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27 Abstract:

28 The GAMELag box-model tool is used in a collaborative approach between scientists and 

29 ecosystem managers to determine admissible nutrient load in lagoon environments. This case 

30 study of its application in a hypereutrophic French Mediterranean lagoon demonstrated its 

31 ability to determine exogenous nutrient flows compatible with good ecological status. A new 

32 method, based on the exploratory analysis of simulated scenarios of flow reduction (exogenous 

33 and endogenous), revealed the predominant role of sediment stocks and exchanges in the 

34 ecological status of this lagoon. Reducing inflows from the catchment area allowed sediment 

35 release and initiated the restoration of this compartment. A reduction in exogenous nitrogen 

36 inputs by a factor of 0.24 and phosphorus by 0.1 was found to be necessary to achieve EU Water 

37 Framework Directive objectives. These results are helping lagoon managers to raise the 

38 awareness of local stakeholders and co-construct management measures to encourage a 

39 dynamic of restoration.

40 1. Introduction

1.1 Context

41 An increase in nitrogen and phosphorus inflows from catchment areas with growing populations 

42 and expanding anthropogenic activities, particularly since the 1960s, is recognised as a major 

43 cause of the environmental degradation of coastal ecosystems (Cloern, 2001). On a global scale, 

44 coastal lagoons are especially affected by the resulting eutrophication, which leads to profound 

45 changes in the structure and functioning of these ecosystems and the services they provide 

46 (Zaldívar et al., 2008; Pérez-Ruzafa et al., 2019). In Europe, since the mid-2000s, the EU Water 

47 Framework Directive has required member states to restore the ecological quality of degraded 

48 hydrosystems by implementing measures to reduce nutrient inputs and to monitor the 

49 effectiveness of these management measures (Voulvoulis et al., 2017; de Wit et al., 2020; 

50 Newton et al., 2022).
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51 On the Mediterranean coast of France, following the application of the French Water Law (Law 

52 no. 92-3 of 3 January 1992), which reinforced the powers of municipalities in water 

53 management, the Rhône-Mediterranean-Corsica Water Agency (RMC Water Agency) 

54 proposed that a network be set up to measure and monitor the quality of the basin’s lagoons (in 

55 the regions of Occitanie, Provence-Alpes-Côte d’Azur and Corsica) at the beginning of the 

56 2000s. In parallel, the fishing and marine farming sectors expressed the need to develop 

57 environmental management actions, as well as to receive regular information about the 

58 environmental quality of waters on which their activities depend.

59 To this end, a partnership between public agencies and scientists led to the creation of the 

60 Regional Lagoon Monitoring Network in 2002 with the twofold objective of (i) acquiring data 

61 to diagnose the state of lagoons with regard to eutrophication, and (ii) developing tools to assess 

62 the impact of nutrient inputs on the functioning of lagoon ecosystems and to assist in the 

63 management of these environments. Since 2006, the monitoring programme required by the EU 

64 Water Framework Directive (WFD) has been implemented in Mediterranean lagoons. The 

65 Regional Lagoon Monitoring Network proved a solid base for WFD monitoring, since the 

66 eutrophication indicators specific to lagoons measured by the network’s protocol (Zaldívar et 

67 al., 2008) were adopted and progressively consolidated to become WFD ecological status 

68 indicators for these transitional water bodies. The resulting information about the degraded state 

69 of almost all aquatic ecosystems in the region of Occitanie in France (Ifremer, 2003) has been 

70 disseminated to the managers of lagoon environments, raising awareness and triggering, in line 

71 with the WFD, the implementation of structural measures aimed at reducing urban waste 

72 (Derolez et al., 2019).

73 Since 2009, in lagoons where efforts have been made to reduce pollutant loads, the restoration 

74 process has raised questions about (i) the time required to restore all the ecosystem 
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75 compartments in a lagoon, and (ii) the maximum nitrogen and phosphorus loads compatible 

76 with achieving and/or maintaining good ecological status.

77 The restoration of coastal environments involves either a direct return to a ‘pre-degradation’ 

78 state if disturbance levels are low (Greening et al., 2014), or more usually through a 

79 phenomenon of hysteresis, i.e. a partial restoration with different and generally longer processes 

80 than those occurring during degradation (Elliott et al., 2007; Duarte et al., 2009; Cloern et al., 

81 2020). This hysteresis is due to the complex functioning of the ecosystem, the presence of 

82 threshold effects, and interconnected processes involving all the physical, chemical and 

83 biological compartments that play a role in cycles of matter.

84 The time required to restore the most integrative compartments of the ecosystem is medium to 

85 long (several years) (Borja et al., 2010), with the recolonisation of the environment by seagrass 

86 beds taking up to ten years, as has been observed in Tampa Bay, Florida (USA) (Greening et 

87 al., 2014). In lagoon environments, restoration time depends on: (i) the nutrient load from the 

88 catchment area; (ii) the structure and functioning of the biological community (e.g. its role in 

89 the matter cycle and storage of nutrients); (iii) exchanges between the benthic compartment and 

90 the water column (particularly sediment release); and (iv) the capacity to export excess nitrogen 

91 and phosphorus to the open environment (Ouisse et al., 2013; 2014).

92 1.2. ‘Admissible load’ approach

93 Maximum nutrient load is determined by the water planning and management regulations for 

94 the Rhône-Mediterranean-Corsica basin, which defines the ‘admissible load’ for a lagoon as 

95 “the maximum pollutant load in a catchment area that does not compromise its quality 

96 standards. This corresponds to the maximum accumulation of a substance from discharge and 

97 emissions of discrete or diffuse pollutants in a catchment area while maintaining compliance 

98 with environmental quality criteria (ecological status, chemical status, specific objectives for 

99 drinking water, shellfish farming, swimming, etc.)” (SDAGE, 2022).
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100 More broadly, the ‘admissible load’ approach, which was developed to help managers tackle 

101 the eutrophication of aquatic environments (SDAGE, 2018), aims to: (i) better identify and 

102 quantify the various nutrient loads that reach a lagoon; (ii) estimate the admissible load of a 

103 lagoon with regard to its capacity to receive this without permanently jeopardising its ecological 

104 functioning; (iii) set an overall objective for reducing pollutant loads that is consistent with a 

105 lagoon’s admissible load; (iv) define a restoration programme to implement relevant actions in 

106 collaboration with all local stakeholders to reduce nutrient inputs to a targeted lagoon.

107 1.3 A modelling approach to support lagoon management

108 In this context, we aimed to build a robust and reliable tool to acquire knowledge on the 

109 ecological functioning of eutrophicated lagoon ecosystems or those undergoing restoration 

110 (Pete et al., 2020a). The resulting management tool, GAMELag (Gestion et Aménagement des 

111 Milieux Eutrophisés Lagunaires: Management of Eutrophic Lagoon Environments), was 

112 developed within the framework of the Regional Lagoon Monitoring Network and was guided 

113 by the needs of managers responsible for restoring these ecosystems.

114 Modelling tools are relevant for addressing the issue of admissible load (Chapra et al., 2003). 

115 Based on a review of more than 300 Total Maximum Daily Load (TMDL) approaches carried 

116 out between 2015 and 2020 in the United States, Sridharan et al. (2021) found that those based 

117 on process models that link cause and effect (1D or 2D) are preferable, yet are only used in 25% 

118 of cases, with the large datasets required to implement these being their main limitation.

119 These authors also point out that the use of complex, high-resolution (3D) numerical models 

120 cannot yet be envisaged for management applications because of the long calculation times 

121 required. In this context, an alternative approach consists of using the results from high-

122 resolution models to produce data that cannot be measured in situ and/or new knowledge to 

123 populate simpler management tools. In this way, the processes calculated in detail by powerful 

124 but complex tools can be integrated into support tools in a relevant way. Such methods have 
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125 been used to develop tools to help assess the sanitary status of shellfish production areas 

126 (Mongruel et al., 2013), as well as tools aimed at shellfish farmers so they can adapt their 

127 farming practices and optimise their production in contexts of high interannual variability in 

128 environmental quality or mortality (Cugier et al., 2022).

129 1.4. A practical tool guided by management needs 

130 The GAMELag tool was developed following this same approach. This model is based on a 

131 simplified representation of the ecosystem in ‘physical units’ (Gordon et al., 1996; Vijay et al., 

132 2021; Ferrarin et al., 2010) and ‘biological compartments’. A method based on the use of a 

133 high-resolution hydrodynamic model makes it possible to define the necessary number of 

134 physical units to account for the hydrodynamic functioning of a lagoon. The identification of 

135 hydrodynamic boundaries and heterogeneous water masses within a lagoon conditions the 

136 number of physical units to be considered (Fiandrino et al., 2017; Pete et al., 2017; 2020a). 

137 Within each unit, the model simulates the temporal change in the quantities of nitrogen and 

138 phosphorus stored in the main ecological compartments (water column, phytoplankton, 

139 zooplankton, macrophytes, sediment) as a result of nutrient loads from the catchment area and 

140 the atmosphere and exchanged (exported and imported) with the external marine environment 

141 (Figure 1). In this way, the model makes the link between the biological status of a lagoon and 

142 the pressures to which it is subjected.
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143
144 Figure 1: Conceptual diagram of the GAMELag model showing the compartments of the 
145 biogeochemical module and their interactions (adapted from figures 1 and 2 in Pete et al., 
146 2020b).

