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Abstract : 
 
The International workshop on Integrated Assessment of CONtaminants impacts on the North sea 
(ICON) provided a framework to validate the application of chemical and biological assessment 
thresholds (BACs and EACs) in the Seine Bay in France. Bioassays (oyster larval anomalies, 
Corophium arenarium toxicity assay and DR Calux) for sediment and biomarkers: ethoxyresorufin-O-
deethylase (EROD) activity, acetylcholinesterase (AChE) activity, lysosomal membrane stability (LMS), 
DNA strand breaks using the Comet assay, DNA adducts, micronucleus (MN), PAH metabolites, 
imposex, intersex and fish external pathologies were analysed in four marine sentinel species 
(Platichthys flesus, Limanda limanda, Mytilus sp. and Nucella lapilus). Polycyclic aromatic hydrocarbons 
(PAHs), polychlorinated biphenyls (PCBs) and heavy metals were analysed in biota and sediment. 
Results for sediment and four species in 2008–2009 made it possible to quantify the impact of 
contaminants using thresholds (Environmental Assessment Criteria/EAC2008: 70% and EAC2009: 60%) 
and effects (EAC2008: 50% and EAC2009: 40%) in the Seine estuary. The Seine estuary is ranked among 
Europe's most highly polluted sites. 
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Highlights 

► Three bioassays for sediment and nine biomarkers were analysed in four sentinel species in the 
Seine Bay. ► Observed values for biological responses and contaminant concentrations were 
compared with BAC and EAC thresholds. ► This study validates BAC and EAC thresholds by 
demonstrating relationships on a local scale. 
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Abstract 1 
 2 

The International workshop on Integrated Assessment of CONtaminants impacts on the North 3 

sea (ICON) provided a framework to validate the application of chemical and biological 4 

interpretation thresholds (BACs and EACs) in the Seine Bay in France. Bioassays (oyster 5 

larval anomalies, Corophium arenarium toxicity assay and DR Calux) for sediment and 6 

biomarkers: ethoxyresorufin-O-deethylase (EROD) activity, acetylcholinesterase (AChE) 7 

activity, lysosomal membrane stability (LMS), DNA strand breaks using the comet assay, 8 

DNA adducts, micronucleus (MN), PAH metabolites, intersex and fish external pathologies 9 

were analyzed in four marine sentinel species (Platichthys flesus, Limanda limanda, Mytilus 10 

sp. and Nucella lapilus). Polycyclic aromatic hydrocarbons (PAHs), polychlorinated 11 

biphenyls (PCBs) and heavy metals were analyzed in biota and sediment. Results for 12 

sediment and four species in 2008-2009 made it possible to quantify the impact of 13 

contaminants using thresholds (Environmental Assessment Criteria /EAC2008 : 70% and 14 

EAC2009 : 60%) and effects (EAC2008 : 50% and EAC2009 : 40%) in the Seine estuary. The 15 

Seine estuary is ranked among Europe's most highly polluted sites. 16 

 17 

 18 

1. Introduction 19 

 20 

The Seine estuary is the largest megatidal estuary in the English Channel and is ranked among 21 

Europe's most highly polluted estuaries in terms of chemical contamination (Carpentier et al, 22 

2002 ; Cachot et al., 2006). The Seine estuary flows into Seine Bay,, home to the port of Le 23 

Havre, one of Europe's five largest ports. 86% of the total fluvial discharge from adjacent 24 

catchments in the English Channel originates from rivers along the French coasts between 25 

Calais and Brest, and is dominated by the Seine and its tributaries (Millwards et al., 2015) . 26 

The Seine catchment area, downstream of the cities of Paris and Rouen and upstream of Le 27 

Havre, is highly urbanized and industrialized. The Seine catchment area is a hub for around 28 

40% of France's economic activities. It is influenced by a dense urban population (16 million 29 

inhabitants), combined with extensive farming (cereals, oleaginous plants, beetroot and 30 

potatoes) at around 100,000 farms. Chemical contaminant drainage to the Seine estuary, 31 

combined with atmospheric inputs, represent a chronic source of contamination characterized 32 

by a wide diversity of contaminants (PAHs, PCBs, heavy metals, phtalates, hormones, 33 

PBDEs, EPHEs, alkyphenols, pesticides, nanoparticles, drugs), typical of large European 34 
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cities.  35 

This French pilot area in the Channel-North Sea OSPAR (The Oslo and Paris Convention for 36 

the Protection of the Marine Environment of the North-East Atlantic ) zone was therefore 37 

selected to validate an integrated approach of contaminants and biological effects in the 38 

framework of the ICON programme, conducted on a large geographical scale. The validation 39 

of bioassays and biomarkers currently represents a major step towards their future application 40 

to monitoring in the framework of the OSPAR Coordinated Environmental Monitoring 41 

Programme (CEMP), and of descriptor 8 "Concentrations of contaminants give no effects" of 42 

the Marine Strategy Framework Directive (MSFD). Biological effects of contaminants are 43 

widely used in many European countries to assess the impact of contaminants within an 44 

ecosystemic approach, but EU's decision-makers (EC 2008) remain to be convinced with 45 

regards to biological effect indicators. A documented reliability is key to selecting efficient 46 

biological and chemical indicators for assessing the ecological health of the marine 47 

environment and an integration method suitable for an ecosystemic approach. France drew up 48 

a legislative decree relating to the MSFD's Good Environmental Status in December 2012 49 

(French Legislative Decree December 2012), incorporating biological and chemical indicators 50 

recommended by OSPAR. This legislative decree refers to biomarkers and bioassays (mussel 51 

and fish physiology, genotoxicity, reprotoxicity and fish pathologies) for coastal and offshore 52 

monitoring. Efforts to date have however focused mainly on coastal areas, which are far more 53 

impacted by chemical contamination than offshore areas. The legislative decree takes the 54 

biological effects of contaminants into account through a sustainable European monitoring 55 

programme, adapted to a national level. Validation of the biological effects of chemical 56 

contaminants applied to monitoring within the MSFD remains a major challenge in terms of 57 

long-term monitoring data acquisition and aggregation.  58 

The ICON programme aims to demonstrate the pertinence of applying biomarkers and 59 

bioassays on both a wide and local geographical scale. Its strength lies in the fact that it is 60 

backed by a European consensus built on a framework developed through the International 61 

Council for the Exploration of the Sea (ICES) and OSPAR (Hylland et al., 2012 ; Hylland et 62 

al., 2016a ; Vethaak et al., 2016). Based on the numerous strategies and the different indices 63 

already proposed for biological effect data integration with specific tools as for example the 64 

multi-biomarker index (Beliaeff and Burgeot, 2002 ; Narbonne et al., 2005 ; Broeg and 65 

Lethonen 2006 ; Viarengo et al, 2007 ; Devin et al. 2013), a multistep process was proposed 66 

which follows on from experience of the assessment of contaminants data for sediment, fish 67 

and shellfish in OSPAR contexts (Vethaak et al., 2016). The main difference between the 68 
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framework used in the ICON programme and other indices is that (1) the current framework 69 

is based on internationally agreed threshold criteria for biological responses and chemicals 70 

contamination  in biota (Environmental Assessment Criteria : EAC and background 71 

assessment criteria : BAC) and (2) the framework includes more matrices than most other 72 

indices (Hylland et al., 2016a) 73 

Appropriate sites were selected in the ICON programme from the North to the South Atlantic 74 

and one in the Mediterranean, spanning Iceland to Spain. The selection of a Mediterranean 75 

site was particularly important for France and Spain, which must harmonize monitoring 76 

efforts on the Atlantic and Mediterranean coasts. Validation at local sites would allow wide-77 

scale biomarker and bioassay validation at sites with varying characteristics, from the North 78 

to the South of the North-East Atlantic and in the Mediterranean.  79 

This paper presents the work conducted in the Seine estuary and Bay: a pilot site particularly 80 

suitable for the validation of biomarkers and bioassays and the development of an integrated 81 

chemical-biological approach in the East Channel. The Seine estuary has been the focus of 82 

research and monitoring campaigns for over 20 years (Burgeot et al., 1994 ; Minier et al.,  83 

2000 ; Burgeot and Gagné, 2013).  High contaminant levels have been identified there on the 84 

basis of predominant chemical contaminants in sediment, biota and water (Chiffoleau et al., 85 

2001 ; Gonzalez et al., 2001 ; Lafite et al., 2001 ; Le Hir et al., 2001 ; Munschy et al., 2003 ; 86 

Cachot et al., 2006). Characterized by a highly diverse fauna, but low numbers of individuals 87 

of each taxon (Tecchio et al., 2015), the Seine estuary provides a good illustration of the 88 

estuarine quality paradox (Dauvin, 2007). The parameters structuring the various organism 89 

populations, such as salinity, substrate and hydrodynamics, are extremely heterogeneous 90 

along the freshwater-estuarine-coastal-open marine continuum. The various organisms adapt 91 

their metabolism constantly to this variable environment, making it more difficult to detect 92 

impacts of other stressors in the estuarine system as a whole. This continual adaptation is 93 

nevertheless subject to annual seasonal fluctuations and, in the longer term, to global change, 94 

as a combined result of climate change and the interaction of chemical pollutants. Estuaries 95 

under continual stress are generally highly productive ecosystems and major nursery and 96 

recruitment areas for a wide variety of invertebrates and fish, which are key prey for high 97 

trophic level animals (Dauvin 2007). They hence offer a marine typology characteristic of 98 

transitional waters, with biological and physical regulation mechanisms that need to be 99 

studied and monitored. The typology of estuaries characterized by fine grain and organic-rich 100 

sediments favours a high accumulation and potential bioavailability of chemical 101 

contaminants. Estuaries are therefore priority zones for research into bioindicator species and 102 
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the study of biomarkers and bioassays to determine the biological effects of chemical 103 

contaminants. On a legal level, monitoring of estuaries undertaken in the framework of the 104 

