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Multiple stressors like metal toxicity, organic compounds and sediment pollution from the Seine estuary are raising concern and novel toxicological approaches are needed to better assess and monitor the risk. In the present study, the copepod Eurytemora affinis from the Seine, was exposed to two different sources of contaminants, which were resuspended polluted sediments and a mixture of trace metals (dissolved phase). The exposure continued for four generations (F0, F1, F2, F3) where F0 is a generation for acclimation to the exposure condition and F3 is a generation for decontamination followed without any exposure, to detect possible maternal carryover effects of pollutants (F0 -F2) and the role of recovery (in F3). Higher accumulation of metals resulted in higher mortalities at both exposure conditions, with particularly F1 being the most sensitive generation showing highest bioaccumulation of metals, highest mortality, and smallest population size. Copper accumulation was highest of all metals in mixture from both the resuspended sediment and the combined trace metal treatment. A significantly lower naupliar production was seen in copepods exposed to resuspended sediment compared to trace metal exposed copepods. However, the decontamination phase (F3) indicated that E. affinis preexposed to resuspended sediment had a higher ability to recover the total population size, increase naupliar production, and depurate accumulated Cu. The population exposed to a trace metal mixture showed lower recovery and lower ability to discharge accumulated toxic metals indicating its greater effect on our experimental model when compared to resuspended sediment.

Introduction

Toxic substances in the environment can arise from a large spectrum of sources with multiple pathways, sinks, and effects. They may affect ecosystem structure and functioning by showing bioaccumulation, bio-integration to tertiary organisms, and biomagnification along trophic cascades [START_REF] Wang | Comparative approaches to understand metal bioaccumulation in aquatic animals[END_REF]. This may follow serious contamination of sediments, water, and air including the biota dwelling in these realms. These toxic compounds present at polluted sites are often amalgamations of trace metals combined in diverse ratios and not necessarily representing the toxicity of a single compound [START_REF] Amiard-Triquet | Les biomarqueurs de defense, la tolerance et ses consequences ecologiques[END_REF][START_REF] Thevenot | Les metaux dans le bassin de la Seine[END_REF][START_REF] Biandolino | Effects of short-and longterm exposures to copper on lethal and reproductive endpoints of the harpacticoid copepod Tigriopus fulvus[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]). The Seine estuary, located in the north of France at the edge of the English Channel, provides an example of a contaminated system, which is affected by different loads of toxic substances [START_REF] Cailleaud | Seasonal variations of hydrophobic organic contaminant concentrations in the water column of the Seine Estuary and their transfer on a planktonic species Eurytemora affinis (Calanoïda, copepoda). Part1: PCBSs and PAHs[END_REF]. Apart from being a major shipping route, the Seine estuary accommodates several industrial parks and enterprises with ever increasing human activities such as industrial and commercial pursuits for more than 5 decades [START_REF] Dauvin | Effects of heavy metal contamination on the macrobenthic fauna in estuaries: the case of the Seine estuary[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. Being the largest mega-tidal estuary, it has been one of the major concerns of many research groups and environmental programs, which primarily led to a decrease in fishing activities along the estuary [START_REF] Minier | A pollution monitoring pilot study involving contaminant and biomarker measurements in the Seine estuary, France, using Zebra Mussels (Dreissena polymorpha)[END_REF].

In such tidal areas along with other coastlines worldwide, sediment and seawater contamination plays a crucial role in the transfer of pollutants, and the deposition and regeneration of several trace metals. Apart from trace metals, studies also reported the presence of hydrophobic organic compounds like polycyclic aromatic hydrocarbons (PAH), polychlorinated biphenyls (PCB), etc, which often gets precipitated by physical or chemical processes in the Seine estuary [START_REF] Seriani | Toxicidade de água e sedimentos e comunidade bentônica do estuário do rio Itanhaém, SP, Brasil: bases para a educação ambiental[END_REF][START_REF] Cailleaud | 27 Tidal influence on the distribution of hydrophobic organic contaminants in the Seine Estuary and biomarker responses on the copepod Eurytemora affinis[END_REF] and can further bioaccumulate in aquatic organisms [START_REF] Cailleaud | Seasonal variations of hydrophobic organic contaminant concentrations in the water column of the Seine Estuary and their transfer on a planktonic species Eurytemora affinis (Calanoïda, copepoda). Part1: PCBSs and PAHs[END_REF]. The sediment acts as a sink and the contaminants in the sediment column can potentially get resuspended into the aquatic phase by several processes like resuspension, porewater or diffusive flux, etc [START_REF] Cailleaud | 27 Tidal influence on the distribution of hydrophobic organic contaminants in the Seine Estuary and biomarker responses on the copepod Eurytemora affinis[END_REF]. In fact, in the macrotidal estuaries the contaminants bound to sediment particles can get resuspended or remobilised into the aquatic phase generated from anthropogenic or natural activities, thereby, subjecting both benthic as well as pelagic organisms with the risk of accumulating toxic compounds [START_REF] Hack | Toxicity of estuarine sediments using a full life-cycle bioassay with the marine copepod Robertsonia propinqua[END_REF][START_REF] Lesueur | Toxicity of sediment-bound pollutants in the Seine estuary, France, using a Eurytemora affinis larval bioassay[END_REF][START_REF] Hamzeh | Spatial distribution and toxic potency of trace metals in surface sediments of the Seine estuary (France)[END_REF]. The Seine estuary is marked by the presence of such high concentration of trace metals and is also characterised by strong hydrodynamic forces engendering a significant resuspension of polluted sediment mainly in the low salinity zone, which is the major habitat of E. affinis [START_REF] Devreker | Tidal and annual variability of the population structure of Eurytemora affinis in the middle part of the Seine estuary during 2005[END_REF]Souissi, 2018).

Eurytemora affinis is the dominant zooplankton species in the Seine estuary (mainly in the salinity gradient zone) covering up to 90% of the zooplankton abundance and has been established as an appropriate indicator species in several environmental studies [START_REF] Devreker | Effects of salinity, temperature and individual variability on the reproduction of Eurytemora affinis (Copepoda; Calanoida) from the Seine estuary: a laboratory study[END_REF][START_REF] Lesueur | Toxicity of sediment-bound pollutants in the Seine estuary, France, using a Eurytemora affinis larval bioassay[END_REF]Souissi et al., 2016a;Souissi et al., 2016b;[START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. In previous studies the ability of E. affinis to bioaccumulate organic contaminants like PCBs, PAHs and trace metals like cadmium, copper etc. are well reported [START_REF] Cailleaud | Seasonal variations of hydrophobic organic contaminant concentrations in the water column of the Seine Estuary and their transfer on a planktonic species Eurytemora affinis (Calanoïda, copepoda). Part1: PCBSs and PAHs[END_REF][START_REF] Lesueur | Toxicity of sediment-bound pollutants in the Seine estuary, France, using a Eurytemora affinis larval bioassay[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. Furthermore, it was identified that exposure of toxic compounds to copepods can affect them throughout several generations, inducing adaptability through maternal transfer or temporary acclimation to certain environmental stressors [START_REF] Alekseev | Maternal control of resting-egg production in Daphnia[END_REF][START_REF] Sun | Acclimation and adaptation to common marine pollutants in the copepod Tigriopus californicus[END_REF][START_REF] Li | Impacts of mercury exposure on life history traits of Tigriopus japonicus: multigeneration effects and recovery from pollution[END_REF]. Multigeneration or intergenerational effects in toxicological studies can indicate a wide range of the crucial impacts that an aquatic organism encounters when exposed to various environmental contaminants. Such exposure along with a non-exposed generation can also provide insights whether maternal effects can supposedly make the offspring more tolerant or can cause degenerative effects when faced with various toxic exposures [START_REF] Agarwal | Transgenerational induction of defences in animals and plants[END_REF][START_REF] Alekseev | Maternal control of resting-egg production in Daphnia[END_REF]Kazansteva and Alekseev, 2007;[START_REF] Li | Impacts of mercury exposure on life history traits of Tigriopus japonicus: multigeneration effects and recovery from pollution[END_REF].

