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Abstract The antifouling herbicide Irgarol 1051 has been detected in recent years in numerous estuaries, marinas, harbors and coastal areas, and in some harbors on Lake Geneva, but so far only a few studies have investigated the ecotoxicological eﬀects of this compound on microalgae. The purpose of this study was to assess the ecotoxicological impact of Irgarol 1051 on the algal communities of Lake Geneva, and to compare its phytotoxicity to that of the common triazine herbicide, atrazine. We investigated the response of phytoplanktonic and periphytonic algal communities and single-species isolates collected from the lake, to the PS II inhibitor Irgarol 1051 (growth, proxy of photosynthetic activity and community structure). A short-term bioassay was developed based on in vivo ﬂuorescence, together with nanocosm experiments with natural algal communities, and single-species tests on algal strains isolated from the lake. The toxicity of Irgarol 1051 towards periphyton and phytoplankton was shown to be higher than that of atrazine. Indications of the tolerance induced by this triazine in the algal communities of Lake Geneva, suggests that even at the levels of contamination reported in some parts of the lake, Irgarol 1051 is already exerting selection pressure. Information about sensitivities, selection and tolerance from laboratory experiments are used to explain the observations in natural microalgal communities from the lake.  2003 Published by Elsevier Ltd. Keywords: Phytoplankton; Periphyton; Herbicide; Ecotoxicology



1. Introduction Irgarol 1051 (2-methylthio-4-tert-butylamino-6cyclopropylamino-s-triazine) is a relatively new triazine herbicide that is increasingly being used in copper-based antifouling paints. This compound was introduced into Europe in the mid-1980s to replace organotins in anti-
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fouling paints. The organotins had been subjected to international restrictions, due to their well-documented, severe impacts on the whole aquatic ecosystem (Okamura et al., 2000). Irgarol 1051 contamination has been detected in many estuaries, marinas, harbors and coastal areas (Hall et al., 1999), but only few examples have been reported to date in freshwater, including two harbors in Lake Geneva (T oth et al., 1996). Irgarol 1051 inhibits the electron transport chain during photosynthesis (Berard and Pelte, 1999), and is therefore highly phytotoxic. Nevertheless, only a few studies are available about the ecotoxicological
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eﬀects of this compound on aquatic photosynthetic organisms, including higher plants (Scarlett et al., 1999; Nystr€ om et al., 2002) and symbiotic (Owen et al., 2002) or free (Dahl and Blanck, 1996; Nystr€ om et al., 2002) microalgae (Hall et al., 1999). It has recently been concluded that environmentally relevant concentrations observed in the ﬁeld could be inhibiting the growth and activity of the photosynthetic organisms. This raises increasing concern regarding the eﬀects of Irgarol 1051 on aquatic ecosystems, bearing in mind that its introduction in marine and continental waters is global and recent. Various ecosystems are liable to be threatened, from artiﬁcial harbors and ports, to unmodiﬁed coral reefs for example (Owen et al., 2002). In this study, we investigated the response of phytoplanktonic and periphytic algal communities from Lake Geneva to the PS II inhibitor Irgarol 1051, taking into account various parameters, such as the growth, photosynthetic activity and community structure of the microalgae. This lake is a deep Alpine lake, the ecological functioning of which relies mainly on pelagic primary production (phytoplankton). The littoral zones are dominated by macrophytes, ﬁlamentous and prostrate microalgae (periphyton), which contribute to a lesser extent to the primary production. As recent changes in phosphorus loading, together with global warming of the deep waters, have led to changes in the phytoplankton successions and, in particular, have increased the occurrence of algae-related problems (ﬁlamentous algae and cyanobacteria) in Lake Geneva (Anneville et al., 2002), additional anthropogenic stresses need to be monitored. Both the direct impact (reduction of the primary production) and the delayed impact (such as changes in the taxonomic composition within the community) are relevant in such a survey. A short-term bioassay based on in vivo ﬂuorescence was used to measure the sensitivity of natural and nanocosm communities to atrazine and Irgarol 1051, and single species tests were also performed on algal strains isolated from the lake. The purpose of this study was to assess the ecotoxicological impact of Irgarol 1051 on algal communities (phytoplankton and periphyton), and to compare its phytotoxicity to that of the common triazine herbicide, atrazine. We used the algal isolates to compare the sensitivity of phytoplankton to that of periphyton, and tried to test the potential community tolerance of triazines induced by Irgarol 1051 contamination of water.



