et al., 2002, for a review), toxic agents exert selection pressure, if they are applied at high enough concentrations and for a sufficient period of time. Since susceptibility to toxicants varies within a community, the result will be a global increase in tolerance, due to changes in physiological or structural parameters that can be monitored by short-term tests (using dose–effect curves of the pesticide vs. photosynthetic activity) and taxonomical analyses, respectively. Structural changes can be ascribed to an increase in the dominance of tolerant species and the death of the more sensitive ones in the community, or to changes in genetic composition (Kasai and Hanazato, 1995). Herbicide input into surface waters may occur in pulses, often highly concentrated, with lowlevel contamination persisting during the interval between two consecutive episodes (e.g. Ferenczi et al., 2002; Okamura et al., 2002). That is why measuring herbicide residues in water samples is not always sufficient to assess an ecological risk, whereas toxicant-exposed organisms and communities may accumulate the effects of the pulsed herbicide stresses. This study was designed in particular to identify the environmental impact of the widely used herbicides atrazine and isoproturon, on periphyton and phytoplankton samples collected from a system exposed to varying levels of contamination (a) by assessing shifts in community tolerance, and (b) by determining any changes in the structure of the community. Atrazine and isoproturon are both known to act as PSII inhibitors. They cause a disruption in the electron flow during photosynthesis, which leads to a herbicide concentration-dependent rise in fluorescence yield, and a decrease in the efficiency of photosynthesis. We monitored these herbicideinduced changes in the in vivo fluorescence pattern of photosynthetic organisms using a pulse-amplitude modulated fluorometer (PAM) and a Turner fluorometer for the periphyton and phytoplankton, respectively. In addition to determine the PAM fluorescence of periphyton communities (Dorigo and Leboulanger, 2001), we used HPLC pigment analysis to compare them to the classical taxono-



my, whereas 18S rRNA gene libraries of periphyton were screened in another study (Dorigo et al., 2002). 2. Materials and methods 2.1. Description of the study sites The study was carried out in the river Ozanne and its tributaries (Fig. 1), located in central France, (latitude 488129409; longitude 1899499), in a region of intensive agriculture and which is reported to be highly contaminated by triazine and urea herbicides, the most abundant of which are atrazine and isoproturon, respectively, (FREDEC et al., 1999). The crops cultivated consist mainly of colza (oil seed rape), corn (maize) and winter wheat, and are usually treated from April to June with atrazine, and in December and early spring with isoproturon. For the periphyton studies, five sampling sites with differing levels of contamination were chosen, OZ1, OZ3, OZ4, OZ5y6 and OZ6y7. The stations are listed from downstream to upstream. Phytoplankton and periphyton sampling was done at lentic sites, where the level of contamination was taken to be regulated in the same way as in the flowing part of the river (OZ1, OZ2, OZ6y7, from downstream to upstream) (Fig. 1). Study sites were sampled five (periphyton) or six (phytoplankton) times, every 2 weeks from May to June 2000, once in September, the supposed ‘zero contamination point’, and finally once in January 2001, in order to cover the mid-, postand pre-herbicide application periods, without direct link with runoff events. As far as possible, similar lentic and lotic sampling sites were chosen in each water system, with comparable water velocity and local environment (canopy), as these parameters affect the biomass and the pattern of community growth (Biggs et al., 1998), and the sites also had the same levels of light exposure (Guasch et al., 1998). Water residue analyses for triazine and urea herbicides at each sampling date and location were kindly provided by the Loire Bretagne Water Agency. Seventy-seven molecules were searched for, among which seven triazines and degradation products, and fifteen urea herbicides and degrada-
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Fig. 1. Catchment area of the River Ozanne and sampling locations. The river flows from west to east; OZ2 and OZ6y7 were only sampled for phytoplankton, OZ3, OZ4 and OZ5y6 only for periphyton, and OZ1 was sampled for both planktonic and benthic communities.