Therefore, monitoring the multi-generational or intergenerational toxicological effect of trace metals in the Seine estuary from different pathways like the sediment and seawater (dissolved phase) on E. affinis proves to be necessary. Most of the studies deal with the toxicity of a single compound but effect of combined trace metals dissolved in seawater and its comparison with the effect of contaminated sediment are not well documented [START_REF] Biandolino | Effects of short-and longterm exposures to copper on lethal and reproductive endpoints of the harpacticoid copepod Tigriopus fulvus[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. A few studies on sediment elutriates have been conducted but particularly the effect of contaminated resuspended sediments was rarely investigated as yet (Gardestrom et al., 2008;[START_REF] Lesueur | Development of a larval bioassay using the calanoid copepod, Eurytemora affinis to assess the toxicity of sediment-bound pollutants[END_REF][START_REF] Lesueur | Toxicity of sediment-bound pollutants in the Seine estuary, France, using a Eurytemora affinis larval bioassay[END_REF][START_REF] Carotenuto | Assessment of the relative sensitivity of the copepods Acartia tonsa and Acartia clausi exposed to sediment-derived elutriates from the Bagnoli-Coroglio industrial area[END_REF]. Hence, the objective of the present study was to understand the effect of resuspended contaminated sediment and the effect of a trace metal mixture on E. affinis over multiple generations. Our aim was attempting to understand long-term effects of intertidal pollution on this organism that plays a vital role in the transport of energy through trophic webs. Some of the metals studied here like Cu and Ni are essential elements and have a role in the metabolism of several organisms when present at low concentrations [START_REF] Simkiss | Transport of metals across membranes[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. However, if the exposure exceeds a certain concentration along with other contaminants which are non-essential elements or hydrophobic compounds, considerable changes can occur at an individual scale by affecting the physiological, morphological, and reproductive characteristics of the organism and thereafter largely threatening the overall population size [START_REF] Verschoor | Multi metal accumulation in crustaceans in surface water related to body size and water chemistry[END_REF][START_REF] Jaishankar | Toxicity, mechanism and health effects of some heavy metals[END_REF][START_REF] Berasategui | The impact of sewage effluents on the fecundity and survival of Eurytemora americana in a eutrophic estuary of Argentina[END_REF]. Thus, an assessment comparing the effect of trace metals from water borne contaminants and those from the sediment resuspension on bioindicator species like E. affinis are expected to provide a comprehensive idea of the overall stress encountered by nearby benthopelagic organisms over intergenerations in the Seine estuary.

Material and methods

Culture of copepods and experimental set up

Culture

Eurytemora affinis was collected near the Tancarville bridge where a salinity gradient is built up with saltier water at the river floor of the Seine estuary and cultured in the laboratory under controlled conditions at a salinity 15, 12:12 h light/dark cycle of photoperiod, and 18-19°C water temperature for several generations before the start of the experiment [START_REF] Michalec | Zooplankton can actively adjust their motility to turbulent flow[END_REF].

The copepod culture was fed with the microalga Rhodomonas sp. [(P.A. Dangeard) Lemmermann, 1899)] every other day [START_REF] Tlili | Acute toxicity, uptake and accumulation kinetics of nickel in an invasive copepod species: Pseudodiaptomus marinus[END_REF].

Experimental set up-intergenerational approach

The exposure of contaminants and its effect on copepods was monitored through intergenerations. This approach was accomplished by following [START_REF] Souissi | Occurrence of intersexuality in a laboratory culture of the copepod Eurytemora affinis from the Seine estuary (France)[END_REF][START_REF] Tlili | Acute toxicity, uptake and accumulation kinetics of nickel in an invasive copepod species: Pseudodiaptomus marinus[END_REF] with slight modifications. In the present study, we exposed copepods to two conditions, namely, to a trace metal mixture and to a resuspended native sediment sample along with a non-exposure control. Each condition along with the control had three replicates. For the experiment, 2 L glass beakers filled with filtered autoclaved seawater of salinity 15 were used. The experiment was carried out in controlled conditions at a temperature of 18 °C and a photoperiod of 12h:12h (light: dark) cycle. The process of intergenerational exposure initiated by sorting and adding 30 ovigerous females from the acclimated culture tank to all the treatments, namely, resuspended sediment, mixture of trace metals and control seawater and this was marked as the first generation (F0). In fact, F0 is referred to as the generation of acclimation to exposure conditions and will only be used to ensure that all ovigerous females from F0 required to start F1 are acclimated to each experimental condition from naupliar to the adult stages. In each beaker, a mesh of 200 µm was inserted so that the added ovigerous female copepods could remain inside the mesh and their hatched nauplii could pass through the mesh and settle at the bottom of the beaker. After 3-4 days of releasing nauplii the mesh was removed in order to avoid additional release from a second clutch of E. affinis females [START_REF] Tlili | Acute toxicity, uptake and accumulation kinetics of nickel in an invasive copepod species: Pseudodiaptomus marinus[END_REF]. The eggs hatched to nauplii and developed to copepodites within a week after hatching [START_REF] Tlili | Acute toxicity, uptake and accumulation kinetics of nickel in an invasive copepod species: Pseudodiaptomus marinus[END_REF].

Nauplii are barely visible with the naked eye. To prevent their loss, water in each beaker was changed with the same exposure conditions only after the appearance of the copepodite stages.

Copepodites grew into adults and new ovigerous females were observed in each beaker. This was marked as the end of F0 and the new generation F1 was initiated similarly by adding 30 ovigerous females in each beaker at freshly prepared exposure conditions. The generations followed after acclimation in F0 were, F1 (2 nd generation), F2 (3 rd generation) and decontamination generation F3 (4 th generation, without any exposure). The last generation F3 was not exposed to any contamination for possibly understanding transgenerational or maternal effects. The generation length was on average 2 weeks. All the experimental beakers were fed once every two days with Rhodomonas sp. (10 mL). The overall maintenance of algal culture and feeding technique was following [START_REF] Souissi | Occurrence of intersexuality in a laboratory culture of the copepod Eurytemora affinis from the Seine estuary (France)[END_REF][START_REF] Tlili | Acute toxicity, uptake and accumulation kinetics of nickel in an invasive copepod species: Pseudodiaptomus marinus[END_REF].

At the end of each generation, in each beaker, 10 ovigerous females were collected in Eppendorf tubes containing alcohol for the analysis of clutch size [START_REF] Devreker | Effects of salinity, temperature and individual variability on the reproduction of Eurytemora affinis (Copepoda; Calanoida) from the Seine estuary: a laboratory study[END_REF]. The remaining volume of exposed water and copepods was concentrated to 1500 mL and separated by continuously stirring the water with a glass rod to generate a homogenous distribution of the population [START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. The population was then immediately separated into two beakers (750 mL in each half). One half was stored with alcohol for total counts of the population, whereas the other half was stored for analysing the bioaccumulation of metals in copepods. For the bioaccumulation analysis, the exposed copepods and water were filtered through a pre-weighed cellulose nitrate filter with a porosity of 0.22 mm (Sartorius Stedim Biotech, Goettingen, Germany). These filters were weighed again after drying in the oven at 60 0 C for 72h. For measuring the residual concentration of metals in the sediment, similar techniques were used. However, for the trace metals in the residual seawater, 12 mL of filtrate was collected in a falcon tube where 15 µL of ultra-pure nitric acid (HNO3) was used to fix it immediately, following [START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF].

Exposure conditions

Trace metal mixture

The metal mixture that was used to expose the copepods for intergenerations comprised of 4 trace metals, namely Cadmium (Cd), Copper (Cu), Nickel (Ni) and Lead (Pb). The concentrations for exposure were decided on the basis of lethal concentrations (LC 50%) of individual metals to E. affinis. From previous findings of our group, LC 50% concentration of Cd, Cu, and Ni on E. affinis (same culture population) was analysed and those values were used in our study [START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. For Pb, we performed acute toxicity testing (96h) on E. affinis by using the same method and the main results are presented in supplementary information, Table 1S [START_REF] Tlili | Acute toxicity, uptake and accumulation kinetics of nickel in an invasive copepod species: Pseudodiaptomus marinus[END_REF][START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF]. For the exposure to metal mixture (Cd+Cu+Ni+Pb), in multiple generations, 10% LC50 of each metal was used in the experiment to monitor the effects of sublethal concentration of trace metals that were also similar to the conditions expected to occur in the natural environment, since lethal concentrations can cause high mortality and perhaps following several generations will be impossible. High grades of metal salts (Cd, Cu, Ni, and Pb) were dissolved in ultrapure water in order to prepare the four stock solutions with 99.9% purity (Merck, Darmstadt, Germany).

