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Introduction

Freshwater environments host microbial biomass that can aggregate and attach to submerged inorganic (like rock, gravel, sediment) or organic (like leaf litter, macrophytes) substrates. These microbial assemblages, called 'biofilms' [START_REF] Watnick | Biofilm, city of microbes[END_REF], are composed of eukaryotic (e.g. microalgae, fungi, protozoa) and prokaryotic (e.g. bacteria, cyanobacteria) microorganisms [START_REF] Battin | The ecology and biogeochemistry of stream biofilms[END_REF] whose form, distribution and metabolism (i.e. autotrophy, heterotrophy, mixotrophy) are highly dependent, among other factors, on nature of the substrate (Fig. 1), light intensity, and availability of dissolved organic and inorganic nutrients [START_REF] Sabater | Hydrology, light and the use of organic and inorganic materials as structuring factors of biological communities in Mediterranean streams[END_REF][START_REF] Ylla | Availability of glucose and light modulates the structure and function of a microbial biofilm[END_REF]. Autotrophic biofilms (or periphyton), which grow on inert surfaces like cobbles exposed to light, are generally dominated by diatoms, cyanobacteria and green algae, whereas heterotrophic biofilms can be found attached to sediments or organic substrates like leaf litter and are dominated by bacteria and fungi. Biofilms are embedded within a self-produced matrix of extracellular polymeric substances (EPS) that is made up of (exo)polysaccharides and a variety of proteins, glycoproteins and glycolipids together with high amounts of extracellular DNA [START_REF] Flemming | The EPS matrix: The "House of Biofilm Cells[END_REF]) and even suspended particulate matter and detritus from the surrounding environment [START_REF] Flemming | Sorption sites in biofilms[END_REF]. Biofilms are thus characterized by high structural complexity allowing multiple interactions with contaminants [START_REF] Battin | Contributions of microbial biofilms to ecosystem processes in stream mesocosms[END_REF]. In addition, due to their high metabolic activity and their role in aquatic food webs, microbial biofilms are likely to influence contaminant fate in aquatic ecosystems.

Here we review the distribution of contaminants within aquatic biofilms and the role of these benthic microbial communities in contaminant fate. The contaminants we cover are metals (e.g. copper, mercury, cadmium, etc...) and organic micropollutants (e.g. pesticides, pharmaceuticals, and other man-made substances).

Diverse and ubiquitous contamination of lakes and rivers (e.g. [START_REF] Fent | Ecotoxicology of human pharmaceuticals[END_REF][START_REF] Pal | Impacts of emerging organic contaminants on freshwater resources: Review of recent occurrences, sources, fate and effects[END_REF][START_REF] Murray | Prioritizing research for trace pollutants and emerging contaminants in the freshwater environment[END_REF] exposes aquatic microbial biofilms to a potential accumulation of substances transported by the water flow (in a dissolved form or bound to suspended organic and inorganic matter) and/or adsorbed onto benthic substrates (sediment, leaf litter). Therefore, the kind of substrate where biofilms develop has a huge influence on their mode of exposure to contaminants (in terms of nature, quantity, bioavailability) as well as their role in subsequent contaminant transfers through aquatic food webs. However, investigations on this topic are fragmentary (i.e. one substrate/one contaminant) and difficult to unify in a common framework since they lack real representativeness for contaminant mixtures in complex systems harboring diverse substrates and/or microbial communities.

By their complexity, microbial biofilms can have multiple interactions with contaminants (Fig. 2) and therefore influence its fate in the environment. All microbial biofilms have the ability to neutralize contaminants by sorption (i.e. passive sequestration through interaction with biological matter), accumulation (i.e. increased active internalization in cells ) and sequestration for metals (i.e. formation of insoluble precipitates through interaction with microbial metabolites) [START_REF] Barkay | Metal and radionuclide bioremediation: issues, considerations and potentials[END_REF] or microbial transformation for organic substances [START_REF] Edwards | Applications of biofilms in bioremediation and biotransformation of persistent organic pollutants, pharmaceuticals/personal care products, and heavy metals[END_REF][START_REF] Carles | Biotransformation of herbicides by aquatic microbial communities associated to submerged leaves[END_REF]. All these interactions are susceptible to occur either within the cells or extracellularly within the EPS matrix.

Microbial biofilms offer a diverse range of sorption sites including cationic and anionic sites as well as lipophilic / hydrophobic regions, as contaminants can bind to EPS, cellular membranes, cell walls, and more.

In addition, enzymatic machinery required for contaminant transformation can be present either intracellularly or be excreted in the extracellular matrix. Metal distribution within microbial biofilms has been investigated for the last 25 years, and work continues with ongoing analytical developments.

However, investigations into the sorption and/or accumulation of organic contaminants in microbial biofilms still run into technical limits, such as the large amount of biofilm needed to ensure reliable quantification of accumulated contaminants according to analytical level of detection.

Biofilm matrix features a high degree of microheterogeneity, which enables microbial biofilms to concurrently harbor a high diversity of contaminants [START_REF] Flemming | Sorption sites in biofilms[END_REF]. For instance, the presence of uronic acids (such as D-glucuronic, D-galacturonic and mannuronic acids) was found to facilitate the sorption of various cationic metals (e.g. Pb 2+ , Cu 2+ ) [START_REF] Flemming | Sorption sites in biofilms[END_REF]. Sorption of organic contaminants is partly driven by hydrophobic interactions, and so octanol-water partition coefficient (Kow) is often used to estimate the sorption capacity of organic contaminants in microbial biofilms. However, other types of interactions also occur (e.g. ionic, electrostatic, etc.) and thus need to be considered.

Microbial biofilms influence contaminant fate in aquatic ecosystems through their contribution to biotransformation processes and trophic transfers. Indeed, both phototrophic and heterotrophic biofilms are foundational to aquatic food webs. Phototrophic biofilms generate biomass from light energy and carbon dioxide, thus providing organic substrates and oxygen [START_REF] Roeselers | Phototrophic biofilms and their potential applications[END_REF], while heterotrophic biofilms are able to decompose various organic materials and thus play a key role in nutrient fluxes in aquatic ecosystems [START_REF] Romani | Structure and activity of rock and sand biofilms in a Mediterranean stream[END_REF][START_REF] Battin | Contributions of microbial biofilms to ecosystem processes in stream mesocosms[END_REF]. Accordingly, while periphytic biofilms are at the base of 'green' food webs supported by primary production [START_REF] Danger | Effects of food-web structure on periphyton stoichiometry in eutrophic lakes: a mesocosm study[END_REF][START_REF] Zou | Interactions between the green and brown food web determine ecosystem functioning[END_REF], biofilms formed on organic substrates play a functionally pivotal role in 'brown' food webs based on allochthonous organic matter decomposition [START_REF] Hall | The trophic significance of bacteria in a detritus-based stream food web[END_REF]. The spatial proximity between autotrophic and heterotrophic microorganisms also drives carbon and nutrient cycling within periphytic biofilms where autotrophic biomass and activity can stimulate the development and activity of heterotrophic microbial communities [START_REF] Romani | Biofilm structure and function and possible implications for riverine DOC dynamics[END_REF]). This same pattern has been observed in detritus-based food webs where primary production can stimulate leaf litter decomposition by microbial heterotrophs [START_REF] Danger | Benthic algae stimulate leaf litter decomposition in detritusbased headwater streams: a case of aquatic priming effect?[END_REF]. In aquatic environments, 'green' and 'brown' food webs thus tend to connect through complex interactions [START_REF] Zou | Interactions between the green and brown food web determine ecosystem functioning[END_REF]. Biofilm assemblages play a key role in interconnecting between these 'green' and 'brown' food webs that are foundational to ecosystem functioning [START_REF] Krumins | Soil and Freshwater and Marine Sediment Food Webs: Their Structure and Function[END_REF][START_REF] Zou | Interactions between the green and brown food web determine ecosystem functioning[END_REF]) (Fig. 3).

Whatever the substrate and food web involved, these biofilm assemblages are consumed by various microbial predators (e.g. amoeba, ciliate, rotifers; [START_REF] Neury-Ormanni | Who eats who in biofilms? Exploring the drivers of microalgal and micro-meiofaunal abundance[END_REF]) and meso-/macro-fauna 4/47 [START_REF] Alvarez | How do grazers affect periphyton heterogeneity in streams?[END_REF][START_REF] Guasch | Influence of grazing on triclosan toxicity to stream periphyton[END_REF] or fish [START_REF] Schneck | Substrate roughness, fish grazers, and mesohabitat type interact to determine algal biomass and sediment accrual in a high-altitude subtropical stream[END_REF], which means that contaminants bioaccumulated in microbial biofilms are likely to be transferred to higher trophic levels in the food web [START_REF] Singh | Biofilms: implications in bioremediation[END_REF].

During the last decade, research on the role of microbial biofilms in contaminant fate and transfer has mainly focused on metal accumulation in periphytic biofilms (e.g. [START_REF] Ancion | Three common metal contaminants of urban runoff (Zn, Cu & Pb) accumulate in freshwater biofilm and modify embedded bacterial communities[END_REF][START_REF] Fabure | Impact of an urban multi-metal contamination gradient: Metal bioaccumulation and tolerance of river biofilms collected in different seasons[END_REF][START_REF] Pesce | Experimental Warming Differentially Influences the Vulnerability of Phototrophic and Heterotrophic Periphytic Communities to Copper Toxicity[END_REF]) and on the degradation of organic contaminants in sediments (e.g. [START_REF] Pesce | Potential for microbial diuronmineralisation in a small wine-growing watershed: From treated plots to lotic receiver hydrosystem[END_REF][START_REF] Pesce | Freshwater sediment pesticide biodegradation potential as an ecological indicator of microbial recovery following a decrease in chronic pesticide exposure: A case study with the herbicide diuron[END_REF][START_REF] Trinh | Mechanistic insights into the role of river sediment in the attenuation of the herbicide isoproturon[END_REF]. Nevertheless, recent studies have highlighted the potential role of periphytic and leaf litter biofilms in organic contaminant accumulation and trophic transfer (e.g. [START_REF] Kohušová | A long-term survey of heavy metals and specific organic compounds in biofilms, sediments, and surface water in a heavily affected river in the Czech Republic[END_REF][START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF].

Furthermore, the daughter directive 2008/105/EU of the Water Framework Directive and Guidance Document No. 25 both recognize the importance of monitoring and preserving the sediment compartment to preserve aquatic ecosystems (European Commission, 2010). However, scarce few studies have focused on contaminant accumulation in sediment microbial communities.

Scientific literature on contaminant bioaccumulation in microbial biofilms remain dispersed, insofar as most of the studies available are focusing on one type of contaminants (e.g. metals, pesticides or pharmaceuticals) or on biofilm growing on one type of substratum (either cobbles, sediments or leaf-litter). An overview of the methods available to detect, identify, quantify and localize contaminants accumulated in biofilms growing on different types of substrata is clearly missing. Such a methodological review is nevertheless helpful to identify conceptual and technological limitations as well as to guide method development effort. Since analytical methods are the first essential step to measure contaminant bioaccumulation in microbial biofilms, an overview of those methods and its specificities is essential to facilitate the accurate interpretation of bioaccumulation results.

In this context, the present review aims to provide a critical report of  the analytical methods currently on use for detecting and quantifying contaminants in microbial biofilms developing in different benthic substrata (section 2);  the current state of knowledge and the future challenges concerning the role of biofilms in contaminant accumulation (sections 3 and 5) as well as in trophic transfers in the aquatic food web (sections 4 and 5).

Analytical methods for quantification of contaminants in microbial biofilms

A short overview of the current analytical methods used for quantification of metals and organic micropollutants in microbial biofilms is available in Table 1.

