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GRAPHICAL ABSTRACT 

 

 

ABSTRACT 

A biomonitoring approach based on a single model species cannot be representative of the 

contaminations impacts on the ecosystem overall. As part of the Interreg DIADeM program (« 

Development of an integrated approach for the diagnosis of the water quality of the River Meuse »), a 

study was conducted to establish the proof of concept that the use of a multispecies active 

biomonitoring approach improves diagnostic of aquatic systems. The complementarity of the 

biomarker responses was tested in four model species belonging to various ecological compartments:  

the bryophyte Fontinalis antipyretica, the bivalve Dreissena polymorpha, the amphipod Gammarus 

fossarum and the fish Gasterosteus aculeatus. The species have been caged upstream and 

downstream from five wastewater treatment plants (WWTPs) in the Meuse watershed. After the 

exposure, a battery of biomarkers was measured and results were compiled in an Integrated 

Biomarker Response (IBR) for each species. A multispecies IBR value was then proposed to assess 

the quality of the receiving environment upstream the WWTPs.  

The effluent toxicity was variable according to the caged species and the WWTP. However, the 

calculated IBR were high for all species and upstream sites, suggesting that the water quality was 

already downgraded upstream the WWTP. This contamination of the receiving environment was 

confirmed by the multispecies IBR which has allowed to rank the rivers from the less to the most 

contaminated. This study has demonstrated the interest of the IBR in the assessment of biological 

impacts of a point-source contamination (WWTP effluent) but also of the receiving environment, 

thanks to the use of independent references. Moreover, this study has highlighted the complementarity 

between the different species and has emphasized the interest of this multispecies approach to 

consider the variability of the species exposition pathway and sensibility as well as the mechanism of 

contaminants toxicity in the final diagnosis.  
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HIGHLIGHTS 

 An active biomonitoring approach was performed in the Meuse watershed with four different 

model species 

 The wide use range of the four model species have been highlighted 

 IBR is a good way to rapidly compare biomarker responses of different species 

 The final diagnosis can vary according to the model species 

 The complementarity of the different species belonging to various ecological compartments 

was demonstrated 
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1. INTRODUCTION 

The most part of rivers in industrial countries, is subjected to a chemical pressure from multiple 

sources (agricultural, industrial and urban). The presence of micropollutants (i.e. pharmaceuticals, 

personal care products, hormones, pesticides, industrial chemicals) has become a widespread 

problem. These molecules are mainly introduced into aquatic environments by point sources like 

wastewater treatment plants (WWTPs) effluents. In fact, the treatments implemented within the 

WWTPs do not completely eliminate some of these persistent molecules. They are released in the 

effluents and are widely found at concentrations of the order of a few nanograms or micrograms per 

liter in surface water (Blum et al., 2018; Metcalfe et al., 2014).  

To assess the effect of contamination induced by WWTPs on living organisms, the subindividual 

biomarkers, studied for about thirty years, appear to be valuable tools. They are defined as “change in 

biological response (ranging from molecular through cellular and physiological responses to 

behavioural changes) which can be related to the exposure of a sentinel organism to some chemicals 

or to the toxicant effect of these chemicals” (Peakall and Walker, 1994). Biomarkers can be applied in 

passive biomonitoring approach, involving measuring the biomarkers on indigenous individuals from 

the sites studied, or in active biomonitoring approach, using transplanted (or caged) organisms coming 

from a reference site or a laboratory breeding. The second one presents numerous advantages. This 

approach is not dependant on the model species and makes it possible to study any site of interest 

regardless of the presence or absence of the species. Also, some confounding factors can be 

controlled (size, sex, age of the sampled individuals, exposure time and area) limiting the variability of 

measurements and facilitating the interpretation of the data (Coulaud et al., 2011; Lopes et al., 2020; 

Marchand et al., 2019). In addition, mechanisms of acclimatization or adaptation to chronic 

contamination may appear in native populations, which can lead to modulate biomarkers levels. 

Finally, the passive approach on species as fish questions the characterization of their exposure to 

studied point-source contamination (possibility to avoid contamination). Despite some inconvenient 

that can be mentioned (stress of organism’s transport on a study site, possible restriction of food 

access), the actives approaches seem now to appear as the most promising strategy to process 

biomonitoring studies. 

As a single biological parameter is not representative of the individual’s state of health, a combination 

of multiple biomarkers can be measured in each model species to achieve an integrated assessment 

of the toxicity of contamination (Galloway et al., 2004). The assessment of a large number of biological 

parameters generates large datasets which can be integrated into multi-biomarker indices to facilitate 

the interpretation of results. Among existing indices (i.e. Health Assessment Index, Bioeffect 

Assessment Index, Multimarker pollution index , Health Statut Index, Biomarker Response Index…) 

(Aarab et al., 2004; Adams et al., 1993; Broeg et al., 2005; Dagnino et al., 2007; Hagger et al., 2008), 

the most used is the « Integrated Biomarker Response » (IBR), initially developed by Beliaeff and 

Burgeot (2002). The whole biomarker data are represented on a single radar plot (one biomarker per 

branch). The area of the geometric shape created constitutes the final IBR score of the studied site. 
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More recently, Sanchez et al. (2013) have proposed a modified IBR (IBRv2) which is based on the 

difference between the biomarker responses measured and reference values. The reference can be 

the biomarkers levels in a site without chemical contamination or in individuals sampled in the original 

population (active approaches). This IBRv2 has been successfully used in one-single test species 

studies, both in field (Cao et al., 2018; Catteau et al., 2020; Sanchez et al., 2013) and laboratory 

studies (Sobjak et al., 2017). 

Several aquatic organisms (fish, bivalves, crustaceans, plants) can be used in biomonitoring. The 

most part of biomonitoring studies found in literature used only one model species (Besse et al., 2013; 

Catteau et al., 2020; Dazy et al., 2009; Gouveia et al., 2017; Hani et al., 2021; Palais et al., 2012). 

However, a single species cannot be representative of the contaminations impacts on the ecosystem 

overall. The biological and physiological differences between phylogenetically and ecologically distant 

organisms as well as the difference in contamination pathways are all factors that can influence the 

contamination impacts and thus the biomarker responses of the chosen model species.  

To develop cross-border approaches for assessing the water quality of the Meuse watershed, the 

European Interreg DIADeM program (“Development of an Integrated Approach for the Diagnosis of the 

water quality of the Meuse River”) was created. One objective of the DIADeM program was to assess 

the effects of contamination induced by WWTPs on living organisms in the Meuse, its tributaries and 

sub-tributaries. This watershed undergoes indeed significant agricultural and industrial pressures but 

also an important contamination with emerging micropollutants (International Meuse Commission, 

2005). The originality of this research program rests on the use of several model species in an active 

biomonitoring approach to ensure complementarity in the exposure pathways. Four model species 

were selected among species currently used in active biomonitoring: i) a bryophyte (Fontinalis 

antipyretica Hedw.) as primary producer, ii) a crustacean (Gammarus fossarum) and iii) a bivalve 

(Dreissena polymorpha) as primary consumers, respectively detritivores and filter feeders, and iv) a 

fish (Gasterosteus aculeatus) as a secondary carnivorous consumer. The four selected species 

belong to various ecological compartments and trophic levels (primary producer, filter feeder, 

detritivore and predator) and are representative of an ecosystem as a whole. All these species are 

considered as good biological models because of their very wide geographic distribution and their 

tolerance to pollution. More specifically, the zebra mussel D. polymorpha is a bivalve with 

bioecological traits which make it particularly relevant in biomonitoring. This sedentary mussel is 

commonly found in a wide habitat diversity in Europe and North America (de Lafontaine et al., 2000). 