Resuspended sediments

The sediment used for exposing the copepods through intergenerations was sampled from the northern intertidal mudflat of the Seine estuary, near the Normandy bridge (N 49°26'33.762''E 0°16'8.475) by using an Ekman grab. A basic sediment characterization was done prior to the exposure, which included homogenization by eliminating few large shells, cobbles, and pebbles that were present. The grain size of the exposed sediment was <149 microns (0.149 mm) which corresponds to the phi scale >3 (very fine sand to silt) according to the Wentworth grade scale.

We measured the concentration of the trace metals present in the sediment sample before initiating the exposure to E. affinis (data in supplementary information, Table 2S). The process for exposing the sediment in resuspension to copepods was executed by following the protocol of [START_REF] Camargo | Use, development and improvements in the protocol of whole-sediment toxicity identification evaluation using benthic copepods[END_REF]. The concentration of the sediment for the exposure was decided on the basis of the LC 50% when exposed to E. affinis. A range of sediment concentrations (0 g/L, 0.25 g/L, 0.5 g/L, 1 g/L, 5 g/L, 10 g/L, 20 g/L) was exposed to E. affinis (male and female separately) to test the acute toxicity (96h) in triplicates along with the control (25 individuals in each group).

Mortality was monitored under the stereomicroscope (SZX9; Olympus, Tokyo, Japan) daily after 24h, 48h, 72h, and end point 96h. Since we could not separate dead copepods from suspended sediments, the number of alive copepods was accounted and, thereafter, LC 50% was calculated by using Probit analysis (data in supplementary information, Table 1S) [START_REF] Tlili | Acute toxicity, uptake and accumulation kinetics of nickel in an invasive copepod species: Pseudodiaptomus marinus[END_REF]. The concentration for the exposure of sediments through multiple generations was half of 10% LC50 concentration of sediment. We observed in a laboratory-based exposure of continuous resuspension, that higher amounts of sediment particles engendered stress by increased turbidity to E. affinis due to which we exposed the copepods to a concentration, which was only half of 10% LC50. Eurytmora affinis is not a deposit feeder and has higher possibility of getting exposed to trace metals from the dissolved phase, but our objective was to observe the indirect effect of trace metal resuspension from sediments of the benthic column that might get bioaccumulated in the copepod. The bioavailable percentage (%) was calculated through extraction of the bioavailable trace metals fraction by shaking 1 g of wet sediment with 20 mL of 1M HCl (Lourino-Cabana et al. 2011[START_REF] Hamzeh | Spatial distribution and toxic potency of trace metals in surface sediments of the Seine estuary (France)[END_REF]) at room temperature during 24 h. The extracted metal concentrations were measured in triplicate, and results were found to be reproducible with an analytical precision of ≤10 %. The percentage of this fraction was calculated by the ratio to the total concentration.

Trace metal analysis

For analysing the trace metal concentration that was bio-accumulated in the whole body of E. affinis after filtration the dried filters comprising the copepods were first subjected to digestion by adding nitric acid and hydrochloric acid at ratios of 1:3 (1 mL HNO3: 3 mL of HCl) in Teflon tubes, and then diluted to a volume of 5 mL with double distilled water (ultrapure). Similarly, for analysing the residual concentration in the sediment, the dried filters were digested by adding a double volume of nitric acid and hydrochloric acid used for the copepods at a ratio of 1:3 (2 mL HNO3: 6 mL of HCl). In each Teflon tube, with the help of MilliQ ultrapure water the filters were then diluted up to a volume of 5mL. The sediment filters were centrifuged to separate particulate and suspended matters and the final volume of the filtrate was noted.

Analysis of the residual trace metal concentration in water for each preserved sample was directly analysed without any pre-treatment. For the whole process of analysing the trace metal concentration in water, sediment and copepod a protocol was applied following [START_REF] Ouddane | Comportement des elements majeurs et mineurs dans un milieu soumis a des gradients physico-chimiques marques : cas de l'estuaire de la Seine[END_REF] and [START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. The concentration of each element was then analysed by using an inductive coupled plasma atomic emission spectrometer (Agilent 5110 SVDV ICP-OES, United States). Multiple elemental standards (for ICP-MS) were used as a reference to measure the targeted trace metals used in this experiment. The quality control measure taken while analysing all the parameters is enclosed in the supplementary file in section 4 and table 4S. The bioconcentration factor from the concentration of trace metals bioaccumulated in copepods, sediment and seawater in all the generations was analysed and is attached in the supplementary file as table 3S.

Statistical analysis

One way analysis of variance (ANOVA) was used to compare the results. The conditions of testing ANOVA, which are, the normality of the data and the homogeneity of variance was tested by using Kolmogorov-Smirnov test and Bartlett test respectively. After the conditions were met, ANOVA was used to compare the total population size (no. of individuals), sex-ratio (% of males), mortality (%), clutch size (no. of eggs/female) and different stages of copepods (nauplii, copepodite, C5 male, C5 female, adult male, adult female, ovigerous female) in each generation and then treatment . In a few cases, when the conditions did not meet the criteria for using ANOVA, a Kruskal-Wallis test (KW non-parametric ANOVA) was used. A multicomparison was performed between treatments within a generation and between generations for a treatment by using the MULTICOMPARE function. All the analyses were done by using MATLAB Software (Mathworks Inc.). A Pearson correlation test was performed for sediment and trace metal treatment separately for comparing the concentration of the individual metals bioaccumulated in copepods, with mortality (%), clutch size (no. of eggs), total population size (no. of individuals). The statistical software SPSS.24 was used for the correlation analysis.

Results

Effect on total population

Fig. 1 shows in control and sediment treatment, the total no. of copepods in each generation increased significantly from F1 to F3. However, the population exposed to trace metals increased from F1 to F3 but not significantly. In F1, the no. of copepods is significantly lower in the trace metal treatment than in the control. In F2, both resuspended sediment and trace metal treatment, showed significantly lower no. of copepods than the control; thereby showing a stable health of the control population and the effect of stress added by the metal exposure from the dissolved phase and sediment resuspension. In F3, where no trace metal and/or sediment was added, the no. of copepods in the control was significantly higher from the sediment and trace metal treatment. Furthermore, in F3, the no. of copepods in the sediment treatment was found to be significantly higher than the trace metal treatment, thereby copepods exposed to trace metal treatment showed the least abundance. However, interestingly, all the treatments had the lowest copepod population size in the second generation (F1) including the control. 

Effect on mortality

The mortality (%) was measured by using a similar approach as Souissi et al. (2016b). Fig. 2 shows the results for mortality of each treatment and generation. Lowest mortality in the control for each generation was observed when compared to other treatments. Within generations, we found that mortality in the control decreased from F1 to F3, depicting sound health of the population over time. The pre-exposed copepods to sediment in resuspension showed significantly lower mortality in F3, which could suggest that the copepods were affected by the turbidity of the sediments, or perhaps by the toxic effects of other pollutants like organic compounds etc., from the Seine estuary in addition to the trace metal resuspension. In the dissolved trace metal treatment, the mortality in F3 (without any exposure) also got lowered but not significantly. Within treatments, trace metal exposure resulted in highest mortality in F2 and F3 generations and resuspended sediment showed highest mortality in F1. 

