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Abstract

:

The continental coastal waters of the Eastern Channel, from Normandy to Hauts-de-France, are subject to the major influence of unbalanced nutrient inputs from inflowing rivers. Several episodes of harmful algal blooms (HABs) compromising fishing and shellfish farming activities have been observed at the coast. For a better understanding of how the land-to-sea aquatic continuum functions, the GRAFS-RIVERSTRAHLER river biogeochemical model was implemented to cover the watersheds of 11 rivers flowing into this area (including the Seine) and chained with the ecological marine ECO-MARS3D model, applied to the French Northern coastal zone. Human activities strongly impact on the functioning of coastal ecosystems. Specifically, for these fertile soils of Northern France, intensive agricultural nitrogen (N) deliveries in excess over silica (Si) and phosphorus (P), essentially of diffuse origin, are potentially responsible for coastal eutrophication. Phosphorous is today equally supplied by diffuse and point sources, after a drastic reduction of inputs from wastewater treatment plants since the 2000s, and is better balanced regarding Si, as shown by the indicators of coastal eutrophication potential (P-ICEP versus N-ICEP). However, despite this drastic P reduction, HABs still appear repeatedly. Exploration of several scenarios of agro-food chain reorganization shows that (i) further progress in urban wastewater treatment to fully comply with current European regulations will not result in a significant reduction of nutrient fluxes to the sea, hence including HABs, and (ii) radical structural changes in agriculture, based on generalization of long and diversified organic crop rotations, reconnection of crop and livestock farming and changes in the human diet have the capacity to significantly reduce nutrient flows, coastal eutrophication and HABs.
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1. Introduction


Coastal areas play a fundamental role in the functioning of marine ecosystems. This strategic area is a transitional sector between terrestrial and oceanic systems, whose dynamics is the source of a wide variety of natural resources. Human activities (agricultural and urban) in the upstream watersheds and at the coast have a direct effect on the functioning of coastal marine ecosystems. Many coastal waters in the world are under the influence of river plumes and their unbalanced load of nutrients, possibly leading to harmful algal blooms (HABs) and/or hypoxia (China [1,2]; Gulf of Mexico [3,4]; Baltic Sea [5]; Adriatic Sea [6,7]; etc.). Areas of the English Channel and the North Sea are also known for their eutrophication problems [8,9,10,11]. Indeed, nitrogen (N) and/or phosphorus (P) in excess of silica (Si) in regard to diatom growth requirements are potentially accountable for marine eutrophication for most of these systems [12,13,14,15]. Whereas P fluxes have decreased significantly over the last two decades, owing to better domestic wastewater treatment, N fluxes have remained at best stable in most agricultural areas [16].



Moreover, for several years, different sites of the English Channel and Atlantic coast (Seine Bay, Brest Bay and South Brittany) regularly face HABs occurrences, especially microalgae such as dinoflagellates (Dinophysis spp. [17]) and diatoms (Pseudo-nitzschia spp. (PSN), [18,19,20,21]) in the Seine Bay, the Bay of Brest and South Brittany, but also macroalgae in the south on the Brittany coasts (Ulva spp., [22]), and mucilaginous algae north of the English Channel and the Southern Bight of the North Sea (Phaeocystis spp., [10]).



Pseudo-nitzschia is a cosmopolitan genus regularly observed along the coast of the Eastern Channel and Atlantic (as revealed by the French microphytoplankton monitoring network, REPHY) and is responsible, under certain conditions, for domoic acid (DA) production which is an amnesic neurotoxin ASP (amnesic shellfish poisoning). This toxin is accumulating in the food chain. Shellfish in particular, filtering toxic phytoplankton, can store the toxin in great quantities in their digestive gland (hepatopancreas). This toxin is not harmful for shellfish but causes harm to humans (as well as marine mammals and birds [23,24,25]) consuming it. Several periods of toxic phytoplanktonic blooms in the Bay of Seine affecting fisheries and shellfish activities have been observed. In particular, scallop fishery is greatly impacted by toxic events because, contrary to other filter shellfish, the scallop takes a very long time to decontaminate [26,27]. Two ASP toxic events that occurred between 2004 and 2011–2012 in the eastern English Channel affected scallop fishery in the Seine Bay and induced partial or total closure of fisheries [20].



The presence of these microalgae is concomitant with a dissolved inorganic N excess with regards to the dissolved Si or P. Indeed, DA production has been linked to a low cellular quota of Si [28,29].



The impact on the Seine watershed and the coastal zone of the Seine Bay were previously represented by chaining river and estuarine or coastal zone models, and the effects of nutrient load reduction scenarios have been explored [30,31,32,33,34,35]. These previous studies showed the ability of the models to reproduce the main trends in nutrient loads and algal bloom development in this area. They also pointed out the substantial decrease of P loads and the stability in N loads during the past two decades. Furthermore, the coupling of a watershed model and a marine ecosystem model enables exploring scenarios to evaluate the effect of changes within the river basin at the coastal zone.



Whereas the effect of point source reduction due to improvement of treatments in wastewater treatment plants (WWTP) is relatively easy to take into account, agricultural scenarios are more complex to translate in a modelling approach, and their design might require many actors (e.g., politicians, stakeholders, citizens) to debate and arbitrate among several not only technical options, but possibly radical changes in the agri-food system. Participative workshops have made it possible to build scenarios evolving and modifying agricultural practices and systems, with various actors from the watershed area, but also from the coastal territories. Regarding agriculture, a radical change scenario envisaged a complete re-organisation of the agri-food chain, with a generalisation of organic farming practices making farmers autonomous by stopping the use of chemicals and the import of feed, as well as reconnection of livestock and agriculture and a change in the human diet (A/R/D scenario) [36].



A Pristine scenario was also built considering watersheds completely devoid of human activity, ensuring a kind of zero disturbance state, characterised as “natural”. The “back to the 1980s” scenario aimed to show what the situation would be if no public policy had been implemented for the last 40 years in the field of wastewater treatment or in agricultural practices. The WWTP scenario was intended to assess the progress that can still be made by completing the already advanced implementation program of the Urban Wastewater Directive (UWWD EU [37]).



The first aim of this study was to analyse the potential link between nutrient load and the HABs, particularly PSN, and their occurrence in the Channel coastal area. The second objective was to simulate the spatio-temporal distribution of phytoplankton in the Eastern Channel and Seine Bight under the influence of direct contributions of most adjacent drainage networks from Normandy and Hauts-de-France. Specifically, we wished to analyse the responses of the PSN genus to nutrient deliveries for the 2002–2014 reference period, while also testing the impact of the abovementioned scenarios on coastal eutrophication and associated PSN toxicity that recurrently led to the closure of shellfish fisheries, with severe socio-economic consequences. We believe that these results could help watershed authorities to improve the management of the scallop fishery and find strategies to reduce HABs and, more generally, eutrophication.