5/47

Metals

Concurrent to analytical developments, studies dealing with bioaccumulation in microbial biofilms have applied mainly to metal contaminants. Thus, in the early 1990s, methods such as atomic absorption spectrometry (AAS; [START_REF] Avery | Mechanism of adsorption of hard and soft metal ions to Saccharomyces cerevisiae and influence of hard and soft anions[END_REF] or radiotracers [START_REF] White | The Uptake and Cellular Distribution of Zinc in Saccharomyces cerevisiae[END_REF]Avery et al. 1993) were developed in order to quantify metal (e.g. Zn, Fe, Cu or Cs) concentrations in microorganisms (typically cyanobacteria, algae, or fungi). The appropriate method was selected according to different criteria, such as accuracy, sensitivity, amount of sample available, and the need or not to identify the location of the contaminant in the microorganism structure [START_REF] White | Determination of metals and metal fluxes in algae and fungi[END_REF]. The democratization of inductively-coupled plasma optical emission and mass spectrometry (ICP-OES and ICP-MS) allowing highsensitivity analysis of several elements at the same time led to a large number of studies on Cu, Zn, Pb and Cd bioaccumulation in microbial biofilms (e.g. [START_REF] Meylan | Accumulation of copper and zinc in periphyton in response to dynamic variations of metal speciation in freshwater[END_REF][START_REF] Farag | Concentrations of metals in water, sediment, biofilm, benthic macroinvertebrates, and fish in the Boulder River watershed, Montana, and the role of colloids in metal uptake[END_REF][START_REF] Bradac | Accumulation of Cadmium in Periphyton under Various Freshwater Speciation Conditions[END_REF][START_REF] Bradac | Cadmium speciation and accumulation in periphyton in a small stream with dynamic concentration variations[END_REF]. The bulk of research on metal bioaccumulation in microbial biofilms was conducted on periphytic biofilms collected in situ on rock and/or gravel (e.g. [START_REF] Ancion | Three common metal contaminants of urban runoff (Zn, Cu & Pb) accumulate in freshwater biofilm and modify embedded bacterial communities[END_REF] or on artificial substrates (lowdensity polyethylene membranes, [START_REF] Fechner | Diffuse urban pollution increases metal tolerance of natural heterotrophic biofilms[END_REF]glass discs, Ivorra et al. 1999;glass slides, Morin et al. 2008) beforehand immersed in the water column to allow biofilm colonization. These artificial substrates were also used in microcosm experiments to obtain enough biological material to combine metal analysis and toxicity tests under controlled exposure conditions [START_REF] Fechner | Low exposure levels of urban metals induce heterotrophic community tolerance: a microcosm validation[END_REF][START_REF] Kim | Dietary (periphyton) and aqueous Zn bioaccumulation dynamics in the mayfly Centroptilum triangulifer[END_REF][START_REF] Lambert | Structural and functional recovery of microbial biofilms after a decrease in copper exposure: Influence of the presence of pristine communities[END_REF]).

To assess total metal concentration in the microbial biomass, hot (100°C) concentrated nitric acid digestion (by using a heating plate or a microwave oven) is commonly used to extract total metal content from samples that had previously been oven-dried at 50°C or freeze-dried (e.g. [START_REF] Morin | Cadmium toxicity and bioaccumulation in freshwater biofilms[END_REF][START_REF] Fechner | Diffuse urban pollution increases metal tolerance of natural heterotrophic biofilms[END_REF]. To better discriminate between intracellular and extracellular metal bioaccumulation in microbial assemblage, biofilms are first flushed with a solution of ethylenediaminetetraacetic acid (EDTA) at 4 mM during 10 min (e.g. [START_REF] Meylan | Influence of metal speciation in natural freshwater on bioaccumulation of copper and zinc in periphyton: A microcosm study[END_REF][START_REF] Bradac | Accumulation of Cadmium in Periphyton under Various Freshwater Speciation Conditions[END_REF][START_REF] Arini | Field translocation of diatom biofilms impacted by Cd and Zn to assess decontamination and community restructuring capacities[END_REF][START_REF] Fabure | Impact of an urban multi-metal contamination gradient: Metal bioaccumulation and tolerance of river biofilms collected in different seasons[END_REF] . This step removes the metals adsorbed to cell membranes and a fraction of the inorganic complexes in the biofilm structure [START_REF] Meylan | Accumulation of copper and zinc in periphyton in response to dynamic variations of metal speciation in freshwater[END_REF]. The amount of intracellular metal content in the microbial assemblage is then deduced by analyzing the two fractions (raw and EDTA-washed) of a sample. To better identify metal (Al, Cu, Zn and Pb) site within the EPS matrix and better characterize the exposure of microbial cells to metals , [START_REF] Aguilera | Extraction of extracellular polymeric substances from extreme acidic microbial biofilms[END_REF] proposed subsequent extractions and centrifugation steps to separate first the 'colloidal fraction' (extracted with distilled water), then the 'capsular fraction' (extracted with NaCl at 80°C, ultrapure water at 30°C, Dowex at 4°C or crown ether at 4°C) and finally the cellular debris from microbial biofilms. Metal content can then be quantified independently in each of the 3 collected fractions to determine the amount of intracellular metal (in the cellular debris) as well as the metal concentration in the EPS matrix (in the colloidal and capsular fractions). The colloidal fraction includes carbohydrates and proteins that are loosely bound to microorganisms, whereas the capsular fraction contains tightly-bound compounds. However, 6/47 [START_REF] Aguilera | Extraction of extracellular polymeric substances from extreme acidic microbial biofilms[END_REF] showed that no single extraction method was able to extract all the potential EPS components with the same efficiency.

There have been several developments to assess metal accumulation and distribution in freshwater periphytic communities, but none in microbial communities from sediment or from leaf litter. Indeed, studies dealing with metal contamination and microbial communities associated to these substrates are only based on total analysis of the metal in the whole sediment (e.g. [START_REF] Farag | Concentrations of metals in water, sediment, biofilm, benthic macroinvertebrates, and fish in the Boulder River watershed, Montana, and the role of colloids in metal uptake[END_REF][START_REF] Kohušová | A long-term survey of heavy metals and specific organic compounds in biofilms, sediments, and surface water in a heavily affected river in the Czech Republic[END_REF] or leaf litter (e.g. [START_REF] Sridhar | Fungal biomass and diversity in sediments and on leaf litter in heavy metal contaminated waters of Central Germany[END_REF][START_REF] Schaller | Metal/metalloid accumulation/remobilization during aquatic litter decomposition in freshwater: A review[END_REF], including attached biofilms. The analytical procedures commonly used include a first step of extraction with aqua region or nitric acid, for instance, on fresh or dried sediment/leaf litter. Then, metal concentrations in the extracts are measured by conventional analytical methods (ICP-OES, ICP-MS or AAS). To date, and to the best of our knowledge, no study has been conducted to separate and specifically assess metal concentrations in microbial communities from sediment or leaf litter.

Besides traditional fractionation and extraction methods, imaging techniques have been developed to investigate interactions between metals and biofilms and to visualize metals within the biofilm structure.

Analytical electron microscopy techniques such as transmission electron microscopy (TEM), often coupled with energy-dispersive X-ray spectrometry, have been used to identify metal bioaccumulation in microbial biofilms, in particular in bioremediation studies in which biofilms are used as a sink to accumulate metals from contaminated waters [START_REF] Mattila | Biofilm development during ennoblement of stainless steel in Baltic Sea water: A microscopic study[END_REF][START_REF] Miller | Biogenic Mn oxide minerals coating in a subsurface granite environment[END_REF]. For example, this technique allowed [START_REF] Vilchez | Characterization of bacterial communities exposed to Cr(III) and Pb(II) in submerged fixed-bed biofilms for groundwater treatment[END_REF] to show that Cr(III) bioaccumulated in the EPS matrix of microbial biofilms while Pb(II) was detected in both the EPS matrix and the microbial biofilm cells. In order to determine macromolecules and metals composition in EPS from microbial biofilms, TEM can also be coupled to electron energy loss spectrometry, which is a complex technique for measuring atomic composition, chemical binding and speciation, even for lower elements (C, O). The main drawback of TEM is that sample preparation often requires dehydration, creating artifacts such as particle shrinkage or aggregation (Dynes et al. 2006a). Furthermore, the high energy of TEM causes radiation damage in biological samples, which leads to spectral distortions, making high-resolution mapping difficult [START_REF] Hitchcock | Comparison of NEXAFS microscopy and TEM-EELS for studies of soft matter[END_REF].

Other imaging techniques such as confocal laser scanning microscopy (CLSM) and scanning transmission X-Ray microscopy (STXM) are especially well suited for biofilm studies as they can be applied to fullyhydrated biological materials and reduce radiation damage (see [START_REF] Neu | Advanced imaging techniques for assessment of structure, composition and function in biofilm systems[END_REF] for a comparative review on those techniques applied to biofilms). In CLSM, metal binding to specific fluorescent probes allow detection and localization of those contaminants within biofilms (for a description of the different probes available see the review by [START_REF] Hao | Mapping of Heavy Metal Ion Sorption to Cell-Extracellular Polymeric Substance-Mineral Aggregates by Using Metal-Selective Fluorescent Probes and Confocal Laser Scanning Microscopy[END_REF]. In particular, the metal sensitive probe Newport Green has been successfully used to investigate Ni and Zn bioaccumulation in river biofilm [START_REF] Wuertz | Detection of heavy metals in bacterial biofilms and microbial flocs with the fluorescent complexing agent Newport Green[END_REF][START_REF] Lawrence | Visualization of the Sorption of Nickel within Exopolymer Microdomains of Bacterial Microcolonies Using Confocal and Scanning Electron Microscopy[END_REF].

The combination of different probes can be particularly useful to compare localization of various metals on microbial aggregates [START_REF] Hao | Binding of heavy metal ions in aggregates of microbial cells, EPS and biogenic iron minerals measured in-situ using metal-and glycoconjugates-specific fluorophores[END_REF]. STXM, which uses near-edge X-Ray absorption fine structure as the contrast mechanism, provides spatially-resolved quantitative information on the distribution of elements, macromolecules and redox states in the biofilm matrix [START_REF] Lawrence | Scanning transmission X-ray, laser scanning, and transmission electron microscopy mapping of the exopolymeric matrix of microbial biofilms[END_REF][START_REF] Behrens | Linking environmental processes to the in situ functioning of microorganisms by high-resolution secondary ion mass spectrometry (NanoSIMS) and scanning transmission X-ray microscopy (STXM)[END_REF].

According to [START_REF] Lawrence | Soft X-ray spectromicroscopy for speciation, quantitation and nano-eco-toxicology of nanomaterials[END_REF], STXM is "capable of mapping the biochemical composition of bacteria and biofilms at the subcellular scale […] as well as speciation of metals".Comprehensive reviews on STXM applied to biofilms have found that it holds relevancy for investigating metal (Cu, Fe, Mn, Ni) speciation in biofilm matrices [START_REF] Neu | Advanced imaging techniques for assessment of structure, composition and function in biofilm systems[END_REF][START_REF] Behrens | Linking environmental processes to the in situ functioning of microorganisms by high-resolution secondary ion mass spectrometry (NanoSIMS) and scanning transmission X-ray microscopy (STXM)[END_REF]. Dynes et al. (2006a) used STXM to highlight the close association of Ni with Mn-oxides and the role of EPS in the sequestration of metals in aquatic microbial biofilms. This technique also allowed [START_REF] Lawrence | Monitoring the fate of copper nanoparticles in river biofilms using scanning transmission X-ray microscopy (STXM)[END_REF][START_REF] Lawrence | Soft X-ray spectromicroscopy for speciation, quantitation and nano-eco-toxicology of nanomaterials[END_REF] to follow the dissolution and fate of Cu nanoparticles [START_REF] Lawrence | Monitoring the fate of copper nanoparticles in river biofilms using scanning transmission X-ray microscopy (STXM)[END_REF]) and the fate and speciation of Ce, TiO2 and Cu in river biofilms [START_REF] Lawrence | Soft X-ray spectromicroscopy for speciation, quantitation and nano-eco-toxicology of nanomaterials[END_REF]. [START_REF] Yang | Multispecies Biofilms Transform Selenium Oxyanions into Elemental Selenium Particles: Studies Using Combined Synchrotron X-ray Fluorescence Imaging and Scanning Transmission X-ray Microscopy[END_REF] characterized the biotransformation of selenium oxyanions by biofilms using STXM and X-Ray fluorescence imaging (at higher energies than STXM).