Effect on copepod life stages

Fig. 3 (a) shows copepod stages in F1 with the abundance of adult males being significantly higher than other stages in all treatments including the control. In the case of the sediment treatment, significant differences in between nauplii and ovigerous females were observed, where, the no. of nauplii was lower than in the control and trace metal mixture. On the other hand, the no. of ovigerous females was higher in the sediment treatment compared to the other two treatments. This was significant in both cases. (letters a and b indicate significant differences between copepod life stages in a single treatment; letters x and y indicate the significant differences between the treatments in a stage of copepod and absence of such demarcation indicates no significant differences) In Fig. 3 (b) copepod stages are shown for F2. The pattern is similar to F1 where the adult male copepods are the more predominant than the other stages in all the treatments. Also, for each treatment, the no. of adult males was significantly different from each other, with trace metal treatment showing the least no. of individuals and control the highest. In between the treatments, C5 male and adult female showed significantly higher no. of individuals in the control when compared to other treatments. In case of sediment treatment, again similar trend was observed regarding the no. of nauplii and ovigerous females differing significantly from control and trace metal treatment. In this generation, the no. of nauplii was less in the sediment treatment although not significant even though significantly high no. of ovigerous females were present compared to the other treatments. This also emphasizes that in spite of the presence of higher no. of egg bearing female copepods, the no. of nauplii was affected consecutively for two generations, perhaps indicating a low hatching success rate of copepod eggs or a delay in embryonic development when exposed to resuspended sediment. In between stages, for the control all the stages differed significantly except the no. of nauplii with ovigerous females and copepodites with C5 female. In sediment and trace metal treatment, only adult males and females showed significant differences between each other. Fig. 3 (c) shows developmental stages for F3. In this generation autoclaved seawater (salinity 15) was used instead of trace metals and sediment along with the control treatment. The pattern was similar to that of the early generations (F1 and F2) where adult male copepods are more predominant than the other stages in all the treatments. However, in the control other than adult males, nauplii and C5 males showed a significantly higher no. of individuals. In F3, when no sediment was added, the trend that followed for two consecutive generations of showing lower no. of nauplii and higher no. of ovigerous females was not observed. In fact, the number of ovigerous females was not significantly different when compared to the control and the number of nauplii was similar to the trace metal treatment.

Effect on Sex-ratio

The sex-ratio was mostly affected in the sediment treatment where the abundance of males was least in all generations, hence affecting the overall distribution of the copepod life stages in general (Fig. 1S, supplementary information). In each generation the % of males were lowest in sediment compared to trace metal and control although not significantly. Our results suggest that sediment in resuspension can possibly affect the survival of males and reduce its abundance over generations. This perhaps indicates the presence of endocrine disruptors resuspended from the contaminated sediment possibly creating hormonal disturbances and abnormalities in reproduction.

Effect of bioaccumulation of trace metals on life cycle traits

Metals accumulated from resuspended sediment

The bioaccumulation of Cd, Cu, Ni, and Pb in E. affinis from the sediment treatment in each generation highlights that Cu being an essential element showing significantly higher accumulation than the other metals in all three generations except F3 (Fig. 3S, supplementary information). Accumulation of Ni was significantly higher than that of Pb and the least accumulation was noted for Cd. However, in F3 Ni accumulation showed the highest value, which could perhaps explain that the accumulated metal (Ni) was not eliminated by the copepod even when clean seawater was used in F3. In between generations, significantly higher accumulation of all the metals were noted in F1. However, significantly lower accumulation was noted in F3 (de-contaminated generation). In case of Ni, the accumulation was less compared to Cu but higher than that of Pb and Cd from exposed sediments.

To comprehend the relationship between the bioaccumulated metals and its effect on the life traits of copepods in the treatment exposed to resuspended sediment, a Pearson correlation test was performed. Table 1 shows the correlation between life history traits and bioaccumulated metals in E. affinis from the resuspended sediment. A positive correlation between the accumulation of metals (Cd, Cu, Pb, Ni) and mortality was found although not significant.

Negative correlations were noted for the total population, clutch size (data of clutch size in supplementary information, Fig. 2S) when compared to the metal concentrations that were bioaccumulated in copepods. Furthermore, a logical and significant negative correlation was noted between the total population and mortality. However, a positive but not significant correlation was noted for total population and clutch size. 

Metals accumulated from trace metal mixtures

The exposure of metal mixtures led to a significantly higher accumulation of Cu than of other metals exposed in all the three generations indicating the rapid uptake of this essential element in aquatic invertebrates (Fig. 4S, supplementary information). Significantly higher accumulation was noticed in F1 after the acclimation phase which further got lowered in F2. F3 showed the least accumulated metal concentrations. From the metal mixture, the copepods accumulated Pb higher than Ni and Cd, with Cd showing least accumulation as was also observed in the case of resuspended sediment treatment.

The relationship between the bioaccumulated metals and its effect on the life traits of copepod in trace metal mixture treatment showed varied patterns through the Pearson correlation test. A highly significant positive correlation between the accumulation of metals (Cd, Cu, Pb, Ni) and mortality was found in case of copepods exposed to trace metal treatments (Table 2). The population size was significantly reduced by the accumulation of metals, thereby affecting the whole structure and size of the population. The clutch size (data of clutch size in supplementary information, Fig. 2S) was affected by the exposure to trace metals showing strong negative correlations. A reasoned negative correlation between the total population size and mortality was observed. However, similar to the effect of resuspended sediment, the clutch size and total population size was positively correlated, but not significantly. 