tion products. Triazines and ureas were extracted from water using dichloromethane, and vacuum concentrated. Ureas were identified using HPLCy DAD (ISO 11369), whereas triazines were detected using GCyNPD (ISO 10695). Mass-spectrometry was used to resolve ambiguous peaks. 2.2. Experimental set-up and sample collection As described by Dorigo and Leboulanger (2001), the experimental equipment for periphyton sampling consisted of small glass disks (1.5 cm2 surface area) glued onto Plexiglas plates, fixed to concrete blocks and placed in the center of the stream. These artificial substrates were left to permit colonization for 2 to 3 weeks, and then the plates were removed and transported in cool-boxes to the laboratory. Phytoplankton communities were collected using 2 l plastic bottles, which were cleaned with dilute HCl before use. The bottles were rinsed three times with river water before being filled. Additional river water samples were collected using the same protocol to test for pH, dissolved nutrient content analyses and for use as a matrix for ecotoxicity tests. 2.3. Test compounds Atrazine (Chloro-2 etyhlamino-6 triazine-1,3,5) and isoproturon (3-(4-Isopropylphenyl)-1,1-dimethylurea) were high-grade pesticide standards (Cluzeau Info Labo, Paris, France) and were both



dissolved in acetone. Stock solutions of 20 mM atrazine and isoproturon were kept at y32 8C. A semi-logarithmic concentration range of each herbicide was freshly prepared, with a multiplication factor of 100.5, by serial dilutions of the stock solution. A solvent blank, consisting of herbicidefree acetone, was used for the controls, and the concentration of acetone in the controls and contaminated samples in all the tests was 0.5% of the total volume. 2.4. Ecotoxicity tests Short-term laboratory tests, using the in vivo fluorescence signal of sampled periphyton and phytoplankton communities, were performed after an acclimatization period of 24 h with a 14 h:8 h light:dark cycle (80 mEym2 ys light intensity) and at the temperature of the river. Periphyton assay: A protocol described by Conrad et al. (1993) and originally devised for single algal culture testing of simazine, atrazine and diuron, was slightly modified to test naturallyoccurring periphyton communities. This method has been validated by comparing the results with those obtained by the classical 14C uptake test, which estimates both the net primary productivity and the photosynthesis yield. Details of the fluorescence test procedure have been described in Dorigo and Leboulanger (2001). Briefly, periphyton disks are placed with 900 ml GFyF filtered sampling water in 24-wells polystyrene micropla-
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tes and are dark-adapted for 20 min. Ten microlitre herbicide solution was added during the experiment (final test concentrations, ranging from 0.01 to 100 mM), and fluorescence signals, collected by a fiberoptic system, were monitored using a PAM 101–103 (Walz, Effeltrich, Germany). The relative tolerance to herbicides was calculated by measuring the increase in fluorescence yield, compared to the control community, and was expressed as the EC50 calculated as previously described in Seguin et al. (2001). Phytoplankton assay: 20 ml subsamples of each placed in Corning glass-tubes and 10 ml of an atrazine stock solution was added to each tube (test concentrations ranging from 1 to 10 000 nM of atrazine). Six replicates were used for the controls and three for each concentration of atrazine. After incubating for 1 h at the same light and temperature conditions as before, followed by a 30-min dark-adaptation period, the fluorescence signals were measured in each tube, using a Turner fluorometer (Turner, model 111). The concentration at which atrazine increased the in vivo fluorescence by 25% relative to control samples (EC125) was used to determine the sensitivity of phytoplankton communities (Seguin et al., 2002). 2.5. Assessment of community structure Periphyton: three sets of intact glass disks were taken to determine the community structure. A first set of three to five intact glass disks were kept in 5% formaldehyde, and used to identify the species and count the organisms under a light microscope, at 640= magnification for non-diatom cells and at 1600= magnification for diatom ¨ frustules. According to Schluter et al. (2000), at least 100 cells were counted in aliquots of 0.2 ml under an inverted light microscope (Axiovert 135). Diatom-based indices (the biological diatom index BDI and the pollution-sensitivity index PSI) were calculated using Omnidia 8.0 software (Prygiel et al., 1999). A second set of samples was sonicated in methanoly0.5 M ammonium acetate (98y2 vyv), and used to determine the lipophilic pigments by reverse-phase HPLC (Wright and Jeffrey, 1997). Prior to pigment analysis of field samples, HPLC-