Finally, STXM image sequences revealed that Fe localization (on the cell surface or within the EPS matrix) was speciation-dependent in a monospecific biofilm of Pseudomonas aeruginosa [START_REF] Hunter | Mapping the Speciation of Iron in Pseudomonas aeruginosa Biofilms Using Scanning Transmission X-ray Microscopy[END_REF]. The main limitations of the STXM techniques are their low sensitivity and limit of resolution (25-50 nm against 4 nm for TEM techniques). Indeed, to our knowledge, very few STXM studies have been conducted at environmentally relevant concentrations: one study reports results on Mn, Fe and Ni with water concentrations ranging from 0.01 to 0.02 mg Mn L -1 , 0.02 to 0.06 mg Fe L -1 and 1 to 10 mg Ni L -1 , respectively [START_REF] Hitchcock | Soft X-ray spectromicroscopy of nickel sorption in a natural river biofilm[END_REF].

The combination of different imaging techniques remains essential to determine metals distribution in biofilms and better understand the interactions between metals, cellular components and extra-cellular material [START_REF] Van Hullebusch | Metal immobilisation by biofilms: Mechanisms and analytical tools[END_REF]. In a recent study, [START_REF] Lawrence | Visualization of the Sorption of Nickel within Exopolymer Microdomains of Bacterial Microcolonies Using Confocal and Scanning Electron Microscopy[END_REF] combined CLSM with different fluorescent probes, scanning electron microscopy and X-ray microprobe analyses to show that Ni was mainly associated to EPS in biofilm and was 4 times more concentrated around specific microcolonies than in the rest of the microbial community.

Organic contaminants

In contrast to the substantial research on metal distributions within periphytic biofilms, there is a dearth of studies dealing with the accumulation in microbial assemblages of organic contaminants. These studies mainly focus on pesticides, polychlorinated biphenyls: PCBs, polycyclic aromatic hydrocarbons: PAHs, and more recently pharmaceuticals, hormones, parabens. And the few studies published fail to detail analytical methods for the quantification of organic contaminants in the biofilm following both laboratory or in situ exposure [START_REF] Schorer | Accumulation of inorganic and organic pollutants by biofilms in the aquatic environment[END_REF][START_REF] Headley | Rates of Sorption and Partitioning of Contaminants in River Biofilm[END_REF][START_REF] Lawrence | Sorption and metabolism of selected herbicides in river biofilm communities[END_REF][START_REF] Writer | Role of Biofilms in Sorptive Removal of Steroidal Hormones and 4-Nonylphenol Compounds from Streams[END_REF][START_REF] Kohušová | A long-term survey of heavy metals and specific organic compounds in biofilms, sediments, and surface water in a heavily affected river in the Czech Republic[END_REF][START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF]. Due to the high complexity of the biofilm matrix, non-selective solvent extraction methods generates analytical interferences, therefore biofilm contamination by organic contaminants is preferably estimated indirectly from contamination in water [START_REF] Wang | Adsorption of p-chlorophenol by biofilm components[END_REF]Proia et al. 2013b, a). To directly measure the concentration of organic contaminants in periphytic biofilms, samples are
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first collected from the surfaces of stones or artificial substrates and then freeze-dried before analysis [START_REF] Wang | The response of a laboratory stream system to PCB exposure: study of periphytic and sediment accumulation patterns[END_REF][START_REF] Huerta | Determination of a broad spectrum of pharmaceuticals and endocrine disruptors in biofilm from a waste water treatment plant-impacted river[END_REF]. Organic contaminants are commonly extracted from the whole biofilm matrix without fractionation to avoid matrix destruction and cell lysis. However, Chaumet et al. (2019a) recently proposed a physical extraction method to separate the diffusible from the cell-bound EPS and microorganism fractions to further measure pesticide concentrations accumulated in each of these two fractions. Solvent extraction of organic contaminants from dried biofilm is then performed by pressurized liquid extraction [START_REF] Writer | Role of Biofilms in Sorptive Removal of Steroidal Hormones and 4-Nonylphenol Compounds from Streams[END_REF][START_REF] Huerta | Determination of a broad spectrum of pharmaceuticals and endocrine disruptors in biofilm from a waste water treatment plant-impacted river[END_REF], ultrasonic extraction [START_REF] Headley | Liquid chromatography-mass spectrometry and liquid chromatography-tandem mass spectrometry determination of N-methylpyrrolidinone in riverine biofilms[END_REF], shaking extraction [START_REF] Wang | The response of a laboratory stream system to PCB exposure: study of periphytic and sediment accumulation patterns[END_REF][START_REF] Du | Pharmaceutical bioaccumulation by periphyton and snails in an effluent-dependent stream during an extreme drought[END_REF] or Soxhlet extraction [START_REF] Schorer | Accumulation of inorganic and organic pollutants by biofilms in the aquatic environment[END_REF]. Organic extracts are sometimes purified by solid-phase extraction [START_REF] Coat | Organochlorine pollution in tropical rivers (Guadeloupe): Role of ecological factors in food web bioaccumulation[END_REF][START_REF] Writer | Role of Biofilms in Sorptive Removal of Steroidal Hormones and 4-Nonylphenol Compounds from Streams[END_REF][START_REF] Du | Evaluation of an isotope dilution liquid chromatography tandem mass spectrometry method for pharmaceuticals in fish[END_REF][START_REF] Du | Pharmaceutical bioaccumulation by periphyton and snails in an effluent-dependent stream during an extreme drought[END_REF], or directly analyzed by chromatographic techniques [START_REF] Headley | Liquid chromatography-mass spectrometry and liquid chromatography-tandem mass spectrometry determination of N-methylpyrrolidinone in riverine biofilms[END_REF]. Liquid or gas chromatography coupled to mass spectrometry (LC-MS or GC-MS, depending on the compounds) are preferred to achieve the requisite selectivity and sensitivity [START_REF] Coat | Organochlorine pollution in tropical rivers (Guadeloupe): Role of ecological factors in food web bioaccumulation[END_REF][START_REF] Dobor | Biofilm controlled sorption of selected acidic drugs on river sediments characterized by different organic carbon content[END_REF][START_REF] Du | Evaluation of an isotope dilution liquid chromatography tandem mass spectrometry method for pharmaceuticals in fish[END_REF][START_REF] Huerta | Determination of a broad spectrum of pharmaceuticals and endocrine disruptors in biofilm from a waste water treatment plant-impacted river[END_REF][START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF]. As an example, liquid chromatography with UV detection was not sufficiently sensitive for analysis of N-methyl-pyrrolidinone in biofilm extracts with a limit of quantification (LOQ) at 100 ng g -1 , whereas LC-MS was able to reach a LOQ of 2 ng g -1 [START_REF] Headley | Liquid chromatography-mass spectrometry and liquid chromatography-tandem mass spectrometry determination of N-methylpyrrolidinone in riverine biofilms[END_REF][START_REF] Huerta | Determination of a broad spectrum of pharmaceuticals and endocrine disruptors in biofilm from a waste water treatment plant-impacted river[END_REF]. While current identification and quantification methods generally include extraction and purification steps, [START_REF] Headley | MS/MS identification of transformation products in degradative biofilms[END_REF] proposed in the nineties a method based on the direct injection of a small biofilm sample using an insertion probe. Subsequent detection and identification of contaminants and metabolites were performed by tandem mass spectrometry (MS/MS) [START_REF] Headley | MS/MS identification of transformation products in degradative biofilms[END_REF].

Unfortunately, the absence of separation of biofilm components prior to sample introduction in the ion source induced interferences that limit the detection of a wide range of contaminants at low-level concentration.

As for metal detection (section 2.1), imaging techniques, such as CLSM and STXM (Neu et al. 20 10) have been successfully used to investigate organic contaminants bioaccumulation in biofilms [START_REF] Lawrence | Sorption and metabolism of selected herbicides in river biofilm communities[END_REF][START_REF] Lawrence | Soft X-ray spectromicroscopy for speciation, quantitation and nano-eco-toxicology of nanomaterials[END_REF]Dynes et al. 2006b). These non-destructive imaging techniques were applied on hydrated biofilm samples and allowed direct observation of contaminants localization in the complex structure of preserved biofilms. Fluorescence was usually used to detect contaminant with CLSM, either by investigating fluorescent contaminants [START_REF] Wolfaardt | Microbial exopolymers provide a mechanism for bioaccumulation of contaminants[END_REF] or by using specific probes targeting the contaminant investigated [START_REF] Lawrence | Sorption and metabolism of selected herbicides in river biofilm communities[END_REF]. Contaminant identification by STXM was probe-independent and based on comparison with suitable reference spectra [START_REF] Neu | Advanced imaging techniques for assessment of structure, composition and function in biofilm systems[END_REF]. Thus, coupling CLSM with monoclonal antibodies specific to atrazine, [START_REF] Lawrence | Sorption and metabolism of selected herbicides in river biofilm communities[END_REF] showed that bioaccumulation of this pesticide in river biofilms resulted from atrazine sorption to specific microcolonies. Using STXM, Dynes et al. (2006b) revealed differences in bioaccumulation patterns of the antimicrobial chlorhexidine between pennate and centric diatoms within a complex microbial biofilm. To our knowledge, STXM has not been used for quantification of organic contaminant accumulation in biofilms, however the optical density obtained by STXM reflected the amount of contaminant and could therefore be used for relative comparison between 9/47 samples (Dynes et al. 2006b). Up to now, these techniques have only been applied on complex microbial biofilms exposed in laboratory at relatively higher concentrations of organic contaminants than those found in the aquatic environments.

Only a few studies have reported on the evaluation of analytical method performances such as recoveries and LOQ [START_REF] Coogan | Algal bioaccumulation of triclocarban, triclosan, and methyl-triclosan in a North Texas wastewater treatment plant receiving stream[END_REF][START_REF] Huerta | Determination of a broad spectrum of pharmaceuticals and endocrine disruptors in biofilm from a waste water treatment plant-impacted river[END_REF] or matrix effects [START_REF] Headley | Liquid chromatography-mass spectrometry and liquid chromatography-tandem mass spectrometry determination of N-methylpyrrolidinone in riverine biofilms[END_REF][START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF]). The relatively low amounts of contaminants sorbed on biofilms (trace levels) and the limited biomass collected (often < 200 mg) mean that LOQ values are generally in the same order of magnitude as the measured concentrations. As an example, [START_REF] Huerta | Determination of a broad spectrum of pharmaceuticals and endocrine disruptors in biofilm from a waste water treatment plant-impacted river[END_REF] reported LOQs from 0.07 to 6.7 ng g -1 for pharmaceuticals (in 200 mg of phototrophic biofilms) whereas most of the values measured in biofilm samples were between 1.8 and 22 ng g -1 . Matrix effects due to the specificity of the analyzed biofilm are also under-addressed. To illustrate, when Huerta et al. ( 2016) compared analyses of biofilm extracts against the initial solvent mixture spiked with different contaminants at the same concentration level, they observed either ion suppression or ion enhancement depending on organic contaminant, thus demonstrating that concentrations values in biofilm extracts can be biased (i.e. over or under-estimated) due to matrix effects.

For quantification purposes, matrix-matched calibration together with added internal surrogates (ideally labeled compounds) is thus advocated to compensate for these matrix effects [START_REF] Huerta | Determination of a broad spectrum of pharmaceuticals and endocrine disruptors in biofilm from a waste water treatment plant-impacted river[END_REF][START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF].

Contaminant bioaccumulation in microbial biofilms from freshwater ecosystems

Microbial biofilms can adsorb and accumulate both metals and organic contaminants. The nature of the contaminant, the surrounding environmental conditions and the type of biofilm have all been found to influence contaminant bioaccumulation patterns. Note that bioaccumulation cannot be apprehended in the same way in periphytic biofilms, which are easily detached from their growth substrate, nor in biofilms strongly attached to leaf-litter or fine detritus in sediments, which makes it difficult to specifically quantify the contaminants accumulated in the microbial biomass.