Discussion

Effect on population size

Effect on the population size was monitored by counting the size of the population, fecundity, calculating the mortality, sex ratio, and differentiating copepod stages in each generation and treatment. The effect of trace metals showed that the no. of individuals in F1 was the lowest in both the exposure conditions. In F0 the initial exposure to a sublethal concentration of trace metal mixture and resuspended sediment showed some acclimations to the exposure that mostly corresponded to the conditions expected to occur in the natural environment. This sublethal concentration perhaps induced the stress responses and the copepods effort to combat or encounter toxic effects of the trace metals. This could also affect the investment of ovigerous females obtained in F0 on their offspring produced in F1. After two generations of exposures (F0-F1) the survival improved in F2. The total population size increased in F2 and also mortality% was lower. After F2, in the decontamination generation (F3), total population size increased significantly in case of resuspended sediment and control treatment but in case of dissolve trace metals no significance was noted. The entire pattern for mortality and total population size can be depicted as the effects of the exposures in F0 and F1, was decreased in F2, and an increasing adaptation to the contaminants by E. affinis was marked, although the population size in both the exposures was found to be significantly less than the control. The copepods in the control treatment showed the lowest population in F1 compared to F2 and F3. This result was observed perhaps due to the stress encountered by the copepods when suddenly transferred from a 300L tank cultured for over several generations to suddenly in a 2 L experimental beaker which is substantially a lower volume. The generation of acclimation, F0, helped the copepods to reach a stable condition in the control treatment for comparing the effects from trace metals and resuspended sediment when exposed to E. affinis . Similar results on other crustaceans were reported by previous studies, where the initial exposure to sub-lethal concentrations of contaminants increased the enzyme activity and the survival of species; but periods of longer exposure and higher concentration of metals, negatively affected the populations in various ways [START_REF] Wang | Cadmium-induced oxidative stress and apoptotic changes in the testis of freshwater crab, Sinopotamon henanense[END_REF][START_REF] Kim | The individual and population effects of tetracycline on Daphnia magna in multigenerational exposure[END_REF][START_REF] Lin | Cell damage and apoptosis in the hepatopancreas of Eriocheir sinensis induced by cadmium[END_REF][START_REF] Bao | A novel biomarker for marine environmental pollution of CAT from Mytilus coruscus[END_REF][START_REF] Das | Effects of cadmium exposure on antioxidant enzymes and histological changes in the mud shrimp Austinogebia edulis (Crustacea: Decapoda)[END_REF]. Furthermore, several multi-generational studies reflected the adverse effects of contaminants on the second and subsequent generations specifically concerning the survival, population size, and ability to reproduce offspring when compared to the parental generation. In fact, similar to the finding of our study, the parental generation in many cases was found to have no severe acute or chronic effects [START_REF] Villarroel | Effects of tetradifon on Daphnia magna during chronic exposure and alterations in the toxicity to generations pre-exposed to the pesticide[END_REF][START_REF] Nash | Long-term exposure to environmental concentrations of the pharmaceutical ethynyl estradiol causes reproductive failure in fish[END_REF][START_REF] Tominaga | A multigeneration sublethal assay of phenols using the nematode Caenorhabditis elegans[END_REF][START_REF] Brennan | Multigenerational effects of four selected environmental oestrogens on Daphnia magna[END_REF][START_REF] Paumen | Multigeneration exposure of the springtail Folsomia candida to phenanthrene: from dose-33 response relationships to threshold concentrations[END_REF][START_REF] Kim | The individual and population effects of tetracycline on Daphnia magna in multigenerational exposure[END_REF]. In F2, the adaptability increased in the copepods showing no significant decrease in total population size. Studies reported higher ability of organisms to adapt to subsequent or continuous exposure of metals through multiple generations by activating several routes of depuration, which includes activation of detoxification enzymes like glutathione-S-transferase, P-glycoproteins, etc. [START_REF] Sanchez | Laboratory investigation into the development of resistance of Daphnia magna to the herbicide molinate[END_REF][START_REF] Kozlowsky-Suzuki | Glutathione transferase activity and oocyte development in copepods exposed to toxic phytoplankton[END_REF][START_REF] Dietrich | Single and combined toxicity of pharmaceuticals at environmentally relevant concentrations in Daphnia magna -a multigenerational study[END_REF]. Recent studies on Daphnia mangna and Daphnia similis showed increased tolerance and very low sensitivity when exposed to Pb for multiple generations ; further highlighting the effect of feeding during exposure period to be a crucial parameter that may show epigenetic or phylogenetic acclimations and such phenomena are species-specific (Araujo et al., 2019 a, b). In a recent study [START_REF] Zhang | Transgenerational proteome plasticity in resilience of a marine copepod in response to environmentally relevant concentrations of microplastics[END_REF] showed that the copepod Tigriopus japonicus had a significant decrease in survival rate, no. of nauplii, fecundity and other life history traits, when exposed to higher concentrations of microplastics, but in the generation of recovery most of the life traits were regained due to the defense mechanisms induced due to stress and as well as an increase in the energy metabolism was noted. However, effect of trace metal exposure on the total populations when compared to the control showed significant differences in all generations. Hence, like other previous studies, our results report that the population structure of E. affinis was negatively affected by the exposure of trace metal mixtures marking the trend of a period of exposure-response and that of concentration-response [START_REF] Jiang | Heavy metal exposure reduces hatching success of Acartia pacifica resting eggs in the sediment[END_REF][START_REF] Mohammed | Physiological response of the intertidal copepod Tigriopus japonicus experimentally exposed to cadmium[END_REF][START_REF] Kim | The individual and population effects of tetracycline on Daphnia magna in multigenerational exposure[END_REF][START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF][START_REF] Kadiene | Differential gene expression profile of male and female copepods in response to cadmium exposure[END_REF]. Exposure of resuspended sediment also negatively affected copepod population size and showed lowest population size and highest mortality in F1. The no. of individuals slightly recovering with higher adaptability to sediment and also by activating the biochemical stress response (commonly termed as "first line of defense") against possible contaminations like the toxic trace metals and/ or anthropogenic substances present in the Seine estuary. Previous studies illustrated the ability of copepods to activate P-glycoproteins and depuration or detoxification enzymes, when faced by high concentrations of pollutants, toxic diets or other xenobiotic compounds which explains our results of increase in population size in F2 for both treatments [START_REF] Koski | Calanoid copepods feed and produce eggs in the presence of toxic cyanobacteria Nodularia spumigena[END_REF][START_REF] Kozlowsky-Suzuki | Feeding, reproduction and toxin accumulation by the copepods Acartia bifilosa and Eurytemora affinis in the presence of the toxic cyanobacterium Nodularia spumigena[END_REF][START_REF] Kozlowsky-Suzuki | Glutathione transferase activity and oocyte development in copepods exposed to toxic phytoplankton[END_REF][START_REF] Paul-Pont | Exposure of marine mussels Mytilus spp. to polystyrene microplastics: toxicity and infuence on fuoranthene bioaccumulation[END_REF]. Although not much multi-generational or intergenerational study using exposure of resuspended sediment to copepods was done, studies on acute or chronic exposure to several environmental contaminants have reported similar results (Li, et al., 2013a;2013b;[START_REF] Yi | Identifying the causes of sediment-associated toxicity in urban waterways in South China: incorporating bioavailability-based measurements into wholesediment toxicity identification evaluation[END_REF]. The pattern we obtained for the effect of sediment exposure to copepod population was similar to the study, which compared long-and short-term effect of contaminated sediment on the copepod Tigriopus californicus [START_REF] Misitano | Effect of chemically contaminated marine sediment on naupliar production of the marine harpacticoid copepod, Tigriopus californicus[END_REF]. They showed that the effect of contaminated sediment was adverse in the 3 rd and 4 th week with slight recovery of naupliar production in the 7 th week of exposure. They showed the effect of organic pollutants as a potential contaminant in sediment while the Seine estuary has also reported higher levels of PAH, PCB concentrations and the bioaccumulation of such compounds in E. affinis, thereby highlighting another possible source of contamination or the presence of multiple contaminants in the sediment other than trace metals [START_REF] Cailleaud | Seasonal variations of hydrophobic organic contaminant concentrations in the water column of the Seine Estuary and their transfer on a planktonic species Eurytemora affinis (Calanoïda, copepoda). Part1: PCBSs and PAHs[END_REF][START_REF] Cailleaud | 27 Tidal influence on the distribution of hydrophobic organic contaminants in the Seine Estuary and biomarker responses on the copepod Eurytemora affinis[END_REF]. Furthermore, a study on E. affinis exposed to naphthalene noted similar results on long term exposure [START_REF] Ott | Acute and sublethal toxicity of naphthalene and three methylated derivatives to the estuarine copepod Eurytemora affinis[END_REF]. Previous studies also reported the causes of sediment toxicity; and effect on several organisms due to resuspension of contaminants from the benthos, especially near industries or large cities [START_REF] Ho | What's causing toxicity in sediments? Results of 20 years of toxicity identification and evaluations[END_REF][START_REF] Schiwy | A novel contact assay for testing aryl hydrocarbon receptor (AhR)-mediated toxicity of chemicals and whole sediments in zebrafish (Danio rerio) embryos[END_REF][START_REF] Du | Chronic Toxicity Thresholds for Sediment-Associated Benzo[a]pyrene in the Midge (Chironomus dilutus)[END_REF][START_REF] Lesueur | Toxicity of sediment-bound pollutants in the Seine estuary, France, using a Eurytemora affinis larval bioassay[END_REF]. Our study also showed that sediment collected from the natural habitat of E. affinis in the salinity gradient zone, had a negative effect on the total population of copepods, even though the reduction in no. of individuals was less than the treatment spiked with a mixture of trace metals in seawater. This is probably because of the dominance of other contaminants in the sediment of the Seine estuary such as the organic contaminants like PAH, PCB, organochlorine pesticides, endocrine disruptors and others.

