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The responses of aquatic organisms to chronic exposure to environmental concentrations of toxicants, often found in mixtures, are poorly documented. (ere passive sampler extracts were used in experimental contamination of laboratory channels, to investigate their effects on natural biofilm communities. A realistic mixture of pesticides extracted from POC)S Polar Organic Chemical )ntegrative Samplers was used to expose biofilms in laboratory channels to total pesticide concentrations averaging . ± . µg•l -. The level of exposure was representative of field conditions in terms of relative proportions of the substances but the exposure concentration was not maintained decreasing concentrations between contamination occasions . The impact

Introduction

Author-produced version of the article published in Ecotoxicology,2012, vol. 21 (5), 1570-1580. The original publication is available at http://www.springerlink.com doi : 10.1007/s10646-012-0910-7 complex entities such as periphytic communities Tlili and Montuelle Understanding the hazards of low-dose contaminant cocktails is a growing concern for ecotoxicologists Artigas et al. . )t is also essential for decision making, with the implementation of environmental policies regulating and/or reducing pesticide use and inputs in the aquatic environment e.g. French and European incentives such as Plan Ecophyto 2018, European directive for a sustainable use of pesticides . )n this context, methods are needed to improve exposure assessment linking it with adverse effects on the biota. Developing laboratory studies of the impacts of realistic pesticides mixtures on the biota is challenging due to the variety of other confounding factors in situ that may mitigate the biological responses observed in contaminated environments.

Recent developments in environmental chemistry, such as passive sampling, provide
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reliable quantification of chemicals in the environment e.g. Mazzella et al.

. Among passive samplers, POC)S pre-concentrate polar pesticides from water bodies.

The main aims of this work were thus: i to test the use of extracts from POC)S previously exposed in situ for contaminating laboratory channels with complex mixtures of pesticides, and ii to examine the responses of biofilm communities following chronic exposure to low doses of such a mixture of agricultural pesticides.

Accordingly, biofilm communities were collected from an upstream considered as reference and a downstream contaminated site of a small river located in a French vineyard area. They were then exposed for two weeks to low doses of a pesticide mixture directly extracted from POC)S in indoor artificial channels. Chronic effects of the pesticide mixture were estimated on biofilm structure biomass and algal community structure , diatom diversity and biofilm function photosynthesis and substrate-induced respiration . Levels of tolerance of phototrophic communities to the pesticide mixture were also estimated using an original P)CT approach, based on shortterm photosynthetic bioassays with the POC)S extracts. Exposure to POC)S extracts was expected to provoke structural and/or functional changes in the communities from both reference and contaminated decrease in exposure sites.

Materials and methods

Experimental design

Preexposure period

At the beginning of the experiment day , glass slides were placed in artificial channels

River water and natural biofilms growing on stones were sampled in June , on two sites located along the Morcille River, in the Beaujolais vineyard area, eastern 

Laboratory experiment

)n the laboratory, biofilm inocula collected from each sampling site reference and contaminated sites were introduced to separate aquaria containing litres of corresponding river water Table , and left for two weeks to allow biofilm colonization on artificial substrates glass microscope slides previously placed at the bottom of each aquarium. 

Pesticide exposure

Author-produced version of the article published in Ecotoxicology,2012, vol. 21 (5) biomass dry mass and ash-free dry mass , phototrophic community-related parameters chlorophyll measurements, photosynthetic activity, diatom cell numerations and community structure and heterotrophic functions respiration, enzymatic activities .

Biofilm dry weight DW and ash-free dry matter AFDM were measured as described The heterotrophic community was targeted by measuring substrate-induced respiration S)R as described in Tlili et al.

.

Briefly, S)R was measured using MicroResp™
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microplates filled with biofilm suspension and a carbon substrate D-glucose, Prolabo and incubated for hours at ambient temperature. Then, the quantity of CO released was measured by gas chromatography on an MT) microcatharometer and the results were converted into ngCO •g•cm -². 