Contaminant bioaccumulation in periphytic biofilms

Natural periphytic biofilms have been found to host a large variety of contaminants. Current knowledge on bioaccumulation in periphyton is illustrated and discussed here based on a meta-analysis of 24 published studies (Supplementary Table 1). The data collected gather field and laboratory experiments including simultaneous quantification of contaminants in water and periphyton (Fig. 4) with biofilms sampled at various stages of maturity. Most of this data comes from chronic exposures, but some pulsed exposures are also included. To estimate uptake efficiency, bioconcentration factors (BCFs) were used as a proxy and were calculated as the ratio between the concentration measured in the biofilm over the dissolved concentration in the medium [START_REF] Wang | The response of a laboratory stream system to PCB exposure: study of periphytic and sediment accumulation patterns[END_REF]) (see Fig. 5 and Supplementary Table 1 for details). BCF calculations rely on accurate estimation of chemical concentrations in both surface water and biofilm, and are thus strongly 10/47

influenced by LOQs-for instance, high LOQs in water could lead to an overestimated BCF [START_REF] Arnot | A review of bioconcentration factor (BCF) and bioaccumulation factor (BAF) assessments for organic chemicals in aquatic organisms[END_REF].

In periphyton, the bioaccumulation of any type of contaminant results from a dynamic process (Chaumet et al. 2019a, b). The concentration of a contaminant within periphyton tends to an equilibrium between uptake, elimination, and biotransformation, and is also influenced by growth-related dilution effects. Contaminant uptake in biofilm depends strongly on the nature of the chemical (metal vs. organic) and on the 3D architecture and composition of the biofilm. First, contaminants enter EPS via passive diffusion and can then either be accumulated / transformed in this extracellular matrix or taken up within the cells (by passive diffusion and facilitated or active transport). The complex composition of the EPS matrix of biofilms offers many adsorption sites for both polar and hydrophobic contaminants [START_REF] Schorer | Accumulation of inorganic and organic pollutants by biofilms in the aquatic environment[END_REF][START_REF] Flemming | Relevance of microbial extracellular polymeric substances (EPSs) -Part I: Structural and ecological aspects[END_REF]. Biofilms take up both metals and organic contaminants that can then be stored (extra-or intra-cellularly) and / or transformed by the community. Periphytic biofilms can accumulate very high concentrations of metals, particularly aluminum, iron and zinc, which can be found at up to 24-28 mg g -1 of dry biofilm (Fig. 4, Supplementary Table 1). Advanced analytical methods, including imaging techniques (see section 2), have afforded a relatively precise mapping of metals in periphyton, which can be found in different micro-environments of periphytic biofilms depending on the metal form / speciation and the characteristics of the micro-environment. Precipitates can be found in the biofilm matrix at the cell surfaces [START_REF] Brown | Evaluation of microscopic techniques to observe iron precipitation in a natural microbial biofilm[END_REF], while positively-charged metals ions can accumulate in negatively-charged cell walls and EPS. Metal speciation is also reported to influence the site of metal bioaccumulation (bound to membrane vs. EPS, [START_REF] Hunter | Mapping the Speciation of Iron in Pseudomonas aeruginosa Biofilms Using Scanning Transmission X-ray Microscopy[END_REF]. Biofilms have also evolved enzymatic mechanisms of metals reduction [START_REF] Lloyd | Microbial reduction of metals and radionuclides[END_REF] or metal sequestration via thiol-rich polypeptides known as phytochelatins able to sequester excess intracellular metals in a stable, detoxified form (e.g. [START_REF] Lavoie | A mine of information: Benthic algal communities as biomonitors of metal contamination from abandoned tailings[END_REF]. Depending on the metal and environmental conditions, they are able to store and concentrate large amounts of metals that are potentially transferable to higher trophic levels.

As stated earlier, there is less data available on the bioaccumulation of organic contaminants in periphytic biofilms. However, the pattern seems to be that these contaminants tend to accumulate at lower final concentrations (Fig. 4), but some more efficiently (i.e. with higher BCFs), than metals (Fig. 5, Supplementary Table 1). These differences could be driven by differences in exposure concentrations, although concentrations of organic contaminants in surface water were not often reported, they were generally found at lower levels than for metals. Thus, in studies for which concentrations in both biofilms and surface water were reported, all median dissolved concentrations of metals were superior to 1 µg L -1

(except for mercury) while the median dissolved concentrations for all the organic contaminants studied were below 1 µg L -1 . Organic contaminants tend to get adsorbed to the organic matter trapped in the biofilm, EPS and cell membrane due to their specific chemical properties and high lipid content [START_REF] Wolfaardt | In situ Characterization of Biofilm Exopolymers Involved in the Accumulation of Chlorinated Organics[END_REF][START_REF] Delorenzo | Toxicity of pesticides to aquatic microorganisms: A review[END_REF][START_REF] Métivier | Interaction of erythromycin ethylsuccinate and acetaminophen with protein fraction of extracellular polymeric substances (EPS) from various bacterial aggregates[END_REF]. The bioaccumulation of organic contaminants in biofilms is driven by their hydrophobicity, which can be estimated by their partition coefficient between octanol and 11/47

water, called log Kow (Fig. 6). Log Kow correlates positively with the log BCFs of organic contaminants (Pearson correlation coefficient; n=70; r² = 0.42, p < 0.05), and models have been developed to predict contaminant bioaccumulation in biofilms based on physical-chemical properties [START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF]). Besides their hydrophobicity, organic contaminants possess other specific characteristics than can also help them bioaccumulate. For instance, the highest BCF values were observed for halogenated contaminants such as hexachlorobenzenes (BCF up to 147 000 L g -1 ), PCBs (BCF up to 56 000 L g -1 ), or per-and polyfluoroalkylated substances (BCF up to 10 000 L g -1 ) (Fig. 5, Supplementary Table 1), suggesting that the compounds' high electron affinity with living cells is also strongly involved in its accumulation.

Nevertheless, validation of this hypothesis remains bottlenecked by technical limitations, as the quantification of intracellular organic contaminants in microbial biofilms is not yet possible (section 2.2).

Non-organochlorine pesticides and pharmaceuticals measured in periphytic biofilms generally show lower BCFs (BCF < 3.6 L g -1 ) than metals and fluorinated or organochlorine contaminants (e.g. DDT, dichlorodiphenyltrichloroethane; BCF up to 78550 L g -1 ). The lower concentration of these contaminants in periphytic biofilms could also be explained by different biodegradation processes for different substances.

For or glyphosate metabolites such as aminomethylphosphonic acid, [START_REF] Carles | Meta-analysis of glyphosate contamination in surface waters and dissipation by biofilms[END_REF]), but it is not always possible to discriminate those produced through biodegradation by the biofilm itself from those that were already present in the water column before being bioaccumulated. Additionally, the lower BCFs observed for the non-organochlorine pesticides (i.e. glyphosate, diuron and its metabolites) could also be explained by higher exposure concentrations since those values were applied in laboratory experiments (contrary to BCF values for pharmaceuticals obtained in the field); further field study investigating pesticides bioaccumulation in natural periphytic biofilms are therefore required to confirm those first observations.

Each step of the bioaccumulation process is influenced by a number of factors such as exposure duration and concentration, physical-chemical conditions, and biofilm composition. Hydrology and geomorphology are also likely to influence bioaccumulation especially by driving contaminants repartition between aquatic compartments (surface water, particulate matter, sediment, periphytic biofilm).

In the dataset analyzed, exposure duration was not significantly correlated with metal BCFs, which argues for fast adsorption of metals in the biofilm matrix. Among the metals considered, aluminum had the highest uptake efficiency even at low exposure concentrations (BCF up to 31800 L g -1 ), irrespective of exposure duration (1 to 35 days). [START_REF] Corcoll | The effect of metals on photosynthesis processes and diatom metrics of biofilm from a metal-contaminated river: A translocation experiment[END_REF] hypothesized that the amount of Al accumulated was thus "background" content for the biofilms studied. In contrast, Pb accumulation above a certain exposure concentration (exceeding more than 10 times the criteria for chronic exposure concentration as defined by the U.S. Environmental Protection Agency) dropped strongly with log BCF < -1. Exposure concentrations 12/47

influence metal bioaccumulation thus a positive correlation (Pearson correlation coefficient; n=238; r² = 0.28, p < 0.05) was found between metal concentration in biofilm and dissolved metal concentrations (Fig. 7). Nevertheless, our database, in line with several studies, also highlighted that BCF in biofilms is not always positively correlated with exposure concentrations. Indeed, logBCFs tend to decrease with increasing dissolved metal concentration in particular in laboratory experiments, (supplementary figure 1), questioning the pertinence of using this parameter as a proxy of exposure. Indeed, metal speciation, including complexation, in the dissolved fraction can influence bioaccumulation [START_REF] Meylan | Influence of metal speciation in natural freshwater on bioaccumulation of copper and zinc in periphyton: A microcosm study[END_REF][START_REF] Bradac | Accumulation of Cadmium in Periphyton under Various Freshwater Speciation Conditions[END_REF][START_REF] Bradac | Cadmium speciation and accumulation in periphyton in a small stream with dynamic concentration variations[END_REF][START_REF] Dranguet | Influence of chemical speciation and biofilm composition on mercury accumulation by freshwater biofilms[END_REF]). Thus, [START_REF] Meylan | Influence of metal speciation in natural freshwater on bioaccumulation of copper and zinc in periphyton: A microcosm study[END_REF] showed that Zn accumulation in periphytic biofilm was mainly driven by dissolved Zn concentrations while weakly complexed Cu controlled its bioaccumulation in microbial biofilms. High amounts of suspended metal-contaminated particulate matter can also get entrapped directly by the biofilm matrix, thus driving further accumulation of large additional amounts of metals [START_REF] Morin | Cadmium toxicity and bioaccumulation in freshwater biofilms[END_REF]. Therefore, metal BCF calculations based on dissolved concentrations only may underestimate the correlation between exposure and bioaccumulation values (intracellular conten t and BCF).

Discrepancies between exposure, measured as dissolved concentrations, and bioaccumulation, measured as BCF, were also found for some organic contaminants. A study on per-and polyfluoroalkylated substances by phosphorothioate) in the mixture [START_REF] Jr | Accumulation of Agricultural Pesticides by Three Freshwater Microalgae[END_REF]. This phenomenon is more likely to occur in laboratory experiments in which biofilms are usually exposed to higher concentrations than those found in the environment. Indeed, in our dataset BCF calculated from laboratory experiments were generally lower than those from field experiment (Fig. 5, 6 and S1).

The influence of environmental factors on metals accumulation in periphytic biofilm has been reviewed by [START_REF] Guasch | Discharge and the response of biofilms to metal exposure in Mediterranean rivers[END_REF]. In particular, metal speciation is influenced by a range of physico-chemical factors (including pH, salinity, and nutrients), affecting their bioavailability [START_REF] Meylan | Accumulation of copper and zinc in periphyton in response to dynamic variations of metal speciation in freshwater[END_REF]) and subsequent accumulation and toxicity for microbes. Biofilm characteristics (community composition, biomass, organic matter content, EPS content) can also influence the bioavailability and therefore the accumulation and toxicity of contaminants [START_REF] Berglund | Periphyton density influences organochlorine accumulation in rivers[END_REF][START_REF] Berglund | Persistent organic pollutants in river food webs: influence of trophic position and degree of heterotrophy[END_REF][START_REF] Lambert | Temperature modulates phototrophic periphyton response to chronic copper exposure[END_REF][START_REF] Pesce | Experimental Warming Differentially Influences the Vulnerability of Phototrophic and Heterotrophic Periphytic Communities to Copper Toxicity[END_REF]). In river biofilms, the sorption of certain contaminants such as triazines or metals has been attributed to specific bacterial colonies producing an EPS matrix with a unique composition [START_REF] Lünsdorf | Metal selectivity of in situ microcolonies in biofilms of the Elbe river[END_REF]Lawrence et al. 13/47 2001). A change in community composition can modify lipid content and therefore influence the accumulation of organic compounds such as PCBs according to their high log Kow value [START_REF] Wang | The response of a laboratory stream system to PCB exposure: study of periphytic and sediment accumulation patterns[END_REF].

Finally, toluene accumulation in a bacterial biofilm has been shown to increase negatively-charged carboxyl groups in EPS and might thus enhance biofilm ability to accumulate cations such as metal ions [START_REF] Schmitt | Changes of biofilm properties in response to sorbed substances -An FTIR-ATR study[END_REF].