Several studies reported the negative effects and persistent nature of these compounds by highlighting the potential risk of bioaccumulation in marine organisms [START_REF] Cailleaud | Seasonal variations of hydrophobic organic contaminant concentrations in the water column of the Seine Estuary and their transfer on a planktonic species Eurytemora affinis (Calanoïda, copepoda). Part1: PCBSs and PAHs[END_REF][START_REF] Cailleaud | 27 Tidal influence on the distribution of hydrophobic organic contaminants in the Seine Estuary and biomarker responses on the copepod Eurytemora affinis[END_REF][START_REF] Cailleaud | Uptake and elimination, and effect of estrogen-like contaminants in estuarine copepods: an experimental study[END_REF]. Copepod developmental stages showed significantly higher abundance of adult male copepods exposed to trace metal mixtures throughout all generations. Similar observations were also marked in some studies that showed higher abundances of adult male E. affinis in comparison to female copepods [START_REF] Devreker | Trade-offs of the copepod Eurytemora affinis in mega-tidal estuaries: insights from high frequency sampling in the Seine estuary[END_REF][START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. The pre-adult stage and no. of ovigerous females exposed to trace metals, however, was found to be similar. Not a clear pattern was observed in all the stages although the early stages were mostly affected in terms of population abundance (nauplii, copepodites) of copepods in each generation when exposed to a trace metal mixture. The above pattern support the findings of previous studies that showed a lower abundance of early stages when exposed to a trace metal mixture [START_REF] Jiang | Heavy metal exposure reduces hatching success of Acartia pacifica resting eggs in the sediment[END_REF][START_REF] Mohammed | Physiological response of the intertidal copepod Tigriopus japonicus experimentally exposed to cadmium[END_REF][START_REF] Kadiene | Differences in lethal response between male and female calanoid copepods and life cycle traits to cadmium toxicity[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF], Kadiene et al., 2019 a). The stages of copepods exposed to resuspended sediment showed a lower naupliar production in F1 and F2 even though the no. of ovigerous females was higher in the remaining population after each generation. This observation probably indicates that the sediment in resuspension comprised of multiple contaminants other than trace metals, like the organic pollutant PAH, PCB, that are often known to release endocrine disruptors which may cause disturbances in the reproductive cycle of the copepod [START_REF] Cailleaud | Uptake and elimination, and effect of estrogen-like contaminants in estuarine copepods: an experimental study[END_REF]. They might have interrupted the process for the release of eggs or the hatching success. Another possibility for lower naupliar production could be delays in embryonic development which lead to a lower hatching success rate and higher mortality of nauplii produced in each generation, that overall affects the quality of offspring. Previous studies also obtained similar results where naupliar production was ceased at the contaminated sites with a significant reduction in offspring production in the complete life cycle of the copepod [START_REF] Ott | Acute and sublethal toxicity of naphthalene and three methylated derivatives to the estuarine copepod Eurytemora affinis[END_REF][START_REF] Misitano | Effect of chemically contaminated marine sediment on naupliar production of the marine harpacticoid copepod, Tigriopus californicus[END_REF]Schiewe, 1990, Carr et al., 1994;Fleeger and Lotufo, 1999;[START_REF] Kovatch | Utility of a full life-cycle copepod bioassay approach for assessment of sediment-associated contaminant mixtures[END_REF][START_REF] Chandler | Developmental stage-specific life-cycle bioassay for assessment of sediment-associated toxicant effects on benthic copepod production[END_REF]. Furthermore, a study showed that the epibenthic copepod Nitocra spinipes was more sensitive in naupliar production and survival when exposed to resuspended sediment from contaminated sites than water spiked with contaminants (Perez-Landa and Simpson, 2011). They further discussed that vulnerability of nauplii to resuspended sediment was higher and highlighted the possibility of the adsorption of contaminants through diet plus sediment, thereby increasing the chance of exposure [START_REF] Spadaro | Effect of nutrition on toxicity of contaminants to the epibenthic amphipod, Melita plumulosa[END_REF][START_REF] Perez-Landa | A short life-cycle test with the epibenthic copepod Nitocra spinipes for sediment toxicity assessment[END_REF]. However, the sex-ratio (given as the percentage of males) for both treatments did not differ significantly in each generation but the sediment treatment showed a lower sex ratio than the control and the trace metal mixture in all generations. This is a new finding where seawater spiked trace metals showed lower sensitivity compared to resuspended sediment in terms of male percentage. A possibility for lower male % could be because the Seine estuary apart from trace metals shows a high concentration of organic pollutants along with sex steroids occurring naturally [START_REF] Cailleaud | Seasonal variations of hydrophobic organic contaminant concentrations in the water column of the Seine Estuary and their transfer on a planktonic species Eurytemora affinis (Calanoïda, copepoda). Part1: PCBSs and PAHs[END_REF][START_REF] Cailleaud | 27 Tidal influence on the distribution of hydrophobic organic contaminants in the Seine Estuary and biomarker responses on the copepod Eurytemora affinis[END_REF]. Such compounds were reported to release endocrine disruptors that bioaccumulate in E. affinis and altering or disturbing the hormonal balance of this species along with sublethal alterations [START_REF] Cailleaud | Uptake and elimination, and effect of estrogen-like contaminants in estuarine copepods: an experimental study[END_REF]. In addition, the determination of sex in copepods can be affected by environmental conditions (temperature, availability of food) mainly during the copepodite phase [START_REF] Souissi | Occurrence of intersexuality in a laboratory culture of the copepod Eurytemora affinis from the Seine estuary (France)[END_REF].

Decontamination generation F3 marked the recovery in population size and survival of E. affinis in both exposed treatments. To compare within the two treatments, the recovery from the resuspended sediment treatment was significantly higher than that of the trace metal exposure.

Only few studies in the past have discussed the transgenerational effect of pollutants or climate change adaptation in organisms like certain insects, bryozoans, nematodes, planktonic copepods, and also the phyllopod Daphnia magna [START_REF] Marshall | Transgenerational plasticity in the sea: context dependent maternal effects across the life history[END_REF][START_REF] Polkki | Transgenerational Effects of Heavy Metal Pollution on Immune Defense of the Blow Fly Protophormia terraenovae[END_REF][START_REF] Yu | Transgenerational effects of Heavy Metals on L3 Larva of Caenorhabditis elegans with Greater Behavior and Growth Inhibitions in the Progeny[END_REF][START_REF] Thor | Transgenerational effects alleviate severe fecundity loss during ocean acidification in a ubiquitous planktonic copepod[END_REF][START_REF] Minguez | Transgenerational Effects of Two Antidepressants (Sertraline and Venlafaxine) on Daphnia magna Life History Traits[END_REF]. It was shown that the population of ants and even bryozoans exposed to pollutants produced offspring with higher immunity for survival and even growth parameters [START_REF] Polkki | Transgenerational Effects of Heavy Metal Pollution on Immune Defense of the Blow Fly Protophormia terraenovae[END_REF][START_REF] Marshall | Transgenerational plasticity in the sea: context dependent maternal effects across the life history[END_REF]. Our result is consistent with such findings where the generation without any exposure showed higher survival and lower mortality even if they come from pollutant-exposed parents [START_REF] Sun | Acclimation and adaptation to common marine pollutants in the copepod Tigriopus californicus[END_REF][START_REF] Li | Impacts of mercury exposure on life history traits of Tigriopus japonicus: multigeneration effects and recovery from pollution[END_REF]. A study on ocean acidification has also highlighted similar findings that the impact of increased pCO2 in transgeneration showed less harmful effect on the progeny of the exposed copepod Pseudocalanus acuspes [START_REF] Thor | Transgenerational effects alleviate severe fecundity loss during ocean acidification in a ubiquitous planktonic copepod[END_REF]. However, to the contrary, Caenorhabditis elegans a free-living nematode demonstrated that the outcome of trace metal exposure severely impacted the offspring compared to the parental generation in terms of growth and behavioural aspects [START_REF] Yu | Transgenerational effects of Heavy Metals on L3 Larva of Caenorhabditis elegans with Greater Behavior and Growth Inhibitions in the Progeny[END_REF]. Our study further highlights that the recovery in the total population of copepods exposed to sediments was significantly higher than those exposed to trace metal treatment, thereby indicating that resuspended sediments do not have transgenerational effects compared to trace metals perhaps by activating faster depuration routes and higher number of detoxifying enzymes. In a previous study long-term exposure of Fluoranthene to benthic copepods led to significantly faster depuration in sediment than water, which was similar to our observation. This study further marked the species specific response to this ability of faster depuration in sediment and also discussed that trophic mode of each species and concentration of the toxic compounds might be the key determining factors [START_REF] Landrum | Influence of sediment on anthracene uptake, elimination, and biotransformation by the amphipod, Hyalella azteca[END_REF][START_REF] Kukkonen | Toxicokinetics and toxicity of sediment-associated pyrene to Lumbriculus variegatus (Oligochaeta)[END_REF][START_REF] Lotufo | Bioaccumulation of sediment-associated fluoranthene in benthic copepods: uptake, elimination and biotransformation[END_REF][START_REF] Paul-Pont | Exposure of marine mussels Mytilus spp. to polystyrene microplastics: toxicity and infuence on fuoranthene bioaccumulation[END_REF]. However, our study lacked the comparison of sediment from contaminated area with a clean reference sediment and this new input of a second control (sediment) can be considered in future studies by toxicologists, using a system that resembles the natural turbulences of any concerned study site and adding a clean sediment (control) in order to comprehend the effects of contaminants in intertidal areas.