WFDs six-year cycles has highlighted a lack of indicators suitable for assessing the good 105 

environmental status of transitional waters in estuary zones (Boeuf and Fritsch, 2016).  106 

A French consortium contributed to the ICON programme by conducting a sampling 107 

campaign on sediment and biota matrices in the Seine Bay, including flounder (Platichthys 108 

flesus), dab (Limanda limanda), dogwhelk (Nucella lapillus) and mussels (Mytilus sp.). The 109 

objective was to 1) validate bioassays and biomarkers in four sentinel species (flounder, dab, 110 

dogwhelk and mussels) and for sediment on a local scale in the Seine Bay and estuary 2) 111 

interpret biomarkers and bioassays according to the BAC and EAC thresholds determined per 112 

species and for sediment, 3) apply the integrated chemical and biological method developed 113 

by OSPAR (JAMP, 2012) to assess the environmental status of the Seine Bay and estuary and 114 

compare it to other selected European sites. 115 

 116 

 117 

 2. Materials and Methods  118 

 119 

2.1. Sampling 120 
  121 

Sampling took place at seven stations in Seine Bay (Figs 1 and  2) to collect the four selected 122 

species in a polluted area influenced by the Seine panache (Seine estuary/fish, 123 

Villerville/dogwhelk, Cap de la Hève /dogwhelk, Honfleur/mussels) around Le Havre (Figs 1 124 

and 2) and in a zone located to the West of the Seine Bay, uninfluenced by the Seine panache 125 

(Parfond/fish, Pointe de la Loge/dogwhelk, Le Moulard/mussels). Sampling was performed in 126 

accordance with OSPAR and ICES guidelines (JAMP, 2012).  127 

Sediment samples were collected in 2008 from the Seine estuary site on Ifremer's boat 128 

"Gwendrez", using a Shippeck grab sampler (Fig 2). The sediment was maintained at 4°C and 129 

sent to the analysis laboratory within 48 hours.  130 

The fish were caught in 2008 and 2009 by trawling from "Gwendrez", using a 30-minute 131 

bottom sweeps at 13 to 20 metres deep and at temperatures of around 13 ± 2.1°C. Just after 132 

trawling, the fish were kept alive in on-board tanks, then dissected once Gwendrez was back 133 

at berth. 10-15 individuals were sampled per station for biomarker analysis and 250 134 

individuals were collected for fish disease. For metal, PCB and DNA adduct and PAH 135 

metabolite measurements, extra sampling was conducted to compare male and female 136 
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sensitivity. The average size of the flounder was 29 ± 4.2 cm and dab 22 ± 5.1 cm. The tissue, 137 

collected according to OSPAR guidelines (Davies and Vethaak, 2012, Davies et al., 2012), 138 

was stored in liquid nitrogen. Blood was taken when the fish were dissected. The blood was 139 

distributed into tubes for the comet analysis and glass slides for erythrocyte micronucleus 140 

(MN) analyses were prepared during dissection. Tissue was packed in dry ice to be dispatched 141 

to the ICON partner laboratories. 142 

The mussels were collected at low tide in the same week in September 2008 and 2009 by 143 

fishing on foot on natural beds at a temperature of 11± 3.3°C. The mean size of mussels was 144 

in Honfleur : 42±0.5 mm and Le Moulard 39±0.6 mm . Mussel tissue was dissected and 145 

stored in liquid nitrogen, and haemocytes were spread on glass slides for MN analysis. 146 

Mussels Mytilus sp. (mean size : 44±2.5 from the Wadden Sea were collected in accordance 147 

with the same OSCAR guidelines ( Davies et al., 2012 ; JAMP 2012). Mussels subjected to 148 

stress on stress were placed directly in air-conditioned cabinets after collection, at 149 

temperatures recommended by the OSPAR/CIEM guidelines (Davies et al., 2012). Lysosomal 150 

stability was analyzed within several hours following collection. Tissue was packed in dry ice 151 

for dispatch to the ICON partner laboratories. Mussels from the Spanish stations at Cartagena 152 

and Cape Palos  were kept in cages and immersed in water at a temperature of 17°C 153 

(Martìnez-Gòmez et al., 2016).  In Spain, mussels were collected in Malaga (SE Spain) in mid 154 

september 2008 and were transplanted for a period of seven weeks to two  coastal sites, 155 

Cartagena and Cape Palos (SE Spain) (Fig1) as described by Martìnez-Gòmez et al., 2006).  156 

This group of mussels were adults of standard shell size 45±0.5 mm. The depth of the stations 157 

was 20-30 m and a buoy attached to the upper part of the mussel bag maintained in at a depth 158 

of 6-8 m from the surface. Samples were recorded in November 2008 and transported to the 159 

IOE laboratory in Murcia before analysis. All the tissues were stored in liquid nitrogen as 160 

recommended by the Ospar guidelines (JAMP, 2012 ; Davies and Vethaak, 2012)  and 161 

transmitted in the French laboratory of Ifremer for AChE analysis.  162 

The dogwhelks were collected in April 2008 and 2009 for analysis of VDSI in the framework 163 

of the French national network for the observation of chemical contamination (ROCCH).  164 

 165 

2.2. Bioassays on sediment 166 

 167 

The embryotoxicity test on Crassostrea gigas flat oyster larvae is advocated by the ICES 168 

using the method described in Thain (1991) and recommendations in Davies and Vethaak, 169 
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2012. The test sediment was homogenized manually and passed through a 2-mm nylon sieve. 170 

It was then diluted in synthetic seawater and the suspensions obtained can be used directly for 171 

larval development. Fertilized eggs obtained from mature oysters (or mussels) were rapidly 172 

distributed in the test environment. The oyster larva develops at a temperature of 24°C for 24 173 

hours (48 hours at 20°C for mussels). After stopping incubation, the larvae were counted 174 

under a microscope. Larvae quality was ranked into two categories: normal and abnormal 175 

larvae (mantels partially protruding from shells, malformed shells, abnormal segmentation 176 

sizes). The toxic dose required to obtain 50% abnormal larvae (CI-50) was then determined. 177 

Test conditions were controlled using a reference contaminant (Cu2+). The sediment toxicity 178 

test on Corophium arenarium was performed using the method described by Roddie and 179 

Thain (2001), as reported in Davies and Vethaak (2012). This test consists of placing adult 180 

amphipods in contact with sediment or its dilutions in order to determine the concentration 181 

incurring death of 50% of individuals. Corophium arenarium were collected from the natural 182 

environment along with reference sediment for the dilutions. The test sediment was placed in 183 

layers of at least 15 mm at the bottom of the grab samplers. Seawater equivalent to at least 5 184 

times the height of the sediment was then added. After a stabulation and test condition control 185 

period, 20 animals per replicate were introduced into the samplers. The static test with airing 186 

lasted 10 days at 15°C under constant lighting. CE20 and CE50 were calculated at the end of 187 

the test after counting dead and living animals. Each test series was accompanied by a 188 

reference test (Cd2+) in order to check the test conditions and sensitivity of the Corophiums sp 189 

used. The net percentage of dead Corophiums in undiluted sediment was also determined.  190 

 191 

The DR-CALUX in vitro test, for determining the dioxine-like potential of sediment organic 192 

extracts, was performed using the protocol described by Murk et al. (1996) and modified by 193 

Thain et al. (2006). The sediment extracts (concentrated 50x) were added at cell mid-exposure 194 

time using 0.4% DMSO over a range of dilutions (1/1 to 1/3000th). Test samples were 10.5 g 195 

sediment with a resuspension volume of 200 µL DMSO. In vitro toxicity tests were 196 

performed on sediment extracts collected in September 2008 and 2009 in the Seine estuary, in 197 

2008 from the Wadden Sea (Fig. 1) and in 2009 in Iceland (IS2). The sediment was frozen at -198 

20°C prior to laboratory analysis.  Dioxin-like activity was determined after 24-hr cell 199 

exposure to sediment organic extracts. Activity was expressed in pg Toxic Equivalents 200 

(2,3,7,8-tetrachlorodibenzo-p-dioxin; 2,3,7,8-CDD) TEQ g-1 of dry sediment (pg TEQ g-1 dry 201 

wt). 202 
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 203 

2.3. Biomarker responses 204 

 205 

A battery of biomarkers was selected among the core biomarkers recommended by Davies 206 

and Vethaak, 2012 to assess to exposure status (EROD, AChE and PAH metabolites) and the 207 

biological effects (LMS, MN, DNA adducts, Comet, Pathologies, imposex, stress on stress 208 

(SOS) of chemical contaminants on flounder, dab, dogwhelks and mussels. The selected 209 

biomarkers satisfied the following monitoring criteria of the JAMP 2012 : (1) reference 210 

method, (2) quality assurance and (3) BAC/EAC thresholds. They provided information on a 211 

spectrum of molecular, cellular and tissue biological response mechanisms in fish, mussels 212 

and the dogwhelk. Lysosomal stability (LMS), ethoxyresorufin-O-deethylase (EROD), PAH 213 

metabolites, comet, DNA adducts, micronucleus (MN), acetylcholinesterase (AChE) and 214 

external pathologies were assessed in flounder and/or dab. AChE, LMS and stress on stress 215 

(SOS) were assessed in mussels and imposex in dogwhelks. 216 

The biomarkers were analyzed using the reference methods described by the CIEM and 217 

reported by Davies and Vethaak, 2012. EROD (ethoxyresorufin-O-deethylase) enzyme 218 

activity was measured in fish liver using the method published by the CIEM (Stagg and 219 

McIntosh, 1998). Acetylcholinesterase (AChE) enzyme activity was determined in fish 220 

muscle and in mussel gills according to the method described by Bocquené and Galgani, 221 