147 Assessments at the watershed/lagoon interface revealed a lack of quantitative data on water and 

148 nutrient loads to the lagoons from surface catchments and groundwater. This observation led 

149 the RMC Water Agency to set up a monitoring network in 2015 to measure pollutant flows to 

150 lagoons with the aim of better quantifying nutrient and chemical contaminant inputs, 

151 particularly during flooding events (AERMC, 2022). This network made it possible to develop 

152 methods to calculate annual water and nutrient loads to the lagoons – methods adapted to 

153 intermittent watercourses subject to flooding phenomena, a major input in Mediterranean 

154 lagoons (Hydriad, 2022). This reinforcement of the monitoring of nutrient flows allowed the 

155 improvement of the GAMELag model’s description of forcing factors at the watershed/lagoon 

156 interface (Figure 1). 

157 The results obtained at the first sites where the tool was applied revealed its limitations 

158 (Fiandrino et al., 2022a) and reoriented subsequent studies on the processes involved in the 
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159 variation of internal nitrogen and phosphorus loads (Figure 1), in particular: (i) the transfer 

160 kinetics of nitrogen and phosphorus between the benthic compartment and the water column as 

161 a result of sediment stocks and the seasonal variability in this flux (Ouisse et al, 2013); (ii)  the 

162 dynamic of macrophytes during restoration (Le Fur et al., 2018; 2019) and their capacity to 

163 regulate fluxes of matter (Eyre et al., 2011; Le Fur, 2018) and thus reduce sediment release (the 

164 concept of storage sustainability). 

165 Lastly, a method that estimates the biogeochemical parameters with the most influence in the 

166 model, based on global sensitivity analyses, allows optimal combinations of parameter values 

167 to be determined (Saguet et al., 2019). Simulations carried out systematically with these 

168 different sets of parameters make it possible to associate the water column and phytoplankton 

169 metrics with the uncertainties linked to the conceptualisation of the simulated processes. The 

170 resulting knowledge has been integrated into the tool (Pete et al., 2017; 2020a) and its use has 

171 been tested to establish its efficacy and limitations.

172 1.5 The tool and its application in the case study of the Or Lagoon

173 The GAMELag model was developed to evaluate admissible load in French Mediterranean 

174 lagoons, serving both as a tool to integrate knowledge acquired in lagoon ecosystems and to 

175 support lagoon management agencies that want to adopt an admissible load approach. This 

176 article presents a case study of how the GAMELag tool is being used in the specific example 

177 of the Or Lagoon, which is the first site where this collaborative approach between managers 

178 and scientists has been implemented. 

179 For several decades, the Or Lagoon has been one of the most degraded lagoons on the French 

180 Mediterranean coast (Derolez et al., 2021; AERMC, 2021). Numerous projects, particularly in 

181 terms of wastewater treatment, have been carried out since the early 2000s to reduce nutrient 

182 inputs to this lagoon. In 2017, the lack of ecological restoration in this lagoon prompted public 

183 authorities (Syndicat Mixte du Bassin de l’Or, SYMBO) to launch a study to better understand 
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184 the hydrodynamics and ecological functioning of the lagoon and to estimate the admissible 

185 nutrient load in this ecosystem.

186 2. Materials and methods

187 2.1. Study site: Or Lagoon

188 The Or Lagoon is located southeast of the city of Montpellier in the south of France near the 

189 Mediterranean coastline. It is the third largest lagoon in the region of Occitanie, with a surface 

190 area of 3190 ha, an average volume of 50.106 m3 and an average depth of 1.3 m (Castaings, 

191 2012). The brackish, continental water inputs it receives make it a mesohaline lagoon (average 

192 annual salinity Smean = 17.3 ± 6.9 PSU; SYMBO, pers. comm.). To the south, the Or Lagoon is 

193 connected to the Rhône to Sète Canal (CRAS) via the Carnon channel at the southwestern end 

194 of the lagoon and three other main channels distributed from west to east along the canal (Figure 

195 2). The connection to the sea is indirect via the Carnon inlet, which in turn is connected to the 

196 Carnon channel where it intersects the CRAS. 

197 To the north and east, the 410 km2 catchment area is highly anthropized, with only 6% of natural 

198 areas remaining. Most of the land is used for agriculture (around two-thirds of the surface area) 

199 and to a lesser extent for urban purposes (~20%). The catchment area is experiencing strong 

200 demographic growth (+8% between 2011 and 2020, SYMBO and Acteon, 2021) due to the 

201 proximity of the cities of Montpellier and Nîmes and the high level of tourist activities (+50% 

202 of the permanent population in the summer period). The tributaries of the Or Lagoon subdivide 

203 the area into two parts. The northern watershed (N WS) is drained by four main streams: the 

204 Salaison, the Cadoule, the Bérange, and the Viredonne (Figure 2). The eastern watershed is 

205 drained by the Lunel Canal, which receives the waters of the Dardaillon, and feeds the lagoon 

206 via the Canalette (Figure 2) before flowing, further south, into the CRAS, upstream from the 

207 Or Lagoon. Parallel to the lagoon, the CRAS is under the dual influence of marine waters via 

208 the Carnon channel to the west and continental waters via the Lunel Canal to the east and the 
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209 upstream part of the CRAS itself (which is outside the Or Lagoon watershed). The waters of 

210 the CRAS resulting from this mixture are brackish, and their ecological quality is strongly 

211 influenced by the degraded quality of the numerous tributaries that feed it more or less directly, 

212 in particular the Rhône River and the Lunel Canal. 

213
214 Figure 2: Main streams and measuring points in the catchment area and in the Or lagoon.

215 2.2. Application of the GAMELag model to the Or Lagoon

216 We applied the MARS-3D hydrodynamic model to the Or Lagoon (SYMBO, 2019) to define 

217 the number of ‘physical units’ to be considered in the model as suggested by Fiandrino et al. 

218 (2017). We found that a single unit was sufficient to represent the lagoon’s hydrodynamics and 

219 exchanges with the CRAS (results not shown). Moreover, with a turnover time of 87 days and 

220 an average residence time of 117 days (results not shown), the mixing efficiency of this lagoon 

221 (~ 0.74, for a theoretical maximum value equal to 1) is among the highest in Mediterranean 
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222 lagoons (Umgiesser et al., 2014), confirming that it can be considered a hydrodynamically 

223 homogeneous environment.

224 An analysis of monthly salinity measured by SYMBO between 2002 and 2018 at five sites in 

225 the Or Lagoon (grey crosses in Figure 2) made it possible to quantify the impact of freshwater 

226 inputs via the streams and the Canalette on the lagoon’s salinity. Significant differences in 

227 salinity were observed between the Bastit site, located at the eastern end of the lagoon, and the 

228 other four sites. The largest gradient of salinity (7.7 ± 4.0) was observed between Bastit (Smean 

229 = 12.6 ± 6.9) and Carnon, which is located in the extreme west and is influenced by marine 

230 water (Smean = 20.1 ± 6.6). The differences in salinity between the other pairs of sites did not 

231 show any marked, stable gradients within the lagoon. Thus, given that the highest desalination 

232 is restricted to the zone at the extreme east of the lagoon, we postulated that the Or Lagoon is a 

233 single physical unit.

234 This unit receives fresh and brackish water and nitrogen and phosphorus inflows from the N 

235 WS and the Canalette (outlet from the eastern watershed into the Or Lagoon) and exchanges 

236 water and matter with the CRAS which, in the absence of a direct connection between the 

237 lagoon and the sea, represents the ‘external marine environment’ in the GAMELag tool.

238 2.3. Forcing dataset for the model 

239 2.3.1 Atmosphere

240 The daily time series of air temperature (in °C), relative humidity (in %), wind speed (in m.s-1) 

241 and solar radiation (in 106 J.m-2.d-1) necessary to calculate evaporation and the daily 

242 precipitation time series (in mm.d-1) were acquired from the nearby Montpellier-Fréjorgues 

243 meteorological station (Météo-France 43,58°N|; 3,96°E; Figure 2) for the period 2013–2018.

244 2.3.2. Watershed

245 In the N WS, the Salaison is the only stream in the catchment area equipped with a gauging 

246 station for high-frequency flow monitoring (since 1986) (David et al., 2019). The flows of the 
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247 other streams in this catchment area (Figure 2) were estimated from the daily flow series of the 

248 Salaison according to the percentages calculated by Colin et al. (2017): Cadoule (37%), 

249 Viredonne (20%), Bérange (18%) and Jasse (4.8%). Nitrogen and phosphorus concentrations 

250 in these streams are measured every 15 days (Naïades portal, Watershed quality monitoring 

251 stations in Figure 2). Emissions from wastewater treatment plants (WWTPs), which are 

252 discharged either directly into the lagoon or into the watercourses downstream of the 

253 monitoring points (WWTP in Figure 2), were also taken into account: daily flow data and 

254 nitrogen and phosphorus concentrations measured at two-week intervals were provided by the 

255 facility managers. In the eastern watershed, the flows and salinity of the Canalette were 

256 measured at high frequency (every 10 min) and bimonthly measurements of nitrogen and 

257 phosphorus concentrations were acquired over the period from 1 March 2017 to 31 March 2018 

258 (SYMBO, 2019). 