Bioaccumulation of metals and its effect on life history traits

The copepod E. affinis was acclimated with exposure in F0 and thereafter, a gradual increase in the uptake of metals took place that led to a higher accumulation in F1. After longer exposure throughout F0 and F1 the metal uptake decreased in copepods possibly due to the saturation or unavailability of metal binding sites in F2. In addition to the reduced metal binding sites, as discussed earlier, copepods tend to activate certain depuration processes, by which accumulated metals or other toxic compounds are released for detoxification [START_REF] Kozlowsky-Suzuki | Feeding, reproduction and toxin accumulation by the copepods Acartia bifilosa and Eurytemora affinis in the presence of the toxic cyanobacterium Nodularia spumigena[END_REF][START_REF] Kozlowsky-Suzuki | Glutathione transferase activity and oocyte development in copepods exposed to toxic phytoplankton[END_REF][START_REF] Paul-Pont | Exposure of marine mussels Mytilus spp. to polystyrene microplastics: toxicity and infuence on fuoranthene bioaccumulation[END_REF]. Similar observations were noticed in other studies related to copepods or amphipods [START_REF] Kahle | Bioaccumulation of trace metals in the calanoid copepod Metridia gerlachei from the Weddell Sea (Antarctica)[END_REF][START_REF] Clason | Bioaccumulation of trace metals in the Antarctic amphipod Paramoera walkeri (Stebbing, 1906): Comparison of two-compartment and hyperbolic toxicokinetic models[END_REF][START_REF] Clason | Bioaccumulation of trace metals in the amphipod Chaetogammarus marinus (Leach, 1815) from the Avon and Tamar estuaries (UK): Comparison of two-compartment and hyperbolic toxicokinetic models[END_REF][START_REF] Pavlaki | Ecotoxicology and environmental safety influence of environmental conditions on the toxicokinetics of cadmium in the marine copepod Acartia tonsa[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. In trace metal mixtures, the F1 generation showed highest and F3 lowest accumulation of all metals when compared to other generations.

A saturation was also observed in the case of trace metal mixture in F2. Out of the four metals analysed (Cd, Cu, Ni, Pb), Cd showed the least accumulation at both exposure conditions. However, in other studies Cd accumulation was found higher and linearly increasing when exposed alone, thereby indicating the effect of metal competition when present in mixture [START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF][START_REF] Dayras | Effects of different routes of exposure to metals on bioaccumulation and population growth of the cyclopoid copepod Paracyclopina nana[END_REF]. When this result from our group was further integrated to the present study of intergenerational exposure, least accumulation of Cd, in the presence of Cu, Ni and Pb was observed. Our study highlights significantly higher accumulation of Cu, which is because it is an essential element for marine invertebrates and also it showed the highest bioconcentration factor in E. affinis from both the treatments of exposure, which supports previous findings [START_REF] Barka | Metal distributions in Tigriopus brevicornis (Crustacea, Copepoda) exposed to copper, zinc, nickel, cadmium, silver, and mercury, and implications for subsequent transfer in the food web[END_REF][START_REF] Zamora | Sensitivity and response time of three common Antarctic marine copepods to metal exposure[END_REF][START_REF] Tlili | Acute toxicity, uptake and accumulation kinetics of nickel in an invasive copepod species: Pseudodiaptomus marinus[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. In fact, [START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF] showed that Cu accumulation was particularly higher in a mixture of Cd and Ni when compared to Cu exposure alone. In another recent study [START_REF] Kadiene | Bioaccumulation of metals in calanoid copepods by oral intake[END_REF] also showed that in a short-term study in E. affinis both the uptake (4 hours) and depuration (2 hours) of Cu was significantly higher when compared to the other two metals in mixture, which were Nickel and Cadmium. However, Ni accumulation in our study showed higher accumulation from the sediment than from trace metal spiked seawater. This observation was consistent with [START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF], where Ni showed lowest accumulation in metal mixture, which reached a saturation after 24 hours. Furthermore, from our results we found that after exposing copepods to decontaminated water in F3, Cu concentration got significantly lower in copepods exposed to sediment treatment when compared to Ni, consistent with previous findings on Cu and Hg accumulation [START_REF] Tsui | Influences of maternal exposure on the tolerance and physiological performance of Daphnia magna under mercury stress[END_REF][START_REF] Sun | Acclimation and adaptation to common marine pollutants in the copepod Tigriopus californicus[END_REF]Li et al., 2015). However, Cu concentration in the copepods exposed to a trace metal mixture showed comparatively less reduction in contrast to sediment exposure, perhaps because sediment shows faster depuration than seawater [START_REF] Lotufo | Bioaccumulation of sediment-associated fluoranthene in benthic copepods: uptake, elimination and biotransformation[END_REF][START_REF] Paul-Pont | Exposure of marine mussels Mytilus spp. to polystyrene microplastics: toxicity and infuence on fuoranthene bioaccumulation[END_REF]. This further strengthens our previous results, where decontamination after sediment exposure provided a larger recovery in the population size of E. affinis compared to a mixture of trace metals. A recent study on the effect of metal mixture (Cd+Cu+Ni) along with the decontamination phase to the small cyclopoid copepod Paracyclopina nana reported similar results where Cu concentration was lowered in the copepods [START_REF] Dayras | Effects of different routes of exposure to metals on bioaccumulation and population growth of the cyclopoid copepod Paracyclopina nana[END_REF]. Literature sources to compare the effect of metal mixtures and metals from resuspended contaminated sediments are scarce in comparison to studies on individual metal exposure or individual and mixtures of drugs [START_REF] Dietrich | Single and combined toxicity of pharmaceuticals at environmentally relevant concentrations in Daphnia magna -a multigenerational study[END_REF][START_REF] Rainbow | Metal toxicity, uptake and bioaccumulation in aquatic invertebrates -modelling zinc in crustaceans[END_REF][START_REF] Manimaran | Effect of copper on growth and enzyme activities of marine diatom, Odontella mobiliensis[END_REF][START_REF] Dökmeci | The Determination of Single and Mixture Toxicity at High Concentrations of Some Acidic Pharmaceuticals via Aliivibrio fischeri[END_REF][START_REF] Tlili | Acute toxicity, uptake and accumulation kinetics of nickel in an invasive copepod species: Pseudodiaptomus marinus[END_REF][START_REF] Jakob | Uptake kinetics and subcellular compartmentalization explain lethal but not sublethal effects of cadmium in two closely related Amphipod Species[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. It was shown that pharmaceutical drug mixtures did not pose any stronger impact in comparison to the dose of a single drug on daphnids [START_REF] Dietrich | Single and combined toxicity of pharmaceuticals at environmentally relevant concentrations in Daphnia magna -a multigenerational study[END_REF]. On the contrary, studies have also shown that the mixture of drugs can have a synergistic effect and proved to be more toxic to daphnids, rainbow trout, and several other organisms (Cleuver 2003(Cleuver , 2004;;[START_REF] Schnell | Single and combined toxicity of pharmaceuticals and personal care products (PPCPs) on the rainbow trout liver cell line RTL-W1[END_REF][START_REF] Dökmeci | The Determination of Single and Mixture Toxicity at High Concentrations of Some Acidic Pharmaceuticals via Aliivibrio fischeri[END_REF]. Interaction of different metals when mixed were often described as showing complex interactions that can show greater affinity to a specific group of metals or compounds, depending on the structure of the chemical substances [START_REF] Lopez | Voltammetry assisted by multivariate analysis as a tool for speciation of metallothioneins: competitive complexation of a-and b-metallothionein domains with cadmium and zinc[END_REF][START_REF] Wang | Development of multi-metal interaction model for Daphnia magna: significance of metallothionein in cellular redistribution[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. Such competitive interactions were further analysed by several models and metallothionein was marked to play an active role in the distribution of trace metals inside an organism [START_REF] Hsiao | Copepod species and their trace metal contents in coastal northern Taiwan[END_REF][START_REF] Lopez | Voltammetry assisted by multivariate analysis as a tool for speciation of metallothioneins: competitive complexation of a-and b-metallothionein domains with cadmium and zinc[END_REF][START_REF] Wang | Development of multi-metal interaction model for Daphnia magna: significance of metallothionein in cellular redistribution[END_REF][START_REF] Yang | Metal binding characterization of heterologously expressed metallothionein of the freshwater crab Sinopotamon henanense[END_REF]. The bioavailable % was measured in the sample of sediment that was used in resuspension to expose E. affinis. This result showed that Cu (76.5%) and Pb (89%) exhibited a higher percentage in comparison to Cd (37.7%) and Ni (27.2%). The bioaccumulation in copepods was, however, highest for Cu, but Pb did not show high accumulation probably due to competition with other metals present in the mixture.