Moreover, this mussel presents a high filtration rate and high bioaccumulation potential which make it 

an extensively used indicator for filed biomonitoring studies and laboratory experiments (Evariste et 

al., 2018; Kerambrun et al., 2016a, 2016b). Similarly, the amphipod G. fossarum is an amphipod very 

widespread in the Western Europe rivers and is also regularly used in many active biomonitoring 

studies (Besse et al., 2013; Dedourge-Geffard et al., 2009; Lacaze et al., 2011). This model is 

ecologically relevant because the Gammarus spp. constitute an important reserve of food for many 

species (fish, birds, amphibians) (Friberg et al., 1994; Macneil et al., 1997; Welton, 1979) and play a 

major role in the leaf-litter degradation processes (Maltby et al., 2002). The caging technique is fine 

mastered with these two species. The frequent use of G. fossarum in active biomonitoring studies 
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have led to create a well-defined protocol which was recently normalised in France (AFNOR XP T90-

722-2). Representative of the fish compartment, the three-spined stickleback G. aculeatus is a 

relatively ubiquitous species found in many temperate zones of the northern hemisphere. This 

euryhaline species was found to be resistant to pollution and easy to handle and maintain in breeding. 

This species is thus increasingly used in active biomonitoring studies (Catteau et al., 2021, 2020; Le 

Guernic et al., 2016) and emerged as a new species of interest. Finally, the bryophyte F. antipyretica 

is the most widely used aquatic plant for biomonitoring. Although it is mainly used as bioaccumulator 

of metals (Bruns et al., 1997; Mersch and Pihan, 1993; Siebert et al., 1996), PAHs (Polycyclic 

Aromatic Hydrocarbons)  and persistent pollutants (Augusto et al., 2013, 2011), the use of biomarkers 

has been proven in this species, especially those associated with the oxidative stress (Dazy et al., 

2009) and the photosynthesis (Bruns et al., 1997; Yurukova and Gecheva, 2003). 

The aim of this work is to highlight the complementarity of the different model species from various 

trophic levels in biomonitoring within the framework of DIADeM program. The biomarker responses 

are compared between the four selected species thanks to IBRv2 calculations. The interest of this 

work lies in the use of integrated indexes based on a multispecies and multibiomarkers approach to 

establish a global diagnosis comparable between stations. This study can be considered as a proof of 

concept of using a multispecies active approach to assess water quality.  
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2. MATERIAL AND METHODS 

2.1. Description of the study sites 

Five WWTPs were studied along the Meuse watershed. The largest is the WWTP of Charleroi 

(50°24'12.827"N 4°27'31.659"E, Belgium), which has a capacity of 200 000 population-equivalent (PE) 

with an average incoming flow of 31 087 m
3
/day. The effluent from this WWTP flows into the Sambre, 

one of the most important tributaries of the Meuse with an average flow of 36 m
3
/s and whose 

confluence is located a few kilometers upstream from the city of Namur. The second WWTP is located 

in Charleville-Mézières (49°45'55.3"N 4°43'43.5"E, France) and has a capacity of 117 000 PE for an 

average incoming flow of 12 278 m
3
/day. Its effluent flows directly into the Meuse (average flow of 230 

m
3
/s). The wastewater treatment plant in Namur (50°28'51.2"N 4°57'18.1"E, Belgium) was also 

investigated. This WWTP has a dimensional capacity of 93 100 PE for an average incoming flow of 20 

600 m
3
/day. Its effluent flows into the Meuse, 80km downstream from Charleville-Mézières and 

downstream from the confluence with the Sambre. In addition, two little WWTPs flowing in Meuse 

tributaries were investigated. The WWTP of Avesnes-sur-Helpe (19 830 PE, 50°07'48.5"N 

3°55'13.6"E, France) flows in the river Helpe Majeure (average flow of 3.86 m
3
/s) and the WWTP of 

Bouillon (7500 PE, 49°47'24.0"N 5°03'00.0"E, Belgium) flows in the river Semois (average flow of 26 

m
3
/s) (Fig. 1). All of the studied WWTPs use activated sludge treatment. The WWTPs in Charleroi and 

Namur have also specific nitrogen and phosphorus treatment (chemical and biological). The WWTP of 

Bouillon is located in an area with great tourist activity and is therefore endowed with tertiary UV 

treatment. 

 

Fig. 1: Localisation of studied sites in France and Belgium along the 
Meuse basin (from Catteau et al. (2021) and Hani et al. (2021)). 

During the study, several water samples were taken upstream and downstream from the WWTP 

effluents to carry out chemical analyses. Results for the 45 compounds monitored are available in 

Catteau et al. (2021) and Hani et al. (2021). These data were used to summarize the global 
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contamination by pharmaceuticals and domestic tracers in each site (Table 1). Data clearly 

demonstrate the involvement of the WWTPs effluents in the increasing downstream contamination in 

Bouillon, Namur and Charleroi. On the contrary, the effluent of Charleville-Mézières induces a slight 

increase in contamination and no increase contamination was observed for the effluent of Avesnes-

sur-Helpe WWTP. In addition to the contaminants brought by the effluents, the rivers present 

differences in chemicals level even upstream the WWTP. The chemical contamination in the Semois, 

the Helpe-Majeure and the Meuse at Charleville-Mézières appear to be lower than in the Meuse at 

Namur and the Sambre. 

Table 1: Summary of pharmaceuticals and domestic tracers contamination in each site. For the 
pharmaceuticals, the mean was calculated from the concentrations measured for the 45 compounds 
monitored. For domestic activity tracers, the mean of the concentrations measured for caffeine and 
cotinine was calculated (modified from Catteau et al. (2021)). 

Municipality River 
Localisation 

(from the WWTP) 

Pharmaceuticals Domestic activity tracers 

Mean (ng/L) CV (%) Mean (ng/L) CV (%) 

Avesne-sur-
Helpe 

The Helpe-
Majeure 

Upstream 440 19 171 62 

Downstream 426 13 167 63 

Bouillon The Semois 
Upstream 389 57 100 15 

Downstream 1629 96 170 33 

Charleroi The Sambre 
Upstream 2489 13 905 59 

Downstream 4123 22 1725 64 

Charleville-
Mézières 

The Meuse
(1)

 
Upstream 535 48 172 40 

Downstream 732 24 164 41 

Namur  The Meuse
(2)

 
Upstream 2041 111 637 63 

Downstream 4337 47 614 62 
(1)

 Upstream from the confluence with the Sambre 
(2)

 Downstream from the confluence with the Sambre 

The water temperature was recorded throughout the experiment thanks to temperatures loggers. The 

conductivity and the pH were measured at the beginning and the end of the exposure. These 

physicochemical parameters are indicated in Table 2. Few differences can be observed between 

upstream and downstream of the different sites, except for Charleroi where the conductivity increases 

strongly downstream of the effluent.  