Through their capacity to uptake contaminants from the surface water, periphytic biofilms can also be viewed as passive samplers of contaminants in surface waters. This has prompted the idea that identifying and quantifying the contaminants accumulated within the biofilm could be a monitoring strategy for surveillance of aquatic ecosystem contamination by both organic contaminants (e.g. PAHs; Froehner et al.

2012

) and metals [START_REF] Leguay | Using biofilms for monitoring metal contamination in lotic ecosystems: the protective effects of hardness and ph on metal bioaccumulation[END_REF]). However, following equilibrium partitioning theory, contaminants accumulated in biofilms are also likely to diffuse back in the water when their dissolved concentration has dropped. Sorption and desorption kinetics have been studied for some contaminants such as PCBs and PAHs [START_REF] Bertini | Memory Effect of Aquatic Biofilms in the Partitioning of Polycyclic Aromatic Hydrocarbons (PAHs) and Polychlorinated Biphenyls (PCBs) in Water Streams[END_REF]) and for a handful of pesticides [START_REF] Headley | Rates of Sorption and Partitioning of Contaminants in River Biofilm[END_REF]) and antibiotics [START_REF] Wunder | Sorption of antibiotics to biofilm[END_REF].

Therefore, due to the dynamic processes involved in contaminant accumulation in biofilms and the potential influence of many abiotic and biological parameters, the use of bioaccumulation in biofilms as an indicator of contamination has been challenged, in particular for organics [START_REF] Bertini | Memory Effect of Aquatic Biofilms in the Partitioning of Polycyclic Aromatic Hydrocarbons (PAHs) and Polychlorinated Biphenyls (PCBs) in Water Streams[END_REF]. Further investigations are needed to better determine the timeframe integrated by contaminant accumulation in biofilms as a function of chemical, biological and environmental properties.

Contaminant bioaccumulation in sediment or leaf-litter microbial communities

Up to now, data on in situ bioaccumulation of metals and organic contaminants in submerged microbial communities associated with sediments, leaves or drift particulate matter has always included both biotic accumulation and abiotic sorption on the substratum. As stated earlier, this is partly due to the fact that microbial communities cannot be easily detached from these substrates and that the microbial biomass obtained is still very limited (and not sufficient for chemical analyses).

The distribution of organic contaminants in the different river compartments (water, sediment, and leaf litter) is influenced by the hydrology and geomorphology of the system as well as by the physical and chemical properties of the contaminant. For instance, suspended and bed sediments in the San Joaquin River and its tributaries (in one of the most productive agricultural regions of the US) serve as a sink for hydrophobic contaminants (e.g. PAHs, DDT) whereas water-soluble herbicides (e.g. atrazine, simazine, dimethyl tetrachloroterephthalate) are mostly present in the dissolved phase of the water column [START_REF] Pereira | Occurrence and accumulation of pesticides and organic contaminants in river sediment, water and clam tissues from the San Joaquin River and tributaries, California[END_REF].

A similar pattern of pesticide distribution has been observed in rivers in Europe ( e.g. [START_REF] Fernandez | Occurrence of organochlorine insecticides, PCBs and PCB congeners in waters and sediments of the Ebro River (Spain)[END_REF] and Asia (e.g. [START_REF] Chen | Distribution and mass inventories of polycyclic aromatic hydrocarbons and organochlorine pesticides in sediments of the Pearl River Estuary and the northern South China Sea[END_REF]. Pesticide dissipation in water can be enhanced or reduced by the presence of sediments and according to the properties of pesticide molecules [START_REF] Laabs | Pesticide fate in tropical wetlands of Brazil: An aquatic microcosm study under semi-field conditions[END_REF]. Sediments can also accumulate pharmaceuticals. An extensive study in four Spanish rivers (Ebro, Llobregat, Júcar and Guadalquivir) highlighted the presence of endocrine disruptors accumulated in sediments at concentrations 14/47 up to 7 ng g -1 [START_REF] Gorga | Occurrence and spatial distribution of EDCs and related compounds in waters and sediments of Iberian rivers[END_REF]. Similar levels of the hormone β-estradiol were also quantified in sediments of the River Ouse (UK) [START_REF] Labadie | Analysis of estrogens in river sediments by liquid chromatography-electrospray ionisation mass spectrometry -Comparison of tandem mass spectrometry and time-of-flight mass spectrometry[END_REF], whereas lower levels were reported in three rivers in the Tianjin area (China) [START_REF] Lei | Levels of six estrogens in water and sediment from three rivers in Tianjin area, China[END_REF]). Several antibiotics from urban sources and aquaculture activities (e. g.

sulfamethazine, sulfamethoxazole, norfloxacin, among others) have been detected in the sediments of the Pearl River Estuary (South China) at concentrations ranging from 1 to 8 ng g -1 [START_REF] Liang | The distribution and partitioning of common antibiotics in water and sediment of the Pearl River Estuary, South China[END_REF]. While contaminants accumulation in sediments contributes to the removal of toxic substances from the surface, this apparent remediation is only temporary since those contaminants can later be remobilized following changes in redox conditions leading to the re-dissolution from sediment and diffusion from pore water and/or during intense hydrological events, as shown by [START_REF] Domagalski | Pyrethroid insecticide concentrations and toxicity in streambed sediments and loads in surface waters of the san joaquin valley, california, USA[END_REF] for pyrethroid insecticides in different rivers. Flash-flood events in the Ebro river basin were also found to mobilize huge amounts of hexachlorobenzene, DDT and PCBs largely exceeding existing regulatory reference values established for sediments [START_REF] Quesada | Dynamics of suspended sediment borne persistent organic pollutants in a large regulated Mediterranean river (Ebro, NE Spain)[END_REF].

Sediments are also recognized as an important sink of metals in freshwater environments. Indeed, numerous studies have reported the accumulation of metal contaminants in sediments from various kinds of ecosystems including streams (e.g. Comparatively, there has been less effort to investigate organic and inorganic contaminants accumulation in submerged leaf litter. This could be explained by the ephemeral presence of the substratum in the ecosystem, but also by the fact that studies addressing contamination gradients are mostly focused on downstream contaminated sections where riparian vegetation is often poor. However, leaf litter has been proven to adsorb metals [START_REF] Sridhar | Decomposition of alder leaves in two heavy metal-polluted streams in central Germany[END_REF]) and a range of herbicide and fungicide molecules [START_REF] Passeport | Pesticide contamination interception strategy and removal efficiency in forest buffer and artificial wetland in a tile-drained agricultural watershed[END_REF][START_REF] Vallée | Sorption of selected pesticides on soils, sediment and straw from a constructed agricultural drainage ditch or pond[END_REF][START_REF] Rossi | Interactive Effects of Pesticides and Nutrients on Microbial Communities Responsible of Litter Decomposition in Streams[END_REF]. The sorption potential of these contaminants on leaf substrates may depend on their stage of decomposition (e.g. [START_REF] Dimitrov | Assessing effects of the fungicide tebuconazole to heterotrophic microbes in aquatic microcosms[END_REF] for the fungicide tebuconazole). Leaf litter accumulated in rivers has comparatively similar (and/or greater) pesticide adsorption capacities to sediments [START_REF] Margoum | Investigation of various physicochemical and environmental parameter influence on pesticide sorption to ditch bed substratum by means of experimental design[END_REF][START_REF] Passeport | Selected pesticides adsorption and desorption in substrates from artificial wetland and forest buffer[END_REF]. [START_REF] Vallée | Sorption of selected pesticides on soils, sediment and straw from a constructed agricultural drainage ditch or pond[END_REF] revealed that straw has greater retention potential that sediments and soils for three herbicides and three fungicides in constructed wetlands. These
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results show the importance of organic carbon content and nature in the pesticides sorption process. A tracer injection experiment was conducted in the field in a "wet" forest buffer zone to test its potential for reducing loads of glyphosate, isoproturon, metazachlor, azoxystrobin, epoxiconazole and cyproconazo le [START_REF] Passeport | Dynamics and mitigation of six pesticides in a "Wet" forest buffer zone[END_REF]. Results confirmed that leaf litter layer thickness was a key parameter that influences the potential for delaying and reducing pesticide transfers and increasing their degradation.

As observed for periphytic biofilms and discussed above, bioaccumulation of organic contaminants in sediments, leaves or drift particulate matter can be influenced by substratum characteristics and/or environmental factors. A field study in the Pearl River Estuary (South China) found that sediment total organic carbon and water pH were the most important factors influencing the dynamics of distribution of the antibiotics norfloxacin and erythromycin between water and sediments, respectively [START_REF] Liang | The distribution and partitioning of common antibiotics in water and sediment of the Pearl River Estuary, South China[END_REF].

Different environmental parameters, including pH and temperature, were also shown to be important drivers of metal accumulation in sediments [START_REF] Lin | The relationship between adsorption of heavy metal and organic matter in river sediments[END_REF][START_REF] Saeedi | Competitive heavy metals adsorption on natural bed sediments of Jajrood River, Iran[END_REF][START_REF] Li | Effect of pH, Temperature, Dissolved Oxygen, and Flow Rate of Overlying Water on Heavy Metals Release from Storm Sewer Sediments[END_REF], in which the sorption, release and transport of metals are important processes influencing the chemical quality of water bodies [START_REF] Tao | Mobilization Potential of Heavy Metals: A Comparison Between River and Lake Sediments[END_REF][START_REF] Fan | Competitive adsorption, release and speciation of heavy metals in the Yellow River sediments, China[END_REF]).

After sorption to sediments and leaf litter material, organic contaminants can be partially or totally biodegraded by the attached microbial communities. Thus, two species of aquatic hyphomycetes (Heliscus lugdunensis, Clavariopsis aquatica) typically associated with submerged leaf litter were found to biotransform 1-naphthol [START_REF] Augustin | Biotransformation of 1-naphthol by a strictly aquatic fungus[END_REF] or technical nonylphenol [START_REF] Sole | Extracellular laccase activity and transcript levels of putative laccase genes during removal of the xenoestrogen technical nonylphenol by the aquatic hyphomycete Clavariopsis aquatica[END_REF]. Recently, leafassociated communities from sites downstream of agricultural areas were shown to exhibit a greater potential to degrade the maize herbicide nicosulfuron compared to those from upstream communities, and this was partly explained by the pre-exposure history of these communities to the contaminant [START_REF] Carles | Biotransformation of herbicides by aquatic microbial communities associated to submerged leaves[END_REF]. In these microbial communities, [START_REF] Carles | Nicosulfuron Degradation by an Ascomycete Fungus Isolated From Submerged Alnus Leaf Litter[END_REF] isolated an ascomycete fungus (Plectosphaerella cucumerina AR1) capable of transforming nicosulfuron into its two major metabolites (2-amino-4,6dimethoxypyrimidine and 2-(aminosulfonyl)-N,N-dimethyl-3-pyridinecarboxamide) in the presence of glucose. Microbial biofilms from river sediments have also been shown to degrade nonylphenol [START_REF] Wang | Nonylphenol biodegradation in river sediment and associated shifts in community structures of bacteria and ammonia-oxidizing microorganisms[END_REF]) and the herbicides diuron [START_REF] Pesce | Potential for microbial diuronmineralisation in a small wine-growing watershed: From treated plots to lotic receiver hydrosystem[END_REF]) and isoproturon [START_REF] Trinh | Mechanistic insights into the role of river sediment in the attenuation of the herbicide isoproturon[END_REF]), among others.