Data analysis

Pesticides

For concentrations below the quantification limits, a value equal to half of the method quantification limit was used for calculations (elsel . Correlations between the composition of extracts of "quantitative" and "accumulative" POC)S were calculated using XLSTAT v. Variance partitioning based on redundancy analysis was performed to determine the combined and single effects of the physical and chemical including toxicants parameters of the water on the biofilm characteristics. As biofilms are integrative over time, environmental parameters associated with biological samples corresponded to average conditions during the days before sample collection. Data were standardized

Biofilm characteristics

All biofilm characteristics were analyzed using the linear mixed effect model LmE for repeated measurements, to discriminate for each endpoint between time-and treatment-dependent effects. For this purpose, the treatments and sampling dates were set as fixed effects and samples as random effects to account for possible variability between "true" replicates from independent channels and pseudoreplicates from channels connected to the same tank . 

Relationships between environmental characteristics and biological responses
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prior to analysis. Then redundancy analyses were performed to test the significance of th e vari ab l es o f in ter es t. Th e a nal ys es w e re c o nd u c ted with th e R p ac kage veg an Oksanen et al. . At the end of the experiment, significantly higher DW and AFDM were recorded in C with comparison to R and R/C treatment*date effect, p = . and p = .

Results

Pesticide exposure

respectively . )n contrast, lower Chl a, diatom cell density both p < . and Ф PS)) p = .

were measured in C. No significant difference was observed between R and R/C.

)n all samples, pigment composition showed that diatoms dominated within the algae.

) contaminants. The combined effects of substances are hard to characterize in complex mixtures as found in the field and testing compounds individually, together with their binary, ternary, etc. mixtures, is almost impossible. Such an approach offers a good opportunity to evaluate mixture effects without the need to make an a priori selection of the pesticides tested.

Some difficulties inherent to chronic exposure experiments in semi-static laboratory systems appeared here, with the decrease of mixture concentrations between water renewals, averaging % during the first week in both channels, and % during the 

Conclusions

Ecotoxicology can notably benefit from the development of chemical tools. This study is the first to report the use of POC)S extracts to investigate the effects of realistic low-dose pesticide mixtures on natural biofilm communities in experimental systems. These data show almost no change in community structure and some decrease in tolerance to the
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major contaminants composing the cocktail with decreasing levels of contamination, (owever, the results do provide a basis for further ecotoxicology studies and point out the pros and cons of this kind of experimental design, especially increasing environmental realism by combining realistic exposure and the effects on complex communities but also the necessity to improve the exposure conditions, in particular, keeping the concentrations stable. The u e and misuse of biomarkers in ecotoxicology. Environ Toxicol Chem : -. doi: . / -r. Geiszinger A, Bonnineau C, Faggiano L, Guasch (, López-Doval JC, L, Ricart M, Ricciardi F, Romaní A, Rotter S, Muñoz ), Schmitt-Jansen M, Sabater S The v a rele ance of the community approach linking chemical nd biological analyses in pollution assessment. Tables Table 1: In situ water characteristics (data are average ± standard error, n = 4 except for Cu and As: n = 2, and total pesticides: timeweighted average concentrations).

parameter reference site contaminated site

Temperature (°C) 12.5 ± 0.3 14.4 ± 0.4 pH 7.2 ± 0.2 7.5 ± 0.2 Conductivity (µS•cm -1 ) 161.0 ± 3.6 230.7 ± 6.0 DOC (mg• l-1 ) 2.9 ± 0.3 4.7 ± 0.7 NO 3 (mg• l-1 ) 5.6 ± 0.4 6.9 ± 1.5 PO 4 (mg• l-1 ) 0.1 ± 0.0 0.2 ± 0.0

Copper (µg•l -1 ) 1.3 10.0 Arsenic (µg• l-1 ) 1.9 8.5 pesticides (µg•l -1 ) 0.1 1.7
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  periphytic communities, measured in this way, leads on the one hand to a physiological adaptation of individuals, but also to a structural modification of communities Dorigo et al. ; Duong et al. ; Morin et al. a . Recently, the assessment of communities' responses to more environmentally realistic contaminations i.e. mixtures of toxicants directly taken from the surface water of a small river has been developed by coupling ecotoxicological tests with passive samplers Escher et al. ; Shaw et al. . Using naturally occurring biofilm communities and pesticide extracts from POC)S Polar Organic Chemical )ntegrative Samplers, Alvarez et al. , Pesce et al. performed short-term photosynthesis b i o a s s a y s . T h e i r s t u d y r e v e a l e d t h a t s u c h a n a p p r o a c h c o u l d o f f er promising perspectives to evaluate the effects of pesticide on aquatic ecosystems, especially with a view to implementing P)CT assessment for mixtures.