Table 2: Physicochemical parameters of studied sites. Results are expressed with arithmetical mean ± 
standard deviation. 

    
Temperature  

(°C) 
Conductivity (µS/cm) pH 

  Mean ± Sd Mean ± Sd Mean ± Sd 

Avesnes-sur-
Helpe 

Upstream 12.5 ± 1.5 505.8 ± 122.2 8.0 ± 0.4 

Downstream 12.6 ± 1.5 379.0 ± 20.5 7.9 ± 0.2 

Bouillon 
Upstream 13.1 ± 1.7 310.0 ± 26.4 8.6 ± 0.5 

Downstream 13.4 ± 1.6 314.0 ± 26.7 8.6 ± 0.3 

Namur 
Upstream 12.3 ± 3.3 741.3 ± 146.7 8.2 ± 0.1 

Downstream 12.5 ± 3.2 763.3 ± 140.6 8.1 ± 0.1 
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Charleville-
Mézières 

Upstream 10.6 ± 3.0 596.8 ± 12.7 8.2 ± 0.1 

Downstream 10.8 ± 3.0 598.0 ± 12.8 8.2 ± 0.1 

Charleroi 
Upstream 11.4 ± 3.2 672.5 ± 16.3 8.1 ± 0.2 

Downstream 11.9 ± 3.1 1024.5 ± 172.1 8.0 ± 0.1 

 

2.2. Experimental design 

The caging was carried out in autumn, between September and December 2018. Autumn corresponds 

to the sexual rest period of G. aculeatus and D. polymorpha and therefore constitutes an appropriate 

season for the use of these models in biomonitoring to limit the variability linked to reproduction 

(Catteau et al., 2019; Palais et al., 2012). As far as practicable, all species have been caged in all sites 

studied. However, the invasive nature of D. polymorpha limited its use on stations where native 

populations are present (Namur, Charleville-Mézières and Charleroi). In addition, for practical reasons, 

G. aculeatus and F. antipyretica could not be caged at the Charleroi sites. All species were caged in 

the same period (between the 24
th
 of September and the 26

th
 of November 2018) for 3 weeks (G. 

aculeatus, F. antipyretica, G. fossarum) or 2 months (D. polymorpha). The precise dates of cage 

installations and individuals recovery are indicated in Table S1.  

The three-spined sticklebacks G. aculeatus used in this study came from the breeding facilities of the 

French National Institute for Industrial Environment and Risks (INERIS, 49°16'21.0"N 2°30'12.7"E). 

They were sexed (De Kermoysan et al., 2013) and maintained separated by gender in outdoor ponds 

chemical contamination free under ecosystem conditions (outside ponds with continuous renewal of 

water, natural vegetation and macroinvertebrate communities) until the field experiment. In September 

2018, adult three-spined sticklebacks (1-year-old; 4.40 ± 0.45 cm ; 1.07 ± 0.34 g) were caged 

upstream (2 cages) and downstream (2 cages) from the WWTPs at a rate of 30 fishes in each studied 

site (15 fish / cages) during 21 days. Cages used were cylindrical stainless steel tanks of 630mm high, 

270mm diameter (volume = 36L) and 5mm mesh (Catteau et al., 2021).  

The zebra mussels D. polymorpha (2 ± 0.1 cm shell length) were collected in October 2018 from the 

“Lac du Der-Chantecoq” (northeastern France, 48°35'02.3"N 4°43'27.9"E) considered as a reference 

site. After a two-weeks acclimation period in aerated laboratory tanks at 14°C in darkness, mussels 

were randomly placed in 2-mm-mesh polyethylene cages (7 × 7 × 14 cm) (200 mussels per cage). The 

cages were then installed for two months upstream (1 cage) and downstream (1 cage) from the 

WWTPs (Hani et al., 2021). 

Adults G. fossarum were collected, through 2- and 2.5-mm sieves, on a bygone watercress farm 

located in Saint-Maurice-de-Remens (eastern central France), acclimatized to laboratory conditions 

and caged in field as previously described (Jubeaux et al., 2012). Organisms were collected by kick 

sampling using a net, and quickly transported to the laboratory. They were then kept in tanks 

continuously supplied with drilled groundwater and under aeration for at least 10 days before being 

used. A 16/8h light/dark photoperiod was maintained, the temperature was kept at 12 ± 1 °C and 

organisms were fed ad libitum with alder leaves (Alnus glutinosa). Male organisms and AB-moulting 
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stage females were caged and fed ad libitum with alder leaves during exposure. They were placed in 

punctured polypropylene cylinders to allow free circulation of water. Polypropylene cylinders, 

containing 20 males (plus 20 alder leaves discs of known diameters for feeding rate assessment) or 

10 females are placed on each studied site for 7 and 21 days respectively, according to the biological 

responses studied.  

Bryophytes F. antipyretica (branched clumps of 40 to 50 cm) were collected at October 2018 in the 

reference water bodies defined in Wallonia for the sub-basins of the Semois-Chiers (Meuse 

watershed) (Galoux et al., 2015; Sossey-Alaoui and Rosillo, 2013). After collecting, the mosses were 

further acclimatized in river water for 2 weeks under laboratory conditions (16:8 h light/dark cycle at 15 

± 2 C, with constant aeration). Mosses were then placed in nylon cages (15 × 20 cm, 6–30 mm
2 

mesh 

size) (200 g per cage). The cages were then installed for one month upstream (3 cages) and 

downstream (3 cages) from the WWTPs. 

2.3. Biomarker analysis 

2.3.1. Gasterosteus aculeatus 

At the end of exposure, the three-spined stickleback were anesthetized by balneation in MS222 

(Tricaine methanesulfonate, 100 mg/L, Sigma-Aldrich, USA) and were sacrified by cervical dislocation. 

This experiment was conducted in accordance with the European directive 2010/63/UE on the 

protection of animals used for scientific purposes at INERIS facilities (registration number E60-769-

02).  

The protocols for biological samples recovery and biomarker analysis in the three-spined stickleback 

were presented in detail in Catteau et al. (2020, 2021).  

Briefly, blood samples (5µL), kidneys, livers and pieces of muscle were recovered and placed in the 

appropriate buffer solutions. The spleen was also recovered and smashed through sterilized nylon 

mesh (40 µm, Sigma-Aldrich, USA) with Leibovitch medium (L15, Sigma-Aldrich, USA) modified by 

adding penicillin (500 mg/L, Sigma-Aldrich, USA) and streptomycin (500 mg/L, Sigma-Aldrich, USA), 

as described in the previous cited studies. The blood and organ samples were stored at -80°C before 

biomarkers analysis and the leucocyte suspension from the spleen was stored at 4°C for 18 hours 

before analysis.  

All biomarker analyses were performed on individual fish and are described in previous cited studies 

(Catteau et al., 2021, 2020).  