Contaminant distribution in different kinds of biofilms and potential contribution to trophic transfer in aquatic ecosystems

Periphytic, sediment and leaf-litter biofilms can all act as both sink and source of contaminants for the aquatic ecosystem. Only a few studies have set out to investigate in situ the relationship between contaminant concentrations in periphytic biofilms and in sediments in contaminated rivers, and the focus has been exclusively on metals [START_REF] Farag | Concentrations of metals associated with mining waste in sediments, biofilm, benthic macroinvertebrates, and fish from the Coeur d'Alene River Basin, Idaho[END_REF][START_REF] Farag | Concentrations of metals in water, sediment, biofilm, benthic macroinvertebrates, and fish in the Boulder River watershed, Montana, and the role of colloids in metal uptake[END_REF][START_REF] Holding | The relationship between epilithic periphyton (biofilm) bound metals and metals bound to sediments in freshwater systems[END_REF][START_REF] Kohušová | A long-term survey of heavy metals and specific organic compounds in biofilms, sediments, and surface water in a heavily affected river in the Czech Republic[END_REF][START_REF] Ancion | Metal concentrations in stream biofilm and sediments and their potential to explain biofilm microbial community structure[END_REF]. Conceptually, any sound assessment of contaminant bioaccumulation in microbial biofilms and its consequences on trophic transfers of contaminants in aquatic ecosystems needs to account for the ecological dynamics affecting each type of aquatic biofilm. Periphytic biofilms follow a several-stage life cycle from 16/47 colonization and co-adhesion to final detachment (due to biological mechanisms and/or physical constraints), and so contaminant bioaccumulation in these microbial communities can be viewed as transient.

Bioaccumulation of contaminants on leaf litter is also transient (according to the leaf litter decay rates) and seasonally specific as it depends on the availability of plant litter (e.g. litter fall peaks in autumn in temperate rivers). In sediments, contaminants are accumulated in microbial biofilms attached to sediment but also complexed with inert material. The specific bioaccumulation of microbial biofilms in this accumulation can not be, however, distinguished from the total accumulation in sediments because of methodological difficulties in discriminating the biotic from the abiotic fraction of sediments. Nevertheless, due to both physico-chemical and biological characteristics, sediments can store contaminants for much longer, and can thus be viewed as a more stable compartment, even if disruptions (flood events, changes in pH or redox potential, etc.) can trigger releases.

By taking up contaminants from the surface water, microbial biofilms help to 'clean' the water. But they can only completely degrade a few organic contaminants (the in situ efficiency of this kind of process being still unknown), and so the remaining bulk of accumulated contaminants (and/or their metabolites) will be either resuspended in the water column in a dissolved or complexed form (e.g. following biofilm detachment or sediment mobilization) or get transferred to higher trophic levels.

Contaminant transfer from microbial biofilms through food webs

In freshwater ecosystems, microbial biofilms are an important food resource (in both the green and brown food webs; Fig. 3), even if potentially contaminated by metals or organic contaminants. Microcosm and field studies conducted to investigate the role and importance of these biofilm communities in contaminant trophic transfer have revealed important differences in terms of contaminant fate through food webs.

Current approaches used to follow contaminants through food webs

Microcosm experiments are commonly used to reproduce simple food webs under controlled conditions in order to limit any confounding factors likely to influence the bioaccumulation process (e.g. temperature, nutrients, pH, ionic composition) and explore the fate of the contaminants. These microcosm experiments typically consist in exposing animals to a food source, namely a single (often algal) microorganism species or natural biofilms, spiked with a contaminant. For instance, simplified food-chains, i.e. from primary producers to consumers such as crustaceans, insects, bivalves, and more rarely fish, have been reproduced in microcosm experiments to determine the trophic transfer of metals or metallic nanoparticles [START_REF] Croteau | Trophic transfer of metals along freshwater food webs: Evidence of cadmium biomagnification in nature[END_REF][START_REF] Conley | Selenium Bioaccumulation and Maternal Transfer in the Mayfly Centroptilum triangulifer in a Life-Cycle, Periphyton-Biofilm Trophic Assay[END_REF][START_REF] Komjarova | Application of a stable isotope technique to determine the simultaneous uptake of cadmium, copper, nickel, lead and zinc by the water flea Daphnia magna from water and the green algae Pseudokirchneriella subcapitata[END_REF][START_REF] Prokes | Levels and distribution of dissolved hydrophobic organic contaminants in the Morava river in Zlin district, Czech Republic as derived from their accumulation in silicone rubber passive samplers[END_REF][START_REF] Golding | Cadmium bioavailability to Hyalella azteca from a periphyton diet compared to an artificial diet and application of a biokinetic model[END_REF][START_REF] Kim | Trophic transfer of nano-TiO2 in a paddy microcosm: A comparison of single-dose versus sequential multi-dose exposures[END_REF]. These microcosm studies usually contaminate the food resource in an independent spiking process before introducing it into the microcosm. For instance, algae spiked with metals have been used to demonstrate trophic transfers of a variety of metals to bivalves or crustaceans [START_REF] Croteau | Trophic transfer of metals along freshwater food webs: Evidence of cadmium biomagnification in nature[END_REF][START_REF] Goulet | Dynamic multipathway modeling of Cd bioaccumulation in Daphnia magna using waterborne and dietborne exposures[END_REF][START_REF] Komjarova | Application of a stable isotope technique to determine the simultaneous uptake of cadmium, copper, nickel, lead and zinc by the water flea Daphnia magna from water and the green algae Pseudokirchneriella subcapitata[END_REF]. Experimental studies can more precisely gauge contaminant fates by 17/47

spiking with labeled contaminants. Radioisotopes of metals have been used to label food sources and thus trace species-specific bioaccumulation dynamics by monitoring the radioactivity in consumers after pulsechase feeding [START_REF] Conley | Selenium Bioaccumulation and Maternal Transfer in the Mayfly Centroptilum triangulifer in a Life-Cycle, Periphyton-Biofilm Trophic Assay[END_REF][START_REF] Golding | Cadmium bioavailability to Hyalella azteca from a periphyton diet compared to an artificial diet and application of a biokinetic model[END_REF]. Food-resource enrichment by stable isotopes of metals makes an interesting alternative approach to determine the relative contributions of food and water to metal contamination in grazers [START_REF] Komjarova | Application of a stable isotope technique to determine the simultaneous uptake of cadmium, copper, nickel, lead and zinc by the water flea Daphnia magna from water and the green algae Pseudokirchneriella subcapitata[END_REF]. Indeed, isotopic ratio measurements can be used in microcosm experiments to characterize and model the physiological mechanisms involved in the assimilation of metals by the consumers from the biofilm they ingested [START_REF] Croteau | Trophic transfer of metals along freshwater food webs: Evidence of cadmium biomagnification in nature[END_REF]). To our knowledge, the trophic transfer of organic contaminants from biofilms to higher-level organisms has not yet been studied in microcosm experiments.

Microcosm experiments do provide accurate information on the dietary dynamics of contaminants in simplified food chains, but they are often specific to a prey/consumer pair, and consequently only partially reflect the environmental complexity governing trophic transfers (e.g. multiple food sources, biofilm structure, nutrient loads, and more). In addition, the choice of the microorganism(s) used as a contaminated food source and the spiking method remain challenging tasks. Indeed, metals assimilation by consumers has been reported to be closely related to microbial species and their respective ability to bioaccumulate metals, to metal distribution in the microbial cells, and obviously to community structure [START_REF] Goulet | Dynamic multipathway modeling of Cd bioaccumulation in Daphnia magna using waterborne and dietborne exposures[END_REF][START_REF] Conley | Selenium Bioaccumulation and Maternal Transfer in the Mayfly Centroptilum triangulifer in a Life-Cycle, Periphyton-Biofilm Trophic Assay[END_REF][START_REF] Komjarova | Application of a stable isotope technique to determine the simultaneous uptake of cadmium, copper, nickel, lead and zinc by the water flea Daphnia magna from water and the green algae Pseudokirchneriella subcapitata[END_REF][START_REF] Golding | Cadmium bioavailability to Hyalella azteca from a periphyton diet compared to an artificial diet and application of a biokinetic model[END_REF]). On one hand, the influence of community complexity is omitted when monospecific biofilms are used as a food source. On the other hand, the acclimatization and exposure of a field-collected biofilm to laboratory conditions are likely to provoke structural and morphological changes in this complex food source [START_REF] Fechner | Low exposure levels of urban metals induce heterotrophic community tolerance: a microcosm validation[END_REF][START_REF] Barral-Fraga | Short-term arsenic exposure reduces diatom cell size in biofilm communities[END_REF]. In most food-web experiments microbial biofilms are contaminated prior to introduction in the microcosm (e.g. [START_REF] Conley | Selenium Bioaccumulation and Maternal Transfer in the Mayfly Centroptilum triangulifer in a Life-Cycle, Periphyton-Biofilm Trophic Assay[END_REF][START_REF] Komjarova | Application of a stable isotope technique to determine the simultaneous uptake of cadmium, copper, nickel, lead and zinc by the water flea Daphnia magna from water and the green algae Pseudokirchneriella subcapitata[END_REF][START_REF] Xie | Trophic transfer of Cd from natural periphyton to the grazing mayfly Centroptilum triangulifer in a life cycle test[END_REF][START_REF] Kim | Dietary (periphyton) and aqueous Zn bioaccumulation dynamics in the mayfly Centroptilum triangulifer[END_REF][START_REF] Li | Interactive effects of phosphorus and copper on Hyalella azteca via periphyton in aquatic ecosystems[END_REF][START_REF] Perrier | Gold nanoparticle trophic transfer from natural biofilm to grazer fish[END_REF][START_REF] Hudson | Species-Specific (Hyalella azteca and Lymnea stagnalis) Dietary Accumulation of Gold Nano-particles Associated with Periphyton[END_REF], nevertheless a few studies, usually in complex mesocosms, have also investigated the effect on trophic transfer of concomitant contamination of food resource and media, thus mimicking field conditions (e.g. [START_REF] Pinder | Cesium accumulation by aquatic organisms at different trophic levels following an experimental release into a small reservoir[END_REF][START_REF] Cleveland | Pilot estuarine mesocosm study on the environmental fate of Silver nanomaterials leached from consumer products[END_REF][START_REF] Kim | Trophic transfer of nano-TiO2 in a paddy microcosm: A comparison of single-dose versus sequential multi-dose exposures[END_REF][START_REF] Friesen | Genetic Characterization of Periphyton Communities Associated with Selenium Bioconcentration and Trophic Transfer in a Simple Food Chain[END_REF][START_REF] Park | Trophic transfer of citrate, PVP coated silver nanomaterials, and silver ions in a paddy microcosm[END_REF].

One way to go beyond the limitations of microcosm experiments is to follow contaminant fate directly in the field. Indeed, various studies have investigated the bioaccumulation of metals or organic compounds in natural environments by collecting a variety of organisms including-but not limited to-microbial biofilms [START_REF] Croteau | Trophic transfer of metals along freshwater food webs: Evidence of cadmium biomagnification in nature[END_REF][START_REF] Vinot | Circulation of copper in the biotic compartments of a freshwater dammed reservoir[END_REF][START_REF] Walters | Influence of trophic position and spatial location on polychlorinated biphenyl (PCB) bioaccumulation in a stream food web[END_REF][START_REF] Walters | Mercury and selenium accumulation in the Colorado River food web, Grand Canyon, USA[END_REF][START_REF] Coat | Organochlorine pollution in tropical rivers (Guadeloupe): Role of ecological factors in food web bioaccumulation[END_REF][START_REF] Jardine | Food web analysis reveals effects of pH on mercury bioaccumulation at multiple trophic levels in streams[END_REF][START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF]. Understanding trophic enrichment with a contaminant in the field first requires an accurate description of local food web structures. Hence, stable carbon and nitrogen isotopes in biological tissues and microbial biofilms are usually analyzed [START_REF] Croteau | Trophic transfer of metals along freshwater food webs: Evidence of cadmium biomagnification in nature[END_REF][START_REF] Walters | Influence of trophic position and spatial location on polychlorinated biphenyl (PCB) bioaccumulation in a stream food web[END_REF][START_REF] Walters | Mercury and selenium accumulation in the Colorado River food web, Grand Canyon, USA[END_REF]. Besides isotopic ratio measurements, lipid content assessment is recommended for studies focused on hydrophobic contaminants such as PCBs [START_REF] Walters | Influence of trophic position and spatial location on polychlorinated biphenyl (PCB) bioaccumulation in a stream food web[END_REF][START_REF] Coat | Organochlorine pollution in tropical rivers (Guadeloupe): Role of ecological factors in food web bioaccumulation[END_REF]. Although using stable isotopes of C and N offers interesting perspectives to learn prey and consumer trophic positions and thus demonstrate trophic 18/47 transfer through food webs, the technique does require sophisticated and expensive equipment [START_REF] Burns | Potential for biofilms as biological indicators in Australian riverine systems[END_REF]. Moreover, the results of stable isotope measurements in microbial biofilms represent a "mean" of different signatures (bacteria, algae), which could be a limiting factor for determining accurate relationships between selective grazers and their specific food source within biofilm communities.