2. Development of A Modelling Chain for Aquatic Continuums: From River Headwaters to Coastal Marine Ecosystems


Three types of models were developed and then chained during this project: (i) a regional agro-food system model linking food production in the watershed to nutrient losses to surface water; (ii) a river network model able to provide nutrient flows at the outlets of the main rivers and streams; and (iii) a model of the coastal marine ecosystem, fed by these riverine flows of nutrients and making it possible to simulate the temporal and spatial distribution of microphytoplankton. Until now, the model chain was essentially applied to the single drainage network of the Seine River [32,34,38], but here the river model was extended to all the coastal rivers of Normandy and Hauts-de-France (Figure 1).



2.1. The GRAFS Model


The Generalized Representation of Agro-Food System (GRAFS) [31,39] is an accounting and modelling tool able to calculate N, P and C fluxes among the main compartments of the agricultural system of a given territory, including the nutrient losses to the hydro system. It can be used in accounting mode to derive nutrient fluxes from data on agricultural structure and production issued from official statistics (namely, in this study, the French Annual Agricultural Statistics (http://agreste.agriculture.gouv.fr/donnees-de-synthese/statistique-agricole-annuelle-saa) for the year 2006), or in modelling mode, for designing coherent agro-food systems corresponding to the story-lines of prospective scenarios as described, for instance, in Billen et al. [39].



The calculation of diffuse inputs of nitrate to surface water through leaching of arable and grassland is based on the estimate of N surpluses, calculated as the difference between N inputs to the soil and N export through harvest. For cropland, leaching flow was estimated to account for about 70% of the surplus, taking into account the frequency of catch crops before spring crops [40,41] (Figure 2). For grassland, the leaching is considered very low as long as the surplus remains below a threshold of 100 kgN ha−1 yr−1 [31].




2.2. The RIVERSTRAHLER River Model


The RIVERSTRAHLER is a biogeochemical model describing the transfer of nutrients from the terrestrial systems of a watershed to the outlet of the river system, imbedded into a GIS environment, Seneque [42]. It allows the calculation of flows and water quality variables at any point in the aquatic continuum based on a number of constraints characterising the watershed, namely, the morphology and hydrology of the river system and the point and diffuse sources of nutrients. River flow information was provided by the Ministry for Ecology and Sustainable Development through the French national hydrologic databank (Banque HYDRO, www.hydro.eaufrance.fr) (Table 1). Data were averaged at a daily time step and then broken down into surface runoff and base flows, using the Bflow recursive filter [43,44] for the method and informatics program, respectively). Surface runoff and base flows were generated using observed discharge time series at 54 (Normandy) and 18 (Hauts-de-France) gauging stations for the 2002–2014 period, for each sub-basin considered for the modelling project.



Urban point source loadings were derived from the databases of the water agencies (Agence de l’Eau Seine-Normandie and Agence de l’Eau Artois Picardie) and took into account progress achieved in wastewater treatment during the simulation period (2002–2014). Diffuse inputs were calculated by the GRAFS model, taken into account land use and agricultural practices. For the purposes of the study, the version of the RIVERSTRAHLER used included the latest developments for taking into account N retention in riparian zones [45].



Seasonal variations of the ~30 water quality variables calculated by the model are provided with a temporal resolution of 10 days (i.e., 36 values over the annual cycle), although biogeochemical processes are calculated at the 6 min time step. Among these variables, the major ones used here for feeding ECO-MARS3D were nutrients represented as N (ammonium -NH4-, nitrate -NO3--), P (total P, phosphates -PO4--), Si (dissolved -DSi- and biogenic -BSi-), and suspended solids (SS) (see [46,47]). Other calculated variables such as oxygen, carbon (six classes of biodegradability), phytoplankton biomass (chlorophyll a (Chla), distributed among three freshwater phytoplankton groups, i.e., diatoms, Chlorophyceae, and Cyanobacteria), bacteria, zooplankton, etc., will not be shown here (see [48]). The living biomass present in the flows of fresh water into the sea is considered to die once in contact with sea water (according to a salinity-dependent mortality process) and to transform into organic N and P detritus pools managed by the ECO-MARS3D.



The domain taken into account by the river modelling approach comprised 11 rivers and covered an area of ~93,000 km2, including the Seine River (79% of the surface area and 90% of the population) and the Somme River, the second largest of the domain (Table 2).




2.3. The ECO-MARS3D Coastal Zone Model


The ECO-MARS3D is composed of a three-dimensional hydrodynamic model called MARS3D (3D Hydrodynamical Model for Application at the Regional Scale) described by Lazure and Dumas [49] to which was coupled a biogeochemical module. A complete description of the hydrodynamic core of this model as well as the different modules (e.g., sediment dynamics, biogeochemistry) can be consulted on the following website: http://wwz.ifremer.fr/mars3d/Le-modele/Descriptif/. Since the late 1990s, the biogeochemical module has been continually improved [17,38,50,51,52]. Among the major elements that are essential for building up living matter, N, Si and P are considered (i) in their mineral form, (ii) included in the living matter and (iii) in their detrital form. The biogeochemical model is therefore an NPZD model (nutrients, phytoplankton, zooplankton, detritus). For dissolved mineral N, a distinction is made between NH4 and NO3; the nitrite form (NO2) is ignored. The phytoplankton compartment is currently represented by three variables: diatoms, for the most part in the mid-spring, dinoflagellates, especially visible in summer and autumn, and nanoflagellates, more transient [53]. All types of microalgae are expressed in the model as their N content.



Here, a specific module was implemented to represent the particular category of diatoms, the genus Pseudo-nitzschia. The PSN module included in the general ECO-MARS3D model thus introduced a new competitor for nutrients and light for the other categories of phytoplankton. It is not yet clear whether all species of PSN produce DA (see [54,55,56,57] for different points of view). Of all species, one of the most toxic would be Pseudo-nitzschia australis [58]. Despite several differing results, we adopted Klein et al.’s [59] hypothesis considering that DA only appears at the end of the growth phase, as soon as Si becomes limited in regard to P or N [29,60]. The basic assumption of the Davidson and Fehling model [29] is that DA is produced by cells as soon as their Si/N or P/N quota falls below a certain threshold.



Here, we retained only a varying Si/N quota by adding to the current nitrogen state variable a second state variable describing the silicic content of Pseudo-nitzschia. The current growth limitation of Pseudo-nitzschia by silica is then given by a Droop function of intracellular Si quota:


   f  S i     =      q  S i     −    q  S i m i n      q  N u t S i      











(qSimin = minimum silica quota for Pseudo-nitzschia)



The uptake of dissolved silicate from ambient seawater is given by a Michaelis-type function:


   v  S i     =    v  m a x S i     S i    K  S i     +   S i    











For temperature effect on growth, a new development was based on the observations by Thorel et al. [61], who showed that the effect of temperature on the growth of the species Pseudo-nitzschia australis followed the asymmetric law of Blanchard et al. [62] rather than the normal law (as in Pénard [60]).


   f T    =      [    m a x  (  0 ,    T  l e t h a l   − T  )     T  l e t h a l     −    T  o p t      ]   β   e  − β  [    m a x  (  0 ,    T  l e t h a l   − T  )     T  l e t h a l   −  T  o p t       −   1  ]     











using β = 0.6 for Pseudo-nitzschia



This new formulation tightens the temporal window of PSN appearance in late spring/early summer (June–July) by delaying growth in early spring and by severely limiting it in summer when temperatures exceed 17–18 °C.