259 2.3.3. The Rhône to Sète Canal (CRAS)

260 The hydrological module of the GAMELag tool, based on the hypothesis that the volume of the 

261 lagoon remains constant, simulates the daily net residual volumes (VR) exchanged with the 

262 external environment (VR = |VIn| - |VOut|), but does not account for the volume of water that 

263 oscillates daily between the lagoon and the external environment (Vin and VOut). Yet these 

264 inflows/outflows, which partly compensate each other diurnally (particularly through tidal 

265 action), strongly contribute to the mixing of lagoon and marine waters. To take the impact of 

266 this oscillating volume into account, the GAMELag model includes the conceptual mixing 

267 volume variable (Vx) defined by Gordon et al. (1996) as a forcing variable. The MARS-3D 

268 hydrodynamic model provides the mixing volume time series, defined as the average daily 

269 volume exchanged between the lagoon and the CRAS [Vx = 0.5.(|VIn| + |VOut|)].

270 High-frequency salinity measurements were taken in the CRAS (every 10 min) over the period 

271 from 1 March 2017 to 31 March 2018, and the daily averages were used as a forcing condition 
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272 for the hydrological module (Picard, 2021). Discrete data of concentrations of dissolved 

273 inorganic nitrogen, total organic nitrogen, phosphate and total organic phosphorus acquired in 

274 the CRAS over the same period were used as forcing conditions for the biogeochemical module 

275 (SYMBO, 2019).

276

277 2.4. Validation of the tool for the Or Lagoon

278 2.4.1. Validation of the hydrological module: comparing the salinity measurements to the 

279 model 

280 The model’s ability to reproduce the mixing phenomena between the brackish waters of the 

281 lagoon, the marine-influenced waters of the CRAS, and freshwater inputs from the catchment 

282 area was evaluated via the temporal changes in salinity simulated in the lagoon on a daily time 

283 step between 1 March 2017 and 31 March 2018, the period of the in-situ monitoring. The daily 

284 averages of the high-frequency salinity data (acquired every 10 min) from the ORE and ORW 

285 sites (Figure 2) were compared to the simulated daily salinity in the physical unit (the lagoon). 

286 The performance of the model was analysed using several indices: Root Mean Square Error 

287 (RMSE), percent bias (PBias), regression coefficient (R2) and (dr) index of agreement 

288 (Willmott et al., 2012). These statistical indicators were calculated with the hydroGOF package 

289 version 0.4-0 in R software.

290 2.4.2. Parameterisation of the biogeochemical module

291 The method developed for the GAMELag model to estimate biogeochemical parameters 

292 (Saguet et al., 2019) exploits the large number of simulations (several tens of thousands) 

293 generated by global model sensitivity analysis methods (Morris, 1991; Saltelli et al., 2000). The 

294 state variable values of the biogeochemical module, calculated at a time step of 10 minutes and 

295 averaged over the day, were compared with the in-situ data; then the values of the statistical 

296 performance indices (identical to those defined for salinity) resulting from these comparisons 
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297 allowed us to order the simulations and retain the parameterisations (i.e. the combinations of 

298 values of the model’s 120 parameters), reducing discrepancies between the model’s results and 

299 the in-situ measurements.  

300 The data available for the Or Lagoon are the spot concentrations of dissolved inorganic nitrogen 

301 (DIN), total organic nitrogen (TON), total nitrogen (TN), phosphate (PO4), total organic 

302 phosphorus (TOP), total phosphorus (TP) and chlorophyll a (chl.a) measured annually in the 

303 months of June, July and August in 2017 and 2018 at the ORE and ORW sites. These summer 

304 data were supplemented by discrete DIN, TON, TN, PO4, TOP and TP data acquired in the 

305 lagoon in January and May 2017 at the same sites (David, 2019). Applying this method for 

306 estimating biological parameters in the Or Lagoon resulted in eight different parameterisations, 

307 for which 35 parameters differed from their reference values in the literature (results not shown, 

308 for more details see Fiandrino et al., 2022a). 

309 No in-situ measurements were available for the ‘Sediment’ and ‘Macrophyte’ compartments 

310 during the validation period. The ability of the model to describe changes in the ‘Sediment’ 

311 compartment was based on total nitrogen and total phosphorus concentration data acquired at 

312 15 sites in the Or Lagoon in 2010 (Ifremer, 2011) and 2019. The simulated biomass of 

313 opportunistic algae was compared with the biomass value corresponding to the overall 

314 eutrophication of the lagoon defined on the basis of the most degraded state simulated for the 

315 water column and phytoplankton. The relationship between the ranges of biomass values for 

316 opportunistic algae and the global ecological status of a lagoon was provided by the analysis of 

317 macrophyte biomass data acquired in 13 lagoons between 2001 and 2006 within the framework 

318 of the Regional Lagoon Monitoring Network (Fiandrino et al., 2022b). 

319 2.5. Assessment of admissible load with the GAMELag tool

320 The method of estimating admissible load is based on exploratory scenario analysis and aims 

321 to find the ‘balanced ecological functioning of the ecosystem’. This is considered to be the case 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4399198

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



15

322 when (i) the physico-chemical indicators of the water column ([DIN], [DIP], [TN] and [TP]) 

323 and the metric associated with phytoplankton biomass meet the ‘good’ status thresholds set by 

324 the WFD (MTES, 2018); (ii) the biomass of opportunistic algae is compatible with the values 

325 observed in lagoons in ‘good’ ecological status (Fiandrino et al., 2022b); (iii) on a yearly scale, 

326 the ecosystem does not store nitrogen and phosphorus in the sediment. 

327 Different scenarios of exogenous and possibly endogenous matter inputs via the sediment 

328 compartment were simulated based on forcing conditions characteristic of the current situation. 

329 An exploratory analysis of the results of the simulations revealed the typologies of the functions 

330 characteristic of the ecosystem. Combining the clusters obtained and the constraints of the 

331 ‘balanced ecological functioning of the ecosystem’ defined above resulted in a pressure–state 

332 chart that makes it possible to quantify the ecosystem’s admissible load.

333 2.5.1. Descriptors for ecosystem functioning

334 The descriptors selected to characterise the ecological functioning of the lagoon are listed in 

335 Table 1. Descriptors of the exogenous nitrogen and phosphorus loads that feed the lagoon via 

336 various sources and of the stocks of nitrogen and phosphorus in sediment were also defined to 

337 account for pressures on the ecosystem (Table 2).

338 Table 1: Descriptors of the ecological functioning of the lagoon

Descriptor Meaning Unit

[DIN]Lag average summer concentration of dissolved inorganic nitrogen mmolN.m-3

[DIP]Lag
average summer concentration of dissolved inorganic 
phosphorus mmolP.m-3

[TN]Lag average summer concentration of total nitrogen mmolN.m-3

[TP]Lag average summer concentration of total phosphorus mmolP.m-3

[chl.a]Lag average summer concentration of chl.a mg chl a.m-3

[Opport]Lag average spring biomass of opportunistic species gdW.m-3

TN]Sed annual change in nitrogen concentration in the sediment mmolN.m-2.y-1

TP]Sed annual change in phosphorus concentration in the sediment mmolP.m-2.y-1

TNOut CRAS annual amount of nitrogen exported to CRAS Tonnes N.y-1

TPOut CRAS annual amount of phosphorus exported to CRAS Tonnes P.y-1

339
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340 Table 2: Descriptors of pressures on the ecosystem
Descriptor Meaning Unit

N Load total annual amount of nitrogen imported into the lagoon via 
the catchment area and the CRAS Tonnes N.y-1

P Load total annual amount of phosphorus imported into the lagoon 
via the catchment area and the CRAS Tonnes P.y-1

[TNSed ] initial concentration of nitrogen levels in the sediment mmol N.m-2

[TPSed] initial concentration of phosphorus levels in the sediment mmol P.m-2

341

342 2.5.2. Simulation of scenarios (sediment supply/stock) to find optimal functioning 

343 The forcing data defined over a four-year period from 2015 to 2018 and the sediment stock 

344 assessed in 2010 (TNSed = 12 000 mmol.m-2 and TPSed = 724.6 mmol.m-2, Ouisse et al., 2013) 

345 were used to define the ‘Current’ situation (Table 3). From this initial condition, an 

346 experimental design was constructed in order to test different scenarios in terms of reducing 

347 exogenous inputs from the three sources (the Canalette, the N WS, and the CRAS, Figure 2) 

348 and from the sediment compartment. Decreases in nitrogen and phosphorus inputs from 

349 exogenous sources were made (compared to the ‘Current’ situation) through either a 

350 proportional decrease in nitrogen and phosphorus, or a greater decrease in phosphorus, 

351 modifying the N/P ratio of inputs. The ‘Zero inputs’ scenario (scenario 38: Table 3) 

352 corresponded to an ‘extreme’ situation in which the exogenous inputs from the catchment area 

353 and the CRAS were considered to be nil. Between these two contrasting situations, 37 

354 intermediate scenarios were simulated (scenarios 1 to 37: Table 3). A further 13 scenarios were 

355 simulated by reducing sediment stock in conjunction with reductions in exogenous flows 

356 (scenarios 39 to 51: Table 3). The most restrictive situation for the sediment compartment was 

357 ‘very good’ status (TNSed = 2721 mmol.m-2 and TPSed = 484 mmol.m-2 as defined by Ouisse et 

358 al., 2020), i.e. Sedinit reduction factors of 0.23 for nitrogen and 0.67 for phosphorus. A total of 

359 52 scenarios (including the ‘Current’ situation) were simulated.