Role of microbial biofilms in contaminant transfers through aquatic food webs

The food web interactions of microbial biofilms concern insects, gastropods, fish and shrimps. Some of these grazers may exhibit food preferences and thus preferentially consume specific microbial groups or taxa. For instance, the shrimp Paratya australiensis was shown to specifically reduce diatom biomass in grazed biofilms, indirectly enhancing the green algal growth [START_REF] Burns | The role of disturbance in the ecology of biofilms in the River Murray, South Australia[END_REF]. Besides affecting the composition of biofilms, grazers can also impact their 3D architecture [START_REF] Robson | The effect of two scales of habitat architecture on benthic grazing in a river[END_REF]. However, in return, grazers can be influenced by the nutritional quality of the biofilm as well as its contaminant content. It is well known that microbial biofilms are a primary food resource in aquatic ecosystems, yet few studies have investigated contaminants transfers from microbial biofilms through aquatic food webs and the resulting bioaccumulation through trophic transfer (e.g. [START_REF] Jardine | Food web analysis reveals effects of pH on mercury bioaccumulation at multiple trophic levels in streams[END_REF][START_REF] Walters | Mercury and selenium accumulation in the Colorado River food web, Grand Canyon, USA[END_REF], or feedback-loop control of other ecosystem components on contaminant concentrations in periphytic communities [START_REF] Roessink | Impacts of manipulated regime shifts in shallow lake model ecosystems on the fate of hydrophobic organic compounds[END_REF]). In addition, most of these studies focused on the trophic transfer of contaminants from periphytic biofilms to primary consumers and, more rarely, to predators, which limits the assessment of biomagnification processes (i.e. increasing contaminant concentrations with increasing trophic levels) through food webs involving contaminated biofilms. The biomagnification factor (BMF), which is calculated based on the assumption that contaminant concentration in a consumer depends on contaminant concentration in its prey (sometimes corrected for trophic-level difference between the consumer and its prey; [START_REF] Fisk | Influence of Chemical and Biological Factors on Trophic Transfer of Persistent Organic Pollutants in the Northwater Polynya Marine Food Web[END_REF], serves to convey this process. A BMF > 1 corresponds to a magnification of contaminant concentrations in consumers/predators. BMFs adjusted to trophic positions can be calculated using the following equation:

BMFconsumer(i) = [(Cconsumer(i)/Cdiet(i))/(δ 15 Nconsumer(i)/ δ 15 Ndiet(i))]
where Cconsumer(i) is concentration of contaminant in the consumer, Cdiet(i) is concentration of contaminant in the diet, δ 15 Nconsumer(i) is trophic level of consumer, and δ 15 Ndiet(i) is trophic level of diet.

Both essential (e.g. Cu, Zn, Se) and non-essential (e.g. Hg, Cd, As) metals are readily absorbed by primary producers and can be transferred from microbial biofilms to higher trophic levels (i.e. macroinvertebrates and predators) where they could exert adverse effects [START_REF] Croteau | Trophic transfer of metals along freshwater food webs: Evidence of cadmium biomagnification in nature[END_REF][START_REF] Magellan | Behavioural and physical effects of arsenic exposure in fish are aggravated by aquatic algae[END_REF][START_REF] Walters | Mercury and selenium accumulation in the Colorado River food web, Grand Canyon, USA[END_REF][START_REF] Hepp | Arsenic in stream waters is bioaccumulated but neither biomagnified through food webs nor biodispersed to land[END_REF]. For instance, the consumption of spiked biofilms was reported to be a significant route of exposure to Cd for the amphipod Hyalella azteca [START_REF] Conley | Selenium Bioaccumulation and Maternal Transfer in the Mayfly Centroptilum triangulifer in a Life-Cycle, Periphyton-Biofilm Trophic Assay[END_REF]) and to Se for the insect Centroptilum triangulifer [START_REF] Golding | Cadmium bioavailability to Hyalella azteca from a periphyton diet compared to an artificial diet and application of a biokinetic model[END_REF]). However, biomagnification was only observed for Hg, Zn and sometimes Se [START_REF] Farag | Concentrations of metals in water, sediment, biofilm, benthic macroinvertebrates, and fish in the Boulder River watershed, Montana, and the role of colloids in metal uptake[END_REF][START_REF] Conley | Selenium Bioaccumulation and Maternal Transfer in the Mayfly Centroptilum triangulifer in a Life-Cycle, Periphyton-Biofilm Trophic Assay[END_REF][START_REF] Jardine | Aquatic and terrestrial organic matter in the diet of stream consumers: implications for mercury bioaccumulation[END_REF][START_REF] Jardine | Food web analysis reveals effects of pH on mercury bioaccumulation at multiple trophic levels in streams[END_REF]. Biomagnification of methylmercury (MeHg) from microbial biofilms to primary consumers [START_REF] Jardine | Food web analysis reveals effects of pH on mercury bioaccumulation at multiple trophic levels in streams[END_REF]) and to fish 19/47 [START_REF] Walters | Mercury and selenium accumulation in the Colorado River food web, Grand Canyon, USA[END_REF]) is a relatively well-studied phenomenon, and resulting MeHg BMFs ranging from 1 to 31 have been reported in different sites [START_REF] Jardine | Food web analysis reveals effects of pH on mercury bioaccumulation at multiple trophic levels in streams[END_REF]. Various studies have also highlighted the influence of environmental parameters on Hg biomagnification throughout the food web [START_REF] Jardine | Aquatic and terrestrial organic matter in the diet of stream consumers: implications for mercury bioaccumulation[END_REF][START_REF] Jardine | Food web analysis reveals effects of pH on mercury bioaccumulation at multiple trophic levels in streams[END_REF]. In particular, low pH led to an increase in Hg supply for primary producers, which then also increased biomagnification at higher trophic levels (fish). Due to biomagnification processes, even low levels of water contamination can lead to high concentrations of toxic metals in wildlife. [START_REF] Walters | Mercury and selenium accumulation in the Colorado River food web, Grand Canyon, USA[END_REF] found that Se and Hg concentrations in top-level organisms from a large food web (including organic matter, benthic biofilm, invertebrates and fish) regularly exceeded the exposure risk thresholds for wildlife, thus revealing the ecosystem risks due to trophic transfers of Hg and Se in aquatic food webs.

Organisms have evolved internal mechanisms for metals regulation that can complicate efforts to map these trophic transfers. As essential metals are actively regulated by freshwater organisms in order to maintain internal concentrations, gauging the enrichment of essential metals between trophic levels is far from straightforward and linked to species-specific biological needs. During exposure to labeled algae in microcosms, Cu was found to mainly accumulate by dietary route in the bivalve Corbicula fluminea whereas it was preferentially absorbed by aqueous route in the crustacean Daphnia magna [START_REF] Croteau | Trophic transfer of metals along freshwater food webs: Evidence of cadmium biomagnification in nature[END_REF][START_REF] Komjarova | Application of a stable isotope technique to determine the simultaneous uptake of cadmium, copper, nickel, lead and zinc by the water flea Daphnia magna from water and the green algae Pseudokirchneriella subcapitata[END_REF]. Species-specific differences in biomagnification were also found for Se, which was biomagnified from contaminated periphytic biofilms to a primary consumer: the mayfly Centroptilum triangulifer [START_REF] Conley | Selenium Bioaccumulation and Maternal Transfer in the Mayfly Centroptilum triangulifer in a Life-Cycle, Periphyton-Biofilm Trophic Assay[END_REF]). In addition, after assimilation of Se from contaminated biofilms, mayflies transferred about 46% of their Se body burdens into their eggs, resulting in a reduction of fecundity at environmentally-relevant concentrations [START_REF] Conley | Selenium Bioaccumulation and Maternal Transfer in the Mayfly Centroptilum triangulifer in a Life-Cycle, Periphyton-Biofilm Trophic Assay[END_REF]. Conversely, although primary producers were found to be potential sources of Se contamination for their direct consumers (i.e. mussels, shrimps or macroinvertebrates), Se enrichment through trophic levels was not significant in various field studies in the Mirgenbach reservoir (France; [START_REF] Vinot | Circulation of copper in the biotic compartments of a freshwater dammed reservoir[END_REF], in the San Joaquin river (USA; [START_REF] Croteau | Trophic transfer of metals along freshwater food webs: Evidence of cadmium biomagnification in nature[END_REF] or in the Colorado river (USA, [START_REF] Walters | Mercury and selenium accumulation in the Colorado River food web, Grand Canyon, USA[END_REF]. These differences may be at least partially explained by the high variability in Se concentrations among macroinvertebrate species, as observed in a field study by [START_REF] Walters | Mercury and selenium accumulation in the Colorado River food web, Grand Canyon, USA[END_REF]. Zn is another essential metal with toxicity at high concentrations that was also found to transfer through the food web [START_REF] Farag | Concentrations of metals in water, sediment, biofilm, benthic macroinvertebrates, and fish in the Boulder River watershed, Montana, and the role of colloids in metal uptake[END_REF]) and biomagnify in the mayfly Centroptilum triangulifer [START_REF] Kim | Dietary (periphyton) and aqueous Zn bioaccumulation dynamics in the mayfly Centroptilum triangulifer[END_REF]. While Zn concentration in mayfly larvae was 16 to 19-fold higher than in the labeled contaminated periphyton used as a food resource, Zn concentration in adults was only 3 to 8-fold higher than in diet [START_REF] Kim | Dietary (periphyton) and aqueous Zn bioaccumulation dynamics in the mayfly Centroptilum triangulifer[END_REF]. Therefore, dietary bioaccumulation dynamics in biofilm consumers depend on the species, its growth stage, and its subsequent physiological abilities to assimilate and/or eliminate metals.

Moreover, there may be only very limited trophic transfer for metals or metallic nanoparticles. For example, titanium nanoparticles were fairly highly accumulated in sediment biofilm but barely transferred from biofilms to river snails and Chinese muddy loaches, with BMFs of just 0.01-0.02 and 0.04-0.05, respectively [START_REF] Kim | Trophic transfer of nano-TiO2 in a paddy microcosm: A comparison of single-dose versus sequential multi-dose exposures[END_REF], highlighting the low degree of bioaccumulation of TiO2 in these consumers.
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Organic contaminants, and in particular persistent chemicals, are likely to be transferred and/or biomagnified from microbial biofilms to higher trophic levels. Concentrations of tris(2-butoxyethyl) phosphate (TBEP), a flame retardant quantified consistently across all food-web compartments, were found to increase with trophic levels [START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF]. Indeed, in a Mediterranean river food web, microbial biofilms accumulated the lowest amount of TBEP whereas intermediate concentrations of TBEP were found in the primary consumer Ancylus and the highest concentrations were found in the omnivore filter-feeding Hydropsyche and the macroinvertebrate predator Phagocata [START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF]. Similarly, concentrations of the drug carbamazepine in a stream food web including biofilms, invertebrates and vertebrates were correlated with trophic position (Du Bowen et al. 2014). PCB concentrations were also significantly correlated with trophic level, as described in [START_REF] Walters | Influence of trophic position and spatial location on polychlorinated biphenyl (PCB) bioaccumulation in a stream food web[END_REF][START_REF] Walters | Trophic Magnification of PCBs and Its Relationship to the Octanol-Water Partition Coefficient[END_REF], with an average BMF close to 1.6. The hydrophobicity of PCBs (i.e. their Kow value) strongly modulates their trophic transfer and biomagnification [START_REF] Walters | Influence of trophic position and spatial location on polychlorinated biphenyl (PCB) bioaccumulation in a stream food web[END_REF][START_REF] Walters | Trophic Magnification of PCBs and Its Relationship to the Octanol-Water Partition Coefficient[END_REF]. Whereas the influence of Kow on biomagnification varies substantially across food webs, model predictions of standardized Kow-based BMFs remain consistent with field observations [START_REF] Walters | Trophic Magnification of PCBs and Its Relationship to the Octanol-Water Partition Coefficient[END_REF].