the ‘‘Ouchy’’ marina in Lausanne was chosen as a site potentially aﬀected by Irgarol 1051 and the reference site was at ‘‘Buchillon’’, 17 km away from Lausanne, which is well away from any known source of Irgarol. On the French side, the ‘‘Thonon’’ marina was chosen as the site exposed to Irgarol 1051 contamination, and ‘‘Corzent’’, about 4 km away from ‘‘Thonon’’, was used as the less exposed site. The ﬁrst three sites have previously been described in T oth et al. (1996) and Nystr€ om et al. (2002); the ‘‘Corzent’’ site was chosen because it is close to our laboratory. Phytoplankton was sampled from the top of the euphotic layer of each station by hand-pumping, and stored in the dark at a cool temperature during transportation (lasting less than 2 h) to the laboratory. Periphyton was harvested using glass disks, which were attached to Plexiglas plates and suspended from a buoy at a depth of 60 cm. After a colonization period of three weeks, the plates were removed, placed in a cool box in Ziplock plastic bags ﬁlled with 2 l of lake water, and transported to the laboratory. The plates were then placed in plastic boxes in lake water and acclimatized to laboratory conditions for at least 2 h.



2.2. Chemical analysis At the Buchillon, Thonon and Ouchy sites, triazines were monitored by sampling subsurface water. The samples were stored at 4 C in the dark until extracted (within 24 h). One liter of water from each site was ﬁltered across a 1-lm ﬁlter (RC 60, Schleicher and Schuell) prior analysis. The analytical methods were adapted from T oth et al. (1996), and are described in Nystr€ om et al. (2002). Water samples were extracted by solid phase extraction (SPE, C-18). The samples were analyzed using a high-resolution gas chromatograph (HP 5890 A), equipped with a capillary column (DB-5 MS, 50 m · 0.2 mm · 0.33 lm) and coupled with a low-resolution mass spectrometry detector (HP 5971 A, SIM mode, mass 182/196/238/253). Atrazine (MW 215.7, 98% purity, Greyhound service, UK) and Irgarol 1051 (MW ¼ 253, purity > 97%, Ciba Speciality Chemicals, Switzerland) solutions for the chemical standards and ecotoxicological tests were prepared in pure acetone. For tests on organisms, the ﬁnal acetone concentration in each vessel, including control samples, was 0.05%.



2. Materials and methods



2.3. Single-species tests



2.1. Field sampling



Nine species (eight of the nine had previously been isolated from Lake Geneva) belonging to four common algal classes were cultivated in 96-well-clear polystyrene microplates under continuous light (approx. 100–150



Four sites were investigated during the spring and summer of 2000 and 2001. On the Swiss side of the lake,
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lE m2 s1 light intensity at the lid level). Growth was monitored daily using OD650 measurements performed with a Dynex MRX CE97 spectrophotometer. Inocula were made using batch ﬂask cultures in the exponential growth phase, and diluted to give an initial OD650 of approximately 0.120. Increasing concentration series of nine concentrations of atrazine (control, 0.216–2160 lg/l) and Irgarol 1051 (control, 0.025–253 lg/l) with six replicates per concentration were ﬁlled into 66 wells. The EC50 was determined using the OD650 after 96 h as endpoint, except for Staurastrum sebaldii, Chlamydomonas intermedia and Synechococcus elongatus which grew more slowly. Theoretical sigmoid curves were ﬁtted to the data using the least-square method and the solver function of Excel 98 software. Eq. II was modiﬁed from Streibig et al. (1998), as previously reported (Seguin et al., 2002).



3. Indoor nanocosms



3



3.2. Growth inhibition and determination of the species diversity In vivo ﬂuorescence measurements were made at the end of the experiments on each nanocosm to measure the inhibition of growth by Irgarol. EC50 values were estimated as described for the microplate experiments. Taxonomic analyses were performed both at the beginning and the end of the nanocosm experiment: 50 ml of algae suspension were harvested from each bottle (the ﬁve control samples were pooled), and lugol was added to kill and stain the cells. Cells were then allowed to settle in Uterm€ ohlÕs chamber for 24 h, after which they were identiﬁed and counted under a reverse-phase microscope. The abundance of the dominant species was measured at ±10% precision (L€ und et al., 1958). The biomass of each species was also estimated using biovolume calculations (Revaclier, 1979). The diﬀerences between treated communities and pooled controls were described using the Bray–Curtis dissimilarity index (Bray and Curtis, 1957; Dahl and Blanck, 1996).