Briefly, the leucocyte suspensions were used to assess some innate immune parameters, such as the 

cellular mortality percentage (apoptosis and necrosis), the leucocyte distribution (percentage of 

granulocytes and lymphocytes among leucocytes), the phagocytosis efficiency and the respiratory 

burst capacity. Analyses were carried out using flow cytometer (MACSQuant X, Miltenyi Biotec, USA) 

and all protocols have been developed and described by Bado-Nilles et al. (2013, 2014) and Gagnaire 

et al. (2015). 
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Muscles and livers were grinded with glass beads (diameter of 1 mm) and centrifuged (10,000 g, 15 

min, 4 °C) for recovering the supernatant (post-mitochondrial fraction S9). Muscles supernatants were 

used to assess the acetylcholinesterase activity (AChE). Livers supernatants were used to assess the 

total glutathione concentration (GSH), the superoxide dismutase activity (SOD), the glutathione 

peroxidase activity (GPx), the catalase activity (CAT) and the thiobarbituric reactive substance 

concentration (TBARS), as biomarkers of oxidative stress. Two enzymes involved in metabolisation 

detoxication were also analysed, namely the ethoxyresorufin-O-deethylase activity (EROD) and the 

glutathione-S-transferase activity (GST). All these biomarkers were expressed according to the protein 

concentration, measured using the Bradford method (Bradford (1976). 

The vitellogenin concentration (VTG) was measured in the blood samples of male sticklebacks and the 

spiggin concentration (SPG) were measured in the kidneys of female sticklebacks. Theses biomarkers 

are representative of potential endocrine disruption and were assessed through ELISA tests.  

All these biochemical biomarkers (oxidative stress, detoxification enzymes and endocrine perturbation) 

were adapted on three-spined sticklebacks by Sanchez et al. (2005, 2007, 2008). 

2.3.2. Gammarus fossarum  

At the end of exposure, organisms were counted (for survival rate assessment) and directly used to 

measure reproductive markers in females (moulting stages and fecundity) or weighed, frozen in liquid 

nitrogen and stored at −80 °C for measurement of molecular biomarkers in males. Remains of alder 

leaves placed with males are also collected for the measurement of the feeding rate. 

Reproductive capacity 

The molt stage (molting delay) and the number of oocytes per female were evaluated as described by 

Geffard et al. (2010) according to the French standard protocol AFNOR XP T90-722-2. Molt stage of 

females was identified by the integumental morphogenesis observation of the third and fourth 

periopod pairs in optical microscopy (x 200). The number of oocytes per female (fecundity) was 

counted by in vivo observations of the gonads under binocular microscope and standardized by 

dividing the total count of oocytes by female body-size.  

Feeding assay  

The feeding rate was assessed according to the procedure described in Coulaud et al. (2011) 

according to the French standard protocol AFNOR XP T90-722-3. As previously presented, 20 male 

gammarids and 20 leaf discs (20 mm diameter) were enclosed in perforated cylinders (four replicates 

per site). After 7 days, leaf discs were collected and numerically scanned to estimate leaf 

consumption. According to Coulaud et al. (2011), feeding rate values are corrected according to field 

temperatures and body size of test orgnaisms,. 

Molecular biomarkers 
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Five pools of 5 male gammarids (15 to 20 mg per male) were homogenized with a FastPrep-24™ 

grinder in a microtube containing cold phosphate buffer (100mM pH 7.8 , 1:10 (w:v), 0.1% Triton X-

100, one steal ball (4mm) and few glass balls (2 mm). Homogenates were then centrifuged at 4 °C for 

15 min at 9000xg and the supernatant (post-mitochondrial fraction or S9) was conserved at 4 °C until 

enzymatic measurement. 

The acetylcholinesterase activity (AChE) was determined according to Ellman et al. (1961) adapted to 

microplates (Xuereb et al., 2009). In a 96-well microtiter plate, 20 μL of 0.0076 M 

dithiobisnitrobenzoate, 20 μL of S9 and 330 μL of phosphate buffer (0.1 M, pH 7.8) and 10 μL of 

acetylthiocholine iodide solution were added. Hydrolysis to the yellow product 5-thio-2-nitro-benzoic-

acid was measured at 405 nm in a spectrophotometer every 30 s for 3 min. AChE activity was 

expressed as nmoles of substrate hydrolyzed per minute. 

The glutathione-S-transferase activity (GST) was measured according to (Habig et al., 1976) in 96 well 

microplates by adding 170 μL of 2.2 mM reduced glutathione, 10 μL of 38 mM 1-chloro-2.4-

dinitrobenzene, 150 μL of 0.1M phosphate buffer and 20 μL of the 1/8 pre-diluted S9 fraction per well. 

GST activity was measured in a spectrophotometer at 340 nm every 30 s for 3min and was expressed 

as nmoles of substrate hydrolyzed per mg of wet matter equivalent. 

The analytical method for carboxylesterase activity (CE) measurement was developed by Ljungquist 

and Augustinsson (1971) and then adapted to the microplate. Reacting with 4-Nitrophenyl acetate, 

carboxylesterase leads to the formation of yellow nitro phenol. Carboxylesterase was measured by 

adding 330 μl of phosphate buffer (0.1 M, pH 7.8), 15 μl of the fraction S9 and 5 μl of a solution of 4-

Nitrophenyl acetate (140 mM in DMSO). The absorbance was read at 405 nm at 20 ° C every 30 

seconds, for 3 minutes. The activity was expressed in nmol of substrate hydrolyzed per minute and 

per mg of wet matter equivalent. 

The phenol oxidase activity (PO) was measured according to Janssens and Stoks (2014), adapted for 

96-well microtiter plates. 80 µl of 5 mM saline phosphate buffer (PBS, pH 7.4) and 15 μL of S9 were 

added to each well. Then, 5 μL of chymotrypsin solution (5mg.ml
-1

) were added and incubated for 5 

min at room temperature to convert all pro-enzyme prophenoloxidase into phenoloxidase. Afterwards, 

100 μL of 3.4-dihydroxy-L-phenylalanine (1.97 mg.ml
-1

 in PBS) were added and the absorbance of the 

red colored dopachrome was measured in a spectrophotometer at 490 nm every 30 s during 3 min at 

30 °C. The phenol oxidase activity was expressed as nmoles of substrate hydrolyzed per minute per 

mg of wet matter equivalent. 

2.3.3. Dreissena polymorpha 

After 2 months of exposure, the zebra mussels were recovered, transported to the laboratory and kept 

in aerated aquariums (in the water coming from the site studied) for one day before the biological 

samples recovery. 
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For each site, 9 pools per site of 3 digestive glands (A) and nine pools of 3 whole organisms (B) were 

recovered and stored at -80°C. The samples “A” were used to measure protein concentrations and 

various enzymes activities involved in energy acquisition (amylase, acid phosphatase “PAC”, lipase 

and lactate dehydrogenase “LDH”, aspartate transaminase “ASAT”, alanine aminotransferase “ALAT” 

activities). The samples “B” were used to measure the available energy reserves (Ea) in mussel 

tissues (proteins, lipids, glycogen and glucose) and to evaluate the energy consumption (Ec) by 

measuring the activity of the electron transport system (ETS) (Hani et al., 2021). Finally, an integrative 

biomarker (CEA: cellular energy allocation) was calculated after determining Ea and Ec, according to 

the following formula: [CEA = Ea/Ec] (Verslycke et al., 2003). In addition to these biochemical 

biomarkers of energy metabolism, the mitochondrial ATP synthase (ATPase) and cytochrome-C-

oxidase (COX) gene expressions were measured by qPCR individually in the digestive glands of 10 

mussels per site, following the protocol detailed in Louis et al. (2020). 

