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Abstract Algae communities exposed to a herbicide like atrazine (PS II inhibitor) are expected to be selected and to be more tolerant to the herbicide than unexposed communities (pollution-induced community tolerance, PICT). The PICT may be an ecotoxicological tool for detecting this selective action of chronic pollution, and this method has been applied to several toxicants in experimental systems and in ®eld studies. But the detection of PICT with PS II inhibitors has sometimes been variable. This work was done to study the long-term e€ects of exposure to atrazine (10 lg/l) and the PICT responses of phytoplankton communities in repeated outdoor nanocosms. Phytoplankton communities were sampled in Lake Geneva at di€erent periods of the year and the e€ects of atrazine were analysed by studying community structure, biomass and primary production, and by measuring tolerance to atrazine in a short-term physiological test based on 14 C incorporation. We ®nd that PICT is a sensitive method for measuring e€ects. Even atrazine concentrations causing little restructuring induced tolerance in most of our experiments. But the short- and long-term responses of phytoplankton to atrazine varied between experiments, probably due to the initial compositions of the communities and environmental factors associated with seasonal parameters. The selection and detection steps of PICT to atrazine thus vary greatly with environmental conditions and the physiological adaptations of algae to the herbicide. To monitor risk assessment in aquatic systems, PICT studies applied to algae, must be investigated in the light of seasonal contaminations and seasonal events and successions. Ó 2001 Elsevier Science Ltd. All rights reserved. Keywords: Algae; Community structure; Tolerance; Seasonality; Herbicide



1. Introduction Photosystem II (PS II) inhibitors ± especially atrazine ± are widely used herbicides. These xenobiotics can be transported to streams and lakes (Buser, 1990; Huber, 1993; Solomon et al., 1996), where they may have an
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adverse in¯uence on phytoplankton (Berard and Pelte, 1999). The response of algae to PS II inhibitors di€ers depending on the species (and strain), the e€ective herbicide concentration and physiological state of algae (Stay et al., 1989; Kasai, 1999). Since individuals vary in their tolerance or resistance, selection pressure may result in susceptible organisms being replaced by more resistant ones. Thus, PS II inhibitors can a€ect the structure of an algal community and act as a selective anthropic factor on algae assemblages (Hamilton et al., 1988; Hoagland et al., 1993; Kasai and Hanazato, 1995).
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This work examines the long-term e€ects and PICTresponses of phytoplankton communities in Lake Geneva exposed to atrazine (10 lg/l) in repeated and replicated outdoor nanocosms. Phytoplankton communities were sampled in Lake Geneva at di€erent periods of the year (over 2 years) and the e€ects of atrazine were analysed by studying community structure, biomass and primary production, and by measuring the tolerance to atrazine with a short-term physiological test based on 14 C incorporation.



The tolerance of communities chronically exposed to toxic herbicide is likely to be greater than that of a comparable community that has never been exposed. Blanck et al. (1988) proposed a new ecotoxicological tool for detecting this selective action of chronic pollution ± pollution-induced community tolerance (PICT). PICT uses structural parameters and short term physiological toxicity tests that are applied to communities. This method has been used with several toxicants in experimental systems (e.g. Molander et al., 1992; Molander and Blanck, 1992; Gustavson and W�angberg, 1995; Nystr� om, 1997) and in ®eld studies (e.g. W�angberg et al., 1991; W�angberg, 1995; Knauer et al., 1999). PICT experiments done with atrazine on periphyton and phytoplankton have led to varying conclusions. Gustavson and W�angberg (1995) reported no induction of tolerance in freshwater micoralgae communities exposed to 20 lg/l atrazine for 20 days. Nystr� om (1997) concluded, from experiments on periphyton microcosms, that the algal community seemed to develop little tolerance to atrazine. In contrast, de Noyelles et al. (1982) reported successional changes in phytoplankton species in experimental ponds exposed to 1± 500 lg/l atrazine, and they detected an increase in the atrazine tolerance in the communities preexposed to 20 lg/l atrazine. Detenbeck et al. (1996) also detected evidence of the development of tolerance to atrazine by periphyton exposed to 50 lg/l atrazine in mesocosms. The species in a community and environmental factors such as temperature, irradiance and nutrients can in¯uence the sensitivity of algae to PS II inhibitors (Herman et al., 1986; ?, Mayasich et al., 1987; Lampert et al., 1989; Fournadzhieva et al., 1995; Caux and Kent, 1995; Guasch et al., 1997; Berard and Pelte, 1999). These environmental factors may thus in¯uence the selective action of the herbicide on algal community structure, depending on the season and algal succession (Berard et al., 1999a). The PICT-response can, therefore, ¯uctuate with environmental parameters.