analyses of single algal cultures and pigment standards, which were chosen to match the typical pigment content of periphyton, allowed us to identify approximately 20 pigments. Each lipophilic pigment was identified from its retention time and absorption spectrum using DAD, according to SCOR (Jeffrey et al., 1997). The pigment standards used were purchased from DHI Water and Environment (Hørsholm, Denmark) and standard curves were established for most of them. Chlorophyll a was selected as an indicator of the total periphyton biomass (Bonin and Travers, 1992). Diatoms were characterized by the presence of chlorophyll c2 (chl c), fucoxanthin (FCX), and diadinoxanthin (DDX). Diagnostic pigments for cyanobacteria were myxoxanthophyll (MYX), zeaxanthin (ZEA) and echinenone (ECH). Presence of alloxanthin (ALX) will account for cryptophytes, whereas chlorophyll b (chl b), and b-b carotene (CAR) was specific for chlorophytes. Canthaxanthin (CTX) was used as internal standard for HPLCyDAD analysis. Actual biomasses are expressed as mg Chl aycm2 based on a glass disk surface area of 1.5 cm2, an extraction volume of 4-ml per glass disk and an injection volume of 20 ml. A quantitative method was used, which is derived from a calculation model based on published ratios (rw), for monocultures (Wilhelm et al., 1991). This ratio was used as the 100% value in calculating the percentage contribution of each algal group (a.g.), where A is the area of the peak and d.p. the diagnostic pigment. %a.g.s



Ž%Ad.p.=100. Ž%ACHLa=rw.



(1)



Phytoplankton: The phytoplankton structure was determined counting the Lugol-preserved cells and filaments using an inverted microscope at 400= ¨ magnification (Utermohl, 1958), and Shannon– Weaver diversity index, H9, was calculated for each sample. Chlorophyll a was extracted in 90% acetone for 24 h, and was measured according to Strickland and Parsons (1968). The dry weight, DW, was determined after filtering a known volume across 1-mm pore Nucleopore filters and drying to constant weight at 105 8C.
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3. Results 3.1. Water residue analyses We tested for 77 pesticides and 24 of them were observed at least once during the survey, atrazine and isoproturon being the ones most often found (Table 1). Atrazine was measured above the detection limit in all samples, isoproturon in 11 out of 24. Chemical analyses, which were performed each time the artificial substrates were installed in the riverbed, were shown to detect very variable high levels of atrazine and isoproturon in May and June, and high concentrations of isoproturon in December, following their application to surrounding fields (local enquiries, Loire–Bretagne Water Agency). The highest value for both compounds (17 mgyl atrazine and 0.48 mgyl isoproturon) was found in June, at OZ3 for atrazine and at OZ1 for isoproturon. Throughout the campaigns, OZ3 appeared to be the most contaminated station for all triazine compounds detected (Table 1). For atrazine and isoproturon, OZ1 was the most contaminated station, followed by OZ3, OZ4 and OZ5y6 (Fig. 2a and b). 3.2. Ecotoxicity tests Periphyton: EC50 values ranged from 0.26 mM (OZ6, 08y01y01) to 5.18 mM (OZ3, 22y05y01) for atrazine and from 0.07 mM (OZ4, 22y05y01) to 6.77 mM (OZ1, 08y01y01) for isoproturon. The highest mean EC50 value resulting from shortterm test with atrazine was found for OZ1, followed by OZ3, OZ4 and OZ5y6 (Fig. 3a.). OZ1 also registered the highest mean EC50 for isoproturon, followed by OZ5y6, OZ3 and OZ4, the last three being quite similar (Fig. 3b). Means and standard deviation values (Table 2) were calculated in order to compare the gross contamination level and the sensitivity found for both herbicides over the whole study period. Phytoplankton: Samples collected in January 2001 were excluded from the study, because there were high levels of non living particulate matter in the sample, combined with a low phytoplankton biomass, which made it impossible to obtain satisfactorily fluorescence readings. EC125 values
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found by short-term tests with atrazine ranged from 37 nM (OZ6y7, September experiment) to 153 nM (OZ1, June experiment) (Table 3). The highest mean EC125 value was found for OZ1, followed by OZ2 and OZ6y7. The station with the least herbicide pollution was thus found to have the most sensitive communities. OZ1 phytoplanktons were the most tolerant to atrazine, and the station had the most severely atrazine-contaminated water during the survey. 3.3. Community structure 3.3.1. Periphyton Microscopy: Microscopically-identified algal groups in periphyton samples were the diatoms, cyanophytes and green algae. During the period of investigation, a total of 43 periphyton species were identified, diatoms were dominant with 33 species and 12 genera, followed by the green algae and cyanophytes with seven and three species, respectively. The most common diatom genera were Navicula, Nitzschia, Gomphonema, Achnanthes and Amphora. The diatom species Achnanthes lanceolata, Achnanthes minutissima, Cocconeis pediculus and Cocconeis placentula were very frequently found and in abundant quantities. The most species—rich samples were taken in September (OZ5y6) and in January (OZ4), and contained 29 and 39 species, respectively. Because only a few non-diatom species were found at several stations, no statistical analyses were performed for these algae, except for the total number of species. A correspondence analysis was performed using the number of cells per diatom species as variables, and used to characterize the sampling sites from a taxonomic point of view. The first two axes account for 45% of the variability. The projection of the Ozanne stations on the first plane (I–II axis) is shown in Fig. 4. The first axis separates the May community from the other dates. The projection of the COA indicates a seasonal change in the diatom composition. Reference station OZ5y6 is rather different from the others in almost every date. Both Shannon’s index, applied to diatoms, and the total number of species, calculated for each sampling date and site,
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Date