To assess the phagocytic efficiency of the hemocytes, hemolymph was withdrawn from mussel 

posterior muscle (n = 10). Immediately after the sample, each hemolymph sample quality was visually 

checked under an inverted microscope and cell count was performed using KOVA® Glasstic® slides 

with grids (Hycor Biomedical) according to the manufacturer's recommendations. The analyse of 

phagocytic activity was carried out in the same day using flow cytometer (Accuri™ C6 flow cytometer, 

Becton Dickinson) in 96-well microplates with 100 × 10
3
 cells/well. The protocol for the immune 

biomarkers assessment in the zebra mussels is detailed in Barjhoux et al. (2020).  

DNA strand breaks (representative of genotoxicity) were measured by the alkaline version of the 

comet assay (pH>13) in the circulating hemocytes collected in the same 10 mussels than the immune 

parameters. Cells mortality and concentration were assessed using flow cytometer (Accuri™ C6 flow 

cytometer, Becton Dickinson) before performing the comet assay. The cell concentration was adjusted 

to a final concentration of 85000 cells/mL in a low melting point agarose (0,7% w/v), and the comet 

assay was performed with two 8µL-minigels per mussel and a minimum of 100 nucleoids scored per 

minigel, following the methods described in Joachim et al. (2021) and in Louzon et al. (in prep). The 

level of DNA strand breaks was expressed as the mean percentage of tail intensity.  

The phenol oxidase activity (PO), the Carboxylesterase activity (CE) and the glutathione-s-transferase 

activity (GST) were measured with the same method as described for G. fossarum previously.  

2.3.4. Fontinalis antipyretica 

After 4 weeks of exposure, bryophytes were recovered and 10 randomly selected stems were sampled 

from each sample and morphological traits were measured (Stem length and Stem number).  

To analyze antioxidative defense activity of F. antipyretica, three enzymes were selected: 

Superoxidase dismutase (SOD, EC 1.15.1.1), Catalase (CAT, EC1.11.1.6) and Guaiacol 

peroxidase (GcPX, EC1.11.1.7). Two grams of F. antipyretica samples were weighted and 

crushed in a mortar placed on ice. Thereafter, the samples were suspended in 10 mL 80% (v/v) 

phosphate buffer, at solid to solvent ratio of 1:10 (w/v). After 24 h of maceration the supernatants 
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were filtered through a Whatman GF/F glass microfiber filter (0.7 µm). The resulting suspension 

was centrifuged at 15000 × g for 10 min at 4 °C and supernatant stored at -80 °C until enzymes 

analyses.  

The activities of the antioxidative enzymes superoxidase dismutase (SOD), Catalase (CAT) and 

Guaiacol peroxidase (GcPx) were measured following the protocols of Qiu-Fang et al. (2005), Chaoui 

et al. (1997) and Roy et al. (1992) adapted to F. antipyretica. These biomarkers were expressed by 

the protein concentration, measured using the Bradford method (Bradford, 1976). 

Chlorophyll a and b were extracted according to method of Arnon (1949) which involves maceration of 

the plant in acetone and calcium bicarbonate. After filtration and storage in a black box, the 

absorbance was then measured spectrophotometrically at 663 and 645 nm.  

The quantities of total chlorophylls and the chlorophyll a/b ratios concentration (mg/g FW) were 

determined by the equations proposed by Mackinney (1941). Determination of enzyme activity and 

chlorophyll measurements were performed in triplicate for each replicate. 

2.4. IBR calculations 

First, for each species, a reference value was defined for each biomarker (X0). Reference values for 

G. fossarum and D. polymorpha were determined for each biomarker based on the statistical method 

for determining threshold values described in Besse et al. (2013). For G. aculeatus and F. antipyretica, 

the references values were defined from a chosen reference group. For G. aculeatus, the reference 

group was the initial population maintained under control condition and sampled in the same period 

than the caging experiment. For F. antipyretica, the reference group came from the control condition of 

a mesocosm experimentation realised in the same year (Sossey Alaoui et al., 2021).  

The Integrated Biomarker Response (IBRv2) (Sanchez et al., 2013) was calculated for each species to 

compare the global difference of biomarker levels on each studied site. From the measure of a 

biomarker j (j=1..J) on an individual i (i=1..n) of the species e (e=1..E, here E=4) at the site k (k=1..m, 

here m=5) upstream or downstream of the WWTP (u=1 for upstream and u=2 for downstream), called 

Xe,j,i,k,u, the IBRv2 index was calculated according to the following steps (Sanchez et al., 2013): 

1) Calculation of the mean of each biomarker for the species e at the site k (upstream or 
downstream) : 

𝑋̅𝑒,𝑗,𝑘,𝑢 =
1

𝑛
∑ 𝑋𝑒,𝑗,𝑖,𝑘,𝑢
𝑛
𝑖=1   Eq. (1) 

2) Transformation into an induction/inhibition index regarding the reference value of the given 
biomarker: 

𝑌𝑒,𝑗,𝑘,𝑢 = log(
𝑋̅𝑒,𝑗,𝑘,𝑢

𝑋0𝑒,𝑗
)  Eq. (2) 

3) Calculation of a deviation index to the reference: 

𝐴𝑒,𝑗,𝑘,𝑢 =
𝑌𝑒,𝑗,𝑘,𝑢

𝜎𝑌𝑒,𝑗
    Eq. (3) 
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With 𝜎𝑌𝑒,𝑗 the standard deviation of the Ye,j,k,u values among the m*2 localisations (m sites, 

upstream and downstream) : 

𝜎𝑌𝑒,𝑗 =
1

𝑚∗2
√∑ ∑ (𝑌𝑒,𝑗,𝑘,𝑢 − 𝑌̅𝑒,𝑗)

2
𝑢=1

2𝑚
𝑘=1  where 𝑌̅𝑒,𝑗 is the mean of the Ye,j,k,u values among the 

m*2 localisations. 

4) Calculation of the IBRv2 value for the species e at the site k upstream or downstream:  

𝐼𝑒,𝑘,𝑢 = ∑ |𝐴𝑒,𝑗,𝑘,𝑢|
𝐽
𝑗=1   Eq. (4) 

 

For each site, we thus obtained an IBRv2 value for each species upstream and downstream the 

WWTP. In order to compare the different rivers upstream from the WWTPs, we propose an integrated 

“multispecies” IBR value based on biomarkers modulation of the four species simultaneously. From 

the IBRv2 value calculated for each species at upstream localisation (each site upstream the WWTP) 

(Eq. 4), we first calculate the deviation of this value for each species regarding the mean of all 

upstream IBRv2 values of each species respectively (Eq. 5): 

𝐹𝑒,𝑘,1 =
𝐼𝑒,𝑘,1

𝐼𝑒̂
    Eq. (5) 

where 𝐼𝑒̂ =
1

𝑚
∑ 𝐼𝑒,𝑘,1
𝑚
𝑘=1  is the mean, for each species, of the IBRv2 values estimated in all upstream 

sites. 