Pseudo-nitzschia diatoms sink at a settling rate depending on their nutrient status (as bulk diatoms, see [52])



Equations for Pseudo-nitzschia state variables are provided in Table 3, along with the parameter values used in this simulation. A more extensive description and validation of this model component will be provided in Ménesguen et al. [63].



Pseudo-nitzschia nitrogen content XpsnzN (µmol N·L−1)


       d  X  p s n z N       d t   =  f T   [   µ  m a x p s n z   min  (   f  N p s n z   ,  f  S i p s n z   ,  f  P p s n z   ,  f  L p s n z    )  −  m  p s n z    ]   X  p s n z N           −  τ  p s n z m e s o z o o    µ  m a x m e s o z o o    f T   [  1 −  e  −  γ  m e s o z o o    (  P r e  y  m e s o z o o   − t  h  m e s o z o o    )     ]   X  m e s o z o o       











Pseudo-nitzschia silicon content XpsnzSi (µmol Si L−1)


       d  X  p s n z S i       d t   =  ν  S i    X  p s n z N     −  f T   m  p s n z    X  p s n z S i         −  q  S i p s n z    τ  p s n z m e s o z o o    µ  m a x m e s o z o o    f T   [  1 −  e  −  γ  m e s o z o o    (  P r e  y  m e s o z o o   − t  h  m e s o z o o    )     ]   X  m e s o z o o       











Domoïc acid concentration (ASP toxin) in suspended matter XAd (µg·L−1)


     d  X  D A       d t   =  r  D A   [  f  S i p s n z   <  f  S i _ t h   ]  X  p s n z N     −  d  D A    X  D A        The   current   Pseudo-nitzschia   silicium   quota   is   given   by :    q  S i p s n z   =    X  p s n z S i        X  p s n z N       .   











Taking into account the 12 years studied and the need for many calibration runs over a domain wider than the region of interest (in this study, the model was run over the MANGA domain defined by Ménesguen et al. [51], covering the whole French Atlantic continental shelf and the English Channel), a rather coarse horizontal resolution with 16 km × 16 km square meshes on each side was adopted to run the ECO-MARS3D model allowing a realistic simulation of the main regions of the shelf ecosystem. The vertical dimension is represented by 30 sigma layers in the water column and no explicit sediment layer; bulk benthic detritus were simulated as state variables fixed in the bottom water layer (see [51]). Boundary conditions for all biogeochemical state variables are managed as null gradient conditions at the oceanic and North Sea frontiers of the MANGA domain, whatever the scenario used for terrestrial nutrient loadings. A two-year spin-up is made before the 12 year simulation for each loading scenario.



The ARPEGE meteorological model from Météo-France provided the fields (every 6 h with a 0.5° spatial resolution) necessary to force the model ecosystem (wind, atmospheric pressure, air temperature, cloud cover, relative humidity). The main continental nutrient inputs from rivers were taken into account over the whole study area and came from the simulations provided by the GRAFS-RIVERSTRAHLER model.





3. Nutrient Fluxes Delivered at the Coast


The use of modelled riverine input flows (instead of measured flows) for marine ecosystem simulations was necessary for at least two reasons:



(i) Sufficiently frequent observation data were not available for all rivers and for all the years of the chronicle we wished to study. A modelling approach was therefore closely adapted to reconstruct a complete and homogeneous series of nutrient fluxes delivered to the Seine Bay and the Channel.



(ii) The desire to study the effect of modelled scenarios requires a reference situation calculated according to the same procedures as for the simulated scenarios.



Interestingly, the modelling approach used here was based on the representation of deterministic processes and did not use calibration procedures, so that the differences between simulations and observations resulted either from incomplete process representation or poor knowledge of the constraints on the system (or both). Regarding GRAFS-RIVERSTRAHLER, our knowledge of diffuse sources (agricultural soil N balance, lithology, etc.) and point sources (database from the Seine-Normandy and Artois Picardy water agencies) was necessarily imperfect, as was true for boundary conditions of ECO-MARS3D.



3.1. Inter-Annual Variations of Riverine Water Flow and Quality


Simulation of seasonal variations in water flows and concentrations were provided for the outlet of the two largest rivers (the Seine and Somme rivers) and compared to the available data observed at the same stations (Figure 3).



To evaluate the model results, we calculated (i) the normalised RMSE (NRMSE) and (ii) the relative bias, for inter-annual variations per decade and for the values of the major variables (see Figure 3, Table 4). Both are expressed as a percentage, NRMSE representing the variability of the model results with respect to the observations, normalised to the variability of the observations, and the relative bias indicating an over- or underestimation of the observations by the model simulations.



As hydrology is the primary determinant of seasonal and inter-annual nutrient flow variations, it is important to correctly simulate water flows. The simulations of water flows compared very well with the observations (NRMSE = 5% and 6%; Bias = −7% and −1%, respectively, for the Seine and the Somme (Table 4)). Note that the water flow simulations were based on the daily observations of discharge, for about 15 years with the hydrological stations distributed in the basin, that were broken down into surface runoff and base flows. The reconstitution procedure was therefore perfectly validated here.



Variations in the concentration of suspended solids are essentially controlled by the water flow rate, through bottom erosion and sedimentation processes, which are difficult to model at the scale of a complete hydrographic network. Nevertheless, the model reflected the general trends of the observed variations (NRMSE = 16% and 15%; Bias = 23% and 6%, respectively, for the Seine and the Somme).



Changes in wastewater treatment over the past decade (implementation of nitrification, then denitrification [64]) explain the inter-annual variations in ammonium. Inaccuracies in the documentation of these changes in our database probably led to the dispersion of the observed values around a general trend that was correctly reflected by the model, however, except at the end of the period studied, when the simulation was not as good (Figure 3). Seasonal and inter-annual variations in total P are mainly related to urban inputs from wastewater treatment plants (WWTPs) and notably changed during the period studied with improved WWTP processing [65]. These changes over the 2002–2014 period complicated the model results for both ammonium and P because input provided by the water agencies was not necessarily robust in this moving context. The overall percentage of variation was higher on the Seine where major changes occurred than on the Somme (NRMSE = 41% and 7%, respectively), while no significant systematic bias was observed (7% and −28%).



Simulating algal development, characterised by episodic and transient blooms in rivers closely linked to variations in hydrology but also to biological control by nutrients and predation, remains a major challenge. Whereas the model generally simulated the appearance of blooms and their amplitude quite well, bloom episodes were simulated in 2012 and 2014 but not always observed (see [65]). An overestimation of the calculation was, therefore, found (Bias = −33%), with a reasonable variability (NRMSE = 18%) (Table 4). No values were available for the Somme River.



Silica concentrations, which depend on the lithology of the watersheds and uptake by diatoms blooms, resulting in significant Si depletions, compare fairly well with the observed values. Our simulations adequately reflected the winter level, but because the simulation of the episodes of phytoplankton blooms was more difficult, Si depletion occurred with a short time lag, which explains the variability (NMRSE = 25%). However, on the whole, the bias was relatively low (7%).