360 2.5.3. Analysis of the scenarios to create a pressure–state chart of the ecosystem
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361 A Principal Component Analysis (PCA) and an Ascending Hierarchical Classification (AHC), 

362 carried out with the FactoMineR package in R, allowed an exploration of the values of the 

363 descriptors for the 52 simulated scenarios, the four years (2015–2018) and the eight sets of 

364 selected parameters (i.e. 1664 independent statistical elements), revealing the typologies of 

365 characteristic ecosystem functioning (grouped in clusters). 

366 Subsequently, in order to determine a pressure–state chart that links exogenous and endogenous 

367 nutrient inputs to the ecological functioning of the ecosystem, ecological criteria were taken 

368 into account and a second sub-categorisation was made by considering within each cluster the 

369 elements for which: (i) the values of the physicochemical indicators of the water column [DIN], 

370 [DIP], [TN], [TP] and the metric associated with phytoplankton biomass [chl.a] were 

371 compatible with ‘good’ status (indicated by ‘A’ after the cluster number) and, in contrast; 

372 (ii) the values of indicators [TN], [TP] and [chl.a] were representative of ‘poor’ to ‘bad’ status 

373 (indicated by ‘D’ after the cluster number); (iii) the ecosystem did not store nitrogen and 

374 phosphorus in the sediment (indicated by ‘B’ after the cluster number) and, in contrast; (iv) the 

375 ecosystem stored nitrogen or phosphorus in the sediment compartment (indicated by ‘C’ after 

376 the cluster number). This allowed the quantification in the pressure–state chart of the 

377 ecosystem’s admissible load, i.e. the exogenous inflows admissible for the functioning of the 

378 ecosystem compatible with ‘good’ ecological status.

379
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380 Table 3:  Scenarios for reducing the concentration of exogenous nitrogen and phosphorus 
381 inputs in initial sediment conditions. The values correspond to the reduction coefficients 
382 applied to concentrations in the ‘Current’ situation (1.00 corresponds to maintaining the initial 
383 values and 0.00 to reducing these to a concentration of zero).

384

Scenario Canalette Watershed CRAS Sed Init Canalette Watershed CRAS Sed Init

Current 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1 1.00 1.00 0.93 1.00 1.00 1.00 0.58 1.00
2 1.00 1.00 0.93 1.00 1.00 1.00 0.30 1.00
3 1.00 1.00 0.47 1.00 1.00 1.00 0.29 1.00
4 1.00 1.00 0.47 1.00 1.00 1.00 0.13 1.00
5 1.00 1.00 0.23 1.00 1.00 1.00 0.15 1.00
6 1.00 1.00 0.23 1.00 1.00 1.00 0.07 1.00
7 1.00 1.00 0.12 1.00 1.00 1.00 0.07 1.00
8 1.00 1.00 0.12 1.00 1.00 1.00 0.03 1.00
9 1.00 1.00 0.06 1.00 1.00 1.00 0.01 1.00
10 0.59 1.00 1.00 1.00 0.27 1.00 1.00 1.00
11 0.59 1.00 1.00 1.00 0.20 1.00 1.00 1.00
12 0.59 1.00 0.93 1.00 0.27 1.00 0.58 1.00
13 0.59 1.00 0.93 1.00 0.20 1.00 0.30 1.00
14 0.59 0.75 0.93 1.00 0.27 0.75 0.58 1.00
15 0.59 0.75 0.93 1.00 0.20 0.55 0.30 1.00
16 0.29 1.00 1.00 1.00 0.14 1.00 1.00 1.00
17 0.29 1.00 1.00 1.00 0.08 1.00 1.00 1.00
18 0.29 1.00 0.47 1.00 0.14 1.00 0.29 1.00
19 0.29 1.00 0.47 1.00 0.08 1.00 0.13 1.00
20 0.29 0.50 0.47 1.00 0.14 0.50 0.29 1.00
21 0.29 0.50 0.47 1.00 0.08 0.35 0.13 1.00
22 0.15 1.00 1.00 1.00 0.07 1.00 1.00 1.00
23 0.15 1.00 1.00 1.00 0.04 1.00 1.00 1.00
24 0.15 1.00 0.23 1.00 0.07 1.00 0.15 1.00
25 0.15 1.00 0.23 1.00 0.04 1.00 0.07 1.00
26 0.15 0.75 0.23 1.00 0.07 0.75 0.15 1.00
27 0.15 0.75 0.23 1.00 0.04 0.55 0.07 1.00
28 0.07 1.00 1.00 1.00 0.03 1.00 1.00 1.00
29 0.07 1.00 1.00 1.00 0.02 1.00 1.00 1.00
30 0.07 1.00 0.12 1.00 0.03 1.00 0.07 1.00
31 0.07 1.00 0.12 1.00 0.02 1.00 0.03 1.00
32 0.07 0.50 0.12 1.00 0.02 0.35 0.03 1.00
33 0.07 0.25 0.12 1.00 0.02 0.17 0.03 1.00
34 0.04 1.00 1.00 1.00 0.01 1.00 1.00 1.00
35 0.04 1.00 0.06 1.00 0.01 1.00 0.01 1.00
36 0.04 0.15 0.06 1.00 0.01 0.05 0.01 1.00
37 0.00 0.00 1.00 1.00 0.00 0.00 1.00 1.00
38 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1.00
39 1.00 1.00 1.00 0.84 1.00 1.00 1.00 0.95
40 0.00 0.00 0.00 0.84 0.00 0.00 0.00 0.95
41 1.00 1.00 1.00 0.50 1.00 1.00 1.00 0.50
42 0.04 0.15 0.06 0.50 0.01 0.05 0.01 0.50
43 0.00 0.00 0.00 0.50 0.00 0.00 0.00 0.50
44 0.59 1.00 1.00 0.23 0.20 1.00 1.00 0.67
45 1.00 1.00 1.00 0.23 1.00 1.00 1.00 0.67
46 1.00 1.00 0.47 0.23 1.00 1.00 0.13 0.67
47 0.29 1.00 1.00 0.23 0.08 1.00 1.00 0.67
48 0.29 1.00 0.47 0.23 0.08 1.00 0.13 0.67
49 0.29 0.50 0.47 0.23 0.08 0.35 0.13 0.67
50 0.00 1.00 0.00 0.23 0.00 1.00 0.00 0.67
51 0.00 0.00 0.00 0.23 0.00 0.00 0.00 0.67

NITROGEN PHOSPHORUS
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385 3. Results

386 3.1. Model’s ability to reproduce mixing phenomena

387 A comparison between measured and simulated salinity over the period from 1 March 2017 to 

388 31 March 2018 showed that the model correctly reproduced the general trend (Figure 3). The 

389 increase in salinity between early April and mid-October 2017 was replicated well by the model 

390 (r2 = 0.96; d = 0.99, bias = -1.2%). The very low inflow of fresh water from the catchment area 

391 (26.4 106 m3) and very low direct precipitation falling on the lagoon (7.5 106 m3), as well as the 

392 significant evaporation (-26.5 106 m3) over this 7-month period, explain the particularly high 

393 salinity values reached in autumn 2017 (>30). 

394 The significant drop in salinity (S = -20 between the beginning of December 2017 and the end 

395 of March 2018) was also well reproduced by the model, although in advance (r2 = 0.89; d = 

396 0.84, bias = -24.4%). The rainfall that occurred between the beginning of December 2017 and 

397 the beginning of January 2018 resulted, in the model forcing, in significant freshwater inputs 

398 (26.4 106 m3 from the catchment area and 2.4 106 m3 from direct rainfall on the lagoon), which 

399 led to a decrease in the simulated salinity. This first rainfall after a long dry period had little 

400 impact on measured salinity in the lagoon. The drop in salinity was only observed from mid-

401 January 2018 after heavy rainfall followed by a very wet end of winter. Over the period from 

402 mid-January to the end of March 2018, freshwater inflows from the catchment area were 

403 estimated at 48.8 106 m3 and from direct rainfall on the lagoon at 12.0 106 m3. 
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404
405 Figure 3: Change in salinity over the period from 1 March 2017 to 31 March 2018: model 
406 simulation shown by the black solid line and high-frequency in-situ measurements taken at the 
407 ORW and ORE sites shown in grey (grey dashes = mean value).

408 3.2. Model’s ability to reproduce changes in the sediment stock of nitrogen and phosphorus

409 The model simulated an increase in nitrogen stock in the first 5 cm of sediment (Figure 4, left) 

410 of +334 mmol N.m-2.y-1 and a slow decrease in the sediment stock of phosphorus (Figure 4, 

411 right) of -6.8 mmol P.m-2.y-1. 