May, 10th 2000



Station Total pesticides Total ureas Total triazines Total atrazine Total isoproturon



OZ1 4.74 0.11 2.15 2 0.11



OZ3.1 9.69 0.61 1.67 1.4 0.3



OZ4 6.26 0.29 4.55 4.3 0.11



May, 22nd 2000 OZ5y6 0.28 0.22 0.03 0.03 0.22



OZ1 1.04 0.18 0.35 0.25 0.06



OZ3.1 1.86 0.34 1.33 1.2 0.09



All amounts are presented in mgyl. n.d. not detected.



OZ4 0.35 0.07 0.28 0.16 n.d.



June, 5th 2000 OZ5y6 0.03 n.d. 0.03 0.03 n.d.



OZ1 7.59 0.69 5.04 4.6 0.48



OZ3.1 18.8 n.d. 17.52 17 n.d.



OZ4 2.25 0.05 1.19 0.91 n.d.



September, 5th 2000 OZ5y6 0.15 n.d. 0.15 0.1 n.d.



OZ1 0.81 0.05 0.19 0.09 n.d.



OZ3.1 0.35 n.d. 0.15 0.07 n.d.



OZ4 0.47 0.16 0.24 0.08 n.d.



December, 5th 2000 OZ5y6 0.13 n.d. 0.13 0.04 n.d.



OZ1 1.16 0.78 0.12 0.04 0.36



OZ3.1 0.91 0.64 0.13 0.05 0.26



OZ4 0.52 0.24 0.21 0.07 0.05



OZ5y6 0.52 0.36 0.08 0.03 0.21
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Table 1 Contamination levels for pesticides on the river Ozanne throughout the study. Seventy-seven molecules were searched for, including 15 ureas and 7 triazines. All amounts are presented in mgyl. n.d. not detected
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Fig. 2. Contamination by atrazine (left panel) and isoproturon (right) in mgyl measured at the four sampling stations in May (h), June (j), September 2000 (d) and January 2001 (s). Detection and quantification methods were made according to internationally normalised protocols (ISO 10695, ISO 11369).



Fig. 3. Sensitivity of periphyton samples from the four sites on River Ozanne, expressed as EC50 in mgyl, obtained using in vivo fluorescence, for atrazine (left) and isoproturon (right). Symbols for dates as in Fig. 2. Table 2 Average and standard deviation (in parenthesis) of herbicide contaminations and EC50 values throughout the study. Some analyses are missing for the January sampling (outlined by an asterisk) Station



Triazines (mgyl)



EC50 (atrazine)



OZ1 OZ3 OZ4 OZ5y6



1.93 (2.29) 4.16 (7.56) 1.5 (1.92) 0.09 (0.06)



3.55 3.16 1.61 0.84



(1.88) (1.22) (0.99) (0.57)



showed no correlation with the related EC50 values (data not shown). Diatom-based indices were calculated, and the BDI exhibited a clear pattern, increasing upstream



Ureas (mgyl) 0.26 0.21 0.12 0.05



(0.29)* (0.02) (0.08) (0.10)*



EC50 (isoproturon) 3.06 0.48 0.39 0.86



(3.3) (0.22) (0.25) (0.51)



in each survey (Fig. 5a). The PSI, intended to provide an estimation of the pollution-sensitivity of the established community (Prygiel et al., 1999), showed no clear trend (Fig. 5b), with
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Table 3 Structure and sensitivity of phytoplankton sampled in River Ozanne waterbed. Biomass (as chl a), diversity (as H9), dry weight and EC125 (fluorescence endpoint) for atrazine Date



Station



Biomass (mg chl ayl)