3.2. Fluxes Delivered to the Coastal Zones


The average annual N and P fluxes calculated at the outlet of the main rivers of the domain are presented in absolute value and per surface area of the river basin (Table 5 and Figure 4, respectively). Due to its drainage surface area and water discharge, the Seine River delivered 82 and 83% of the total N and P fluxes, respectively, compared to the 2.8 and 3.4% from the Somme River, the second largest of the domain, and to the 0.7 and 1.1% from the smallest Arques River (Table 5). The differences in total Si flux were less pronounced (71% for the Seine, 5.7% for the Somme, and 1.7% for the Arques), with Si taken up by diatoms in the Seine probably higher, due to the longer residence time allowing diatom growth; diffuse Si fluxes from rock weathering were otherwise similar.



In complement to the absolute value of the N, P, and Si fluxes, specific fluxes per km² of surface area allow one to visualise the human pressures over the basins in a comparative view (Figure 4). Except for the Somme basin, all coastal rivers of the Hauts-de-France coast tended to show higher N pressure than the Normandy rivers, with the exception of the Orne River, reflecting the more intensive agriculture in Hauts-de-France than in Normandy. Conversely, P pressure would seem to be lower for Hauts-de-France rivers than for Normandy rivers. Overall, the differences in specific fluxes varied at a ratio of 2.8 and 2.4 for N and P, respectively. The ICEP (indicator of coastal eutrophication potential) [14,16,66] calculates the nitrogen (N-ICEP) or phosphorus (P-ICEP) excess in regard to Si with respect to diatom growth requirements according to stoichiometry [67,68]; it is expressed in mgC per day and per km² of catchment area and, therefore, corresponds to the amount of non-siliceous algal biomass likely to be produced after Si has been exhausted. The risks of eutrophication are limited when the ICEP takes values that are close to zero or negative (Figure 5). Interestingly, N-ICEP was systematically largely positive for all the rivers, indicating a strong eutrophication potential due to an N excess over the area studied. In contrast, except for the Seine River, P seems not be in excess in regard to Si, as indicated by negative P-ICEP values, with P the limiting element.





4. Impact of the Riverine Nutrient Deliveries at the Coastal Zone


4.1. Coastal Water Quality and Model Evaluation


To ensure that the ECO-MARS3D model correctly represents the environmental conditions at the chosen resolution of 16 km × 16 km, the main hydro-biological variables were compared to the measurements available at two stations in the Seine Bay (i.e., Géfosse and Antifer) and one near Dover Strait (Dunkerque) over the 2002–2012 period (see Figure 1). For these stations, simulated seasonal cycles as well as the levels of the major water quality variables (i.e., temperature, salinity, nutrients, chlorophyll) were in good agreement with the observations over the entire period, even if greater differences existed for some years (2003 in particular) (Figure 6).



The ECO-MARS3D coastal marine model was evaluated in a way similar to the GRAFS-RIVERSTRAHLER model (Table 6). The percentage of NRMSE (variability) was about 15–20% except for temperature at Antifer (27%) and Silica at Dunkerque (23%). Bias was not systematic, except for phosphate underestimated by the model; bias was the lowest (<10%) for temperature and salinity (Table 6). For the other variables, bias was about 30% (either positive or negative).




4.2. Pseudo-nitzschia Simulations


The simulated Pseudo-nitzschia N biomass was converted in abundance (1 μmol L−1 N = 1,000,000 cells L−1; [69]) for a quantitative evaluation of the Pseudo-nitzschia module. The evolution over the 11 years of PSN observed and simulated abundance (Figure 7a) compared with observations showed that the model accurately simulated the maximum levels (~2,000,000 cells L−1). However, calculated PSNs were overestimated in winter with a simulated abundance of 10,000–50,000 cells L−1, while no cells were detected by microscopic counts. Focusing on an average seasonal distribution (2002–2012), PSN abundance simulated at the Antifer station showed an adequate trend with an overall maximum from June to August (Figure 7b). However, a short bloom generally occurs in February according to REPHY counts, which was not simulated by the model, while the model simulated a regular decline in the bloom rather than the net abrupt decline shown by the observations (Figure 7b).





5. Exploring Different Scenarios in the Land-to-Sea Continuum


The modelling approach of the GRAFS-RIVERSTRAHLER model made it possible to evaluate the effects on riverine nutrient fluxes (averaged over the 2002–2014 period) delivered to coastal areas for the five scenarios constructed (Figure 8). The difference between the results for the Pristine and 1980s scenarios can be seen as two extreme situations, respectively, without human impact and with a maximum effect at a time when wastewater was collected in WWTPs but discharged without sufficient treatment. The 1980s also corresponded to a maximum amount of fertiliser, although the inertia of aquifers (not taken into account in these simulations) has probably partially masked the subsequent evolution, since equilibration between soils and aquifer was probably not reached. Therefore, the 2002–2014 reference period studied (Ref scenario) was more marked by measures related to point source pollution, i.e., a completion of WWTP upgrading for P (dephosphatation) and N treatments (nitrification and denitrification). A pursuit of wastewater treatment improvement (see the WWTP scenario) would no longer have much effect on N and P fluxes, both because this upgrading was already largely effective (see Ref scenario) and because diffuse N inputs dominated over point inputs, while point P sources decreased to the level of the P diffuse inputs, rather low in this lowland region with small erosion [70]. With the A/R/D scenario, N flux would indeed be lowered by a further 20% and would decrease the N-ICEP risk of eutrophication by 30% (Table 7). This indicates that, to go further in reducing N diffuse inputs, more radical changes in the entire agri-food chain would be necessary. Regarding P, a 22% flux decrease could be, however, expected from the WWTP scenario, without further changes for the A/R/D scenario, which only concerned N. The P-ICEP, still positive at the outlet of the Seine for the Reference situation (i.e., 1.7 gC km−2 d−1, approaching zero, compared to 10.3 gC km−2 d−1 for the 1980s scenario), switched to below zero for a full compliance of the UWWD EU [37] (WWTP scenario), indicating a good P:Si nutrient balance and, hence, no risk of eutrophication with respect to P (Table 7).



Whereas inter-annual fluctuations differed in terms of the dinoflagellate biomass between 2002 and 2014, with a decrease since 2007 (see the Reference situation curve, Figure 9), the diatom biomass fluctuated around 4 µmol N L−1 with a contribution of about 25% PSN, which episodically produced DA, with the highest concentrations in 2002 and 2004 (20 and 50 ng L−1, respectively) and low values for the other years (<5 ng L−1). In the Pristine scenario, dinoflagellates did not develop, and the diatom biomass was reduced by a factor of 2, while the proportion in PSN remained the same. However, no productio of DA was shown. The 1980s scenario showed a large increase in dinoflagellates, especially during the middle half of the period studied, following the seasonal trend of the Ref scenario. Whereas diatom biomass increased, PSN accordingly decreased, but produced more DA, probably because of a strong Si limitation. The A/R/D scenario, which would prevent dinoflagellates from growing, would maintain a diatom biomass level similar to the reference, including PSN, which did not, however, produce DA (Figure 9).