2. Materials and methods 2.1. Natural samples and material Eight experiments were carried out during the spring, summer and fall of 1997 and 1998. Experimental design and number of control and treated nanocosms (®ve replicates) were the same for the eight experiments. The samples were taken from the centre of Lake Geneva. Blanc et al. (1997, 1998, 1999) reported atrazine concentrations 0.03±0.04 lg/l in the euphotic layer of the whole lake, indicating a low, constant presence of this herbicide in 1996±1998. Lake water was collected from the euphotic layer. Large zooplankton species were removed using a 200 lm mesh and the remaining zooplanktons were killed by oxygen depletion (Sommer, 1983). The 5 l nanocosms (Pyrex bottles) contained 2.5 l of the plankton suspension plus 2.5 l natural lake water from the same location that had been ®ltered through a 0.8 lm polycarbonate membrane ®lter. This dilution prevented rapid nutrient depletion during early phytoplankton growth. The concentrations of the nutrients at the beginning of the experiments were determined (Table 1). The Pyrex bottles were placed in a area of low turbulence in Lake Geneva at a depth of about 1.5 m under natural conditions of temperature and irradiance. The cultures were constantly aerated with ®ltered air to



Table 1 Nutrient concentration, in the nanocosms at the beginning of each experiment (integrated sample from the 10 Pyrex bottles)a



a



Experiment



March 1997



April 1997



June 1997



August 1997



Orthophosphates (mg P/l) Inorg. nitrogen (mg N/l) Silicon (mg SiO2 /l) Mean temperature Minimum Maximum (°C) Mean surface irradiance Minimum (lmol m 2 s 1 ) Maximum (lmol m 2 s 1 ) Duration of experiment (days)



0.006 0.55 0.12 9.0 5.6 13.6 800 259 1108 23



0.012 0.52 0.81 10.3 5.5 13.4 880 280 1325 15



0.003 0.001 0.38 0.023 0.70 1.63 19.3 23.9 18.1 21.2 20.5 25.2 1039 883 466 305 1485 1097 11 14



Irradiance and temperature conditions of experiments. Duration of each experiment.



May 1998



June 1998



July 1998



September 1998



0.003 0.001 0.001 0.000 0.42 0.45 0.037 0.16 0.12 0.28 0.54 0.14 14.2 17.5 24.1 17.4 10.8 15.3 18.8 15.3 20.7 20.6 22.0 20.7 1241 1009 916 546 862 255 107 223 1405 1456 1274 906 21 16 12 14



4.70 2.33 1.15 2.05 3.23 1.57 2.01 6.83



0.88 1.10 2.20 1.80 1.14 2.11 2.94 1.90



90 77 101 85 96 102 95 86



7.06 7.73 12.93 4.59 11.09 7.50 15.38 13.70



1.49 1.72 2.53 2.76 1.52 2.14 2.25 3.87



7.06 9.18 12.69 4.64 11.70 7.73 20.74 13.80



1.60 1.69 2.27 2.46 1.22 2.03 2.46 3.74



92 119 56 85 97 92 109 72
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March 1997 April 1997 June 1997 August 1997 May 1998 June 1998 July 1998 September 1998



PP response (% of controls) Diversity index H0 (bits/ individual) Chl-a (lg/l) Diversity tndex H0 (bits/ individual)



Chl-a (lg/l) PP response (% of controls)



Diversity index H0 (bits/ individual)



Treated to control Treated nanocosms



Chl-a (lg/l)



Tolerance to atrazine was measured 24 h after the start and at the end of each experiment. A bioassay based on the photosynthetic activity was performed outdoors by measuring the NaH14 CO3 assimilation rate versus the atrazine concentration. An integrated sample was created for each treatment (control and atrazine) by collecting 60 ml of the Pyrex bottle water in each of the ®ve replicates. 9 ml of the integrated sample was mixed with 1 ml of an atrazine concentration (1±2 mg/ l) in a 10 ml Pyrex-glass vial. Duplicates were prepared



Control nanocosms



2.4. Short-term bioassay



One day after contamination



The phytoplankton biomass was estimated daily by in vivo ¯uorescence measurements using a Turner Fluorimeter to monitor the growth of the phytoplankton. Experiments were allowed to run for 11±23 days, and stopped when the relative growth rate of control cultures declined, just before the stationary phase of phytoplankton growth. The concentrations of chlorophyll a at the beginning and the end of the experiments were determined (Table 2). Samples for taxonomic analysis were taken at the beginning and end of experiments. Aliquots (50 ml) of algal suspension were removed from each Pyrex bottle, and Lugol's solution was added to kill and stain the cells (APHA, 1995). Cells were allowed to settle in a Uterm� ohl's chamber for 24 h, after which they were examined under a reverse phase microscope, identi®ed and counted. A minimum of 400 individuals per dominant species (more than 100 individuals per ml) were counted, giving a counting accuracy of about 10% (Lund et al., 1958). The biomass of each species was also estimated using bio-volume calculations.