1998. Lysosomal stability (LMS) was measured in the hepatic cells (histochemical approach) 222 

of dab (Broeg and Gorbi, 2011) and in the haemocytes of mussels, according to the ( NRR) 223 

method published by ICES (Moore et al., 2004). Stress on stress was measured in mussels  as 224 

described by Martìnez-Gòmez et al., (2012). Micronucleus (MN) analyses were conducted on 225 

the haemocytes of mussels according to Baršiene et al. (2006). The comet assay was 226 

performed on erythrocytes of flounder according to the method of Akcha et al. (2003). PAH 227 

metabolites were measured in bile using the methods of Mazéas and Budzinski (2005). DNA 228 

adducts in flounder and dab liver were measured using the method described by Lyon and 229 

Davies (2012). Flounder intersex was assessed using method described by Stentiford et al. 230 

(2012). Vitellogenin was analysed in the plasma of Platichthys flesus according to Scott and 231 

Hylland (2002). Fish external pathology analyses were conducted as a complement to the 232 

work of Lang et al, (2016), and using the method published by Feist et al. (2004). 233 

Imposex analysis on Nucella lapilus dogwhelk populations was conducted in the framework 234 

of the French national observation network, according to the guidelines recommended by 235 
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OSPAR (Gubbins et al., 2012). Imposex is the first compulsory biomarker used to assess 236 

biological effects within an OSPAR/ICES coordinated environmental monitoring programme 237 

(CEMP). A six-class scheme (A-F) was devised for dogwhelk populations on the basis of the 238 

vas deferens sequence index (VDSI), relating to relevant concentrations of TBT (close to zero 239 

and at EAC) and effects (reduced growth, recruitment, sterility and health). 240 

 241 

2.4. Chemical contamination  242 

 243 

Chemical analyses in sediment, dab and flounder collected in 2008 were performed with the 244 

help of the Marine Scotland Science Marine Laboratory. Analysis methods are described by 245 

Robinson et al., 2016. French data on chemical contamination in sediment and mussels was 246 

provided by the French National Observation Network (ROCCH). Metal analysis methods for 247 

flounder and dab sampled in 2009 were applied according to the modified method of  248 

Chiffoleau et al. (2001) and  Idardare et al. (2008). Collected mussels in September 2008-249 

2009 on natural beds were frozen and transported to the laboratory where they were shelled. 250 

The mussel tissue was ground then freeze-dried. The fish caught from “Gwendrez” were 251 

dissected then frozen at –18°C on board, before being ground and freeze-dried at the 252 

laboratory. Aliquots of freeze-dried samples (150 – 200 mg) were digested with HNO3/HCl in 253 

a microwave oven (MARS-5, CEM Corporation) equipped with a carousel holding 12 Teflon 254 

vessels and under temperature and pressure control. After cooling, the digests were diluted to 255 

50 mL with mQ water. 256 

The digests were then analyzed by ICP-Q-MS (Element X series, Thermo Electron 257 

Corporation) using external calibration. Internal standards 115In or 103Rh were 258 

systematically added to all solutions submitted to the analysis to compensate instrumental 259 

drift and matrix effects. The results were validated using certified reference materials (CRMs) 260 

included with each batch sample. The values obtained were systematically within the range of 261 

certified values. The quantification limits (QL: µg.g-1) of the various compounds were Hg: 262 

0.015 ; Pb, Cd, Ag, Zn : 0.05, Zn : 25 ; Cu : 2.5, Ni : 0.25  263 

PCB analyses in sediment, dab and flounder in 2008 were performed by the method of 264 

Robinson et al. (2016). The analysis of PCBs and total lipids in flounder and dab tissue in 265 

2009 was performed according to the methods described Bodiguel et al. (2009). This protocol 266 

features several stages: freeze-drying, solvent extraction (Soxhlet type), acid purification and 267 

florisil column. Quantification was performed using a gas chromatograph fitted with electron 268 

capture, according to the protocol described by Jaouen-Madoulet et al. (2000). The 269 
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quantification limits (QL) of the various PCB congeners were between 0.25 and 2.65 pg µl-1 270 

injected. The methods were implemented in compliance with strict quality assurance 271 

procedures: analysis of replicates, blanks and certified samples. 272 

Seventeen PCB congeners were tested, i.e. the compounds CB-31, -28, -52, -101, -105, -110, 273 

-118, -128, -132, -138, -149, -153, -156, -170, -180, -187 and -194. These included the 7 PCB 274 

(Sum 7 CBs) contamination marker compounds (Table 4), to which were added 3 dioxin-like 275 

mono-ortho-substituted compounds (CB-105, CB-118 and CB-156).  276 

 277 

2.5. An integrated assessment framework for contaminants and biological effects 278 

 279 

This work relates to the integrated chemical and biological approach developed by a 280 

consortium of ICES experts working within a special group (SGIMC, 2011) and published in 281 

a collective report (Davies & Vethaak, 2012). This approach, developed on the basis of 282 

OSPAR/ICES field data, satisfies legal requirements for data integration and aggregation in 283 

the MSFD framework. It incorporates contaminant and biological effect monitoring data and 284 

allows assessments to be made across matrices, sites and regions, together with multiple 285 

levels of aggregation for different assessment requirements. It was successfully used to obtain 286 

a wide range of contaminant data for the OSPAR QSR 2010 (OSPAR commission 2009) and 287 

can be extended to include the measurement of other chemical and biological effects, through 288 

the application of a coherent set of assessment criteria (EAC and BAC) (Tables 2,3 and 4). 289 

The assessment criteria used as a thresholds chemical components and biological effects of 290 

the chemical contaminants were OSPAR Background Assessment Criteria (BACs) and 291 

Environmental Assessment Criteria (EACs) (Hylland et al., 2016a). The approach involves a 292 

5-step process and was described in the Hylland et al., 2016a). It could be also suitable for 293 

GES assessment as required by descriptor 8 of the MSFD ("Concentrations 294 

of contaminants are at levels not giving rise to pollution effects").  295 

 296 

2.6. Statistical analysis 297 

 298 

Statistical analyses were performed using Statistica software. The non-parametric Kruskal-299 

Wallis one way analysis of variance on ranks with the Nemenyi post-hoc test has been applied 300 

for biomarkers and bioassays. The significance level was P<0.05.  301 
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As the distribution of ADN adduct concentrations per pool is not Gaussian, parametric tests 302 

such as ANOVA could not be used efficiently. Subject to exception, all results were 303 

processed using non-parametric statistics (Fisher exact, Wilcoxon, Kruskal Wallis tests). Data 304 

transformation into logarithms (log10) enabled standardization of non-null data distribution 305 

and authorized recourse to parametric statistics for truncated data. An analysis was also 306 

performed taking into account the presence or absence of adducts in each pool (adduct 307 

"presence/absence" qualitative analysis). This semi-quantitative technique is particularly 308 

useful in case of low adduct concentration measurements.  309 

The variability of biomarkers was considered to classify them into three colored bare scale. 310 

The confidence intervals and the probability of membership in each of the classes (WFD CIS 311 

guidance document n°13, 2005) were obtained by using the sampling Bootsrap statistic 312 

method (Davison and Hinkley, 1997 ; Chernik, 2007). 313 

 314 

 315 

3. Results 316 

 317 

3.1 Sediment bioassays  318 

 319 

Application of the BAC 20% and EAC 40% thresholds (Table 1) given in Davies and 320 

Vethaak (2012) for anomalies in Crassostrea gigas oyster larvae exposed to 5 g.L-1 dry 321 

sediment allowed us to classify sediment collected from the Seine estuary adjacent to Le 322 

Havre and under the direct influence of the Seine panache ( Fig. 2). The results obtained were 323 

compared to two other ICON European sites in the North Atlantic (Wadden Sea) and 324 

Mediterranean (Cartagena) (Table 2).  325 

In 2008, oyster embryo-larval assay applied in sediments from the Seine estuary showed a 326 

high toxic potential (54%). Sediments from the Wadden Sea in the Netherlands were 327 

characterized by an even higher potential toxicity (99%), way above the EAC 40%. The 328 

Spanish sediment samples collected from Cartagena showed 34% toxicity and were hence 329 

classified as having average toxicity, between BAC (20%) and EAC (40%). In 2009, sediment 330 

from Iceland showed a low toxicity of 5.4%, hence < BAC (20%). The embryotoxicity test 331 

confirmed the high toxicity of sediment and enabled classification of the toxic potential of 332 
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sediment from the Seine estuary by comparison with the highly-toxic sediment found in the 333 

Wadden Sea and North Sea, and averagely-toxic sediment found in the Mediterranean. 334 

Sediment toxicity can be partially interpreted according to the physico-chemical parameters of 335 

sediment, which is coarser in the Seine estuary (%<20 µm: 19.4 and %<63µm: 49 ) than at 336 

the Wadden Sea station (%<20 µm: 24.5 and  %<63µm: 64.0) - a foreshore area comprising 337 

24.5 % sandy mud and 64% clay and silt mud - and Cartagena station, located in the hottest 338 

area (temperature: 17°C ; Martìnez-Gòmez et al., 2016), containing (%<20µm: 33.7 and 339 

%<63µm:59.2) 34% sandy mud and 59% clay and silt mud (Robinson et al., 2016). The 340 

Iceland station (IS2), located further offshore than the others stations and in a colder region ( 341 

Robinson et al., 2016), is characterized by sediment with an even coarser grain size 342 

(%<20µm:17.3 and %<63µm:28.2) than the Seine. This may lead to a lower bioavailability of 343 

chemical contaminants in coarser grain size (Vethaak et al., 2016) when oyster larvae are 344 

exposed during bioassays. A classification of the four sediment types per granulometry and 345 

mud levels (clay and silt) gave the following: Iceland (IS2)<Seine 346 

estuary<Cartagena<Wadden Sea. As indicated by Robinson et al. (2016) and Vethaak et al. 347 

(2016), sediment profiles differed between the Wadden Sea and Cartagena versus the Seine 348 

estuary and were different again offshore of Iceland.  349 

Total Organic Carbon (TOC) measurements confirmed clearly higher levels of organic matter 350 

in the Wadden Sea (2.9% TOC) versus Cartagena (0.87% TOC) and Iceland (0.78% TOC). 351 