Although the simulated average spatial distribution of DA (cumulated over the period) showed higher values in the upper Normandy section, DA was spread over the entire coastline for the 1980s scenario, while values appeared very low in both the Pristine and A/R/D scenarios (Figure 10).




6. Discussion


6.1. Pseudo-nitzschia, Potentially Toxic Diatom Algae at Low Silica Concentration


Two emblematic health crisis episodes due to the growth of toxin-producing Pseudo-nitzschia occurred in 2004 and 2011 ([19]; IFREMER data), although, in 2011, DA concentrations in the water remained low despite high accumulation in molluscs. During these two periods, production of the DA neurotoxin led to the closure of scallop fishing, because contaminated scallops were unsuitable for human consumption.



Based on the literature and as taken into account in the PSN module, PSN develops when Si is low [28,29]. Indeed, marine concentrations of dissolved Si during the summer period were low in 2004 and 2011 (8 and 4 µmol L−1 in 2004 and 2011 versus 12 µmol L−1 on average for the other years). Silica concentrations were also low in the Seine River from April–May, at the start of the PSN bloom (i.e., 0.83 and 0.31 mgSi L−1 in 2004 and 2011, respectively), although low values were also found in 2009 with no toxicity problem to our knowledge, the threshold for PSN development/toxicity was likely not exceeded. For the rest of the years studied, spring riverine Si averaged 2.7 mgSi L−1; 2004 and 2011 were also characterised by rather low water deliveries, resulting in very low Si flows from the catchment areas. A low regeneration of biogenic Si, trapped in the bottom layer of river sediment, reservoirs, and coastal water after diatom sedimentation could also explain Si deficiency [71,72].



Moreover, nutrient imbalance, as shown by largely positive N-ICEP, would mean an excess of N in regard to Si, differently from P-ICEP, close to the required stoichiometry. Following the Davidson and Fehling model [29], DA is produced by cells with a low Si/N and P/N cell quota reflecting low ratios in water. With a rather good balance between P and Si, we can assume that these conditions were met for both PSN blooms and their toxicity, i.e., an excess of N over Si and over P. Whereas depleted Si favour PSN, N would foster DA [73,74], with more toxicity with urea than NH4 or NO3 [75], even though several other controlling factors can be found [69,76,77,78]. The PSN module, which mathematically formalised PSN growth and DA production on these bases, together with a refinement of the relationship of physiology to temperature ([61], was used for the first time and adequately reproduced the observations.



The ICEP indicator was originally developed [14] to express the conditions for non-diatoms, HABs such as dinoflagellates [34] or Phaeocystis [10] appearing in the case of high P- and/or N-ICEP (i.e., Si depletion) instead of desirable diatoms.



The development of potentially toxic diatoms such as PSN challenged the significance of the concept behind the ICEP indicator. In fact, the concept remains valid because the development of PSN diatoms and their toxin production is considered a step in the algal successions and gradual Si depletion, from palatable diatoms in early spring to undesirable toxic PSN during the mid-spring/summer period when the water temperature fits with PSN optimal growth [79]. When Si is exhausted, diatoms and PSN are replaced by non-diatom algae, possibly harmful as well (e.g., mucilaginous, dinoflagellates).



The PSN module, however, does not take into account the variety of PSN species with different behaviours in producing toxins [80].




6.2. A Model Chain for the Land-to-Sea Continuum


Since the 2000s, the RIVERSTRAHLER-ECO-MARS3D model chain has been incrementally improved. In the study reported by Cugier et al. [32], only the Seine Basin and the Seine Bight were considered for a 10 year period (1989–1998), simulating the impact of riverine delivery in terms of nutrients and phytoplankton (diatoms and flagellates). This impact was retrospectively and prospectively modelled, with the prospective view based only on treatment improvement in WWTPs. Wastewater inputs into the river were a major problem for water quality in the river and at the coast before the implementation of the EU-WFD [81]. Already at that time we showed that dry years with Si deficiency were characterised by summer dinoflagellate blooms (Dinophysis spp.), whose toxicity was regularly reported beginning in the 1980s [82]. More recently, the study domain was enlarged to include the major watersheds of the Normandy coast simulating the 2000–2006 period during which treatments in WWTPs were upgraded for P and organic carbon load [34]. Scenarios were also explored for the new implementation of N treatment in WWTPs (nitrification in 2007 and denitrification in 2011) and a simplistic and unrealistic scenario for agriculture, showing an impressive response by the model chain. This involved a drastic reduction of the dinoflagellate blooms along the entire Normandy coast, in particular in the Orne Bight, a protected natural area, and in the Veys Bight (impacted by four major modelled rivers: the Douve, Taute, Vire and Aure), designated a regional natural park and a Ramsar site where scallop fisheries are also emblematic. In the present study, the model chain not only covered the previous Normandy domain, but also the Hauts-de-France coasts (see Figure 1, Table 2), strongly influenced by the Seine River, marine currents being mostly oriented to the North, to the English Channel and the Southern North Sea [83]. The French authorities were required to reduce the Seine nutrient fluxes, especially N, to improve the water quality of neighbouring countries and even sanctioned by the European Court of Justice. This required adequate implementation of the EU Nitrate Directive (91/676/ CEE [84]).



The chain of models, from head-river waters to coastal zone, GRAFS-RIVERSTRAHLER-ECO-MARS3D is now well adapted for simulating eutrophication problems along the French northern coastal zone, taking into account the riverine nutrient deliveries, as linked to the major human pressures within the watershed, i.e., point sources from WWTPs and diffuse sources from agriculture.



Regarding the algal communities, RIVERSTRAHLER considers three groups of algae, among which diatoms dominate spring blooms, as commonly observed in rivers, whereas Chlorophyceae take over the diatoms when Si is depleted and the temperature increases [46,47]. Cyanobacteria do not find conditions for their development in rivers in the North of France; the model results are in accordance with the observations. The ECO-MARS3D also considers three groups, the diatoms, including PSN and dinoflagellates, thus accurately accounting for the major phytoplankton functional groups in the domain studied and the associated toxin problems, although complex physiological plasticity of phytoplankton, such as mixotrophy of dinoflagellates or variations in their stoichiometry are not taken into account [85].



Typically, the GRAFS-RIVERSTRAHLER nutrient fluxes represented the terrestrial forcing for ECO-MARS3D. These nutrient deliveries are the result of the nutrient inputs (N, P, Si) from the watershed and their transfer and transformations in the drainage network. The 2002–2014 period was specifically characterised by significant changes in pressures. Domestic point sources have been considerably reduced since the application of the EU-WFD in the 2000s, especially for P and ammonium loads [64,65,86]. For example, P concentrations in the Seine basin upstream from Paris can now be lower than 0.05 mg L−1 in the water column, thus able to limit algal growth. Even in the river section downstream of Paris’ WWTPs, concentrating more than half of the population of the area studied, P concentrations remain on the order of 0.09 mgP-PO4 L−1 in 2013 versus 1.8 mgP-PO4 L−1 for 1990 and 0.2 mgP-PO4 L−1 for 2000, for the annual average. Regarding diffuse sources in the Seine River, nitrate concentrations have been stabilised at 5 mgN-NO3 L−1 since the early 2000s, after a regular concentration increase resulting from fertiliser use for agriculture intensification (from 3.3 mgN-NO3 L−1 in the late 1980s to 5.4 mgN-NO3 L−1 in the early 2000s, i.e., about 10% per year, before good agricultural practices were recommended [87]. Recently, N concentrations appeared to stabilise owing to improved wastewater treatment (including denitrification [86]). As a result of all these changes, the marine coastal waters shifted from an N limitation to a P limitation [33].