412  
413 Figure 4:  Simulated monthly change in nitrogen and phosphorus sediment stocks between 
414 2015 and 2018. The dots represent the means and the error bars the standard deviations of the 
415 values obtained from the eight parameterisations used in the model. 
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416 The simulated increase in nitrogen stock was not in line with observations, which showed a 

417 significant decrease between 2010 and 2019 [TNSed]2019-2010 = -1976.2 ± 2112.1 mmol N.m-2 

418 (p-value < 0.1). However, the model correctly accounted for the change in the sediment stock 

419 of phosphorus. Over the period 2010 and 2019, the simulated difference in phosphorus stock (-

420 61 mmolP.m-2 extrapolating the results obtained during 2015–2018) was in line with 

421 observations ([TPSed](2019-2010) = -41.2 ± 131.3 mmol P.m-2).

422 3.3. Model’s ability to reproduce ecological functioning of the lagoon

423 The model’s inability to simulate the change in the sediment stock of nitrogen over the medium 

424 to long term does not call into question its ability to account for changes in the water column, 

425 phytoplankton and macrophyte parameters. Indeed, the model satisfactorily reproduced the 

426 ecological functioning of the lagoon in the summer period, showing excessive primary 

427 production limited by the availability of dissolved inorganic forms of nitrogen and an excess of 

428 phosphate in the water column (Figure 5). The summer phosphate concentration was, on 

429 average, overestimated by a factor of two over the eight simulations (bias = 110%), and the 

430 summer organic phosphorus concentration was underestimated (bias = -26.4%), with a 

431 consequent overestimation of total phosphorus concentration (bias = 32.9%). The summer 

432 concentration of inorganic nitrogen was on average overestimated by the model over the eight 

433 simulations (bias = +87.7%), particularly in August, but this overestimation must be put into 

434 perspective due to the very low values below the ‘very good’/’good’ threshold (green line on 

435 Figure 5). Dissolved organic nitrogen concentration was underestimated (bias = -34.8%) with 

436 a direct impact on total nitrogen concentration (bias = -20%). However, taking into account the 

437 uncertainties of the model, it can be considered that it gave a reasonable representation of the 

438 measured values of these four parameters (Figure 5). 
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439 Figure 5: Temporal change in the parameters DIN, TON, TN, DIP, TOP, TP and chl.a 
440 simulated between 1 January 2016 and 31 December 2018. The solid line corresponds to the 
441 average of the results obtained with the eight parameter sets and the shaded area is defined by 
442 the minimum and maximum values. WFD monitoring data (squares), discrete data (triangles), 
443 and the lower thresholds of the WFD status classes are also represented (‘Good’: green line; 
444 ‘Average/Fair’: yellow line; ‘Poor’: orange line; ‘Bad’: red line). On the macroalgae graph, 
445 the orange bars show the mean values and standard deviations of the biomass characteristic of 
446 a poor state. 
447 The model simulated a phytoplankton bloom between the months of June and October with a 

448 chlorophyll a peak in August, the average intensity of which over the eight simulations was 

449 comparable to observations (35 to 45 µg.L-1). The underestimation of the simulated chlorophyll 

450 concentration in June suggests, however, that the estimated start of the bloom was somewhat 
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451 late. The simulated biomass of opportunistic algae was minimal in early autumn, increased to 

452 its maximum value between March and May (~ 200 gPS.m-3 in 2017 and 250 gPS.m-3 in 2018) 

453 and then decreased rapidly in June. In 2017, the simulated biomass was in line with the biomass 

454 value corresponding to a lagoon in ‘poor’ to ‘bad’ status (orange bars defined based on 

455 Fiandrino et al., 2022b). In 2018, the simulated algal bloom was larger, and the biomass was in 

456 the high range of the descriptor. 

457 3.4. Matter and water balance

458 The water balance and matter balance for 2015 to 2018 (Table 4) showed high interannual 

459 variability of inputs linked to variation in precipitation, which influences the flow of streams in 

460 the natural catchment area (northern watershed, Table 4) and, to a lesser extent, the flow of the 

461 Canalette. Freshwater inflow from the N WS was almost three times higher in a wet year (2018) 

462 than in a dry year (2017). For the Canalette, which is the main source of water in the catchment 

463 area, the factor between wet and dry years was 1.9: it accounted for 62% of inflow in wet years 

464 and 79% in dry years. 

465 Nitrogen and phosphorus inputs from the catchment area (Watershed, Table 4) also showed 

466 high interannual variability (factor of 2.6 for nitrogen and 2.4 for phosphorus between dry and 

467 wet years). The N:P mass ratio of inputs from the N WS varied around 46.6 ± 15, with the 

468 highest values in dry years and the lowest in wet years. The N:P mass ratio from the Canalette 

469 was much more stable at around 10 ± 0.8. This stable, marked imbalance in phosphorus from 

470 the Canalette made it the lagoon’s main source of phosphorus, with a contribution to the input 

471 from the catchment area that varied between 73% in wet years and 88% in dry years. However, 

472 while the Canalette was also the main source of nitrogen in the watershed in a dry year (79%), 

473 the N WS became the main source in a wet year, with 55% of the nitrogen input.
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474 Nitrogen and phosphorus inputs from the CRAS (CRAS In, Table 4) showed low interannual 

475 variability (factor of 1.3 for nitrogen and 1.2 for phosphorus between dry and wet years). The 

476 contribution of CRAS to total annual nitrogen input (336 Tonnes N.y-1) was predominant in dry 

477 years (66%) and represented more than one-third of total annual inputs in wet years (457 

478 Tonnes N.y-1). The CRAS’s contribution to total annual phosphorus inputs (26 Tonnes P.y-1) 

479 was even more marked and represented nearly 71% in a dry year and nearly 47% of the 33.5 

480 Tonnes P.y-1 that the lagoon received in a wet year.  

481 The net balance of matter between the lagoon and the CRAS was in equilibrium in dry years 

482 (Inputs/Outputs: I/ON
CRAS = -6 ± 39 Tonnes N.y-1; I/OP

CRAS = -7 ± 6 Tonnes P.y-1) and strongly 

483 tipped to matter export in wet years (I/ON
CRAS = -161 ± 47 Tonnes N.y-1; I/OP

CRAS = -16 ± 6 

484 Tonnes P.y-1). The annual matter balance on the scale of the lagoon was positive: i.e. nitrogen 

485 and, to a lesser extent, phosphorus tended to accumulate in the lagoon whatever the hydrological 

486 conditions (I/ON
LAG = +136 ± 47 Tonnes N.y-1; I/OP

LAG = +4 ± 7 Tonnes P.y-1). 

487 Table 4: Annual balance of water, nitrogen and phosphorus inputs to the Or Lagoon from the 
488 atmosphere, the watershed (N WS = northern watershed) and the Rhône to Sète Canal 
489 (CRAS) from 2015–2018. The years in brackets are associated with the minimum and 
490 maximum values for each parameter. For the import/export of matter by CRAS, the values 
491 correspond to the average and the standard deviation of the eight sets of parameters. 

492

493 3.5. Matter fluxes between the compartments of the ecosystem 

Rainfall Evaporation Watershed Canalette N WS WWTP In Out
10.3 - 30.9 25.8 - 28.1 56.2 - 122.0 40.0 - 75.4 15.3 - 46.6 0.07 - 0.08 162.2 - 203.1 243.1 - 289.7

(2017) - (2018) (2016) -(2017) (2017) - (2018) (2017) -(2018) (2017) - (2018) (2016) - (2017) (2018) - (2017) (2017) - (2018)

Rainfall Evaporation Watershed Canalette N WS WWTP In
3.1 - 9.5 - 114.6 - 291.1 60.1 - 171.0 46.0 - 160.5 0.3 - 0.5 165.5 - 221.1

(2017) - (2018) - (2017) - (2018) (2017) -(2016) (2016) - (2018) (2017) - (2015) (2018) - (2017)

Rainfall Evaporation Watershed Canalette N WS WWTP In
0.2 - 0.7 - 7.5 - 17.8 6.6 - 16.4 0.8 - 4.3 0.05 - 0.09 15.7 - 18.4

(2017) - (2018) - (2017) - (2016) (2017) -(2016) (2017) - (2018) (2018) - (2015) (2018) - (2017)

ATMOSPHERE WATERSHED

ATMOSPHERE WATERSHED CRAS

CRAS
Out

25.8 ± 5.7 / 31.4 ± 5.6
(2017)     /     (2018)

WATER (106m3.y-1)

NITROGEN (Tons.y-1)

PHOSPHORUS (Tons.y-1)
ATMOSPHERE WATERSHED

CRAS

Out
227.5 ± 39.8 / 326.5 ± 47.3

(2017)      /      (2018)
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494 The outcome of exogenous inputs in the ecosystem was analysed in terms of storage and matter 

495 fluxes exchanged between the different compartments of the ecosystem (Figure 6). The nitrogen 

496 and phosphorus stocks in the hydrobiological compartments (coloured circles) corresponded to 

497 annual averages. In the sediment, the values corresponded to the difference in nitrogen and 

498 phosphorus stocks between the end and the beginning of each year. The nitrogen and 

499 phosphorus fluxes between the compartments were cumulated over a year. The variation in 

500 stocks and annual fluxes was averaged over the four simulated years and the eight 

501 parameterisations.