3.1. Sampling and experimental design Natural phytoplankton samples were collected as described above in April 2000. Grazers and larger particles were removed by pre-ﬁltering the sample through a 250-lm pore-size net, and taxonomic and species identiﬁcation of the phytoplankton cells was performed by microscopy. A set of thirteen 500 ml glass bottles were completely ﬁlled with this water, and grown under continuous light conditions (200 lE m2 s1 ) and controlled temperature (20 C ± 1) in a dedicated room. Nutrient levels was increased to 0.03 mg/l soluble reactive phosphorus, 0.60 mg/l inorganic nitrogen, and 1.5 mg/l SiO2 producing a similar composition to that of the lake water before the spring bloom, and ensured signiﬁcant algal growth during the experiment. In order to minimize wall growth, clumping, and sedimentation, and to ensure that each bottle received the same light intensity, the bottles were placed in a rotating holder. A detailed description of the apparatus and the protocol is given in Berard (1996). Increasing concentrations of Irgarol 1051 between 20 and 2530 ng/l (from 0.079 to 10 nM), were ﬁlled into eight bottles. The other ﬁve bottles were used as controls. The total phytoplankton growth was monitored daily up to 127 h, by in vivo chlorophyll a ﬂuorescence measurement, using an ECO52 probe (ME-Meerestechnik-Elektronic, Trappenkamp, Germany), until stationary growth and cell decline occurred. Community tolerance to Irgarol 1051 was determined for the controls and for the treated nanocosms, as described in ‘‘short-term eﬀects of Irgarol 1051’’ (see below). The ﬁnal composition (taxonomy) was determined at the end of the second nanocosm experiment.



3.3. Short-term eﬀects of Irgarol 1051 on chlorophyll a speciﬁc ﬂuorescence The short-term eﬀects of Irgarol 1051 on phytoplankton ﬂuorescence were monitored at the end of the indoor nanocosm experiment, using water samples from a mixture of each replicate control, and the 79 ng/l Irgarol 1051-treated nanocosm, and on the natural phytoplankton sampled at the diﬀerent sites in Lake Geneva. Eight milliliter samples of water plus phytoplankton were ﬁlled into Corning glass-tubes. Forty microliter of Irgarol 1051 acetone stock solution was added to each tube (giving the same nominal concentration range as that used in nanocosms containing from 20 to 2530 ng/l ofIrgarol 1051). Six replicates were used for the controls and three for the contaminated tubes. The tubes were incubated on a rotating wheel under the same conditions as for the long-term eﬀect experiments. After incubating for 1 h with Irgarol 1051, the chlorophyll a speciﬁc ﬂuorescence was measured with a Turner ﬂuorimeter (TURNER, model 111). In every case, Irgarol caused an increase in ﬂuorescence: the values for the treated samples were far higher than in the controls. Instead of calculating the conventional EC50 (which was not possible in this case), we estimated an EC150, which is the theoretical toxic concentration that increases the ﬂuorescence by 50% (Seguin et al., 2002). The results were not as easy to interpret in terms of toxicity as the EC50 values, but diﬀerent EC150 values could be compared to each other, reﬂecting the relative sensibilities of the diﬀerent samples. Statistical comparisons between dose–response curves were done using the non-parametric Wilcoxon signed ranks test (Berard et al., 1998).
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The short-term eﬀects of Irgarol 1051 on periphyton ﬂuorescence were measured using the Pulse Amplitude Modulated ﬂuorometer (PAM 101–103), as described in Dorigo and Leboulanger (2001). 4. Results 4.1. Single-species tests The EC50 results obtained with the diﬀerent strains showed the high variability of the sensitivity of the species tested in microplates (listed in Table 1). When it could be determined, the EC50 for atrazine ranged from 4.3 to 412, whereas those for Irgarol 1051 were considerably lower, between 0.5 and 5.1 lg/l. Under our experimental conditions, the cyanobacteria Synechococcus elongatus was not inhibited by either of the herbicides, whereas the pennate diatom Asterionella formosa was slightly inhibited by both herbicides. The species most sensitive to Irgarol were two pennate diatoms Navicula accomoda (EC50 of 0.5 lg/l) and Nitszchia sp. (0.8 lg/l), and the chlorophyte Chlamydomonas intermedia (0.5 lg/l). Similarly, the most sensitive species to atrazine were the chlorophytes Scenedesmus acutus (EC50 of 56 lg/l), C. intermedia (34 lg/l), and especially Chlorella vulgaris (4.3 lg/l). 4.2. Indoor nanocosms The phytoplankton communities from the nanocosms were inhibited by the antifouling agent Irgarol 1051: The EC50 for growth, estimated from the in vivo ﬂuorescence, was 0.55 lg/l (2.17 nM). We compared the