DW (mgyl)



H9



EC125 (mM)



4 May 2000



OZ1 OZ2 OZ6y7 OZ1 OZ2 OZ6y7 OZ1 OZ2 OZ6y7 OZ1 OZ2 OZ6y7 OZ1 OZ2 OZ6y7



3.48 2.49 16.98 21.47 11.19 25.84 4.05 14.59 22.3 2.57 22.53 31.57 4.52 20.54 74.14



n.a. n.a. n.a. 17.35 3.5 21.9 19.7 20.5 17.9 10.6 11.1 45.15 10.05 11.0 42.7



n.a. n.a. 1.98 1.90 n.a. 2.06 2.09 2.33 n.a. n.a. n.a. 2.33 2.76 1.70 1.55



0.07 0.08 0.05 0.07 0.07 0.08 0.15 0.10 0.08 0.13 0.10 0.05 0.08 0.09 0.04



22 May 2000



5 June 2000



19 June 2000



4 September 2000



n.a. Not assayed



Fig. 4. Correspondence analysis showing the projection of the Ozanne stations and their taxonomic characteristics, for diatom-counts only. M: May; Ju: June; S: September 2000; Ja: January 2001.
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Fig. 5. Diatom indices obtained for periphyton samples from the four sites on River Ozanne, biological-diatom index (BDI) and pollution-sensitivity index (PSI). Each index is based on a 0–20 scale, 20 being the higher rate related to unaffected biological communities. Symbols for dates as in Fig. 1.



greater variability between different sites and surveys. HPLC analysis: diatoms, cyanophytes and green algae were identified in periphyton from their specific pigment signatures. Fucoxanthin (FCX), the major xanthophyll in diatoms, has been found to contribute up to 35% of the total pigments (Table 4). In all periphyton samples, chl a ranged from 0.049 to 52 mgycm2 (Table 4), accounting roughly for 50% of the total pigment in all periphytic samples. The highest value was found for OZ3, which was generally rich in chl a. The most abundant pigments (mean)5%) were chl a, FCX, chl c and diadinoxanthin (DDX). Identification of zeaxanthin (ZEA) and distinguishing it from lutein (LUT) was sometimes difficult and sometimes impossible, even by co-eluting the sample with the standard pigment, ZEA. In our study, the calculation method of Wilhelm et al. (1991) overestimated the total percentage in one case, and pigment amounts failed to account for the total biomass in 10 cases. These inaccuracies are likely to be due to the abundance of cyanobacteria, which could not be identified by our method. Cyanobacteria contain only a small amount of group-specific pigments, which are, therefore, not detected if the material to be analyzed is insufficiently concentrated. Results showed that in all the samples diatoms dominated



the periphyton flora, and that any other groups present were more abundant at the upstream stations (Table 4). 3.3.2. Phytoplankton Microscopically-identified algal groups in phytoplankton samples were diatoms, cyanophytes, cryptophytes, chrysophytes, conjugatophycea, euglenophytes and green algae. During the period of investigation, a total of 119 phytoplankton taxa were identified at least to genus level; 26 species and 11 genera of diatoms were present, and 58 and four species of green algae and cyanophytes, respectively. Conjugatophycea and euglenophytes were mostly abundant in stations OZ1 and OZ6y 7 during the June sampling period, and total numbers of species were only four and eight, respectively. Chlorophyll a and dry weight ranged from 0.94 (OZ3, January experiment) to 74.14 mgyl (OZ6y7, September experiment) and from 3.5 (OZ 2, May experiment) to 45.15 mgyl (OZ6y 7, June experiment), respectively (Table 3). 4. Discussion Atrazine and isoproturon analyses showed marked variability during the sampling survey, with high pollution peaks in May–June, low levels in September and higher concentrations of isopro-
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Date



May 2000



June 2000



September 2000



January 2000



n.d.: Not detected.



Sample



OZ1 OZ3 OZ4 OZ5y6 OZ3 OZ4 OZ5y6 OZ1 OZ3 OZ4 OZ5y6 OZ1 OZ3 OZ4 OZ5y6



chl a (mgycm2)



6.31 4.33 8.44 9.67 17.61 7.57 3.11 53.77 11.23 1.24 2.68 1.35 2.04 1.39 0.67



% of contribution to total pigment



% of total biomass



chl a



chl c



Fucoxanthin



Lutein



Zeaxanthin



chl b



Diatoms



Cyanobacteria



Greens



50.7 47.3 44.6 50.8 59.0 48.3 51.9 47.0 45.2 49.7 51.7 53.3 50.1 50.2 58.7



7.1 7.8 12.3 8.6 7.8 8.0 6.2 8.5 9.6 8.7 8.4 4.5 7.2 6.7 n.d.