  small shallow river Strahler o r d e r h a s b e e n extensively studied over the last decades Montuelle et al.. The sites selected present . % vineyard cover upstream reference site and % downstream contaminated site , leading to a gradient in nutrients and pesticides in the water. The watershed is underlain by granite, and the river bed mainly composed of pebbles and sand. At both sites, river water and biofilm inocula obtained by scraping stones were collected and brought back to the laboratory for a -week colonization period in aquaria see Laboratory experiment . Simultaneously, POC)S devices were immersed at the downstream site to catch the polar organic contaminants present in surface waters during the same weeks biofilm colonization period .

Figure and exposed for

  Figure and exposed for two weeks in different conditions, noted R reference biofilms and conditions , C contaminated biofilms and conditions and R/C reference biofilms under contaminated conditions . More specifically, R samples taken as control samples corresponded to colonized slides from upstream reference site fed with artificial clean water; they were collected in triplicate channels connected to the same

in

  photosystem )) Ф PS)) , Baker was also estimated with the Phyto-PAM fluorometer Schmitt-Jansen and Altenburger . Aliquots preserved in formalin solution were used for live and dead diatom cell density enumeration Morin et al. b and taxonomic identifications. The quantitative description of the diatom community was based on counting random fields using a Nageotte counting chamber under light microscopy at x magnification Olympus BX upright microscope, UK , distinguishing live and dead cells by the presence/absence of chloroplasts. For taxonomic analyses, samples were cleaned of their organic content and permanently mounted on microscope slides following European standard NF EN before identification of about frustules per slide at × magnification Leica DMRB photomicroscope, Wetzlar, Germany . )dentifications were performed to the lowest taxonomic level possible using standard references Krammer and Lange-Bertalot and recent nomenclature updates. Abnormalities in diatom morphology and/or ornamentations were also reported.

F

  photosynthetic bioassays using measurements of the optimal quantum yield Baker , F v /F m , of the biofilms exposed to semi-logarithmic series of dilutions of the preconcentrated extracts. Total pesticide concentrations used for P)CT analyses ranged from about . to µg•l -. Three replicate samples were taken, and run with blanks in analytical triplicates with each of the seven concentrations of POC)S extracts. Biofilms w e r e e x p o s e d f o r h o u r s i n a c l i m a t i c c h a m b e r V e r s a t i l e E n v i ronmental Test Chamber, Sanyo, MLR-at a constant temperature of °C under artificial light lux . Before Phyto-PAM measurements, they were kept in the dark for minutes nd F a v /F m was determined.

  In situ TWA concentrations during the period -J une were very low upstream r e f e r e n c e s i t e , t o t a l p e s t i c i d e c o n c e n t r a t i o n = . µ g • l -i n c o m p a r i s o n t o t h e downstream site contaminated site, . µg•l -. The concentrations imposed in the channels, derived from the accumulative POC)S extracts, were anticipated with the knowledge of the sampling rates for the accumulative POC)S Lissalde et al. ; Mazzella et al. , i.e. about -. litres of water were extracted by each POC)S exposed for days. Consequently, at least POC)S-equivalent extracts were used for spiking the channel volume l at day , and after days. Actual concentrations measured in the channels were % of downstream field concentrations in R/C, and of % in C. These differences were attributed to a loss by adsorption and/or photo-or biodegradation. Despite some differences regarding the quantitative aspects, both conditions corresponded to low dose exposure, and the most abundant substances observed at the downstream station dimetomorph, diuron and N-, -dichlorophenyl -