The Seine estuary stands out with 1.30% TOC. Cartagena (0.87% TOC) and Iceland (IS2) 352 

(0.78% TOC), were similar. The Seine estuary appears to occupy an intermediate position 353 

between the Wadden Sea and Cartagena on the one hand, and Iceland on the other. Sediment 354 

chemical contamination levels nevertheless pinpointed Wadden Sea as the most highly-355 

contaminated site with regards to the PAHs (fluoranthene : 67 µg.kg-1 d.w., benzo(a)pyerene : 356 

32 µg.kg-1 d.w , pyrene : 48 µg.kg-1 d.w. and CB153 : 1.1 µg.kg-1 d.w.) (Robinson et al., 357 

2016). The Cartagena site showed the highest heavy metal contamination with regards to lead 358 

and zinc (Robinson et al. (2016) ; lead : 131 µg.kg-1 d.w. and zinc : 184 µg.kg-1 d.w.). In 359 

comparison, the Seine estuary showed intermediate contamination, with a highly-diversified 360 

chemical spectrum and, in particular, high concentrations of benzo(a)pyrene (14.5 µg.kg-1 361 

d.w) and fluoranthene (23.3 µg.kg-1 d.w) , benzofuoranthene (38.3 µg.kg-1 d.w) (Table 3). 362 

Levels of lead (22.1µg.kg-1 d.w) and benzo(a)pyrene (32 µg.kg-1 d.w ) in the Seine estuary 363 

were far lower than in the Wadden Sea and Cartagena. The Iceland site showed far lower 364 

chemical concentrations, e.g. for lead  : 2.9 µg.kg-1 d.w (Robinson et al., 2016). A global 365 

interpretation of the Seine estuary's typology revealed high contamination with fine sediment 366 
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comprising 50% clay and silt, but a coarser grain than at the Wadden Sea and Cartagena sites. 367 

The Seine estuary, which is also situated at an intermediate latitude and temperature versus 368 

the Wadden Sea in the North and Cartagena in the South, therefore offers characteristic 369 

sediment typology and high chemical contamination (Amiard and Rainbow, 2009).  370 

 371 

 The DR-CALUX bioassay (Table 2) quantified very high dioxine-like activity in sediment 372 

collected from the Seine in 2008 and 2009 (3050 ± 1626 pg TEQ g-1 dry wt) with values 373 

exceeding the maximum allowable concentration (dry weight) in heavily dioxin-contaminated 374 

sediment sites in Vietnam (150 pg TEQg-1 dry wt) (Hatfield Consultants 2009 in Davies and 375 

Vethaak, 2012) by a factor of 13 (2008) to 20 (2009). The DR-CALUX is a highly sensitive 376 

and reproducible bioassay that can usefully complement standard PCB analysis. Using a 377 

European site in Holland for comparison, the target value was set at 50 pg TEQ g-1 dry wt. 378 

The values obtained in the Seine estuary were in the upper range of the values observed by 379 

Vethaak et al. (2016) : between 20 and 3493 pg TEQg-1 dry wt. No activity of this type was 380 

detected in the sediment from the Iceland offshore station, located in the coldest and least 381 

contaminant-exposed geographical area. All three 3 sediments revealed H4IIE cytotoxicity at 382 

the highest tested concentrations (Table 2).  383 

  384 

The bioassays on Corophium arenarium quantified the net percentage of dead Corophium in 385 

undiluted sediment (% Corophium in sediment - % test Corophium) (Table 2) at 12.4 % in the 386 

Wadden Sea and 10.7% at Cartagena. Nevertheless, if we refer to the USEPA 1998 387 

recommendations, which classify sediment toxicity as a net percentage of 20% or above, the 388 

sediment cannot be considered as toxic. The low sediment toxicity revealed by the Corophium 389 

test can also be confirmed by applying the CE20 threshold, which was never reached by the 390 

four sediments (CE20: % > 100). Application of the EAC (60) and BAC (30) thresholds 391 

therefore confirmed a low toxic potential detected by Corophium exposure to the four test 392 

sediments, but similar physico-chemical properties were found in the Wadden Sea and 393 

Cartagena, while the Seine estuary and Iceland showed levels over two times lower.  394 

 395 

3.2. Chemical contamination of sediment, mussels, flounder and dab 396 

 397 

The chemical contamination of sediment, fish and mussels in 2008 was described in the 398 

manuscript by Robinson et al. (2016). The Seine estuary was singled out as having a major 399 
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PAH source, of pyrolitic origin, with concentrations in sediment exceeding the ERL (Tab 4) 400 

(Cachot et al., 2006). The results obtained by Cachot et al. (2006) in the sediment sampled in 401 

the two costal stations in Le Havre (Fluoranthene : 253 µg.kg-1 d.w ; pyrene 215 µg.kg-1 d.w) 402 

and in Villerville (Fluoranthene : 286 µg.kg-1 d.w ; pyrene 236 µg.kg-1 d.w ) were more 403 

elevated than the ICON station (Seine estuary) located in the mouth of the Seine river 404 

(Fluoranthene : 23.3 µg.kg-1 d.w ; pyrene 19.4 µg.kg-1 d.w) (Table 4). Fluoranthene (2008 : 405 

25.4 µg.kg-1 d.w and 2009 : 19.2 µg.kg-1 d.w ), benzo[a]pyrene ( 2008 : 11.7 µg.kg-1 d.w. and  406 

2009 : 7.8 µg.kg-1 d.w) and pyrene ( 2008 : 31.8 µg.kg-1 d.w. and  2009 : 19.6 µg.kg-1 d.w. ) 407 

concentrations in the Seine estuary were elevated after the highly-contaminated site in the 408 

Forth estuary-Blackness station (Robinson et al., 2016). 409 

Mussel contamination showed a similar profile to that of sediment (Rocher et al., 2006). The 410 

Le Moulard site (Fig 2) in the  western area of Seine Bay was shown to be contaminated by 411 

metals in mussel tissue, despite being far from the estuary and outside the influence of the 412 

Seine plume , which is the main source of chemical contaminants in Seine Bay. PCBs 413 

contents were in mussels from the Seine estuary ranged between moderate and high 414 

contaminated areas of different bays worldwide (Rocher et al., 2006). In this study, the Seine 415 

estuary were particularly characterized by far higher PCB levels than those found at the other 416 

ICON programme study sites ( A factor 5 can be used for conversion from dry weight to wet 417 

weight : d.w /5= w.w), with CB 153 equal to (184 µg.kg-1 d.w.) and a sum of the seven CBs 418 

equal to 484 µg.kg-1 d.w. (Table 3). Mussel contamination by lead, cadmium and mercury in 419 

the Seine estuary (Tab 4)  was very similar to that found in the Wadden Sea (Robinson et 420 

al.,2016). Although not influenced by the Seine plume , mussels from Le Moulard were found 421 

to be particularly contaminated by cadmium, as was sediment. Le Moulard is less 422 

contaminated by a diffuse contamination than the Seine estuary  but the oyster embryotoxicity 423 

of organic extracts from sediments sampled in 2003 was similarly demonstrated in Le Havre 424 

and Le Moulard (Cachot et al., 2006). A study of the genotoxicant  accumulation was also 425 

investigated in Le Moulard and the blue mussels collected in 2003 were shown to contain 426 

extremely high DNA adduct levels (Rocher et al., 2006). Only limited number of 427 

genotixicants were measured and lot of other toxicants than xenobiotics, phycotoxins or even 428 

radionuclei are currently present in this area. 429 

Chemical contamination of flounder and dab by PCBs and metals was analyzed in the 430 

muscles of pools of ten individuals. CB153 was the main compound found in both species 431 

(Boon et al., 1989). The contamination profiles of flounder and dab were similar and 432 
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characterized by the presence of CBs with 5 to 7 chlorine atoms, typical of contamination of 433 

benthic origin, or relatively-old contamination, as the least-chlorinated compounds are less 434 

persistent in the environment. Flounder and dab nevertheless differ in that dab have a higher 435 

muscle lipid content. Flounder from the Seine estuary showed higher contamination levels in 436 

2008 in both sexes. A factor 6.5 was observed between flounder caught in 2008 and 2009 437 

(Tab 4), underlining the high variability of bioaccumulation in fish. The migration by 438 

flounder within the upper estuary and Seine Bay is one possible explanation for these high 439 

variations in contaminant concentrations (Nahklé et al., 2007).  Few differences are detected 440 

with CBs in dab between 2008 and 2009. Measured values of CB28, CB52, CB101, CB 105, 441 

CB118, CB138, CB153, CB156 and CB180 in dab and flounder were all higher than BAC 442 

(Table 4) but lower than EAC. The expression of CB concentrations per gram of lipids 443 

revealed higher levels in flounder. Metal levels measured in 2008-2009 showed very similar 444 

levels in both flounder and dab fished at the Parfond and Seine estuary stations (Table 3). 445 

Cadmium, mercury and lead measurements were all  less than 1 mg.kg-1 d.w. and therefore far 446 

lower than BAC (Cd : 26 mg.kg-1 d.w. ; Hg : 35 mg.kg-1 d.w.; Pb : 26 mg.kg-1 d.w.). 447 

Nevertheless, the concentration of Hg analysed in flounder was higher than the average 448 

concentration of Hg in the Seine Bay (0.25 mg.kg-1 d.w.) (Nahklé et al., 2007) 449 

 450 

3.3. Biomarker responses 451 

 452 

Biomarkers were interpreted by applying the EACs and BACs measured in the Seine Bay to 453 

all seven stations, then comparing them to other ICON programme sites (EC 2008, OSPAR, 454 

2009, Davies & Vethaak, 2012). Some biomarker results were available for fish from the 455 

Seine estuary and Parfond with regards to LMS (Broeg et al, 2016) and PAH metabolites 456 

(Kamman et al., 2016) and for mussels regarding stress on stress and LMS (Martìnez- Gòmez 457 

et al., 2016).  458 

In fish, EROD enzyme activity measured in dab was below BAC (147 pmol.min-1.mg 459 

proteins-1 ) at both the Parfond and the Seine estuary stations. For flounder, EROD activity 460 