Finally, a multispecies IBR value is obtained for each upstream site by summing the deviation values 

calculated before (Eq. 5) on all species: 

𝐼𝑀𝑘 = ∑ 𝐹𝑒,𝑘,1
𝐸
𝑒=1   Eq. (6) 

 

All the calculations were performed with R software version 3.3.2 (R Development Core Team, 2014). 
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3. RESULTS  

3.1. Survival rate of animal species 

The survival rate at the end of the caging was high for G. aculeatus and D. polymorpha (always > 90% 

for both species which corresponds to a maximum of 2/30 dead fish and around 25/360 dead zebra 

mussels per site). A slight decrease of D. polymorpha survival rate was only observed downstream 

from the WWTP of Charleroi (87.9%, 44/360 dead). Concerning G. fossarum, their survival rate was 

usually lower than the other species and depended on the gender of individuals and the sites studied. 

Very satisfying survival rates were observed for both genders in the Helpe-Majeure at Avesnes-sur-

Helpe (≥ 85%). They were decreased in the Semois at Bouillon for both sexes, particularly 

downstream from the WWTP (Male: 81.3%; Female: 71.4%). The sites in the Meuse at Namur were 

very contrasted, with a satisfying survival rate for both sexes downstream from the WWTP (Male: 

96.3%; Female: 95.2%) but a lower survival rate upstream from the WWTP, particularly for female 

individuals (76.2%). Very satisfying survival rates were obtained in the Meuse at Charleville-Mézières 

for female individuals (> 90%) but they were lower for male individuals (< 75%). Finally, a weak 

survival rate was observed in female G. fossarum downstream from the WWTP of Charleroi with only 

28.6% of surviving individuals (Table 3).  

Table 3: Rate of survival of Gasterosteus aculeatus, Gammarus fossarum and 
Dreissena polymorpha caged in the sites studied. ND: No data, NC : not 
concerned. 

Survival rate (%) G. aculeatus 
G. fossarum 

D. polymorpha 
Male Female 

Avesnes-sur-
Helpe 

Upstream 96.6 93.8 85.7 NC 

Downstream 96.6 85 90.5 NC 

Bouillon 
Upstream 96.6 88.8 81 NC 

Downstream 92.9 81.3 71.4 NC 

Namur 
Upstream 92.9 87.5 76.2 92.2 

Downstream 92.9 96.3 95.2 93.6 

Charleville-
Mézières 

Upstream 96.6 73.8 90.5 93.1 

Downstream 96.6 72.5 95.2 93.6 

Charleroi 
Upstream ND ND ND 92.2 

Downstream ND 97.5 28.6 87.8 
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3.2. Biomarkers modulations upstream and downstream from the 

WWTP effluents 

 

Fig. 2: IBRv2 calculation (Eq. 4) and starplot for each species caged upstream and downstream the 
WWTPs of Bouillon and Avesnes-sur-Helpe. The detailed deviation index (A, Eq. 3) are available in 
Table S2 and Table S3. 

In the Helpe Majeure at Avesnes-sur-Helpe, the IBR index for the three species were very similar 

upstream and downstream from the effluent (difference < 0.5) which highlights the low effects in the 

receiving river of the WWTP effluent on the biomarkers assessed (Fig. 2).  

In the Semois at Bouillon, the IBR values with G. aculeatus and G. fossarum were higher downstream 

from the effluent than upstream (G. aculeatus: IUpstream = 17.6, IDownstream = 19.6; G. fossarum: IUpstream = 

8.1, IDownstream = 13.0). For G. aculeatus, the deleterious effects of effluent resulted in a decrease of 

innate immune capacities (increase in leucocytes mortality and decrease in the phagocytosis 

efficiency). For G. fossarum, it resulted rather in a worsening of effects measured in the individuals 

caged upstream from the effluent, namely a stronger inhibition of AChE activity and feeding rate as 

well as a stronger induction of biotransformation enzymes activities (GST and CE). On the contrary, 

the IBR index of F. antipyretica was higher upstream (IUpstream = 15.3) than downstream (IDownstream = 

11.6) from the effluent. The standard stem length and number were more elevated upstream from the 

WWTP than downstream (Fig. 2).  
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Fig. 3: IBRv2 calculation (Eq. 4) calculation and starplot for each species caged upstream and 
downstream the WWTPs of Namur and Charleville-Mézières. The detailed deviation index (A, Eq. 3) 
are available in Table S2 and Table S3. 

In the Meuse at Namur, the IBR index for G. fossarum, D. polymorpha and F. antipyretica were higher 

upstream from the effluent than downstream (G. fossarum: IUpstream = 10.3 and IDownstream = 7.6; D. 

polymorpha: IUpstream = 28.5 and IDownstream = 25.6; F. antipyretica: IUpstream = 15.1 and IDownstream = 11.4). 

The molting delay and the AChE inhibition measured in G. fossarum upstream from the effluent were 

not highlighted downstream. D. polymorpha individuals have shown stronger energy metabolism 

perturbations (induction in lipase activity and in COX and ATPase genes expressions, inhibition of 

PAC activity) and a stronger GST inhibition upstream than downstream from the effluent. For its part, 

F. antipyretica presented a stronger modification of the chlorophyll a / chlorophyll b ratio upstream 

than downstream from the effluent. On the contrary, G. aculeatus was the only species that highlighted 

an effect of the WWTP effluent with a higher IBR value downstream from the effluent (IDownstream = 

17.3) than upstream (IUpstream = 15.3). This deleterious effect was highlighted by a strong 

immunotoxicity downstream from the effluent, measured by an inhibition of phagocytosis efficiency, an 

increase in the leucocyte mortality and a modification in the leucocyte distribution (increase of the 

granulocyte/lymphocyte ratio) (Fig. 3).  

In the Meuse at Charleville-Mézière, the IBR values were higher upstream from the WWTP effluent 

than downstream with G. aculeatus (IUpstream = 24.5, IDownstream = 19.3), D. polymorpha (IUpstream = 24.7; 

IDownstream = 19.7) and G. fossarum (IUpstream = 7.0; IDownstream = 5.2). G. aculeatus individuals have 

presented a slight induction in the VTG concentration upstream from the effluent that was not 

measured downstream. The biotransformation enzymes (EROD and GST), CAT and AChE activities 

were also stronger inhibited upstream than downstream from the effluent. For their part, the zebra 

mussels D. polymorpha have presented stronger energy metabolism perturbations upstream from the 
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effluent than downstream, especially with a higher induction of CEA and amylase activity as well as an 

inhibition of ETS activity. Finally, the inhibition of AChE activity measured upstream from the effluent in 

G. fossarum was no longer measured downstream. Unlike animal species, the IBR value in F. 

antipyretica was higher downstream (IDownstream = 12.4) than upstream from the effluent (IUpstream = 

11.4). The standard length and the number of stems were closer of the reference downstream from 

the effluent than upstream (Fig. 3). 

In the Sambre at Charleroi, the cages containing G. fossarum individuals could unfortunately not be 

recovered upstream from the WWTP. Consequently, the effects of this WWTP effluent can only be 

investigated according to the biomarkers in D. polymorpha. The IBR value for this specie was slightly 

higher downstream from the WWTP (IDownstream = 21.4) than upstream (IUpstream = 20.2). This effluent 

effect was mainly due to the increase in CE activity and the decrease of the phagocytosis efficiency 

(Fig. 4).  