Noteworthy, this land-to-sea model chain, useful for simulating the response in terms of harmful algal blooms (HABs) in a coastal marine system to anthropogenic terrestrial inputs, would make it possible to analyse changes in human activity in the watershed, not only in terms of point and diffuse nutrient inputs, but also in terms of water management of the drainage network (canalisation, ponds and reservoir creation, etc.; see [88]).



However, a number of limitations of the present study should be kept in mind. Although the biogeochemical modules of both RIVERSTRAHLER and ECO-MARS 3D take into account the major biological functional groups, the diversity of the phytoplanktonic communities and their physiological behaviour are not taken into account and would need more experimental studies, in nutrient limitation conditions especially.



Regarding the spatial resolution, the coarse grid chosen here might not be capturing the coastal circulation realistically, but observed data are missing to be compared with simulations at a fine scale (i.e., 1 km × 1 km). As far as scenarios are concerned, without knowing the changes that might occur simultaneously to watershed management (e.g., ocean boundary conditions for the biogeochemical variables, atmospheric deposition, modification of the hydrological regime due to the presence of climate change), all these constraints to the modelling approach were kept constant.




6.3. Construction and Exploration of Scenarios


Here, the scenarios considered focused on agriculture, since N contamination of surface and groundwaters are nowadays the main concern. As mentioned above, scenarios tested with RIVERSTRAHLER until the 2010s were mostly dedicated to exploring the impact of reducing the N and P loads from WWTPs. However, while the reduction of P was spectacular, the reduction of N from WWTPs was relatively low despite the treatment of nitrification followed by denitrification, because diffuse N sources dominated over the N point sources in the North of France region, with its highly fertile soils and specialisation in intensive conventional cropping that has long been in place [87].



Considering the multiple threats related to agricultural N excess in the environment, among which groundwater contamination and closure of drinking water wells [89], nitrous oxide emission [90], loss of biodiversity [91,92], eutrophication, and toxin production [93,94] (see also ENA [95]), we developed a tool to link to RIVERSTRAHLER by providing N concentrations in runoff water on the basis of agricultural specificities by sub-watersheds (e.g., crop rotations, quantity and quality of inputs, crop harvest). The GRAFS approach (Generalized Representation of Agrofood Systems), first developed for N [31], can build spatialised agricultural scenarios considering intensive cropping or livestock, integrated livestock and crops, etc.



During two workshops of participative science called “Ateliers du Futur”, two scenarios of changes in agricultural practices and agro-food systems were developed with representatives of the major actors in the watershed and the coastal sea (citizens, farmers, fishermen, farmer associations, nature protection activists, governmental agencies, etc.). While a scenario of good agricultural practices (O/S, not shown) explored the results of the current regulations, without questioning the main trends (specialisation, openness of the market, industrial fertilisation), the scenario for farm autonomy, reconnection of crop and livestock, and changes in the human diet (A/R/D) was based on still weak signals that could become the main stream in the future. Consumers are indeed increasingly demanding healthy food (without pesticides and other chemicals), paying attention to animal welfare, and are concerned with care for the environment (water and air quality, biodiversity, climate change) and with quality of human life and equity. These scenarios, described from an agri-food system point of view by GRAFS [36] were here used as inputs to the RIVERSTRAHLER-ECO-MARS3D. The results of these scenarios clearly showed that a full rethink of the agri-food system (A/R/D) would be best suited if one wishes to reduce N fluxes and N-ICEP: an improvement of 68% in N-flux and 55% for N-ICEP was predicted for the A/R/D scenario compared to the reference situation. The A/R/D scenario, although extreme in some respects (generalisation of organic agriculture, reduction by half of the animal protein consumption), was shown to still meet the food needs of the population [36]. It would be the most effective in reducing both eutrophication potential (see Table 7) and bloom toxicity (see Figure 10). In addition, the A/R/D scenario, which would improve river water quality, has been shown to reduce greenhouse gas emissions by 36% in the Seine Basin (50% for all of France [86]).



The Pristine scenario, exploring a situation without human activities, represented a baseline for natural biogeochemical fluxes, with N and P fluxes amounting 10% and 30%, respectively, of the Reference situation.



Regarding the two scenarios dealing with point sources, the strict application of the regulations (WWTP scenario) revealed no significant difference in terms of N fluxes (about 3%, compared to the Reference situation). This scenario confirms the need to reduce N from diffuse agricultural sources. Conversely, significant improvement for P fluxes could still be expected (>25%) for the Seine, the Somme, the Dives, the Touques, the Arques and the Aa rivers leading to a systematically negative P-ICEP for all rivers, accentuating the role of N in eutrophication potential.



The “back to the 1980s” scenario showed the impact of all the measures taken since that time, having led to a 17% reduction in N fluxes and 57% for P. Conversely, this type of scenario showed that a disengagement of the French State in public policies, such as for sanitation, or any WWTP malfunction event, could lead to a renewed serious environmental crisis. Interestingly, unlike fishermen across the Channel, French actors did not develop shelling of the scallop, i.e., selling the nut only, without hepatopancreas, safe for human consumption. The red label of the product was preferred to adaptation measures, so that the preventive A/R/D scenario, the most efficient in terms of eutrophication and toxicity, was retained.





7. Conclusions


The study has shown the progress made on the understanding of toxic PSN blooms and has determined how they can be driven by nutrient fluxes from watersheds. A major outcome was (i) the implementation of a PSN module in the marine ECO-MARS3D model and (ii) its off-line coupling with the GRAFS-RIVERSTRAHLER river drainage network model newly applied to 11 rivers of the coastline of the North of France. After validation of the tools for an 11 year reference period (2002–2012), we explored a range of scenarios of environmental conditions, leading to the conclusion that a reduction of eutrophication and toxin production can only be expected from radical changes in the human activities in the watersheds, especially in the structure of its agri-food system.
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Figure 1. Domain of the study: the river networks adjacent to the Normandy and Hauts-de-France coastlines; and the Seine Bight and the English Channel (16 km × 16 km) where the GRAFS- RIVERSTRAHLER and ECO-MARS3D models were respectively implemented. The names of the watershed (black shaded with white) and the stations (black) used for validation are indicated. 
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Figure 2. Representation of the principles of the GRAFS/RIVERSTRAHLER/ECO-MARS3D model chain. 
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Figure 3. Seasonal and inter-annual variations in water flow and nutrient concentrations for the Seine River at Poses and the Somme at Abbeville; the outlets of the Seine and Somme rivers. Simulations by GRAFS-RIVERSTRAHLER and comparison with observations. 
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Figure 4. Specific nutrient fluxes at the outlets of the rivers studied and averaged for the reference period, 2002–2014 (total N, P, and Si in kg km−2 y−1). 