(28 pmol.min-1.mg proteins-1 ) was very slightly higher than BAC (24 pmol.min-1.mg proteins-461 
1) at the Seine estuary station and lower than BAC at the Parfond station (Table 3). In the 462 

Seine Bay, the Seine estuary station showed the lowest AChE activity analysed in dab in 2008 463 

(231 nmol. min-1.mg proteins-1) and 2009 (182 nmol. min-1.mg proteins-1), although not lower 464 

than BAC (150 nmol. min-1.mg proteins-1). In flounder, AChE activity measured in 2008 (185 465 

nmol. min-1.mg proteins-1) and 2009 (225 nmol. min-1.mg proteins-1) was shown to be lower 466 
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than BAC (235 nmol. min-1.mg proteins-1) in the Seine estuary. Significantly decreased LMS 467 

was assessed in dab from the Seine estuary compared to dab from Iceland (Broeg et al.,2016). 468 

The LMS value in dab was lower than EAC (10 min) (Table 3).  469 

PAH metabolite distribution in flounder and dab was dominated (Tables 3 and 5) by 1-OH-470 

Pyrene, which was present above the detection limit in most samples (between 60 and over 471 

80%). OH-BaPs, when they could be detected and quantified, were also relatively abundant 472 

(Table 5). Conversely, di- and tri-aromatic PAH metabolites were largely under-represented. 473 

This reveals a predominantly pyrolitic footprint at the study sites (Rocher et al., 2006 ; 474 

Robinson et al., 2016). high percentage of light compounds, suggesting a considerable 475 

additional petrogenic input (OHPyr/OHPhen ratio close to 3 versus 20 to 60 for the other sites 476 

(Kammann et al., 2016). A comparison of the various ICON sites in 2008 showed the Alde 477 

river in the UK to be the most-contaminated site, followed by the Seine estuary (Kammann et 478 

al., 2016). The Seine estuary therefore appears to be highly-contaminated by PAHs and 479 

relatively more impacted with the OH-BaP metabolite than the other sites (30%). No 480 

significant difference was noted across species in the Seine, although dab did appear to be a 481 

little more contaminated with OH-Pyr (OH-Pyr of flounder liver 348±183 ng.g-1 and OH-Pyr 482 

of dab liver 534±305 ng.g-1). Dab was the only species with detectable 3-OH-Flu in two 483 

females  only (49 and 160 ng.g-1). In the other two species, PAH metabolite levels measured 484 

in 2009 in the Seine estuary were lower than in 2008. The factor of 10 separating the two 485 

years confirms inter-annual variations. Among the environmental factors likely to influence 486 

PAH exposure and hence metabolism, the Seine flow measured in the upper stream at Poses 487 

in September 2009 was weaker (180 m3.s-1) than in September 2008 (340 m3.s-1)  (Millwards 488 

et al., 2015) 489 

On a quantitative level, the analysis of DNA adducts were achieved in liver and per pool in 490 

2008-2009. The analysis showed adduct concentrations of between 0.3±0.3 nmol adduct.mol 491 

DNA-1  and  2.7 nmol adduct.mol DNA-1  (Table 3), (BAC : 1 nmol adduct.mol DNA-1 and 492 

EAC : 6 nmol adduct.mol DNA-1) . Wide disparities in adduct concentrations were observed 493 

across sites (Seine Estuary  in dab: 0.3 ± 0.3 versus dab at Parfond : 2.7 ± 3.3 nmol 494 

adduct.mol DNA-1 ) but also sometimes within the same site (e.g. DNA adducts measured in 495 

pools of "Seine estuary” female dabs (2009) between 0.7 and 10.9 nmol adduct.mol DNA-1 ). 496 

At least one positive result was obtained at each of the study sites in 2008 and 2009. 497 

Differences were observed between dab and flounder. DNA adducts in dab were higher at 498 

Parfond (2.7 ± 3.3 nmol adduct.mol DNA-1 than in the Seine estuary (0.3 ± 0.3 nmol 499 

adduct.mol DNA-1) ( p = 0.05). Conversely, DNA adducts in flounder were similar in the 500 
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Seine estuary (1.3 ± 1.1 nmol adduct.mol DNA-1) and at Parfond (0.7 ± 0. 6 nmol adduct.mol 501 

DNA-1 ). 502 

The Comet test was performed on flounder from Parfond and the Seine estuary. No 503 

significant difference was detected between the two stations (Table 3). However, comet 504 

analysed in flounder (Seine estuary/2008 : 10 ± 6.3 % DNA Tail ; Parfond/2008 : 8.2 ± 6.9 % 505 

DNA Tail and Seine estuary/ 2009 : 15.5 ± 10.5 % DNA Tail ; Parfond/2009 : 12.7 ± 9.3 % 506 

DNA Tail) were higher than BAC (5 % DNA Tail).  507 

MN analysis in the same flounder and dab from the Parfond and Seine estuary stations 508 

revealed no significant differences. A high variability was found in micronuclei; as a result, 509 

no differences could be highlighted between species or stations in 2008 and 2009. The MN 510 

values observed in dab were similar to BAC (0.5 MN.1000 cells -1) in 2008 and higher than 511 

BAC in 2009 in the Seine estuary and at Parfond (Table 3). MN values in flounder were 512 

higher than BAC (0.3 MN.1000 cells -1) in 2008 and 2009 in the Seine estuary .  513 

Regarding intersex, a histological analysis of flounder gonads quantified 5.5% intersexed 514 

flounders in the Seine estuary in 2008. Although this was slightly lower than the data 515 

available from 1997-1998 (then 8% ; Minier et al., 2000), these values remain high and 516 

slightly above BAC (5%), but lower than EAC (20%). 517 

Observations on external and internal pathologies in flounder and dab were conducted in the 518 

Seine estuary in 2008 and 2009. They were no systematic monitoring fish disease along the 519 

French Atlantic coast except some few studies on histopathological lesions in Platichthys 520 

flesus (Cachot et al., 2013 ) in the Seine estuary. Identified external pathologies were skin and 521 

fin necroses, as well as belly hyperpigmentation and the presence of parasites. Only two 522 

indicators of the fish disease index (FDI) (Lang and Wosniok, 2008) were observed in dab 523 

and flounder in the Seine Bay: healing skin ulcerations (UI: aetiology with bacterial 524 

involvement) and hyperpigmentation (Hp: aetiology still unresolved). The prevalence of 525 

healing skin ulcerations ranged from 0.2-1.6% in flounder to 0.3-2.7% in dab. These figures 526 

were similar to those found at most ICON stations, but lower than the highest value (7%) in 527 

Iceland (IS2) (Lang et al., 2016). Hyperpigmentation showed a similar prevalence in the Seine 528 

Bay in flounder (0.2-2.4 %) and dab (0.3-3.9%), comparable to the German Bight (5%) but 529 

lower than Dogger bank (40%) (Lang et al., 2016). 0.8% of hepatic nodules in 2008 and 1.7% 530 

in 2009 were identified in dab sampled in the Seine estuary . 90% of flounders were infected 531 

with parasitic copepoda and 47 % were infested with gill parasites. 532 

Stress on stress (SOS) in mussels (Martìnez-Gómez et al., 2016) revealed the resistance time 533 

of mussels from Honfleur (Fig. 2) to be significantly lower versus mussels from Moulard. 534 
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Median resistance time was 8 days in Le Havre versus 13 days in Le Moulard. Honfleur 535 

mussels, directly influenced by inputs from the Seine, had the following SOS classification: 536 

EAC (5) <SOS< BAC (10). 537 

AChE interannual variability was revealed in the Seine estuary in Mytilus sp mussel samples 538 

collected from Honfleur in 2008 and 2009 (Table 6). In 2008, caged Mytilus galloprovincialis 539 

mussels were collected from Cape Palos in Cartagena (SE Spain) (Martìnez-Gómez et al, 540 

2016) and Mytilus sp. samples were taken from natural beds at Honfleur and Wadden sea. The 541 

mussels from the Honfleur site were characterized by more inhibited AChE activity than at 542 

the other sites (43±15 nmol.min-1.mgprot-1). AChE activity at Honfleur was above BAC (30 543 

nmol.min-1.mgprot-1), meaning Honfleur mussels had not undergone any neurotoxic effects. 544 

The Mytilus sp. collected from the Wadden Sea had AChE activity equal to (70±57 nmol.min-545 
1.mgprot-1), which classified them within BAC, as in Honfleur (Seine estuary) (Fig. 2 ; Tables 546 

3 and 6). The Mytilus galloprovincialis mussels collected from Spain were immersed and 547 

maintained in cages at Cape Palos and Cartagena. AChE activity at Cape  Palos (85±77 548 

nmol.min-1.mgprot-1) and Cartagena (76±65 nmol.min-1.mgprot-1) was less inhibited than in 549 

mussels from the Seine Bay, however this species was different (Mytilus galloprovincialis) 550 

and kept in cages. Nonetheless, a classification using comparisons of BAC (29 nmol.min-551 
1.mgprot-1) and EAC (20 nmol.min-1.mgprot-1) specific to M. galloprovincialis also classified 552 

the caged mussels within BAC. To resume, mussels were more inhibited in the Seine estuary 553 

but, despite high exposure in Honfleur, did not show AChE inhibition exceeding BAC. 554 

Precisions on the hybridization rate of Mytilus galloprovincialis and Mytilus edulis mussels 555 

would offer a more accurate comparison of the species sampled in the Atlantic and 556 

Mediterranean (Bierne et al., 2003). The influence of temperature on AChE inhibition is a 557 

foremost environmental factor. Temperatures on Spanish Mediterranean coasts (17°C) were 558 

higher than in the Seine estuary (16°C) and Wadden Sea (14°C), situated further North. 559 