Like metals, some organic contaminants were also found to be biomagnified slightly (e.g. low increase of chlorpyrifos concentrations from biofilm to snail; [START_REF] Lundqvist | Interactions with DOM and biofilms affect the fate and bioavailability of insecticides to invertebrate grazers[END_REF] or not (e.g. diclofenac, gemfibrozil: [START_REF] Ruhí | Bioaccumulation and trophic magnification of pharmaceuticals and endocrine disruptors in a Mediterranean river food web[END_REF]diphenhydramine: Du et al. 2015) through the food web.

Exposure scenarios and environmental conditions are also likely to influence contaminant fate through food webs. For instance, TiO2 nanoparticles accumulated much more in biofilm after sequential low-dose exposures than after a single high-dose exposure [START_REF] Kim | Trophic transfer of nano-TiO2 in a paddy microcosm: A comparison of single-dose versus sequential multi-dose exposures[END_REF]). On one hand, environmental conditions may influence contaminant uptake and dynamics in microbial biofilms and thus modulate the amount available for further trophic transfer. On the other hand, microbial biofilm quality as a food resource ( e.g.

C/N) is also likely to influence trophic transfers of nutrients and contaminants. In addition, C/N ratio can also be modulated by environmental factors (e.g. flow velocity, [START_REF] Coat | Organochlorine pollution in tropical rivers (Guadeloupe): Role of ecological factors in food web bioaccumulation[END_REF], while dissolved organic matter (DOM) concentrations in surrounding water can modify contaminant bioavailability for primary consumers and thus trophic transfers within the food web. [START_REF] Lundqvist | Interactions with DOM and biofilms affect the fate and bioavailability of insecticides to invertebrate grazers[END_REF] showed that increasing DOM concentrations in water led to increasing sorption of chlorpyrifos in biofilms. However, despite the resulting high concentrations in biofilms, dietary uptake of chlorpyrifos by snails remained relatively low and the results showed that the combined presence of biofilms and of medium and high DOM concentrations reduced the share of chlorpyrifos bioavailable for snails. Testing two other insecticides (carbofuran and lindane) exhibiting lower hydrophobicity levels than chlorpyrifos on a low-to-high-DOM concentration gradient, [START_REF] Lundqvist | Interactions with DOM and biofilms affect the fate and bioavailability of insecticides to invertebrate grazers[END_REF] also demonstrated that the accumulation of pesticides by the snails was influenced by both DOM concentrations and pesticide hydrophobicity.

Microbial biofilms are an important food resource in freshwater ecosystems, and our literature analysis highlights their potential to accumulate contaminants and modify their bioavailability, thus influencing their transfers through food webs. However, the role of biofilms in dietary contaminant exposure has been neglected for a long time, and the importance of biofilms in trophic transfers of those potentially toxic
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substances is still under-studied, leaving a critical lack of knowledge, especially but not exclusively concerning biofilms attached to sediments or organic substrates such as leaf litter.

Conclusions and future challenges

This literature review, which illustrates the dynamic interactions between contaminants and biofilms in aquatic ecosystems, underscores widely different levels of knowledge according to the kind of substrate

where the biofilm grows and the food-web pathway(s) to which it contributes. Accordingly, while studies on periphyton show that biofilms are able to accumulate a wide range of metals and organic contaminants, the role of biofilms in the distribution of contaminants among different aquatic compartments (surface water, periphyton, sediments, leaf litter) and the associated biota remains unclear and has not, to our knowledge, been quantified. This is mainly due to the fact that we still lack methods to specifically assess and measure contaminants in microbial communities of complex solid matrices such as sediment or leaf litter. Moreover, even though several studies have attempted to investigate chemical concentrations simultaneously in different aquatic compartments (sediment, surface water and biofilm; [START_REF] Kohušová | A long-term survey of heavy metals and specific organic compounds in biofilms, sediments, and surface water in a heavily affected river in the Czech Republic[END_REF], there is still a lack of data on the role of microbial communities in contaminant accumulation (or release) processes in sediments and organic substrates. This issue remains a bottleneck, given the above-mentioned methodological limitations. Field or microcosm surveys including systematic characterization of the contamination in these different aquatic compartments combined with laboratory experiments quantifying sorption/desorption rates under various controlled conditions are now needed to better estimate the role played by biofilms in contaminant fluxes within the aquatic ecosystem and their food webs.

Contaminant adsorption, storage or sequestration, transformation and, finally, release in the environment are still mainly investigated in periphyton studies using metals and a few organics as model compounds.

However, there is a gap of knowledge on the transfer kinetics of contaminants in periphytic assemblages and their resulting toxic effects (Chaumet et al. 2019a, b). To better understand the fate of organic contaminants in periphyton, the development and validation of sensitive and specific high-performance analytical methods combined with the measurement of intracellular concentrations of organic contaminants, using novel partitioning methods (Chaumet et al. 2019a), are the first technical challenges to overcome.

Microcosm experiments have brought valuable insights into contaminant transfer from biofilms to consumers, but future research should now aim to push beyond these relatively simple models and attempt to address the real-world complexity, i.e. both contaminant transfer from biofilm to upper trophic levels and ecological interactions with other ecosystem components [START_REF] Roessink | Impacts of manipulated regime shifts in shallow lake model ecosystems on the fate of hydrophobic organic compounds[END_REF], as well as the influence of environmental factors such as temperature, organic matter, and so on. 

Summary

Freshwater environments host microbial biomass that can aggregate and attach to different kinds of submerged substrates (rock, sediment, leaf litter). These microbial assemblages, which are called biofilms, can accumulate the contaminants transported by the water flow and/or adsorbed onto the substrates where they develop. Furthermore, due to their high metabolic activity and their role in aquatic food webs, microbial biofilms are also likely to influence contaminant fate in aquatic ecosystems.

Here, by focusing on metals and organic micropollutants, we provide a critical overview of the analytical methods currently in use for detecting and quantifying these contaminants in microbial biofilms developing in different benthic substrata, together with a look at the state of current knowledge and future challenges concerning the role of biofilms in contaminant accumulation and trophic transfers in the aquatic food web.

From this literature review emerge the following issues:

 Concurrent to analytical developments, studies dealing with bioaccumulation in microbial biofilms have been applied mainly to metal contaminants, and there is still only limited knowledge on the accumulation of organic contaminants in these microbial assemblages,  A large variety of metals and organic contaminants has been found in natural periphytic biofilms, which grow on inert surfaces like cobbles exposed to light. In contrast, due to technical limitations, data on the bioaccumulation of contaminants in submerged microbial communities associated with sediments, leaves or drift particulate matter has always included both biotic accumulation and abiotic sorption on the substratum,  Microbial biofilms represent an important food resource in freshwater ecosystems, yet their role in dietary contaminant exposure has been neglected for a long time, and the importance of biofilms in trophic transfer of contaminants is still under-studied, leaving a critical lack of knowledge especially but not exclusively concerning biofilms attached to sediments or organic substrates such as leaf litter.

These issues pose a set of challenges that need to be overcome in order to better:

 characterize the accumulation of contaminants in sediment and organic-substrate biofilms, 

  [START_REF] Munoz | Spatio-temporal dynamics of per and polyfluoroalkyl substances (PFASs) and transfer to periphytic biofilm in an urban river: case-study on the River Seine[END_REF] found inverse correlations between exposure concentrations and BCFs along a gradient of contamination concentrations in the Seine River. This divergence could also be the consequence of a saturation of cellular binding sites at high exposure concentrations, with a possible influence of competition between contaminants in mixtures. Indeed, competitive sorption is likely to occur in the environment due to the co-occurrence of multiple contaminants in surface waters. For instance, the accumulation rate of the organosulfur fungicide isoprothiolane in two microalgae (Scenedesmus quadricauda, Aulacoseira granulata) and one cyanobacteria (Microcystis aeruginosa) decreased in presence of other pesticides (the herbicide pnitrophenyl 2,4,6-trichlorophenyl ether and the insecticide O,O-dimethyl O-(3-methyl-4-nitrophenyl) 

Future

  studies need to consider the potential effects of global change, and specifically how i) shifts in water contamination patterns (i.e. land-use change, evolving agricultural practices, antibiotic resistances), ii) climate change (i.e. global warming, droughts, floods), and iii) the presence of invasive species ( i.e. top-22/47 down versus bottom-up effects) can affect contaminant bioaccumulation by biofilms and consequences on trophic transfer-a challenge that also raises new questions requiring further interdisciplinary research bridging environmental chemistry, ecotoxicology, and ecology.

 47 

 47 evaluate the role played by biofilms in contaminants fluxes within aquatic ecosystems and aquatic food webs, 23/assess how different environmental pressures such as shifts in water contamination, climate change or the presence of invasive species (i.e. top-down versus bottom-up effects) may affect contaminant bioaccumulation in biofilms and the resulting consequences in food webs.
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Fig. 4

 4 Fig.4 Concentration of contaminants in periphytic biofilms in μg g -1 of biofilms (dry weight) (n =400), data from 24 published studies. Plain circles stand for observations from the field, stars for observations from laboratory experiments. PAHs: polycyclic aromatic hydrocarbons; PCBs: polychlorinated biphenyls; HCH: hexachlorocyclohexane; TBEP: tris(butoxyethyl)phosphate; DCPU: N-(3,4-dichlorophenyl)-urea; DCPMU: N-(3,4-dichlorophenyl)-N-(methyl)-urea; DDTs: dichlorodiphenyltrichloroethane

Fig. 5

 5 Fig.5 Bioconcentration factor, expressed as log(BCF), for periphytic biofilms (n =304), data from 22 published studies. Plain circles stand for observations from the field, stars for observations from laboratory experiments. PAHs: polycyclic aromatic hydrocarbons; PCBs: polychlorinated biphenyls; HCH: hexachlorocyclohexane; TBEP: tris(butoxyethyl)phosphate; DCPU: N-(3,4dichlorophenyl)-urea; DCPMU: N-(3,4-dichlorophenyl)-N-(methyl)-urea; DDTs: dichlorodiphenyltrichloroethane

Fig. 6

 6 Fig.6 Bioconcentration factor, expressed as log(BCF) of organic contaminants in periphytic biofilms vs. log K ow of the accumulated contaminants (n = 70). Linear regression: log(BCF) = 0.51 * logK ow -1.21 (r 2 = 0.42, p < 0.01). Data from 9 published studies. Data points circled in red are observations from laboratory experiments, all other points are observations from field studies. DCPU: N-(3,4-dichlorophenyl)-urea ;DCPMU: N-(3,4-dichlorophenyl)-N-(methyl)-urea; TBEP: tris(butoxyethyl)phosphate

Fig. 7

 7 Fig.7 Metal concentration in biofilm (µg g -1 ) vs. dissolved concentrations of metals in surface water (μg L -1 ) , Data points circled in red are observations from laboratory experiments, all other points are observations from field studies (n = 238; data from 14 published studies)

  

  

Table 1 .

 1 Current methods to estimate contaminants accumulation in microbial biofilmsApproaches to detect, identify and quantify contaminants in...
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			… sediments / leaf material colonized by microbial biofilms	… periphytic biofilms	… the intracellular compartment of periphytic biofilm or bound to EPS	Approaches for identifying where contaminants are located within biofilms
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					Physical extraction	
	Organics	Sample preparation Analysis	Solvent extraction GC-MS, LC-MS-MS	(sonication and centrifugation) + solvent extraction	Incubation with fluorescent probes for CLSM Imaging techniques STXM, CLSM

AAS: atomic absorption spectrometry; ICP: inductively coupled plasma; OES: optical emission spectrometry; MS : mass spectrometry; GC: gas chromatography; LC: liquid chromatography; EPS: extracellular polymeric substances; EDTA: ethylene-diamine-tetra-acetic acid; STXM:scanning transmission X-Ray microscopy; TEM-EDX: transmission electron microscopy coupled with energy dispersive X-ray spectroscopy, CLSM : confocal laser scanning microscopy.
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