Start of experiment (just before contamination)



2.3. Biomass measurements and taxonomy



End of experiments



Atrazine (98% ± Greyhound/Chem service, UK) was dissolved in double-distilled water with continuous stirring for 48 h (10 mg/ml stock solution). No organic solvents were used to avoid any possible side e€ects (Berard, 1996). The e€ective concentration of the herbicide solution was checked by HPLC. The Pyrex bottles contained 10 lg=l atrazine at the beginning of each experiment (®ve replicates for tests and controls). The 10 lg=l atrazine concentration is comparable to a severe herbicide contamination, which can occasionally occur in some aquatic systems during runo€ (Solomon et al., 1996).



Beginning of experiments



2.2. Treatment



Experiment



prevent sedimentation and carbon depletion. Water samples containing phytoplankton were taken through a silicon cap and glass and silicon tubing. A precise description of material and installation is given in Berard et al. (1999a).



Table 2 Chl-a, diversity indices of control nanocosms (controls) and nanocosms treated with 10 lg/l atrazine and primary production of the atrazine-treated nanocosms versus control nanocosms (PP response, dpm measurments), at the beginning and at the end of experiments
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for each concentration and four replicates for the controls. Heterotrophic assimilation was measured in two dark vials. The 10 ml Pyrex vials were preincubated for 1 h (with atrazine alone) and then incubated (with atrazine and 14 CO3 ) for 2 h at the same depth as the nanocosms to ensure the stable inhibition of photosynthesis (Berard et al., 1998). The incubated samples were ®ltered through cellulose nitrate ®lters (0.45 lm porosity). The un®xed 14 C was removed by acidi®cation of ®lters with 0.1 N HCL, and the ®xed 14 C was counted in a Packard liquid scintillation spectrometer in scintillation vials containing each ®lter and 4 ml Ultima Gold scintillation liquid. EC50 was measured as the endpoint of short term atrazine sensitivity (or tolerance) by a log linear interpolation of the doseresponse curves (Berard et al., 1998; Gustavson and W� angberg, 1995). 2.5. Statistics and calculations The diversity (H0 ) of the algal communities was estimated at the beginning (on integrated sample of the 10 nanocosms) and the end (calculated for the mean density of the ®ve replicate communities) of each experiment using the Shannon±Weaver equation (Frontier and Pichod-Viale, 1991, Table 2). The differences between contaminated communities and control were investigated using the Bray±Curtis dissimilarity indices (Bray and Curtis, 1957), as used by Dahl and Blanck (1996) and Berard et al. (1999a). The Bray±Curtis index (BCI) was calculated for the mean density of the ®ve replicate communities. The density of each dominant species in the contaminated communities was compared to the control at the end of experiments, using a Mann±Whitney nonparametric-test (Schwartz, 1963). Short-term sensitivity to atrazine (EC 50) was log transformed to obtain the normal distribution. Student's t-test was used to compare the data for the beginning and end of experiments or for control and treated samples. Correlation tests were done by CPA (Pearson correlation matrix) with the ADE program (Thioulouse et al., 1997).



3. Results The HPLC analysis of ®nal concentrations of atrazine in the treated nanocosms con®rmed a high persistence of the herbicide (e.g. Lampert et al., 1989; Widmer et al., 1993): 90±95% of the 10 lg/l of atrazine added at the beginning of experiments were still present in the Pyrex bottles at the end of experiments (data not shown).