 

Fig. 4: IBRv2 calculation (Eq. 4) and starplot for Dreissena polymorpha and Gammarus fossarum 
caged upstream and downstream the WWTPs of Charleroi. The detailed deviation index (A, Eq. 3) are 
available in Table S2 and Table S3. 
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3.3. Classification of the rivers following the model species 

To classify the different rivers, only upstream sites which correspond to the water quality upstream 

from the WWTPs have been kept. Moreover, only the sites where G. fossarum, G. aculeatus and F. 

antipyretica were caged have been considered (Charleville-Mézière, Namur, Avesnes-sur-Helpe) to 

keep focus on the three species cages on 4/5 of the sites studied. On the basis of the individual IBR 

values, a “multispecies” IBR index (Eq. 6) is proposed to compare the 4 sites according to the whole 

results of the three species (Table 4).  

Table 4: The individual (I index, Eq. 4) and multispecies IBR values (IM in Eq. 6) for the sites upstream 
the WWTP of Bouillon, Avesnes-sur-Helpe, Namur and Charleville-Mézière.  

  Individual IBR values (I) Multispecies 
IBR values (IM)   G. aculeatus G. fossarum F. antipyretica 

Semois  
(Bouillon) 

17.6 8.1 15.3 2.98 

Helpe-Majeure 
(Avesnes-sur-Helpe) 

18.1 9.4 13.0 2.99 

Meuse  
(Namur) 

15.6 10.3 15.1 3.11 

Meuse  
(Charleville-Mézière) 

24.5 7.0 11.4 2.92 

 

The multispecies IBR indicates that the Meuse at Namur was the site which have induced the stronger 

biological impacts (IM= 3.11). This site is downgraded based on results highlighted in G. fossarum (I = 

10.3) and in F. antipyretica (I = 15.1). In G. fossarum, a high induction of the CE activity associated 

with a decrease in the AChE activity was measured. In addition, an increase in the molting delay, in 

the PO activity and in the feeding rate was recorded. In F. antipyretica, all biomarkers were strongly 

modulated, especially the antioxidative defenses which have presented high inductions. An increase 

of the Chl a / Chl b ratio, the number of stem and a decrease of the total chlorophyll concentration and 

the total stem length were also measured. On the contrary, the Meuse at Namur appeared to be the 

least deteriorated site regarding the biomarkers responses in G. aculeatus (I = 15.60), even if a lot of 

biomarkers were modulated, namely immune parameters (high leucocyte mortality and low 

phagocytosis efficiency), AChE activity (inhibition), GSH concentration and GPx activity (induction for 

both).  

The multispecies IBR highlights that the Meuse at Charleville-Mézière was the site with the lowest 

impacts on the biomarkers (IM = 2.92). This ranking is due to the results in G. fossarum and F. 

antipyretica. This site was the least deteriorated regarding G. fossarum (I = 7.0) with only an induction 

of the CE activity recorded. In the same way, it was also the least deteriorated site according to the F. 

antipyretica (IBR = 11.4) in which induction of antioxidative enzymes (CAT, SOD, GcPx) and induction 

of stem number and length were measured. As for Namur, the results were opposite for G. aculeatus 

in which strong modulations have been highlighted. Indeed, the Meuse at Charleville-Mézière 

appeared as the most deteriorated site with the biomarker responses in the sticklebacks (IBR = 
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24.50). The measured perturbations were characterised by a high VTG concentration in males, low 

EROD, GST, CAT and AChE activities, a high GPx activity associated with a high GSH and TBARS 

content. 

The Semois and the Helpe-Majeure are middle ranked with similar values for the multispecies IBR, 

respectively equal to 2.98 and 2.99. These rivers are middle ranked both in G. aculeatus (Semois : 

IBR = 17.6 ; Helpe-majeure : IBR = 18.1) and G. fossarum (Semois : IBR = 8.1 ; Helpe-majeure : IBR 

= 9.4) but the Semois was the highest deteriorated site regarding to F. antipyretica (IBR = 15.3). The 

stickleback caged in the Semois at Bouillon have presented a decrease in biotransformation enzymes 

activities (EROD and GST), in antioxidant enzymes activities (SOD, CAT), in TBARS content and in 

AChE activity. In G. fossarum, an increase in PO and CE activities was measured associated with a 

reduction of the feeding rate and AChE activity. F. antipyretica have presented a strong induction of 

antioxidative enzymes, number and length of stem as well as a decrease in the concentration of total 

chlorophyll. The downgrading of the Helpe-Majeure with G. aculeatus rested on the high respiratory 

burst index, the high GPx activity and GSH content and the low CAT and AChE activities. As for G. 

aculeatus, perturbations in antioxidative enzymes were measured in F. antipyretica (high SOD, CAT 

and GcPx activities), in addition to a low total chlorophyll concentration. According to G. fossarum, the 

downgrading of the Helpe-Majeure was linked with the high GST and CE activities, the high molting 

delay and the high oocytes number in female individuals 

4. DISCUSSION 

4.1. Applicability of multispecies caging for the biomonitoring 

Active biomonitoring is a relevant alternative to overcome limitations associated with the passive 

approach. (number, size, and age variability of the sampled individuals, acclimatization or adaptation 

of native populations to chronic contamination). However, all active biomonitoring studies in aquatic 

environments focus only on a single species belonging to a single biological compartment. The 

variability of the response to contamination between different species is few questioned and 

integrated. As part of the DIADeM program, the main objective was to demonstrate that species 

diversity in biomonitoring, through active biomonitoring approach, is relevant and improve diagnostic of 

aquatic systems. Survival rates were rather high for all three animal species, especially G. aculeatus 

and D. polymorpha for which survival rates mostly exceeded 90%. The caging of G. aculeatus 

individuals was successful at all sites, even in large and deep river with high flow rate. The study 

demonstrates the wide use range of these four model species together, which can be caged both in 

small and large systems with a variability in physicochemical parameters and chemicals 

contamination. This study has demonstrated the technical feasibility of the multispecies caging with 

several species belonging to various biological groups. 
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4.2. Characterization of effluents impacts with the different species 

Biomarkers assessed in the three animal species (G. aculeatus, D. polymorpha, G. fossarum) were 

diversified and complementary, the result of many years of use in biomonitoring studies. On the 

contrary, biomarkers are more rarely and recently studied in F. antipyretica. As a result, the battery of 

biomarkers in F. antipyretica in DIADeM program is less diversified than in other species. 

Consequently, the adverse effect of WWTPs effluents and the global contamination of the rivers were 

far less highlighted with F. antipyretica than with other species. No upstream/downstream differences 

were shown in the antioxidative enzymes activities, which have presented strong inductions in 

comparison to the reference, whatever the site investigated. In the same way, no difference in the total 

chlorophyll concentration was shown. The chl a / chl b ratio was the only biomarker induced 

downstream from the WWTP of Namur, which could be indicative of a decrease in the light exposure 

(Leong and Anderson, 1984). Among all the biomarkers assessed in F. antipyretica, the stem length 

and number appeared as the only ones that have presented some differences between the sites 

upstream and downstream from the WWTP (especially in Bouillon and Charleville-Mézières). 