  following week data not shown . Toxicant losses mostly by adsorption onto abiotic and biotic surfaces are commonly observed in chronic exposure experiments e.g. Riedl and Altenburger . Degradation of substances was also observed in R/C channels: a s l i g h t p r o d u c t i o n o f t h e b r e a k d o w n p r o d u c t N -, -d i c h l o r o p h e n y l -N-methylurea + % happened during the second week of the experiment, concomitantly with the decrease -% of its parent substance diuron. Losses in contaminants can be compensated for by more frequent or flow-through inputs. (owever, numerouspollution additions a fortiori continuous would require large quantities of toxicants that may be difficult to obtain for financial or logistical reasons e.g. here extracts of POC)S were needed for only two low-dose contamination operations , and would generate a high quantity of pollutant to be subsequently processed treatment of toxic waste . Another alternative would be the miniaturization of the experimental systems. Community ecotoxicology: complementary use of structural and functional endpoints to assess mixture toxicity Author-produced version of the article published in Ecotoxicology,2012, vol. 21 (5), 1570-1580. The original publication is available at http://www.springerlink.com doi : 10.1007/s10646-012-0910-7 thus probably too low to drive changes in diatoms Morin et al. ; Ricart et al. . Most ecotoxicological tests are based upon the assumption that a threshold concentration of toxicant has to be exceeded to provoke visible/measurable effects. )n this experiment no increase in tolerance based on EC Assessing the effects of chemicals is generally based on biomarker approaches: the consequences of pollution are investigated at the level of the population, individual or sub-individual but interpretation of experimental results cannot be extrapolated to the larger scales of community or ecosystem Forbes et al. . Many authors have underlined the need to reinforce the ecological relevance of ecotoxicological studies e.g. Relyea and (overman ; Schmitt-Jansen et al. such as approaches combining structural and functional endpoints at the community level Geiszinger et al. . (ere differences in global characteristics of the periphytic community were mainly driven by parameters other than toxicant exposure Figure . Time and environmental parameters here temperature, p( and light played a major role in discrimination between samples. Environmental conditions are known to mitigate toxicity e.g. Guasch et al. ; Tlili et al. , and the multivariate analysis of the data allowed us to partly discriminate between the effects of generally concomitant land-use factors like nutrients, pesticides and metals. From identical diatom community structure, low dose exposure did not lead to divergence between communities, with changes in species composition mostly due to experiment duration. The concentrations of toxicants were values was noted in R/C communities with comparison to initial tolerance levels p = . : at the time scale studied, neither physiological adaptation nor species selection was sufficient to increase tolerance to low doses of POC)S extracts. )n C biofilms, EC mix significantly decreased following chronic exposure to the POC)S extracts. The exponential relationship between previous exposure and EC s had also been demonstrated for diuron by Pesce et al. Author-produced version of the article published in Ecotoxicology,2012, vol. 21 (5), 1570-1580. The original publication is available at http://www.springerlink.com doi : 10.1007/s10646-012-0910-7. This tolerance loss of formerly adapted communities following a -wk low dose exposure suggests either physiological adaptation of the community and/or decreased tolerance linked to increasing amounts of sensitive organisms. Final diatom community c o m p o s i t i o n o f R a n d R / C w a s f a i r l y s i m i l a r Figure , suggesting physiological adaptation rather than species selection. Laviale et al. also observed in biofilms exposed to isoproturon and atrazine a rapid recovery of the fluorescence parameters Ф PS)) a n d F v /F m , proving that the response to environmental concentrations was mainly linked to down-regulation of photosystem )), rather than to photosynthetic damage. Combining the use of structural and functional descriptors provides a more integrated overview of the processes occurring, with structural information community composition related here to "temporal" variations that may either indicate successions but also the impact of laboratory conditions . (eterotrophic function was not affected, whereas photosynthesis differed depending on the origin of the biofilm and the level of contamination imposed. All together these results infer that a certain level of pressure has to be reached to induce community tolerance R/C , and that tolerance would p r o b a b l y n o t l a s t o v e r l o n g p e r i o d s i n t h e e v e n t o f d e c r e a s i n g exposure C , in accordance with the observations of Aldén Demoling and Bååth in polluted soils.
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Figure 1 :

 1 Figure 1: Experimental setup. A Triplicate channels fed by the same tank, used for R (artificial water) and R/C (artificial water + POCIS extracts) treatments. B Independent channels fed by individual tanks, used for R (artificial water, 1 tank), R/C (artificial water + POCIS extracts, 1 tank) and C (artificial water + POCIS extracts, 1 tank) treatments. Channel dimensions are: l × w × d = 63 × 11 × 4 cm. Arrows indicate direction of flow.

Figure 2 .