3.1. Characteristics of Pyrex bottles experiments The eight experiments were started at di€erent periods during the 2 years, and we therefore describe the phytoplankton communities when atrazine was added and the environmental conditions of culture (Tables 1 and 2, Fig. 1). The experiments started in March, April and May used a natural phytoplankton inoculum and culture medium having the spring bloom phytoplankton succession stage. The June 1997±1998 experiments started during the ``clear water'' phase. The experiments done in July, August and September used a natural phytoplankton inoculum and culture medium having early and late summer phytoplanktonic successions. The experiment done in September 1998 used a high biomass inoculum dominated by Chlorophyceae (Micractinium pusillum) and Zygnematophyceae (Mougeotia gracillima). More details on phytoplankton succession in Lake Geneva and the start of experiments are given in Gawler et al. (1988) and Berard et al. (1999a). 3.2. Atrazine e€ect on the community structure Atrazine had a signi®cant e€ect on the densities of some species in each experiment (see Table 3 for the results for each dominant species). In general, the densities of the cryptophytes (Rhodomonas minuta and R. minuta var. nannoplanctica), the chrysophytes (Ochromonas sp., Desmarella brachycalyx and little ¯agellates) and the pennate diatoms (Asterionella formosa, Diatoma elongatum, Fragilaria crotonensis, Nitzschia sp., and Synedra acus) were higher or similar in treated nanocosms than in controls. In contrast, the densities of the central diatoms (Stephanodiscus minutulus, S. alpinus), the chlorophytes (Chlorella vulgaris, Chlamydomonas sp. and small undetermined ¯agellate cells) were lower in the treated nanocosms than in controls. The responses of some of these species to 10 lg/l atrazine varied. The growth of Oscillatoria limnetica was inhibited in March 1997 and May 1998, una€ected in July 1998 and stimulated in September 1998. The growth of C. vulgaris was inhibited in three experiments but una€ected in the fourth. The sensitivity of the chrysophytes (D. brachycalyx and Ochromonas sp.) also varied from one experiment to another. We compared the phytoplanktonic communities in the atrazine-treated and control nanocosms using the Bray±Curtis similarity indices at the start and end of the experiment (Table 4). At the start of each experiment the indices had a mean of 0.87 normally distributed (P > 0:95). At the end of the experiment the mean of the indices was lower (0.80), and statistically di€erent (P ˆ 0:05, n ˆ 8). There was a global tendency to greater dissimilarity between the treated and untreated Pyrex bottle communities after long-term exposure to atrazine (10 lg/l). But the ®nal Bray±Curtis indices
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Fig. 1. Algal classes in nanocosms at the beginning of each experiment.



varied from experiment to experiment, the greater dissimilarities were recorded at the end of late summer experiments (August 1997 and September 1998). 3.3. Short-term sensitivity and detection of induced tolerance Table 4 shows the EC50 measured at the beginning and end of each experiment. The toxicity of atrazine for the control nanocosms one day after treatment varied widely (from 37 to 830 lg/l). At the end of the experiments, the toxicity of atrazine for the control communities was, in almost all cases, di€erent from the toxicity one day after treatment. But there was no signi®cant correlation between the sensitivity of phytoplankton communities to atrazine one day after treatment and the sensitivity at the end of experiments. The results for the atrazine-treated communities were di€erent. The ®rst e€ect of atrazine on the phytoplankton was a signi®cant decrease in the primary production than in controls one day after treatment (Table 2, P ˆ 0:05, n ˆ 8), accompanied by a small but signi®cant increase in sensitivity to atrazine (Table 4, P ˆ 0:047, n ˆ 8). At the end of the experiments, treated samples were signi®cantly less sensitive to atrazine than the controls (Table 4, P ˆ 0:03, n ˆ 6). Primary production was still lower in the treated nanocosms.



In contrast to the controls, there was a correlation between the short-term atrazine toxicity at the start and at the end of the experiment in the treated nanocosms (Table 5, P ˆ 0:05, n ˆ 7, P ˆ 0:01, n ˆ 7). There was also a low relation between the sensitivity of the control and the treated Pyrex bottle communities at the end of the experiment (Table 5, P ˆ 0:09, n ˆ 6). 4. Discussion Atrazine (10 lg/l) had a noticeable e€ect on the algae in most of our experiments. Primary production decreased after less than 24 h and remained so at the end of the experiment. This e€ect on photosynthetic activity has been reported by others (e.g. de Noyelles et al., 1982; Hamilton et al., 1988; Lampert et al., 1989). 4.1. PICT selection step All the experiments showed that the sensitivity to atrazine varied from one species to another. The inhibition of C. vulgaris, Chlamydomonas spp. and other small ¯agellates by atrazine in the treated communities further demonstrates the sensitivity of these chlorophytes to the herbicide (e.g. de Noyelles et al., 1982; Hoagland et al., 1993). The signi®cantly higher densities



a



Dinobryon sp. Small ¯agellate cells



Tribonema ambiguum S. alpinus S. minutulus A. formosa D. elongatum



F. crotonensis N. acicularis Nitzschia sp. S. acus S. acus var angustissima Ankyra lanceolata Chlamydomonas spp. C. vulgaris



Coelastrum sp. Elakatothrix gelatinosa Micractinium pusillum Small ¯agellate cells Staurastrum sp.



M. gracillima



Chrysophyceae



Xanthophyceae



Bacillariophyceae



Chlorophyceae



Zygnematophyceae
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± ± ± ± ±



± ± ± ± ± ± )(85%) )(95%)
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± + (95%)



0 + (95%) + (95%)
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June 1997
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0 0 ±
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May 1998
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0 ± ± ± ± ± 0 0
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June 1998



0



± ± ± 0 ±



0 ± ± 0 ± ± 0 )(95%)
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± )(99%)



0 0 + (95%)



0 ± 0



July 1998



``+'': greater density of individuals than in controls, ``)'': fewer individuals than in controls, ``0'': no signi®cant e€ect, ``±'': not present ( 
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