However, these two parameters are only morphological indicators that give no information about the 

physiological function or the cellular compartment impacted by the pollution. It should also be noted 

that availability of contaminants and the uptake of these by moss can be affected by some 

characteristics of the sampling site including highly variable flow throughout the water column, the 

depth and width of the river. The depth for example should be sufficient to ensure that the moss is 

submerged throughout the exposure period. This factor differs among the exposure sites and it was 

low in the Semois at Bouillon and Avesnes-sur-Helpe which were in low-water periods during the 

exposure which may have affected the uptake of the pollutants by the plant. In addition, the amount of 

moss used was 200 g/cage which probably prevent a better circulation of water in the moss mass and 

limit assimilation of pollutants to those close to the inner surface of the bags (Ares et al., 2014; Kelly 

and Whitton, 1987). This phenomenon can be observed mainly in shallow slow current rivers.  

The caging of the three animal species has conducted to similar conclusions concerning the WWTPs 

effluents effects in Avesnes-sur-Helpe, Charleville-Mézières and Bouillon. In Avesnes-sur-Helpe, the 

calculated IBR values for all species were not different between the upstream and downstream site. 

No upstream/downstream difference have hence been highlighted whatever the model species. In the 

Meuse at Charleville-Mézières, the three animal species have presented stronger modulations of 

biomarkers upstream than downstream from the WWTP. The results were similar for the three species 

even if this upstream/downstream discrepancy was weaker in G. fossarum. This underlines the 

absence of adverse effect coming from the effluent, or even a dilution of the contamination already 

existing upstream from the river. These results were consistent with the chemical characterisation of 

these sites, which did not highlight an increase of contamination downstream from the WWTP. G. 

fossarum and G. aculeatus have shown similar results in the Semois at Bouillon, with a highlight of the 

effluents impacts on the exposed organisms. These results are consistent with the chemical analyses 

which have shown an increase of contamination downstream from the effluent compared to the 

upstream site. Some biomarker responses were similar in both species, such as the inhibition of AChE 
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activity downstream from the WWTP and the induction of CE activity in G. fossarum, suggesting the 

presence and impacts by pesticides contamination (Fulton and Key, 2001; Wheelock et al., 2008). 

Other biomarker responses have presented an opposite modulation, such as the GST activity which 

was induced in G. fossarum but inhibited in G. aculeatus, underlining specie-specificity of biological 

responses towards contamination. On the contrary to other sites, the results for the Meuse at Namur 

was variable according to the species. G. aculeatus was the only species that highlighted adverse 

effects of the WWTP’s effluent, especially a strong immunotoxicity. This result was consistent with the 

chemical contamination, which was higher downstream from the WWTP than upstream. These 

immunotoxic effects were already observed on fish exposed to urban effluents (Kakuta, 1997; Ménard 

et al., 2010). They can be linked with many different chemicals potentially found in the effluent and 

known to modulate the immune system (i.e. pesticides, PAH, metals) (Ahmed, 2000; Bols et al., 2001). 

On the contrary, the biomarker measurement in G. fossarum and D. polymorpha tended to show an 

absence of effluent effects, even a reduction of the deleterious effects measured upstream from the 

effluent.  

4.3. A multispecies IBR to assess the water quality of rivers 

The used of generic reference values (D. polymorpha, G. fossarum) or references independent of the 

dataset (G. aculeatus, F. antipyretica) allow to interpret the biomarkers responses upstream from the 

WWTPs effluents and thus assess the quality of the receiving environment. This assessment of the 

receiving environment is an essential point in the final diagnosis of an effluent impact. In the present 

study, the IBR values were high for all rivers, even upstream from the WWTPs, suggesting a chemical 

contamination independent of the chemical pollution induced by the WWTPs. This is especially true in 

the Meuse at Namur that appeared as the site with the strongest biological modulations in G. 

fossarum, F. fontinalis and even D. polymorpha. The contamination of the receiving environment is 

confirmed by the chemical analyses which have shown high levels of pharmaceuticals and domestic 

tracers in the Sambre and in the Meuse at Namur, downstream the confluence with the Sambre. This 

contamination of the receiving environment can explain that the most part of tests species did not 

highlight an increase of the toxicity downstream the WWTP of Namur. Indeed, the potential impact of 

an effluent cannot be pointed because the water quality of the receiving environment is already 

downgraded. The assessment of the receiving environment quality offers the opportunity to determine 

its vulnerability towards inputs of chemicals contaminants.  

The multispecies IBR value proposed in this study (Eq. 6) allows to assess the receiving environment 

quality by integrating the whole results for three of the four tests species caged in the upstream sites. 

Considering the multispecies IBR values, the Meuse upstream from the WWTP of Namur appeared as 

the river with the strongest biological impacts, even if the results varied according to the model 

species. This result is concordant with the chemical analysis which have shown that the Meuse at 

Namur presented the highest contaminants concentration among the four sites studied in this part. 

The multispecies IBR have also shown that the biological modulations were the lowest in the Meuse at 
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Charleville-Mézière. As for upstream/downstream modulations, the final results varied according to the 

species, with an opposite ranking between G. aculeatus and G. fossarum/F. antipyretica. 

4.4. Complementarity of the model species and further perspectives 

Finally, biomarker results highlighted in upstream/dowmstream modulation and in the quality of the 

receiving environment have shown discrepancies between the different species. These disparities may 

be linked to the exposure pathways of the model species. Whereas a bryophyte will be exclusively 

subjected to direct exposure to contaminants, animal species can also be exposed through their feed. 

These exposure pathways are themselves dependent on the trophic level and on the diet of the 

species (i.e. filter feeder, detritivore, carnivore). This variability in exposure to contaminants can induce 

interspecific discrepancies in the measured biological responses. Specific differences in the sensibility 

to contaminants can lead to various physiological modulations as well. Thus, the use of several 

complementary biological groups representatives of diverse trophic levels and diverse sensibility 

appears essential to assess the toxic effects of pollution on the ecosystem as a whole. 

In addition, the investigated physiological functions in each species have played an important role in 

the final diagnosis. Indeed, an imbalance in the physiological functions assessed can be noticed 

between the species. Immune function was less investigated in G. fossarum and D. polymorpha than 

in G. aculeatus, which respectively have just one (PO) and two (phagocytosis efficiency and PO) 

biomarkers. The immunotoxic damages were thus further highlighted and considered in the final 

diagnosis with G. aculeatus than with the other species. In the same way, energy metabolism 

represents two thirds of the biomarker assessed in D. polymorpha whereas this major physiological 

function is not assessed in G. aculeatus. This underlines the need to improve the biomarker sets 

measured in all species to include a large variety of physiological functions and/or to highlight various 

mechanism of toxicity. In this context, the proteomic approach appear to be promising tools to develop 

new biomarkers (Leprêtre et al., 2020; Trapp et al., 2014). The proteomic approach involves a step of 

drawing up of the catalogue of proteins available in a sentinel species (Shotgun proteomics) before 

processing targeted proteins assays (several hundreds of peptides can be assessed). This multiplexed 

assay approach allows to overcome some obstacles relating to the targeted biomarker measurements 

(multiplicity and diversity of methodology between several laboratories, under-representation of some 

physiological functions). The improvement of the biomarker sets would strengthen the interest to 

consider several species to take into account the differences of sensibility in the final diagnosis. The 

multispecies approach could thus be widespread in active biomonitoring studies to accurately assess 

the impacts of a contamination on an ecosystem as a whole. 
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