The effect of bioaccumulation on the life history traits of E. affinis showed lower population density and higher mortality effects in the second generation (F1). Also, a higher bioaccumulation of metals was observed in the second generation (F1) for both the exposed treatments. This result is consistent with the findings of previous experiments on multigenerational exposure to a range of contaminants and organisms that show greater impact on the population, size, fecundity etc. in the second generation [START_REF] Brennan | Multigenerational effects of four selected environmental oestrogens on Daphnia magna[END_REF][START_REF] Guan | Multigenerational cadmium acclimation and biokinetics in Daphnia magna[END_REF][START_REF] Massarin | Effects of chronic uranium exposure on life history and physiology of Daphnia magna over three successive generations[END_REF][START_REF] Chen | Effects of multigenerational exposures of D. magna to environmentally relevant concentrations of pentachlorophenol[END_REF]. A significant negative correlation between metals accumulated and their total population was observed in case of trace metal mixture treatment. Further mortality was significantly positively correlated with accumulation of metals.

Similar findings of metal accumulation affecting the total no. of individuals and increased mortality was observed in many previous studies [START_REF] Jiang | Heavy metal exposure reduces hatching success of Acartia pacifica resting eggs in the sediment[END_REF][START_REF] Kwok | Acclimation effect and fitness cost of copper tolerance in the marine copepod Tigriopus japonicus[END_REF][START_REF] Chen | Effects of multigenerational exposures of D. magna to environmentally relevant concentrations of pentachlorophenol[END_REF][START_REF] Korsman | Modelling the impacts of multiple environmental stress factors on estuarine copepod populations[END_REF][START_REF] Meyer | Acute toxicity of binary and ternary mixtures of Cd, Cu, and Zn to Daphnia magna[END_REF][START_REF] Zidour | Population response of the estuarine copepod Eurytemora affinis to its bioaccumulation of trace metals[END_REF]. However, in case of sediment exposure, the correlation between accumulation of metals with mortality, population size and clutch size did not show strong relations as compared to the dissolved combined trace metal exposure. This is perhaps because the sediment of the Seine estuary other than trace metal is also characterized by other contaminants like organic compounds, endocrine disruptors, sex steroids which can often can cause sub-lethal effects in E. affinis [START_REF] Cailleaud | Seasonal variations of hydrophobic organic contaminant concentrations in the water column of the Seine Estuary and their transfer on a planktonic species Eurytemora affinis (Calanoïda, copepoda). Part1: PCBSs and PAHs[END_REF][START_REF] Cailleaud | 27 Tidal influence on the distribution of hydrophobic organic contaminants in the Seine Estuary and biomarker responses on the copepod Eurytemora affinis[END_REF][START_REF] Cailleaud | Uptake and elimination, and effect of estrogen-like contaminants in estuarine copepods: an experimental study[END_REF]. Lower naupliar production was observed in the sediment treatments with exposed copepods usually during F1 and F2 generation. Such observation was consistent with a previous study on Daphnia magna where the organism was exposed to diethylstilbestrol [START_REF] Brennan | Multigenerational effects of four selected environmental oestrogens on Daphnia magna[END_REF][START_REF] Chen | Effects of multigenerational exposures of D. magna to environmentally relevant concentrations of pentachlorophenol[END_REF]. Lower naupliar production has been also reported in studies related to the effect of ocean acidification and Cu stress, which were acting together on the benthic copepod Tisbe battagliai [START_REF] Fitzer | Response of Copepods to Elevated pCO2 and Environmental Copper as Co-Stressors -A Multigenerational Study[END_REF]. Previous study on Tigriopsus californicus indicated a lower production of nauplii at all contaminated sites when compared to reference sites [START_REF] Misitano | Effect of chemically contaminated marine sediment on naupliar production of the marine harpacticoid copepod, Tigriopus californicus[END_REF]. Our study showed how contamination from various sources like polluted sediment and/or trace metal mixtures in seawater can pose a significant risk to aquatic organisms by lowering the no. of individuals, increasing mortality and affecting particular stages through intergenerational exposure. It highlights the importance of intergenerational studies and reveals the practical relevance of risk assessments because organisms in their original habitat are highly threatened by pollutants for multiple generations.

Conclusion

Our study highlights the combined effects of two kinds of exposures, represented by resuspended contaminated sediment and a mixture of trace metals in dissolved phase to E. affinis over intergenerations. The results show that contaminants from sediment or seawater can potentially affect the population size of copepods and thereby increase their mortality. Higher mortality along with higher bioaccumulation of metals by E. affinis showed a positive correlation between these two factors and the elevated risk that contaminants can pose, enhancing the usefulness of intergenerational studies. The decontaminated generation indicated a greater ability of recovery in population size and lowering of the concentration of Cu in the case of copepods exposed to resuspended sediment than the treatment exposed to trace metal mixture indicating maternal transfer and the possible tolerance induced in the offspring from contaminant exposed parents. However, the sex ratio in the copepod population exposed to resuspended sediment was skewed towards males and proved to be a sensitive parameter when compared with trace metal mixtures. This is perhaps the first study demonstrating two different pathways of exposure and their influence on marine organisms that are exposed to even more forms and sources of pollutants in the real world.
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Fig. 1 .

 1 Fig. 1. Graphical representation of the total population in each generation and treatment (control -blue, sediment -orange, trace metal -grey) (letters a and b indicate significant differences between the generations in a single treatment; letters x and y indicate significant differences between treatments in a single generation and absence of such demarcation indicates no significant differences).

Fig. 2 .

 2 Fig. 2. The graphical representation of the mortality % in each generation and treatment (control -blue, sediment -orange, trace metal -grey) (letters a and b indicate significant differences between generations in a single treatment; letters x and y indicate significant differences between the treatments within a single generation and absence of such demarcation indicates no significant differences).
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 3 Fig. 3. (a) Figure showing the variation in the number of different copepod life stages in the 2 nd generation (F1) for all the treatments (b) in the 3 rd generation (F2) for all the treatments. (c) in

Table 1 .

 1  between the bio-accumulated metals in copepods from the resuspended sediment and other life history traits. Values of p are shown between parentheses. ** Correlation is significant at the 0.01 level (2-tailed).

		Cd	Cu	Ni	Pb	Mortality	Clutch size
	Mortality	0.452	0.528	0.435	0.524		
		(0.222)	(0.144)	(0.242)	(0.148)		
	Clutch size -0.595	-0.645	-0.583	-0.642	-0.498	
		(0.091)	(0.061)	(0.099)	(0.062)	(0.173)	
	Total	-0.518	-0.603	-0.500	-0.598	-0.969 **	0.538
	population						
		(0.153)	(0.086)	(0.171)	(0.089)	(0.001)	(0.135)

Table 2 .

 2 Pearson correlation test between bio-accumulated metals in copepods from trace metal mixtures and other life traits. ** Correlation is significant at the 0.01 level (2-tailed), * Correlation is significant at the 0.05 level (2-tailed).

		Cd	Cu	Ni	Pb	Mortality	Clutch size
	Mortality	0.822 **	0.882 **	0.846 **	0.885 **		
		(0.006)	(0.002)	(0.004)	(0.002)		
	Clutch size -0.379	-0.460	-0.408	-0.467	-0.478	
		(0.314)	(0.213)	(0.275)	(0.205)	(0.193)	
	Total	-0.742 *	-0.811 **	-0.769 *	-0.816 **	-0.801 **	0.075
	population						
		(0.022)	(0.008)	(0.015)	(0.007)	(0.009)	(0.849)
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