phytoplanktonic communities in the Irgarol-treated and control nanocosms using the Bray–Curtis similarity indices at the end of the experiment. There was a global tendency to dissimilarity between the untreated samples and those treated with increasing concentrations of Irgarol 1051 (Fig. 1). This increasing dissimilarity was associated with changes in nanocosm community composition (Fig. 2), with the development of pennate diatoms and cryptophytes in the intermediate nanocosms, and with the development of chrysophytes and cyanobacteria in the nanocosms with the highest Irgarol 1051 concentration. Furthermore, Irgarol 1051 had a signiﬁcant eﬀect on the densities of some species within the communities: C. vulgaris was inhibited (EC50 ¼ 523 ng/l Irgarol), and the density of S. elongatus seemed to increase as Irgarol 1051 concentrations increased in the nanocosms (Fig. 3).



4.3. Short-term eﬀects of Irgarol 1051 on chlorophyll a speciﬁc ﬂuorescence 4.3.1. Lake samples Sensitivities of algal communities to Irgarol 1051, expressed as the EC150, were comparable for phytoplankton and periphyton and there was a tolerance gradient between sites, matching the following contamination gradient: ‘‘Buchillon’’ < ‘‘Thonon’’ < ‘‘Ouchy’’ (Table 2). Phytoplankton communities from ‘‘Ouchy’’ were also more tolerant to atrazine than those from ‘‘Buchillon’’, even though atrazine contamination was similar at these two sites (Table 3). Periphyton communities were more tolerant to atrazine than phytoplankton communities (Table 2).



Table 1 Estimated EC50 for Irgarol 1051 and atrazine, from microplate assays for each strain tested. NEO: no eﬀect observed Class



Strain



Duration of experiment (h)



Irgarol (lg/l) EC50



Atrazine (lg/l) EC50



Irgarol (nM) EC50



Atrazine (nM) EC50



Cyanobacteria



Synechococcus elongatus Staurastrum sebaldii



144



NEO



NEO



NEO



NEO



144



2.5



282



9.88



1307.37



Bacillariophyceae



Asterionella formosa Navicula accomoda Nitszchia sp.



96 96 96



>253 0.5 0.8



>2160 164 412



>1000 1.81a 2.96a



>10 000 760.32 1910.06



Chlorophyceae



Chlorella vulgaris Chlamydomonas intermedia Scenedesmus acutus



96 144



1.5 0.5



4.3 34



5.73a 1.98



19.94 157.63



96



5.1



56



20.16



259.62



Pseudokirchneriella subcapitata



96



3.3



115



13.04



533.15



Zygnematophyceae



All the strains were isolated from Lake Geneva except the chlorophyte P. subcapitata, which was obtained from the Environmental Protection Agency (EPA, Corvallis, Oregon) and used as laboratory reference species. a From Nystr€ om et al., 2002 (same methods).
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Bray-Curtis indice
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10000



Fig. 1. Eﬀects of Irgarol 1051 on phytoplankton community structure in nanocosms. Bray–Curtis index (BCI) values were obtained for the comparisons of species densities between the pooled controls and each Irgarol treated nanocosm.



Fig. 2. Algal classes in the nanocosms at the end the experiment. Initial biomass is presented, and ﬁnal composition for each of the nine nanocosms is given.
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Fig. 3. Eﬀects of Irgarol 1051 on the cell densities of four selected algae species, determined at the end of the nanocosm experiment.
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Table 2 Short-term sensitivity to Irgarol 1051 and atrazine of diﬀerent algal communities from Lake Geneva and indoor nanocosms, based on ﬂuorescence endpoints (phytoplankton, expressed as EC150, and periphyton, expressed as EC50) Sensitivity



Irgarol March 2000 16/JUN/00 29/JUN/00 24/AUG/00 21/APR/00



Phytoplankton in situ (EC150 lg/l)



Periphyton in situ (EC50 lg/l)



Corzent



Corzent



Buchillon



Thonon



Ouchy



0.26



Buchillon



Thonon



Phytoplankton, nanocosms (EC150 lg/l) Ouchy



0.45 0.14 0.16 0.53



7.56 0.30



3.21 0.78



Control 1.28



0.09 0.69



0.83



NOE 1.10



Atrazine 16/JUN/00 29/JUN/00 24/AUG/00



42.8 28.0 38.1



79 (ng/l IRG)



605.9 206.2



5.89



1790.3 366.7



NOE: No observed eﬀect.



Table 3 Analyses of Irgarol 1051 and atrazine in subsurface water from coastal areas of Lake Geneva Station



Irgarol (ng/l)



Buchillon Thonon Ouchy Reference a



Irgarol/Atrazine (ng/l)



September/94



September/99



29/June/00a
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