 2 Figure 2. Sample clustering based on community structure (using species accounting for more than 2% relative abundance in at least one sample) and proportion of the main species: ADMI Achnanthidium minutissimum, EOMI Eolimna minima, FCAP Fragilaria capucina, GPAR Gomphonema parvulum, GEXL G. exilissimum, NCPL Nitzschia capitellata, NPAL N. palea, SANG Surirella angusta.

Figure 3 .

 3 Figure 3. Triplots based on redundancy analysis of data, with emphasis on A) physical parameters and B) chemical parameters, including toxicants. Circles correspond to biofilms sampled before exposure to channel conditions (day 0), diamonds to samples collected at the end of the experiment (day 14). White symbols: R, grey symbols: R/C, black symbols: C. Biofilmrelated endpoints are: DW, AFDM, total chlorophyll a content (Chlo_tot), % brown lgae (Brown_Algae), functional parameters (Ф PSII, EC 50 F v /F m ), diatom number of live cells (Densities) and % of dead cells (Mortality), a

  Fig.

  Fig.

  LmEs were computed with the package nlme

	Pinheiro et al.	in the statistical modelling environment R )haka and Gentleman

.

Between-sample similarities in diatom community structure were analyzed based on the species representing more than % relative abundance in at least one sample.

(ierarchical cluster analyses were conducted with PC-Ord softwar e M c C u n e a n d

Mefford

, using the Bray-Curtis distance with complete linkage furthest neighbour .

Optimal EC half maximal effective concentration values were calculated by performing a nonlinear regression on (ill's model for each triplicate, using the Regtox software version EV . . , E. Vindimian, http://eric.vindimian. online.fr/ .

  Table reports the main pesticides quantified in the field and in the channels, as well as

	the concentrations measured. The substances analysed	in the laboratory
	experiment,	in the field survey were based on existing knowledge of this watershed
	Rabiet et al.	. Among them,	were quantified.

  Author-produced version of the article published inEcotoxicology,2012, vol. 21 (5), 1570-1580. The original publication is available at http://www.springerlink.com doi : 10.1007/s10646-012-0910-7 N-methylurea were also the most represented in the experimental channels, in proportions similar to those noted in the field. Comparable proportions and composition were expected since both quantitative and accumulative POC)S operate with the same sampling rates and were exposed simultaneously, in similar conditions. )ndeed,

	high correlations were observed between the spiking solution extracted from
	accumulative POC)S and in situ c o n c e n t r a t i o n s i n t h e c o n t a m i n a t e d s i t e
	"quantitative" POC)S , in terms of relative proportions Pearson correlation: .	, p =
	.	and ranks Spearman correlation: .	, p < .	of substances.

Changes in periphytic communities with time and exposure

Communities from C channels had initial global biomass DW, AFDM and proportion of brown algae comparable to those from R Table

3

. (owever, algal biomass as measured through Chl a content was much lower in C, as well as Ф PS)) p < .

for both parameters . )n both R and R/C channels, biomass growth as measured by DW and AFDM reached equilibrium within -days after an increase during the first days of the experiment. The growth phase of the algal component Chl a, diatom density lasted longer, and stabilized between and days data not shown .

Table 2 : Pesticide concentrations measured in situ, in the experimental channels and in the spiking solution (concentration of the "accumulative" POCIS extract) used for T tests. nm: not measured. PIC In situ conditions 1

 2 

	Experimental conditions²

Table 3 : Biofilm characteristics at the beginning (day 0) and the end (day 14) of the experiment in the R, C and R/C channels. Biomass data are expressed per cm² colonized substrate. The superscript letters indicate statistical differences according to LmE results (p <0.05). nm: not measured.

 3 

	R	C	R/C

Author-produced version of the article published inEcotoxicology,2012, vol. 21 (5), 1570-1580. The original publication is available at http://www.springerlink.com doi : 10.1007/s10646-012-0910-7

Acknowledgements

T h e F r e n c h N a t i o n a l O f f i c e f o r t h e A q u a t i c E n v i r o n m e n t O N E M A -C EMAGREF agreement, action and the Cemagref's PestExpo Research Program provided financial support for this experiment. The authors thank Marjorie Maréchal, Bernard Motte, Cécile Nassiet, Christophe Rosy, Bernadette Volat and Josiane Gahou for technical help.