25.5 29.5 34.4 24.9 21.2 28.3 26.6 21.0 26.4 31.4 25.5 29.2 31.1 31.8 29.8



n.d. n.d. n.d. 0.4 n.d. 0.6 1.7 3.8 n.d. n.d. 3.8 0.5 n.d. n.d. n.d.



1.4 1.1 n.d. 0.4 0.5 n.d. n.d. n.d. 1.6 n.d. 1.4 n.d. n.d. n.d. n.d.



0.5 0.9 n.d. 1.0 n.d. 0.5 1.1 2.6 n.d. n.d. 0.9 0.3 n.d. n.d. n.d.



59.2 73.4 90.8 57.7 42.3 68.9 60.3 52.5 68.7 74.4 57.9 64.5 73.0 74.5 59.6



24.1 20.3 0 6.2 6.8 0 0 0 30.1 0 22.3 0 0 0 0



0 0 0 5.8 0 8.1 21.5 53.9 0 0 49.2 6.8 0 0 0
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Table 4 Pigment characteristics of periphyton sampled in the River Ozanne during the study, obtained by HPLC on lipophilic fraction. Contribution to total biomass is calculated according to Wilhelm et al., 1991; total biomass can be different from 100% (see text) due to lack of some diagnostic pigments
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turon in December. These varying concentrations may result from agricultural applications, the rainfall within the catchment area and probably from local herbicide input (i.e. OZ3, June 2000) (FREDEC et al., 1999). As expected, the average level of contamination increased from the upstream to the downstream stations (Tables 1 and 2, Fig. 2). Analyses of pesticides in water are generally undertaken at specific times (as in this study), whereas short-term tests of organisms reveal the impacts of past events. Monthly water tests must therefore be interpreted with caution, as over this length of time environmental conditions may have varied considerably, and this may escape detection. This is one of the reasons why the reactions of microalgal communities should be used as biological indicators of pollution, rather than chemical analyses. The calculated EC50 fell within the range of values reported elsewhere for periphyton (e.g. Guasch and Sabater, 1998). The EC50 (periphyton) and EC125 (phytoplankton) values were considerably higher than the maximum in situ herbicide concentration in Ozanne River, 2.33 nM and 78.8 nM for isoproturon and atrazine, respectively. Our results are similar to those reported in several other published studies, as for example Guasch et al. (1998), Kasai and Hatakeyama ¨ (1996) and Nystrom et al. (2002). The most atrazine-sensitive periphyton communities were found at station OZ5y6, which was also the least triazine-contaminated one, whereas the most tolerant communities were found at station OZ1, one of the most severely contaminated stations. Similar results were found for isoproturon, if we take into consideration the fact that the differences in sensitivity to isoproturon at stations other than OZ1 were not significant. The phytotoxicity of isoproturon was 2.5 times greater than that of atrazine, as confirmed by Kirby and Sheanhan (1994), and the sensitivities of periphyton to the two herbicides were found to be correlated in this study (Dorigo and Leboulanger, 2001). Our study shows that the EC50 or EC125 values varied in the same way as apparent contamination, despite strong differences in community composition (see Fig. 4), enhancing the hypothesis that long-term changes do occur, under a selection
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pressure caused by even brief but strong applications of herbicide, which are then diluted in time and space. Accordingly, during the September campaign, very low concentrations of herbicides were found (Table 1), whereas the periphyton were still tolerant to atrazine and isoproturon, especially at the OZ1 station. In December–January, when a low level of atrazine contamination was found whereas isoproturon concentrations were higher (period of isoproturon application to fields), algae showed high tolerance towards both herbicides. There is probably a phenomenon of co-tolerance between these two PSII inhibitors (Mølander, 1991). We can assume that isoproturon tolerance results from the same mechanisms that give rise to atrazine tolerance, as both are molecules acting on the same target, the PSII (Percival and Baker, 1991). These findings show that established periphyton communities retain a memory of past stresses experienced during growth, despite marked fluctuations in the herbicide concentrations in the environment. With regard to the phytoplankton samples, in particular during the September experiment, phytoplankton communities still showed an increasing tolerance gradient from upstream to downstream, despite the low herbicide concentrations actually present. Unlike periphyton communities, phytoplankton communities are not fixed and can, therefore, escape from adverse situations, but they still display mixed-pollution induced tolerance for several weeks. According to Kasai and Hanazato (1995), the tolerance of strains exposed to stress and then isolated persisted for 2 years in the absence of exposure to herbicide. Optical microscopy has so far been the usual approach to assessing the structure of microalgal communities at species level. But microscopy is time consuming and complicated, particularly when biomass estimations are required. Furthermore, the standard deviations can range from 15 to 50%, and very small organisms cannot be identified at all (Wilhelm et al., 1991). Another way to monitor the evolution of assemblages in time and space is to estimate the percentage contribution of each algal group to the total chlorophyll a by HPLC, or by targeting species- or group-specific genetic sequences. In the case of
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periphyton, the diatoms were found to be the most abundant and species-rich algal group throughout the study period and by all the methods used. These microscopic data were confirmed by a biomolecular approach, which showed that up to 60% of amplified 18S RNA sequences corresponded to diatoms (Dorigo et al., 2002), and also by the HPLC pigment analyses, where FCX (the pigment signature of diatoms) was always the most abundant accessory pigment. All three methods showed that chlorophytes were the second most abundant group, even though there were differences between the findings of the different methods employed. Microscopy and HPLC pigment analysis found that cyanophytes, which could not be detected by screening for eukaryotic sequences such as the 18S RNA gene, constituted the third most abundant group. Despite these limitations, microscopy data were shown to be related to genetic data (Dorigo et al., 2002), and allowed a significant differentiation of communitites, either spatially of seasonally (Fig. 4). For the HPLC method, the pigment separation system must also be optimized. Chlorophytes and cyanobacteria-specific pigments were found only in small amounts, which increased the difficulty of HPLC integration. If necessary, change in extraction and injection volumes would make the estimation more reliable, and minor pigments could be detected successfully. The clear dominance of diatoms in the periphyton community explains to some extent the relative tolerance to herbicides shown by this community, as the impact of herbicides is dependent on the composition of the community at the time of exposure (Herman et al., 1986). Diatoms are reported to be relatively tolerant of PSII inhibitors, because of their partial heterotrophic behavior (Hamilton et al., 1988), and because of the structure of PSII and pigment composition (Plumley and Davis, 1980). We can, therefore, suppose that the chronic presence of atrazine and isoproturon in Ozanne has shifted the composition of the algal community towards diatom-domination. It is interesting that Achnanthes lanceolata and Nitzschia palea, which were nearly always present at the sampling sites and revealed by microscopic counts are known to have high resistance to atrazine (Kosinski, 1984; Kasai, 1999). The diatom