502 3.5.1 ‘Current’ situation

503 Internal sources (biological compartments and sediment) accounted for 73% of dissolved 

504 inorganic nitrogen inputs to the water column, with little interannual variability but seasonal 

505 variation (from 43% in winter to 96% in summer). From October to June, fluxes from sediment 

506 release were the main internal source of DIN (66%) and in summer, remineralisation of organic 

507 matter in the water column became predominant (48% from internal sources). Exogenous inputs 

508 accounted for an average of 23% of DIN inputs, more than two-thirds of which came from the 

509 catchment area (N WS and Canalette).

510 Internal sources also accounted for the majority of dissolved inorganic phosphorus. These 

511 endogenous sources represented more than 80% of inputs with seasonal variation (from 64% in 

512 winter to 91% in summer). Between May and July, the mortality of opportunistic algae was the 

513 main internal source of DIP (47%), and then in August–September the mineralisation of organic 

514 matter in the water column became predominant. For the rest of the year, sediment release was 

515 the main internal source of DIP (65%). Inputs from the catchment area and the CRAS 

516 represented at most 10% of the inputs (in wet years from the catchment area, and in dry years 

517 from the CRAS).
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518 Opportunistic algae was primarily responsible for the assimilation of inorganic nitrogen: 57% 

519 was assimilated by algae compared to 38% for phytoplankton. The distribution was more 

520 balanced for phosphate, macrophytes and phytoplankton, which each assimilated around 48%. 

521 This assimilation of matter by macroalgae and phytoplankton was clearly staggered in time, 

522 with storage of matter (nitrogen and phosphorus) mainly in the ‘Phytoplankton’ compartment 

523 from July to September, and then storage in the ‘Macroalgae’ compartment from October to 

524 November, reaching a maximum in April before a decrease in June. Thus, the primary role of 

525 macroalgae and phytoplankton in the assimilation of inorganic nitrogen and phosphorus was 

526 reversed between June and July. 

527 Exports of dissolved inorganic forms to the CRAS accounted for only 6% of DIN losses to the 

528 water column, compared to almost 11% for DIP. For DIN, exports were highest in winter 

529 (December to February), while DIP exports were highest in summer (June to September). This 

530 difference indirectly reflects the role of DIN as a limiting factor in primary production, 

531 particularly in the summer period.

532 Concerning detrital organic forms, internal sources accounted for nearly 80% of nitrogen inputs, 

533 53% of which were derived from the degradation of opportunistic algae. The degradation of 

534 zooplankton and phytoplankton represented less than 14% and 9% of internal sources 

535 respectively. Exogenous inputs of nitrogen were mostly associated with CRAS (14%). 

536 Internal sources accounted for almost 74% of detrital organic phosphorus inputs, of which 29%, 

537 22% and 17% came from the degradation of opportunistic algae, zooplankton and 

538 phytoplankton respectively. As for nitrogen, exogenous inputs were primarily associated with 

539 CRAS (15%). 

540 Exports of detrital organic forms to CRAS accounted for almost 29% of nitrogen losses and 

541 40% of phosphorus losses.

542
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543 Figure 6: Representation of simulated stocks and fluxes of nitrogen (top) and phosphorus 
544 (bottom) for the ‘Current’ situation (left) and for a ‘Zero inputs’ from the watershed scenario 
545 (right). The arrows represent the cumulative annual fluxes (expressed in Tonnes.y-1) between 
546 the different compartments. The green arrows correspond to a net balance of bilateral 
547 phosphate exchange between the ‘DIP’ and ‘Macroalgae’ compartments. The circles represent 
548 the average annual stocks (expressed in tonnes) in the compartments, except for the 
549 ‘Macrophyte’ compartment, in which the values represent the spring stocks (in tonnes), and 
550 the sediment compartment, in which the values correspond to the difference between the stock 
551 at the beginning and end of the year (in tonnes). 
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552 The degradation of organic matter accounted for almost 94% and 83% of the sources of 

553 sediment nitrogen and phosphorus respectively. This flux of nitrogen towards the sediment 

554 showed strong seasonal variability, with more than 48% of the annual flux generated in the 

555 summer period compared to less than 5% in winter. The magnitude of seasonal variation in the 

556 remineralisation fluxes of organic matter in the sediment (nitrogen losses in the sediment 

557 compartment) was lower, fluctuating between 35% in summer and 17% in winter. Thus, 

558 between October and March, there was a greater outflow of nitrogen leaving sediment than 

559 inflow, explaining the decrease in simulated stocks over this period; however, the marked 

560 differences in intensity in which inflow was greater from April to September were responsible 

561 for the overall tendency for nitrogen to be stored in the sediment compartment (Figure 6, left).

562 Phosphorus fluxes exchanged between water and sediment showed the same seasonal changes 

563 as nitrogen fluxes, but the intensity of summer fluxes into and out of the sediment were of the 

564 same order of magnitude. Thus, the very low phosphorus storage simulated in the summer 

565 period did not compensate for the differences due to phosphorus release simulated in the periods 

566 from October to May (Figure 6, right).

567 3.5.2 ‘Zero inputs’ scenario

568 In the scenario where inputs from the catchment area and CRAS were set to zero (scenario 38, 

569 Table 3), the functioning of the system was strongly modified. Compared to the ‘Current’ 

570 situation, the endogenous inputs of DIN and DIP decreased by a factor of 0.64 and 0.7 

571 respectively, due to a marked reduction in the remineralisation processes of organic matter 

572 directly in the water column (factor of 0.34 for DIN and 0.39 for DIP). Summer stocks of DIP 

573 in the water column were greatly reduced (by a factor of 0.42), but remained characteristic of a 

574 ‘poor’ biological status with regard to the WFD indicators (Figure 7). As nitrogen remained the 

575 limiting factor in primary production, the summer stock of DIN in the water column was not 

576 significantly different between the two scenarios. 
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577 The assimilation of nutrients by opportunistic algae was also strongly impacted by removing 

578 exogenous inputs, reducing the quantities of nitrogen and phosphorus stored by these species 

579 in spring by a factor of 0.35. The maximum biomass of opportunistic algae was 75 g PS.m-3 

580 compared to more than 200 g PS.m-3 in the ‘Current’ situation (Figure 7). 

581 Nutrient uptake by phytoplankton was less impacted in the ‘Zero inputs’ scenario, reducing this 

582 by a factor of 0.75 compared to the ‘Current’ situation. Summer primary production remained 

583 excessive, with chlorophyll biomass still characteristic of ‘bad’ biological status (Figure 7).

584 This reduction in stocks of living matter resulted in a marked decrease in endogenous nitrogen 

585 and phosphorus fluxes to the organic compartment (by a factor of 0.45 for organic nitrogen and 

586 0.54 for organic phosphorus), which was reflected in sedimentation fluxes (reduction by a factor 

587 of 0.43 for nitrogen and 0.54 for phosphorus). While the diffusion of nutrients from sediment 

588 to the water column was the process least impacted by the ‘Zero inputs’ scenario (reduction by 

589 a factor of 0.85 for DIN and 0.93 for DIP), the net balance of water–sediment exchanges was 

590 still strongly modified. The depletion of phosphorus, also simulated in the ‘Current’ situation, 

591 increased by a factor of 3.5 in the ‘Zero inputs’ scenario, and a major change in the functioning 

592 of the ecosystem was simulated with regard to the level of nitrogen, with a reversal of the trend 

593 and a depletion of nitrogen in sediment (Figure 6). 

594
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 (a) (b) (c)

595 Figure 7: Temporal variations in DIP (a), chl.a (b) and opportunistic algal biomass (c) for the 
596 two scenarios ‘Current’ situation (black line and grey shading) and ‘Zero inputs’ (brown line 
597 and yellow shading). The lower thresholds of the WFD status classes (‘Good’: green line; 
598 ‘Average/Fair’: yellow line; ‘Poor’: orange line; ‘Bad’: red line) are also shown. 

599  3.6. Typologies of ecosystem functioning: clustering results

600 The exploratory analysis of 52 scenarios (Table 3) and 1664 independent statistical elements 

601 was grouped into six clusters associated with types of ecological functioning (Figure 8). Four 

602 clusters (1, 3, 4, 6) were characteristic of ecosystem functioning in which nitrogen is the limiting 

603 parameter for biological production, with very low summer concentration of dissolved 

604 inorganic nitrogen (Figure 8a). Cluster 1 grouped elements (n=205) for which chlorophyll a 

605 concentrations (Figure 8e), biomass of opportunistic algae (Figure 8f) and summer stocks of 

606 total nitrogen and total phosphorus (Figure 8c, d) in the water column were among the lowest. 

607 Annual sediment stocks of nitrogen [TNsed] and phosphorus [TPsed] (Figure 8g, h) decreased. 

608 Cluster 6 grouped the elements (n=410) in which the concentrations of dissolved inorganic 

609 phosphorus and total phosphorus in the water column (Figure 8b, d) were highest. This type of 

610 ecosystem was very productive, with concentrations of chlorophyll a and opportunistic algae 

611 biomass also among the highest (Figure 8e, f). The matter produced tended to be stored in the 

612 sediment, with large annual increases in sediment nitrogen stocks (Figure 8g).