Figure 4. Specific nutrient fluxes at the outlets of the rivers studied and averaged for the reference period, 2002–2014 (total N, P, and Si in kg km−2 y−1).



[image: Geosciences 09 00441 g004]







[image: Geosciences 09 00441 g005 550] 





Figure 5. Indicator of coastal eutrophication potential for N and P (N-ICEP-N and P-ICEP; kg C km−2 y−1) for the rivers studied and averaged for the 2002–2014 period. 
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Figure 6. Seasonal and inter-annual variations of major quality variables at the coastal zone stations: Géfosse, Antifer, and Dunkerque (see locations in Figure 1). From top to bottom: temperature (°C); salinity (-); and nutrient concentrations (nitrate, silica, phosphate; µM) and chlorophyll (Chloro, µg·L−1). Simulations by the ECO-MARS3D model and comparison with observations. 
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Figure 7. (a) Inter-annual variations in Pseudo-nitzschia abundance at Antifer over the 2002–2012 period. (b) Average seasonal cycle of abundance from Pseudo-nitzschia over the same period. (Observed REPHY counts in red; ECO-MARS3D-simulated biomass converted into abundance following Hagström et al. [69]). 
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Figure 8. Average nitrogen and phosphorus fluxes delivered at the Normandy and Hauts-de-France coastlines by the main rivers in the area studied for the reference situation and for different scenarios tested, as simulated by the GRAFS-RIVERSTRAHLER model. 
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Figure 9. Seasonal and inter-annual simulated variations (ECO-MARS3D) of major phytoplankton variables at the coastal zone station Antifer. From top to bottom: biomass of (a) dinoflagellates; (b) diatoms; (c) Pseudo-nitzschia; and (d) domoic acid concentration. Comparison of the reference situation (2002–2012; Ref) with three scenarios (Pristine, 1980s, and A/R/D (autonomy/reconnection/demitarian diet)). 
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Figure 10. Comparison of the geographical distributions of cumulated concentration of domoic acid (over the period studied) simulated by the ECO-MARS3D model under the reference situation and the three contrasted scenarios. 
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Table 1. Constraints taken into account by the RIVERSTRAHLER model for calculating nutrient flows at the outlets of the main rivers of the Normandy and Hauts-de-France coastal zones.
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Data Sources

	
Normandy

	
Hauts-de-France






	
Hydrology

	
HYDRO database (http://www.hydro.eaufrance.fr)




	
Point sources

	

	




	
WWTPs

	
Seine Normandy Water Agency

	
Artois Picardy Water Agency




	
Industries

	
Seine Normandy Water Agency

	
nd




	
Diffuse sources

	




	
Land use

	
Corine Land Cover




	
N concentrations

	
Calculated from GRAFS




	
Riparian retention

	
Temperature fonct (Topt = 40 °C; dti = 10 °C)
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Table 2. General characteristics of the watersheds studied.
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Regions

	
River Names

	
Surface Area

	
Population

	
Cropland

	
Grassland




	

	

	
km2

	
Inhabitants

	
%

	
%






	
Normandy

	
Douve & Taute

	
1440

	
129,424

	
15.4

	
76.9




	

	
Vire & Aure

	
1575

	
440,402

	
22.7

	
69.9




	

	
Orne

	
2903

	
440,757

	
35.7

	
48.7




	

	
Dives

	
1776

	
152,532

	
38.4

	
51.1




	

	
Touques

	
1273

	
165,723

	
22.9

	
62.9




	

	
Seine (Eure, Risle)

	
73,224

	
2,0829,875

	
50.5

	
20.2




	

	
Arques

	
1020

	
101,795

	
44.5

	
34.0




	
Hauts-de-France

	
Somme

	
6029

	
632,989

	
77.3

	
7.2




	

	
Authie

	
1089

	
48,459

	
68.2

	
18.1




	

	
Canche

	
1327

	
82,615

	
64.1

	
22.6




	

	
Aa

	
1144

	
196,093

	
66.4

	
17.9
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Table 3. Parameters specific to Pseudo-nitzschia and differential equations associated with the Pseudo-nitzschia sub-model. State variables and parameters not specifically linked to Pseudo-nitzschia are explained in Ménesguen et al. [52].
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	Parameter
	Meaning
	Unit
	Value





	µmaxpsnz
	Maximum growth rate
	d−1
	1.6



	Toptpsnz
	Optimal temperature
	degree C
	15



	Tlethalpsnz
	Lethal temperature
	degree C
	21



	βpsnz
	Steepness parameter of Blanchard’s curve
	unitless
	0.6



	KNO3psnz
	Half-saturation constant for NO3 uptake
	micromolN·L−1
	1.5



	KNH4psnz
	Half-saturation constant for NH4 uptake
	micromolN·L−1
	0.8



	KPO4psnz
	Half-saturation constant for PO4 uptake
	micromolP·L−1
	0.03



	KSipsnz
	Half-saturation constant for Si(OH)4 uptake
	micromolSi·L−1
	1



	vmaxSipsnz
	Maximum Si(OH)4 uptake rate
	micromolSi.micromolN−1·d−1
	0.15



	qminSi
	Minimum Si quota
	micromolSi.micromol·N−1
	0.85



	fSi_th
	Si limitation threshold for DA toxin production
	unitless
	0.3



	rda
	DA toxin production rate
	microgDA.micromolN−1·d−1
	10



	dda
	DA toxin destruction rate
	d−1
	0.02



	Ikpsnz
	Ik parameter of Smith’s curve of light effect
	W·m−2
	40



	mpsnz
	Mortality rate
	d−1
	0.015



	τpsnz_mesozoo
	Edibility for the mesozooplankton
	unitless
	0.3



	τpsnz_microzoo
	Edibility for the microzooplankton
	unitless
	0.3
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Table 4. Evaluation of GRAFS-RIVERSTRAHLER performance for the Seine River at Poses and Abbeville. The goodness of fit of the simulations with respect to the observed concentration was evaluated for the major water quality variables by calculating the root mean square error, normalised to the range of the observed data (NRMSE), according to the formula (NRMSE = 100 × SQR (1/n Σ (Obsi − Simi)2)/(MAX(Obs) − MIN(Obs))) where n is the number of observations. The relative bias is calculated as follows (Bias = 100 × (1/n Σ (Simi − Obsi)/MEAN (Obs)).
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Poses

	

	

	
Abbeville

	

	




	
Water Quality Variables

	
Units

	
Obs. (n)

	
NRMSE

	
Biais

	
Obs. (n)

	
NRMSE

	
Biais




	

	

	

	
%

	
%

	