Nevertheless, despite temperature differences, exposure conditions on natural foreshores and 560 

in cages, together with very different typologies across the three stations, the results obtained 561 

at the three sites showed that AChE activity varied within a comparable metabolic response 562 

range. This major result has enabled EAC and BAC thresholds to be applied in the ICON 563 

programme. However, it does require an improved future integration of physiological 564 

parameters and environmental factors relative to each habitat for a more refined diagnostic at 565 

each site. 566 

The measurements conducted in Seine Bay on mussels collected from natural beds at 567 

Honfleur and Le Moulard showed more fragile cellular integrity (LMS) versus mussels from 568 
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Honfleur (Tables 3 and 6). Using Neutral red retention assay (NRR) analysis, haemocytes 569 

permeability time was quantified at 43 minutes at Honfleur versus 75 minutes at Le Moulard. 570 

When the effect thresholds determined by OSPAR (Davies & Vethaak, 2012) were applied, 571 

mussels from Honfleur were shown to be in a severely-stressed state (< 50 minutes), while 572 

mussels from Le Moulard were in a less-stressed exposure state. Metabolic compensation was 573 

nevertheless observed (120 <LMS Moulard < 50 minutes) to maintain homeostasis. The 574 

Moulard station, chosen as a reference for comparison with the Seine estuary, had therefore 575 

undergone exposure pressure, although to a lesser degree than the Seine estuary station.  576 

Comparative LMS measurements (Table 6) across the stations ( Martìnez-Gòmez et al., 2016) 577 

(Wadden Sea, Cartagena, Cape Palos and Honfleur) enabled BAC and EAC classification as 578 

follows: Wadden Sea and Honfleur> EAC and BAC (120 min) < Cape Palos, Cartagena and 579 

Le Moulard<EAC (50 min).  580 

This classification of biological effects was coherent with chemical contamination revealing, 581 

for example, very high lead contamination at Cartagena and very high PCB contamination at 582 

Honfleur (Table 6). An harmonisation of the number of individuals analysed in each station 583 

must be done (SGIMC, 2011, UNEP/MAP 2011). 584 

Imposex in dogwhelks Nucella lapilus was measured at three stations in Seine Bay in 2008 585 

and 2009. Data was provided by the French observation network for chemical contaminants 586 

(ROCCH, 2014; http://wwz.ifremer.fr/envlit/resultats/surval__1), which is the national 587 

driving force behind the CEMP programme and descriptor 8 of the MSFD. The Villerville 588 

station to the South of the Seine mouth and Cape de la Hève to the North of the mouth (Fig. 589 

2) are the most highly-exposed to the Seine panache. Both stations had very high VDSIs, with 590 

VDSI: 3 (Villerville) and 4 (Cape de la Hève) in 2008 and VDSI: 4 (Villerville) and 4 (Cape 591 

de la Hève) in 2009. These values classify the two Seine Bay stations in the upper EAC range: 592 

2.0-4.0. The Pointe de la Loge station, located to the West of the Seine Bay and uninfluenced 593 

by the Seine panache, had VDSI: 0.5 in 2008 and VDSI: 0.71 in 2009, hence classifying it as 594 

BAC: 0.3 < VDSI Pointe de la Loge< EAC: 2.0-4.0. Imposex has been measured since 2003 595 

by the ROCCH network. Between 2003 and 2009, average values were VDSI: 3.27 596 

(Villerville), VDSI: 4.02 (Cape de la Hève) and VDSI: 1.03 (Pointe de la Loge) (ROCCH 597 

data). The syndrome of Dumpton wihich is a genetic aberration (Quintela et al., 2002) can be 598 

suspected at the most contaminated stations as Cape de la Hève and it would be studied in the 599 

future. 600 

The integrated chemical-biological approach was applied according to the methods 601 

recommended by Davies et Vethaak, 2012. Chemical contamination, exposure and their 602 
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subsequent effects are presented in 2008 and 2009 per site and, more precisely (Fig. 2), for 603 

each of the two sampling areas in Seine Bay (Seine estuary stations: Honfleur, Villerville and 604 

Cape de la Hève) and outside the Seine panache in the western part of the Seine Bay (Parfond, 605 

Le Moulard, Pointe de la Loge). The highest EAC contaminants (60%) and EAC effects 606 

(50%) were observed between 2008 and 2009 in the most-exposed area of the Seine estuary, 607 

versus the least-exposed area in the western Bay (Parfond, Le Moulard, Pointe de la Loge), 608 

with EAC contaminants (30%) and EAC effects (15%). The highest VDSI identified in the 609 

two stations of Cape de la Hève and Villerville are integrated into effects indicators and 610 

contribute to the portion (EAC 50%) of red colour classification in the Seine estuary. 611 

 612 

 613 

4. Discussion 614 

 615 

Data synthesis was achieved by analyzing chemical contaminants, biomarkers and bioassays, 616 

for a full integration of the chemical and biological data developed by OSPAR /ICES within 617 

the CEMP monitoring programme (JAMP 2012). Numerous studies were achieved since 618 

about twenty years on the basis of an integrated approach of chemical contaminants and 619 

biomarkers. Major progress was realized on the robustness of the analytical methods of the 620 

bioassays and biomarkers and on the multi-biomarkers approach in the Baltic sea (Broeg and 621 

Lethonen, 2006) , in Mediterranean sea (Tsangaris et al., 2011), in the North Sea (Brooks et 622 

al., 2011) and in the Atlantic ocean (Giltrap et al., 2013 ; Hylland et al., 2015). Theses studies 623 

applied a common list of biomarkers in different countries and some biomarker index. The 624 

more commonly biomarker index is the Integrated Biomarker Response (IBR) and related 625 

stress level concentrations of contaminants (PCBs, PAHs and metals measured in fish, 626 

mussels or sediment). Not any study have been assessed against internationally agreed criteria 627 

(Lyons et al., 2016) with fish, bivalves and gastropods before the ICON programme. This is 628 

among the most highly-advanced studies in Europe to date with regards to achieving an 629 

operational monitoring application of thresholds (BAC, EAC) within a monitoring 630 

programme (Hylland et al., 2016) and MSFD. Its reproduction on a local scale in France's 631 

Seine Bay has been enriched by the articles produced in this volume, incorporating the data 632 

produced at ICON sites as a whole.  633 

The originality of this Seine Bay study with regards to the ICON programme lies in the fact 634 

that its sampling campaign covered four different species and seven different stations. The use 635 

of seven stations allowed the assembly of data obtained from two characteristic Seine Bay 636 
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zones (Fig. 2). The first zone – "Seine estuary" – included the Villerville, Honfleur, Cape de 637 

La Hève and Seine estuary stations. This zone is more heavily-contaminated as it is directly 638 

influenced by chemical inputs from the Seine panache, which flows northwards from the 639 

mouth (Fernandes et al., 1997 ; Gonzalez et al., 2001 ; Tecchio et al., 2015). The second zone, 640 

located to the West of Seine Bay, is little or unimpacted by the Seine panache. It includes the 641 

Moulard and  Pointe de la Loge stations for bivalves study. Located further West and less 642 

impacted by the Seine panache, the Parfond station was chosen for flounder and dab 643 

collection. The results obtained (Fig. 2) allowed the quantification of high chemical 644 

contamination and biological effects using the EAC and BAC thresholds in the Seine estuary 645 

in four sentinel species (flounder, dab, mussel and dogwhelk). Interpretation of the results was 646 

consolidated by comparison with data obtained on a large geographical scale in the North 647 

Atlantic and Mediterranean (Kamman et al., 2016 ; Martìnez-Gòmez et al., 2016 ; Robinson 648 

et al., 2016 ; Hylland et al., 2016a ; Vethaak et al., 2016). This large-scale approach allowed 649 

the Seine estuary to be classified as one Europe's most highly-exposed sites in terms of 650 

chemical contaminants. This work also validates BAC and EAC thresholds by demonstrating 651 

coherencies on a local scale and at the ten or so European ICON sites studied separately. Of 652 

course, room for progress is necessary to fine-tune these thresholds per sentinel species and 653 

habitat in the future. These methodological developments will allow us to better-discern 654 

seasonal variations in chemical contamination and its effects on a local scale in order to better 655 

integrate the physiological cycle and most sensitive periods in the life cycle of the sentinel 656 

organisms. In-depth knowledge of the physiology of sentinel species is a key factor in 657 

interpreting the biological effects of chemical contaminants (Amiard and Rainbow, 2009). 658 

The integration of supporting physiological parameters in monitoring is therefore essential 659 

(Davies and Vethaak, 2012). Lastly, the acquisition of long-term series at a little-660 

contaminated site and a highly-contaminated site, as is the case in certain European countries 661 

(Hedman et al., 2001) offers the best prospects for consolidating monitoring results and 662 

suitable interpretations. 663 

 664 

 665 

5. Conclusion  666 

 667 

The ICON programme enabled a spatial evaluation of the biological effects of chemical 668 

contamination at a French local level in two zones in the Seine Bay (inside and outside the 669 
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Seine estuary). Four sentinel species collected from seven stations were used to quantify 670 

chemical contamination and biological effects in both zones, by applying the EAC and BAC 671 

thresholds. The pertinence of the results obtained was consolidated by comparing the Seine 672 

Bay data to data obtained from various stations included in the ICON programme, led on a 673 

large geographical scale in the North-East Atlantic and Mediterranean. The EAC and BAC 674 

chemical and biological thresholds were found to be applicable to a given species, whether on 675 

a local level in the Seine estuary, or at a large geographical scale, hence allowing standardized 676 

interpretation of the biomarkers, bioassays and chemical contamination studied in monitoring 677 

campaigns to assess good environmental status. This monitoring method, developed in the 678 

OSPAR/CEMP framework, is applicable to the MSFD. The use of an integrated chemical-679 

biological approach enabled comparison of exposure levels and effects on the selected model 680 

species; flounder, dab, mussels and gastropods. Progress must now be made to achieve a 681 

spatio-temporal interpretation by incorporating various physiological parameters, a new omic 682 

biomarkers and fine-tuning the EAC and BAC thresholds according to the specific habitats of 683 

sentinel species.  684 
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Tables and figures 946 