613 Clusters 3 (n=531) and 4 (n=188) grouped elements that lay in between clusters 1 and 6 with 

614 respect to dissolved inorganic phosphorus and total phosphorus concentrations (Figure 8b, d). 
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615 The production of opportunistic algae remained moderate, with average biomass of less than 

616 50 g PS.m-3 (Figure 8f). Chlorophyll biomass was high for cluster 3, with values that were on 

617 average in the middle of the poor category (Figure 8e). In cluster 4, predation by zooplankton 

618 limited phytoplankton production, but the organic matter produced was largely stored in the 

619 sediment (Figure 8g). 

620 Cluster 2 grouped elements (n=59) in which the summer concentration of dissolved inorganic 

621 nitrogen was highest (Figure 8a). Primary production was limited by the availability of 

622 phosphate in the water column (Figure 8b). Chlorophyll a concentration was among the lowest, 

623 and biomass of opportunistic algae was moderate (Figure 8e, f). Annual stocks of nitrogen and 

624 phosphorus in the sediment decreased (Figure 8g, h).
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(a) (b) (c) (d)

(e) (f) (g) (h)

625 Figure 8:  Distributions for the 1664 statistical elements of the values of 8 ecosystem 
626 descriptors (Table 1) within the 6 clusters identified by the AHC following the PCA: (a) DIN; 
627 (b) DIP; (c) TN; (d) TP; (e) chl.a; (f) opportunistic species; (g) annual change in sediment 
628 nitrogen stock; (h) annual change in sediment phosphorus stock. The horizontal lines 
629 represent the WFD thresholds when they exist (green: ‘Very Good’/‘Good’ threshold; yellow: 
630 ‘Good’/‘Fair’ threshold; orange: ‘Fair’/‘Poor’ threshold; red: ‘Poor’/‘Bad’ threshold).

631 Cluster 5 grouped elements (n=271) in which the chlorophyll a concentration (Figure 8e), 

632 biomass of opportunistic algae (Figure 8f) and the summer stock of total nitrogen in the water 

633 column were highest (Figure 8c). Annual nitrogen stock in the sediment tended to increase 

634 (Figure 8g). 

635 3.7. Creation of a pressure–state chart to support lagoon management 

636 The combination of the six clusters with the WFD thresholds of the water column and 

637 phytoplankton parameters and the change in the sediment stock resulted in the distribution of 

638 the 1664 elements in 16 sub-clusters (Table 5). The sub-clusters represented the ranges of 

639 variation in exogenous (northern and eastern watersheds and CRAS) and endogenous 
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640 (sediment) pressures in relation to the response of hydrobiological parameters in the lagoon, 

641 providing a pressure–state chart that links the pressures experienced by the lagoon with its 

642 ecological state. For the sake of readability, Figure 9 shows the nine sub-clusters that were most 

643 contrasting (in terms of ecosystem functioning) and most representative (in terms of numbers 

644 of elements in the cluster).

645 Table 5: Distribution of the 1664 elements in the 16 sub-clusters resulting from the 
646 combination of the 6 clusters (in rows) and the 4 constraints (in columns) imposed on the 
647 water column/phytoplankton and sediment compartments (see §2.5.3. for the definition of 
648 conditions A,B,C,D). The 9 underlined/bold sub-clusters correspond to the sub-clusters 
649 retained to determine the pressure–state chart (Figure 9).

650

651 Elements corresponding to the ‘Current’ situation were mainly grouped in sub-clusters 6D (63% 

652 of cases) and 5D (22% of cases). These two sub-clusters were characteristic of ecosystem 

653 functioning in which exogenous inputs (on the order of 316±72 Tonnes N.y-1 and 

654 19.5±6.4 Tonnes P.y-1) and current sediment stock (poor state for nitrogen and average/fair state 

655 for phosphorus) (Figure 9, ‘Pressures’) supported excessive phytoplankton production and 

656 significant blooms of opportunistic algae (Figure 9, ‘State’). The ecosystem stored nitrogen in 

657 the sediment compartment.

658 Assuming that ‘current’ exogenous inputs are associated with initial sediment stocks 

659 compatible with good status for phosphorus and average status for nitrogen (sub-cluster 4C, 

660 Figure 9), biological production of micro- and macroalgae would be lower, close to the 

661 average/fair threshold for phytoplankton. However, this functioning would result in significant 

Good Bad

No stock Stock
A B C D

1 23 113 69
2 55 4
3 293 138 100
4 3 159 26
5 22 23 226
6 76 334

Intermediate
Water / Phytoplankton status

Sediment

W
FD Cond.      

               Cluster
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662 annual storage of nitrogen in the sediment compartment. ‘Current’ inputs would therefore be 

663 likely to degrade a sediment compartment that was in good condition.

664 Even lower exogenous inputs (225±64 Tonnes N.y-1 and 12.5±6.6 Tonnes P.y-1) combined with 

665 current sediment stocks (sub-clusters 3D and 5B) would still result in excessive biological 

666 production. Depending on the competition between micro- and macroalgae, these inputs would 

667 predominantly feed the ‘Phytoplankton’ (sub-cluster 3D) or ‘Macrophyte’ (sub-cluster 5B) 

668 compartments and leave excess dissolved inorganic phosphorus (sub-cluster 3D) or dissolved 

669 inorganic nitrogen (sub-clusters 5B) in the water column. Although such conditions of 

670 exogenous and endogenous pressure are not compatible with the ecosystem’s good ecological 

671 status, they would make it possible to reverse the trend in terms of ecological trajectory by 

672 favouring the removal of phosphorus in sediment and limiting the storage of nitrogen (sub-

673 cluster 3D) or even enabling its removal (sub-cluster 5B). An even more marked reduction in 

674 inputs (86±53 Tonnes N.y-1 and 3.5±2.3 Tonnes P.y-1) associated with the current sediment 

675 stock (sub-cluster 3B) would accentuate this trend towards the restoration of the sediment 

676 compartment by favouring the massive destocking of nitrogen and phosphorous.

677 With exogenous inputs of the same order of magnitude (96±90 Tonnes N.y-1 and 

678 3.3±2.7 Tonnes P.y-1) and a sediment compartment in good condition as regards nitrogen and 

679 very good condition as regards phosphorus (sub-cluster 1A), the water column parameters and 

680 phytoplankton biomass showed values compatible with good ecological status. The primary 

681 production of micro- and macroalgae, jointly limited by nitrogen and phosphorus, did not leave 

682 excess nutrients in the water column, and the sediment compartment tended to release nitrogen 

683 and phosphorus. Such conditions reflect a balance between exogenous and endogenous fluxes. 

684 Higher sediment stock associated with lower exogenous inflows (sub-cluster 1B) or, 

685 conversely, lower sediment stock associated with higher exogenous inflows resulted in 

686 phytoplankton production that was not compatible with good ecological status (chl.a close to 
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687 the average/fair threshold: Figure 9, ‘State’). Thus, endogenous and exogenous conditions 

688 corresponding to sediment stock in “good” condition for nitrogen and in “very good” condition 

689 for phosphorus, and a reduction in exogenous inflows by a factor of 0.24 for nitrogen and 0.1 

690 for phosphorus compared with current average annual inputs (402 Tonnes N.y-1 and 

691 31 Tonnes P.y-1) would be compatible with the good ecological status of all the compartments 

692 in the ecosystem. These conditions could be considered, based on what we know today, as a 

693 target for admissible nutrient load for the Or Lagoon.

694
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695

696 Figure 9: Pressure–state chart linking the state of the ecosystem ([DIN]Lag vs [DIP] Lag; [TN] 
697 Lag vs [TP] Lag; [chl.a] Lag vs [Opport] Lag, the annual change in the sediment stock of nitrogen 
698 [TN]sed and phosphorus [TP]sed and the pressures exerted (from catchment and CRAS 
699 inputs and sediment stock) for the different sub-clusters. The horizontal and vertical lines 
700 correspond to the WFD thresholds.

701 4. Discussion

702 Since its creation in 2009, we have deliberately taken a pragmatic approach to continue to 

703 develop the GAMELag management tool. It initially provided a simple conceptualisation of the 

704 ecological functioning of an ecosystem; subsequently, its application at different sites during 
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705 the validation process revealed limitations in its use. This led to the choice of more realistic and 

706 complex conceptualisations to attempt to overcome these limitations. As noted by Chapra et al. 

707 (2003), the continuous improvement of management tools requires research into the scales at 

708 which it is necessary and sufficient to describe the functioning of a complex system (Zwirn, 

709 2006). Such an approach is dictated by the operational purpose of management support tools, 

710 which must be capable of providing reliable answers to the questions posed by society within a 

711 timeframe compatible with decision-making. 

712 The simplicity of the GAMELag tool, linked to the fact that the hydrodynamic processes are 

713 not resolved by the model but taken into account via adapted forcing conditions, makes it 

714 possible to carry out a large number of simulations (six years simulated in less than 20 minutes 

715 on a standard PC), which is essential for the analysis of exploratory scenarios. 