	
%

	
%






	
Discharge

	
m3·s−1

	
468

	
5

	
−7

	
468

	
6

	
−1




	
Nitrate

	
mgN·L−1

	
368

	
9

	
9

	
108

	
59

	
36




	
Phosphates

	
mgP·L−1

	
368

	
41

	
7

	
70

	
14

	
28




	
Total phosphorus

	
mgP·L−1

	
368

	
18

	
3

	
0

	
−

	
−




	
Silica

	
mgSi L−1

	
344

	
25

	
7

	
0

	
−

	
−




	
Chlorophyll a

	
µg·L−1

	
354

	
18

	
−33

	
0

	
−

	
−




	
Suspended Solids

	
mg·L−1

	
347

	
16

	
23

	
116

	
15

	
6
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Table 5. Average discharge and nutrient fluxes at the outlet of the rivers averaged for 2002–2014 (total N, P, and Si in kton y−1). The Douves and Taute on the one hand and Vire and Aure on the other hand are considered together as they meet before flowing to the coastal zone.
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Regions

	
River Names

	
Average Discharge

	
kton N yr−1

	
kton P yr−1

	
kton Si yr−1




	

	

	
m3 s−1

	

	

	






	
Normandy

	
Douve & Taute

	
17.5

	
2.9

	
0.1

	
1.5




	

	
Vire & Aure

	
16.9

	
3.6

	
0.1

	
2.0




	

	
Orne

	
31.9

	
5.8

	
0.1

	
4.5




	

	
Dives

	
8.0

	
2.4

	
0.1

	
2.1




	

	
Touques

	
9.7

	
2.9

	
0.1

	
2.1




	

	
Seine (Eure, Risle)

	
532.1

	
141.7

	
4.8

	
69.6




	

	
Arques

	
9.1

	
1.3

	
0.1

	
1.7




	
Hauts-de-France

	
Somme

	
37.2

	
4.9

	
0.2

	
5.7




	

	
Authie

	
11.2

	
2.4

	
0.1

	
2.5




	

	
Canche

	
17.4

	
2.3

	
0.1

	
3.2




	

	
Aa

	
16.8

	
2.2

	
0.1

	
3.7
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Table 6. Evaluation of ECO-MARS3D performance for the coastal zone stations (Antifer, Gefosse, Dunkerque). The goodness of fit of the simulations with respect to the observed concentrations (Obs.) was evaluated for the major water quality variables by calculating the root mean square error normalised to the range of the observed data (NRMSE), according to the formula (NRMSE = 100 × SQR (1/n Σ (Obsi − Simi)2)/(MAX(Obs) − MIN(Obs)) where n is the number of observations). The NRMSE represents a percentage of variation. The relative bias is calculated as follows (Bias = 100 × (1/n Σ (Simi − Obsi)/MEAN Obs)).






Table 6. Evaluation of ECO-MARS3D performance for the coastal zone stations (Antifer, Gefosse, Dunkerque). The goodness of fit of the simulations with respect to the observed concentrations (Obs.) was evaluated for the major water quality variables by calculating the root mean square error normalised to the range of the observed data (NRMSE), according to the formula (NRMSE = 100 × SQR (1/n Σ (Obsi − Simi)2)/(MAX(Obs) − MIN(Obs)) where n is the number of observations). The NRMSE represents a percentage of variation. The relative bias is calculated as follows (Bias = 100 × (1/n Σ (Simi − Obsi)/MEAN Obs)).





	

	

	
Antifer

	

	

	
Gefosse

	

	

	
Dunkerque

	

	




	
Water quality variables

	
Units

	
Obs. (n)

	
NRMSE

	
Biais

	
Obs. (n)

	
NRMSE

	
Biais

	
Obs. (n)

	
NRMSE

	
Biais




	

	

	

	
%

	
%

	

	
%

	
%

	

	
%

	
%






	
Temperature

	
°C

	
1119

	
27

	
−16

	
464

	
7

	
1

	
161

	
8

	
0




	
Salinity

	
−

	
698

	
13

	
4

	
466

	
10

	
0

	
164

	
21

	
1




	
Nitrate

	
µM

	
237

	
15

	
−38

	
203

	
10

	
44

	
49

	
21

	
−10




	
Phosphates

	
µM

	
238

	
17

	
−72

	
203

	
17

	
−33

	
136

	
16

	
−12




	
Silica

	
µM

	
241

	
13

	
−33

	
206

	
18

	
15

	
137

	
23

	
56




	
Chlorophyll a

	
µg L−1

	
325

	
12

	
−36

	
239

	
14

	
48

	
141

	
20

	
−49
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Table 7. Indicator of coastal eutrophication potential for N and P (N-ICEP and P-ICEP) for the rivers studied and averaged for 2002–2014 (reference period; Ref) and calculated for four scenarios (see text).






Table 7. Indicator of coastal eutrophication potential for N and P (N-ICEP and P-ICEP) for the rivers studied and averaged for 2002–2014 (reference period; Ref) and calculated for four scenarios (see text).





	

	

	
N-ICEP, kgC km−2 d−1

	
P-ICEP, kgC km−2 d−1




	

	

	
Pristine

	
1980’s

	
Ref

	
WWTP

	
A/R/D

	
Pristine

	
1980’s

	
Ref

	
WWTP

	
A/R/D






	
Normandy

	
Douve & Taute

	
−7.5

	
40.9

	
6.7

	
6.7

	
−0.1

	
−8.9

	
−6.3

	
−6.6

	
−6.9

	
−6.8




	

	
Vire & Aure

	
−8.4

	
60.1

	
11.8

	
11.7

	
4.0

	
−9.3

	
−7.0

	
−7.4

	
−7.5

	
−7.5




	

	
Orne

	
−7.7

	
94.5

	
20.2

	
19.9

	
10.5

	
−8.7

	
−1.8

	
−6.3

	
−6.9

	
−6.9




	

	
Dives

	
−3.1

	
36.8

	
6.8

	
6.3

	
2.7

	
−3.8

	
−1.4

	
−2.1

	
−3.2

	
−3.2




	

	
Touques

	
−6.0

	
34.2

	
9.2

	
7.6

	
2.8

	
−7.0

	
−2.3

	
−3.5

	
−6.1

	
−6.1




	

	
Seine

	
−1.5

	
51.0

	
24.5

	
20.3

	
11.5

	
−1.8

	
10.3

	
1.7

	
−0.2

	
−0.2




	

	
Arques

	
−5.6

	
79.6

	
25.4

	
25.2

	
10.2

	
−6.2

	
−1.9

	
−2.6

	
−4.5

	
−4.5




	
Hauts-de-France

	
Somme

	
−4.4

	
46.7

	
14.2

	
12.2

	
3.4

	
−5.2

	
−3.5

	
−3.7

	
−4.8

	
−4.8




	

	
Authie

	
−4.0

	
97.5

	
21.9

	
21.9

	
7.8

	
−5.3

	
−4.5

	
−4.6

	
−4.6

	
−4.6




	

	
Canche

	
−0.6

	
165.1

	
28.2

	
28.4

	
17.0

	
−1.9

	
−0.5

	
−0.9

	
−0.9

	
−0.9




	

	
Aa

	
−0.5

	
142.6

	
25.5

	
26.6

	
17.6

	
−1.6

	
3.6

	
−0.2

	
−0.3

	
−0.3
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