 947 

Table 1: Sampling site information and samples analysed in the two local areas (The Seine 948 

Bay and  the Seine estuary )  and in the other ICON sites . 949 

 950 

Table 2: Bioassays in sediment. Larval abnormalities in oyster, Corphium arenarium and DR-951 

CALUX bioassay for screening of dioxin-like compounds and physicochemical 952 

characteristics of  ICON sediment.  953 

ND: No response detected, QL: Limit of Quantification , DL: Detection limit.  954 

 QL DR-Calux pg TEQ/g sediment dry weight : 0.5  and Quantification DL  DR-CALUX pg 955 

TEQ/g sediment dry wt (dry weight) : 1.5 956 

 * Blank of extraction for DR-CALUX <DL. ** Blank of extraction for the cytotoxicity at the 957 

highest concentration: No. Assessment criteria BAC and EAC published in the cooperative 958 

report Davies and Vethaak, 2012. 959 

Number of replicats: Three replicats for  larval abnormalities in oyster, Corphium arenarium 960 

and DR-CALUX bioassay. 961 

 962 

Table 3: Biomarkers (mean ± Standard deviation) analysis in Limanda limanda, Platichthys 963 

flesus, Mytilus sp. and Nucella lapillus and OSPAR CEMP derived assessment criteria (BAC; 964 

Background Assessment Criteria; EAC: Environmental Assessment Criteria). 965 

* Comet in dab; **1OHpyrène in cod; *** EROD activity in male; § in dab Portuguese 966 

Atlantic water. � %  prevalence in dab; ND: no determined 967 

n =10 , number of individual analyzed for each biomarker 968 

Table  4: Contaminants concentrations in sediment (mg.kg-1 d.w. for metals, µg.kg-1 d.w. for 969 

organic), in dab, flounder, mussels (mg.kg-1 d.w. for metals, µg.kg-1 d.w. for organic) and 970 

OSPAR CEMP derived assessment criteria for PAHs, CBs and trace metals in sediment, dab, 971 

flounder, mussels (BAC; Background Assessment Criteria; EAC: Environmental Assessment 972 

Criteria; ERL: Effect Range Low; EQS: Environmental Quality Standard; MPC: Maximum 973 

Permitted Concentration) in Robinson et al., 2016. BACs in sediment are normalised to 2.5% 974 

organic carbon for PAHs and BCs , and to 5% aluminium for trace metals. (Ospar 975 

commission 2009. Background document on CEMP Assessment Criteria for QSR 2010. . 976 

www.osparg.org. ISBN 978-1-907390-08-1. Monitoring nd Assessment series. 23p.) 977 
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* Data obtained from national monitoring programmes, not from the ICON project. TR: 978 

Below limit of quantification. 979 

% Lipid in 2009 in dab (Seine estuary : 3.47% and Parfond: 5.70%) and in flounder (2 Seine 980 

estuary: 3.65% and Parfond : 3.05%) 981 

1 CBs d.w. in dab and flounder liver in 2008 (n=1 pool of 15 individuals per site) 982 

2 CBs d.w. in dab and flounder muscle in 2009 (n=1 pool of 15 individuals per site) 983 

3 in fish muscle 984 

4 Cd and Pb d.w. in liver 985 

 986 

Table 5 : PAH metabolites  analysed in dab and flounder in the Seine estuary. PAH 987 

metabolites 1-hydroxypyrene (1OHPyr), 1-hydroxyphenenthrene (1OHPhen), 1-988 

hydroxychrysene (1OHchrys) and sum of 3-hydroxybenzo(a)pyrene and 9 989 

hydroxybenzo(a)pyrene (ΣOHBAP)  given as mean, minimum and maximum per sex of dab 990 

and flounder in ng.g-1 of bile (n : number of individuals). 991 

 992 

Table 6 : Acetycholinesterase (AChE) activities and Lysosomal stability (LMS) in mussels. 993 

AChE activity was analysed in the same laboratory (Ifremer, France). LMS was analysed in 994 

three different laboratories (IOE in Spain: Cartagena and Cape Palos, Deltares in Netherland: 995 

Wadden sea and University of le Havre in France: Honfleur and Le Moulard).  (n : number of 996 

individuals) 997 

 998 

 999 

Figure 1. Sampling location of the Seine bay in France and location of the stations selected in 1000 

the ICON programme. 1001 

 1002 

Figure 2. Seine Bay location with two areas studied in the Seine estuary (Seine estuary, Cap 1003 

de la Hève, Villerville, Honfleur)  and  the West of the Seine  Bay (Parfond, Pointe de la loge, 1004 

Le Moulard). 1005 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
 
 
 
 
Table 3 

Dates Biomakers Limanda 
limanda 

Platichthys 
flesus 

Mytilus sp. Nucella 
lapilus 

BAC 
 
Limanda 
limanda 

EAC 
 
Limanda 
limanda 

BAC 
 
Platichthy
s flesus 

EAC 
 
Platichthys 
flesus 

BAC 
 
Mytilus 
sp. 

EAC 
 
Mytilu
s sp. 

BAC 
 
Nucella  
lapilus 

EAC 
 
Nucella  
lapilus 

 
 
 

Seine 
estuary 
 
 
49°26.067N 
00°00.566E 

Parfond 
 
 

49°19.021N 
000°09.072

W 

Seine estuary 
 
 
49°26.067N 
00°00.566E 

Parfond 
 
 

49°19.021N 
000°09.072

W 

Honfleur 
 

 
49° 25. 08N 
00° 13.59 E 

Le Moulard 
 
 

49°65.907N 
1°23.30348W 

Pointe de la  
loge 
 
49°42.403N 
1°25.164W 

Villerville 
 
 
49°24.220N 
0°07.432E 

Cap de la 
Hève 
 
49°30.573N 
0°04.0987E 

17.09.2008 EROD 
pmol/min/mgprot 

26.5±18 19.2±12 28.1±11 16.3±10      147*** 
 

ND 24*** ND     

17.09.2008 AChE nmol/min/mgprot 231±162 276±195 185±122 256±114     43±3       76±5    150§ 105§ 235 165 30 21   
17.09.2008 DNA adduct nm 

adduct/molDNA 
0.3±0.3 2.7±3.3 1.3±1.1 0.7±0.6      1 6 1 6     

17.09.2008 PAH metabolite (1OH 
PYR ng/g) 

534±305 290±175 348±183 225±112      483** 528** 483** 528**     

17.09.2008 MN /1000 cells 0.51±0.47 ND 0.46 0.41 ND      0.5 ND 0.3 ND     
17.09.2008 Vtg µg/ml ND ND 7.9±3.2 2.1±1.1        0.13 ND     
17.09.2008 Comet % DNA Tail ND ND 10±6.3 8.2±6.9      5 ND 5* ND     
17.09.2008 Intersex (% prevalence ND 1 8 2        5  

 
    

17.09.2008 External pathologies 
Hyperpigmentation (% 
Prevalence) 

3.9 0.3 2.4 0.2              

17.09.2008 External pathologies: 
skin ulceration 
(% Prevalence) 

3.1 0.2 1.8 0.3              

19.09.2008 Lysosomal stability 
(Min) 

6            40          60    20 10   >120 <50   

19.09.2008 Stres on stress LT50     9 15        10 5   
23.09.2009 EROD 

pmol/min/mgprot 
24.6±14.1 17.5±17.3 4.2±2.5 11.0±9.5      147*** 

 
ND 24*** ND     

23.09.2009 AChE nmol/min/mgprot 182±105 208±118 225±174 430±321      150 105 235 165     
23.09.2009 DNA adduct nm 

adduct/molDNA 
2.6±1.9 1.5±1.4 2.2±1.6 2.6±2.1      1 6 1 6     

23.09.2009 PAH metabolite (1OH 
PYR ng/g) 

123±99 29±12 107±53 37±25      483** 528** 483** 528**     

23.09.2009 MN /1000 cells 0.68± 0.55 0.54± 0.45 0.58±0.54 ND      0.5 ND 0.3 ND     
23.09.2009 Vtg µg/ml ND ND ND 8.5±6.2        0.13 ND     
23.09.2009 Comet % DNA Tail ND ND 15.5 ± 10.5 12.7 ± 9.3        5* ND     
23.09.2009 Intersex (% prevalence) 0 0 5.5 1      5  5 � ND     
23.09.2009 External pathologies 

Hyperpigmentation (% 
Prevalence) 

2.7 0.6 1.1 0.4              

23.09.2009 External pathologies: 
skin ulceration 
(% Prevalence) 

0.9 0.3 0.6 0.1              

03.2008 VDSI       0.5 3 4       <0.3 2.0-4.0 
03.2009 VDSI       0.71 3 4       <0.3 2.0-4.0 
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Station Date Position Species n Sex Lenght (cm) 1OHPyr 1-OH-Phen 1OH-Chrys ΣΣΣΣOHBAP 

       mean min max mean min max mean min max mean min max 

Seine estuary 19.09.2008 49°26.067N 
00°00.566W 

Dab 10 Male 24.0 ± 1.41 401.9 165 813 19.77 3 59 31.75 9 41 731.34 423.72 1339.51 

Seine estuary 19.09.2008 49°26.067N 
00°00.566W 

Dab 10 Female 20.3 ± 0.41 467.5 43 899 23.28 9 60 14.2 7 33 548.37 59.26 995.16 

Seine estuary 19.09.2008 49°26.067N 
00°00.566W 

Flounder 10 Male 29.9 ± 1.64 297.77 160 694 9.13 2 21 26.66 16 37 553.33 361 1470 

Seine estuary 19.09.2008 49°26.067N 
00°00.566W 

Flounder 10 female 29.2 ± 2.16 388.77 173 763 6.7 1 11 11.57 3 25 632.32 209 1046 

 
 
 
Table 5  
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Stations Dates Species n  
(AChE) 

n 
(LMS) 