716 4.1. Relevance of the estimation method for admissible load

717 Our findings show that exploratory scenario analysis carried out in two stages (clustering from 

718 an AHC, which is then refined by taking into account ecological criteria) proves to be relevant 

719 for describing change in coastal lagoons in response to pressures to which they are subjected, 

720 as well as for defining the target for admissible nutrient load in these ecosystems. Considering 

721 ecological criteria alone (conditions A to D in Table 5, without taking into account clusters 1 

722 to 6) reveals only contrasting situations in which low exogenous flows are associated with 

723 sediment stock in good condition (condition A) or in poor condition (condition B) or, 

724 conversely, high exogenous flows are associated with sediment stock in poor condition 

725 (conditions C and D). Yet transitional conditions in which trend reversals can occur – i.e. the 

726 reduction in exogenous flows necessary to initiate the restoration of the sediment compartment 

727 and thus reverse the ecological trajectory of the lagoon – is key information for environmental 

728 managers. This information can confirm the relevance of measures to reduce exogenous inflows 
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729 even before WFD indicators highlight their positive impact (and consequently the investment 

730 they require). 

731 4.2. Key compartments

732 The model provides access to descriptors that may or may not be observable in situ and that 

733 allow a detailed description of the simulated functioning of the system. Similarly, by allowing 

734 processes to be decoupled, the model makes it possible to quantify the contribution of each 

735 process in the overall functioning of the system. This revealed the key role played by 

736 macroalgae and the sediment compartment in the functioning of the Or Lagoon.

737 Macroalgae

738 The succession of macroalgal and phytoplankton blooms is clearly shown in the model with the 

739 assimilation of inorganic forms of nitrogen and phosphorus predominantly by macroalgae in 

740 June and then by phytoplankton in July. This phytoplankton–macroalgal competition in June 

741 could explain the late start of the summer phytoplankton blooms. Furthermore, the degradation 

742 of opportunistic algae between April–May and July is the main source of DIP and could be the 

743 cause of the excess phosphate in the water column simulated in the summer period. These 

744 changes in the development of macroalgae thus appear to control both the start of the summer 

745 plankton bloom and the phosphate concentration in the water column at that time.

746 In the absence of available data on the biomass of opportunistic algae present in the lagoon, few 

747 parameters relevant to the conceptualisation of this compartment were included in the 

748 estimation of the biogeochemical parameters of the model. New descriptors for this 

749 compartment that link the biomass of opportunistic algae to the eutrophication status of a lagoon 

750 (Fiandrino et al., 2022b) will now allow these to be used in global sensitivity analyses to 

751 improve the calibration of parameters for this compartment. 
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752 A further limitation of the model is that it does not allow the estimation of the WFD 

753 ‘Macrophyte’ indicator based on the recovery rates of reference species. The current 

754 conceptualisation of eelgrass beds in the GAMELag model does not include the assimilation of 

755 nutrients by the root system, which may account for 50% of nitrogen assimilation (Hemminga 

756 et al., 1991; Pedersen and Borum, 1992). Thus, in environmental conditions favourable to its 

757 development, the growth of eelgrass would be strongly underestimated by the model. We 

758 believe a new descriptor for the ‘Macrophyte’ compartment based solely on the biomass of 

759 opportunistic algae is relevant on the assumption that a detailed understanding of changes in 

760 seagrass is not necessary to determine admissible load. We consider that it is sufficient for the 

761 model to be able to establish the links between the anthropic pressures exerted on the ecosystem 

762 and the environmental conditions favourable to the development of eelgrass. The analysis of 

763 simulated scenarios carried out in this study confirms this hypothesis. 

764 The exogenous inputs of nitrogen and phosphorus that the Or Lagoon has received over several 

765 decades have degraded this ecosystem, and the management measures put in place since the 

766 beginning of the 2000s to reduce these inputs have not yet initiated a restoration dynamic. A 

767 further reduction in inputs would have the direct consequence of limiting the production of 

768 living matter in the water column (currently, mainly phytoplankton). Lastly, in conditions of 

769 reduced phytoplankton production and therefore better light penetration in the water column, 

770 nutrients from benthic flux could drive the production of opportunistic algae near the benthic 

771 interface to the detriment of phytoplankton production. Such a shift from an ecosystem 

772 dominated by phytoplankton to one dominated by opportunistic macroalgae has been described 

773 in a lagoon close to the Or (the Méjean Lagoon) following measures aimed at reducing nutrient 

774 inputs (Le Fur et al., 2019). This appears to be a first key step in the restoration of eutrophicated 

775 lagoon environments. Then, in conditions in which the biomass of opportunistic macroalgae 

776 and phytoplankton is compatible with ‘good’ ecological status, the restoration of the ecosystem 
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777 could continue with the natural recolonisation of the environment by perennial macrophytes 

778 (Le Fur et al., 2019; De Wit et al., 2017). 

779 Sediment

780 At present, the model cannot reproduce the change in sediment nitrogen stock over several 

781 years. Variation in this stock results from the net balance between the sedimentation of 

782 degraded organic matter and the release of ammonium resulting from the remineralisation of 

783 this matter. Observations made in different Mediterranean lagoons (Ouisse et al., 2013; 2014) 

784 show that the flux intensity of dissolved inorganic forms measured at the interface between the 

785 benthic compartment and the water column varies primarily according to the season and the 

786 quantity of nitrogen and phosphorus in the sediment (diffusive nutrient fluxes). These results 

787 are consistent with data acquired in other Mediterranean lagoons (Chapelle et al., 1994; Le Fur, 

788 2018; Zaaboub et al., 2014) and Australian lagoons (Eyre and Ferguson, 2002), and the order 

789 of magnitude of DIN flux measured in lagoons with poor eutrophication status is in the order 

790 of 5 – 8 mmol N.m-2.d-1. These values are higher than the simulated remineralisation rates in 

791 the Or Lagoon, which vary between 0.4 (in winter) and 0.8 mmol N.m-2.d-1 (in summer). This 

792 underestimation of the remineralisation of organic matter in sediment probably explains the 

793 overestimation of nitrogen storage in the sediment.

794 The inability of the tool to carry out simulations over the medium to long term does not, 

795 however, call into question its use in determining admissible load. The scenario analysis is 

796 carried out on an annual scale (one element = one year) and is based on a complete set of 

797 descriptors and the use of eight different parameterisations that allow changes in the 

798 compartments from the ‘current’ situation to be correctly represented (with the exception of the 

799 nitrogen stock in the sediment). Each parameterisation reflects specific simplifying assumptions 

800 made during the conceptualisation stage and therefore has specific repercussions on the 

801 simulation of ecosystem functioning. Taking these eight parameterisations into account leads 
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802 to eight possible simulations of ecosystem functioning that are compatible, in part, with the 

803 observed reality. 

804 Nonetheless, in order to allow simulations to be carried out over the medium to long term, 

805 certain simplifying assumptions should be reassessed. At present, the sediment layer is assumed 

806 to be oxic, but this assumption has not been verified, particularly during the summer period 

807 when the thickness of the oxic sediment layer is very low (a few millimetres). Different models 

808 of the nitrogen and phosphorus cycle in sediment take into account the oxygenation conditions 

809 in a more or less realistic way (Chapelle, 1995; Plus et al., 2021). An early diagenesis module 

810 that takes into account the oxygenation state of the sediment and the water column is currently 

811 being developed in the GAMELag tool to account for anoxia phenomena in these coastal 

812 lagoons used for shellfish farming (Le Ray et al., 2023).

813 4.3. Collaboration between science and management 

814 Due to the limitations inherent in management tools discussed above, it is essential that their 

815 development and deployment in given ecosystems be carried out within the framework of 

816 projects that have been co-constructed, from their inception, by scientists and environmental 

817 managers with shared objectives and interests. The application of the GAMELag model to the 

818 Or Lagoon to address the problem of restoring this hypereutrophic environment has benefited 

819 from such collaboration between scientists and managers, with substantial technical and 

820 financial efforts made to acquire specific data and deploy adapted simulation tools.

821 This first experience using the GAMELag tool in operational conditions allowed us to review 

822 the right level of balance between the scientific requirements linked to model development and 

823 the operational expectations motivating this model. Given the constraints of developing a 

824 ‘usable’ tool within an acceptable timeframe so that it can be ‘used’, choices were jointly made 

825 and accepted by scientists and environmental managers, in particular by taking into account the 
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826 limitations of the tool by providing the uncertainties associated with the various descriptors in 

827 the pressure–state chart. Its use has allowed recommendations to be made for supplementary 

828 monitoring that could be carried out. In parallel with the measures planned in coming years to 

829 reduce exogenous inputs, it will be important to monitor changes in sediment stocks of 

830 nutrients. In addition to WFD monitoring, this data on sediment stocks would enable the lagoon 

831 to be better positioned in the pressure–state chart in terms of internal pressures.

832 5. Conclusion

833 The current version of the GAMELag tool is the result of a long period of close collaboration 

834 between lagoon managers, technical experts and scientists. Its application to various 

835 Mediterranean lagoons, in particular the Or Lagoon, has confirmed its adaptability to sites with 

836 complex functioning, and it is now available as a reference tool to assist managers of French 

837 Mediterranean lagoons who want to adopt an admissible load approach. 

838 With this approach, the GAMELag model is one key component in a global mission carried out 

839 by lagoon managers with the support of scientific and technical experts. The improvements 

840 currently being made to the tool should help make it possible to understand the time required 

841 to restore eutrophicated lagoon ecosystems and to respond to issues involved in managing 

842 environments and their uses (for example, shellfish farming) in a context of climate change. 
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