indices were on average higher at station OZ5y6 than at the herbicide-impacted stations, except for the January experiment; this anomaly could be the result of the low biomass in winter, and the fact that colonization starts in the river from upstream. These data are consistent with those reported by Crossey and La Point (1988) and Sabater (2000), but the use of diatom indices calls for caution, as the relative influences of trophic state and pollution on BDI or PSI have not yet been clarified. 5. Conclusion Greater tolerance to atrazine and isoproturon was observed in microalgal communities inhabiting the contaminated stations than in those inhabiting the pristine stations, and this gradient persisted during the contamination-free periods. This study showed that the PICT concept can be successfully applied to field samples to assess the state of rivers contaminated by diffuse pollution. In addition to this, it highlights the value of using natural communities to detect durable ecotoxicological impacts of chronic contamination on aquatic organisms. We compared two types of algal community, phytoplankton communities, made up of free floating organisms, and periphyton, which are fixed to substrates and which were sampled after a colonization period. Both these communities responded positively to the PICT concept, and are, therefore, suitable for use in assessing hazards in rivers both in lentic and lotic parts of the watershed. The methods described here were used to evaluate the environmental impact of the toxicants investigated on freshwater microalgae, in an attempt to corroborate the PICT hypothesis. It can be argued that our results are in line with the predictions of the model, even if it is more difficult to extrapolate the effects to an ecosystem. Community testing is more appropriate than singlespecies testing, since algal responses vary depending on the concentration tested, the duration of exposure and the algal species tested. Acknowledgments We would like to extend our sincere thanks to the Water Agency of Loire Bretagne for their
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