Temperatures Size  AChE LMS 

       °C   mm  
(Mean±SE) 

nmol.min-1.mgprot-1 

(Mean±SE) 
            Min 
(Mean±SE) 

Honfleur 09.2008 Mytilus sp. 10 10 17 42 ± 0.5 43± 15 43± 3 
Le Moulard 09.2008 Mytilus sp. 10 10 16 39 ± 0.6 ND 39± 0.6 

Honfleur 09.2009 Mytilus sp. 10 10 15.5 43± 1.5 29±21 ND 

Le Moulard 09.2009 Mytilus sp. 10 10 16 40± 2.5 35±29 ND 

Wadden sea 09.2008 Mytilus sp. 10 25 14 44± 2.5 70±57 46± 6 
Cartagena 09.2008 Mytilus 

galloprovincialis 
10 20 17  45± 10 76±65 113±112 

Cape  Palos 09.2008 Mytilus 
galloprovincialis 

10 20 17 45± 10 85±77 64±13 

 
 

Table 6  
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Region Station Site Code Site type Latitude Longitude Samples collected 
English Channel Seine estuary SE  Estuary 49.260N 0.005E Flounder, dab, sediment 
English Channel Parfond (Seine Bay) PAR Estuary 49.192N 0.009W Flounder, dab, sediment 
English Channel Honfleur (Seine Bay) HON Coastal 49.250N 0.135E Mussels 
English Channel Le Moulard (Seine Bay) LM Coastal 49.659N 1.233W Mussels 
English Channel Villerville (Seine Bay) VIL Coastal 49.242N 0.074E Dogwhelk 
English Channel Cap de la Hève (Seine Bay) HEV Coastal 49.305N 0.409E Dogwhelk 
English Channel Pointe de la Loge  LOG Coastal 49.424N 1.251W Dogwhelk 
Iceland Bjarnarhöfn BH Coastal 65.000 22.970W Mussels 
Iceland Havassahraun HV Coastal 64.023 22.146W Flounder, mussels 
Iceland Iceland 1 IS1 Offshore 63.767 16.404W Dab, sediment 
Iceland Iceland 2 IS2 Offshore 64.146 22.280W Dab, sediment 
North Sea Wadden Sea WS Coastal 52.965 5.017E Mussels, sediment 
Mediterranean sea Cartagena CAR Coastal 37.562 1.030W Mussels, sediment 
Mediterranean sea Cape  Palos (marine reserve) CP Coastal 37.653 0.653W Mussels 

 
Table 1 
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Table 4 

Contaminants Sediment          Limanda limanda         Platichthys flesus             Mytilus sp. BAC ERL BAC EAC EQS BAC 
 

EQS 
 

MPC 
 

 Seine estuary 
 

49°26.067N 
00°00.566E 

Parfond 
 

49°19.021N 
00°09.072W 

Seine estuary 
 

49°26.067N 
00°00.566E 

Parfond 
 

49°19.021N  
000°09.072W 

Seine estuary 
 

49°26.067N 
00°00.566E 

Parfond 
 

49°19.021N 
000°09.072W 

Honfleur* 
 
49° 25. 08N 

00° 13.59 E 

Le Moulard* 
 
49°65.907N 

1°23.30348W     

       

 2008 2009 2008 2009 2008 2009 2008 2009 2008 2009 2008 2009 2008 2009 2008 2009 Sediment Mytilus sp. Limanda limanda and 
Platichthys flesus 

%<20µm 
%<63µm 
% Total Organic 
Carbon 
AL (%) 
Cd 
Hg 
Pb 
As 
Cr 
Cu 
Ni 
Zn 
Napthalene 
Phenanthrene 
Anthracene 
Fluoranthene 
Pyrene 
Benz[a]anthracene 
Chrysene/Triphenylene 
Benzo[k]fluoranthene 
Benz[a]pyrene 
Benz[g,h,i]perylene 
Indeno[1,2,3-cd]pyrene 
CB28 
CB52 
CB101 
CB105 
CB118 
CB138 
CB153 
CB156 
CB180 
 

19.4 
49.0 
1.30 

 
1.79 
0.31 
0.14 
22.1 
5.1 

 
9.6 

 
54.9 
13.2 
10.4 
3.4 
23.3 
19.4 
10.6 
14.6 
38.3 
14.5 
11.7 
13.5 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

0.18 
 
 
 
 
 
 
 
 
 
 

1.2 
3.7 

<0.1 
4.7 
3.8 
2.5 
6.2 
8.9 
2.6 

 
5.2 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  1.511 
6.541 
21.341 
4.471 
2.341 
37.031 
78.751 
2.311 
15.151 

 

 
 
 
 
 

0.01 
0.244 
0.04 

 
 

0.99 
0.28 
23.2 

 
 
 
 
 
 
 
 
 
 
 
 

1.602 
8.152 
22.422 
3.032 
17.442 
38.342 
44.292 
1.552 
11.092 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

TR 
0.118 
0.04 

 
 

0.89 
0.17 
16.2 

 
 
 
 
 
 
 
 
 
 
 
 

0.892 
3.292 
9.152 
1.712 
9.492 
18.442 
21.332 
0.482 
2.382 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.271 
13.001 
43.371 
8.041 
42.41 
66.691 
145.391 
4.351 
44.701 

 

 
 
 
 
 

TR 
0.326 
0.02 

 
 

0.75 
0.25 
17.4 

 
 
 
 
 
 
 
 
 
 
 
 

0.782 
3.652 
8.192 
1.372 
7.792 

14.7122 
17.802 
0.622 
2.132 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

TR 
0.377 
0.02 

 
 

0.93 
0.08 
19.5 

 
 
 
 
 
 
 
 
 
 
 
 

0.662 
2.912 
7.692 
1.112 
5.972 
14.992 
18.382 
0.692 
3.572 

 

 
 
 
 
 

0.9 
0.135 
1.73 

 
0.76 
6.10 
2.42 

 
 

8.90 
1.7 
25.4 
31.8 
19.5 
30.3 

 
11.7 
16.1 
9.3 

 
5.2 
31.8 
103 
15.9 
64 
88 
184 

 
8.4 

 

 
 
 
 
 

0.98 
0.139 
1.77 

 
0.15 
5.4 
0.5 
55.0 

 
8.5 
1.9 
19.2 
19.6 
13.2 
20.4 

 
7.8 
13.8 
1.86 

 
1.7 
17.3 
66.1 
3.8 
40 

94.2 
158 
1.9 
2.9 

 

 
 
 
 
 

0.9 
0.2 
1.4 

 
 
 
 
 
 

6.2 
 

5.7 
6.8 
1.2 
3.1 

 
 
 

0.4 
 

21.71 
3.6 
2.1 
4.2 
3.8 
9 
3 
6 

80.26 

 
 
 
 
 

0.54 
0.119 
1.16 

 
0.45 
5.20 
0.87 
61.0 

 
8.5 

 
5.9 
10.7 
2.1 
3.3 

 
2.1 

 
 
 

0.3 
26.3 

1 
0.2 
0.8 
0.9 
1.9 

 
 
 

 
 
 
 
 

0.31 
0.07 
38 
25 
81 
27 
36 
122 
8 
32 
5 
39 
24 
16 
20 
 

30 
80 
103 

 
0.22 
0.12 
0.14 

 
0.17 
0.15 
0.19 

 
0.12 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

11.5 

 
 
 
 
 

0.19 
0.018 
0.26 

 
 
 
 
 
 

2.2 
 

2.44 
1.8 
16 
 
 

0.28 
0.5 
0.48 

 
0.15 
0.15 
0.14 
0.12 
0.12 
0.12 
0.12 

 
0.12 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

68 
340 
58 
 

20 
16 
 

52 
 

22 
110 

 
0.64 
1.08 
1.2 

 
0.24 
3.16 
16 
 

4.8 

 
 
 
 
 
 

0.02 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

0.0264 
0.0354 
0.0264 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.155 
0.155 
0.145 

 
0.125 
0.125 
0.125 
0.085 
0.125 

 

 
 
 
 
 
 

0.0243 

 
 
 
 
 

0.054 

 

0.34 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

75 
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Stations Dates Assessment 
criteria 

Larval abnormalities in  
Crassostrea gigas 

Corophium arenarium DR-Calux Sediment 

   CE50 (g/L) Confidence 
interval 95% 
g sediment 
dry wt/L 

% net of 
larval 
abnormalities  
5g/L 

CE50 (%) CE20 (%) % 
Corophium 
net  died in 
the not 
diluted 
sediment 

DR Calux pg 
TEQg-1 Dry. 
wt 

Cytotoxicity 
 at the 
highest 
concentration 

% TOC %<20 µm %< 63 µm 

Seine estuary 
France 

19.09.2008  5.2 4 >CE50>7,3  
 

53.9 >100 >100 4.4 1900 ± 707 Yes 1.3 19.4 49.0 

Seine estuary 
France 

23.09.2009        3050 ± 
1626 

Yes    

Cartagena 
Spain 

23.10.2008  >10 ND 33.6 >100 >100 10.7   0.87 33.7 59.2 

Wadden Sea 
Netherland 

19.09.2008  1.1 
 

0,95 
<CE50<1,21 

98.9 
 

>100 >100 12.4 
 

  2.90 24.5 64.0 

IS2 Offshore 
Iceland 

26.11.2009  >10 ND 5.4 >100 >100 5.5 < LQ Yes 0/78 6.9 12.8 

  BAC   20   30 10     

  EAC   50   60 40     

 
Table 2 
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Le Havre

Dieppe

Cherbourg

1 

2 

3 

4 

5 

6 

7 

1: Pointe de la Loge (Dogwhelk) 

2: Le Moulard (Mussel) 

3: Parfond (Flounder, Dab) 

4: Estuaire de Seine (Flounder, Dab) 

5: Villerville (Dogwelk) 

6: Cap de la Hève (Dogwelk) 

7: Honfleur (Mussel) 
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