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12 Abstract

13 Restoration of the ecological continuity of rivers has become a strong ecological issue. In some 
14 cases, it may lead to the dismantling of dams, but ecological consequences for estuarine 
15 ecosystems are poorly known. Notably, by increasing sediment and nutrient retention in 
16 reservoirs, dams can alter the influx of terrestrial subsidies to estuarine food webs. Here, we 
17 assessed the trophic functioning of the megatidal estuary of the river Sélune (bay of Mont-
18 Saint-Michel, France) before the removal of two large dams on the river. Both estuarine benthic 
19 invertebrate and bentho-demersal fish faunas were characterized at two periods (spring and 
20 autumn 2017) and food web described by means of stable isotope (nitrogen and carbon) and 
21 fish gut analyses. Macrobenthic fauna was typical of European estuaries, with low species 
22 richness because of high physical constraints (highly variable salinity, strong currents, high 
23 altitude) prevailing in the area. High abundances and biomasses were observed in the two 
24 downstream sectors under the bay influence providing them a feeding interest for juvenile fish. 
25 Two species of gobies (Pomatoschistus microps and Pomatoschistus minutus), juvenile sea bass 
26 (Dicentrarchus labrax) and juvenile flounder (Platichthys flesus) dominated the fish fauna. 
27 Food web was mostly fueled by local primary production, predominantly microphytobenthos. 
28 Macrobenthic invertebrates (Corophium arenarium or Bathyporeia pilosa) but also 
29 harpacticoid copepods and mysids in autumn were the major prey and constitute the primary 
30 consumer level of the food web, the fish being at the top as secondary consumers. The analysis 
31 of the trophic niche of fish and their overlaps gave elements on the respective feeding strategies 
32 and inter-specific competitions.

33 Key words: estuary, trophic ecology, stable isotope analysis, gut contents analysis, Mont-Saint-
34 Michel Bay
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36 Introduction
37 Although coastal and estuarine ecosystems (CEE) represent only 6% of the marine surface, they 
38 are among the most productive systems on earth (Costanza et al., 1997). Several studies 
39 underline the essential nursery role that these ecosystems play by serving as feeding areas or as 
40 a simple refuge for many species, including fish (Pasquaud et al., 2012). They are essential to 
41 the functioning of the marine environment, as well as for human welfare (Costanza et al., 1997). 
42 However, CEE are threatened by human activities, notably overfishing, aquaculture, tourism, 
43 and pollution (Worm et al., 2006; Halpern et al., 2007). Anthropogenic pressure on CEE often, 
44 if not systematically, decreases biodiversity (animal and plant), alters ecosystem functions and 
45 ecological state (Hammerschlag et al., 2019), leading to a possible loss of some ecosystem 
46 services.

47 The construction of dams for producing electricity, securing freshwater resources, controlling 
48 flood or improving upstream navigability is one of such disturbances that cause meaningful 
49 changes to downstream ecosystems such as CEE (Ly, 1980; Nixon, 2004; Morais, 2008, Zhang 
50 et al. 2022). Schaffer et al. (2017) estimated that 40,000 to 47,000 large-scale dams have 
51 significant impacts on watershed and marine ecosystems worldwide. Over two-thirds of the 
52 largest rivers in Europe have major discontinuities due to large dams. These dams were mostly 
53 constructed during the second half of the 20th century (Duarte et al. 2020). It is well known that 
54 large-scale dams (>15 m in height) change hydrologic regimes, alter sediment and nutrient loads 
55 downstream (Rollet et al. 2014; Dethier et al. 2022), with potential impacts aquatic communities 
56 and ecosystem functioning (Schaffer et al., 2017, Zhang et al. 2022, Morais et al. 2009). 
57 Therefore, congruently with an increasing effort to restore degraded aquatic ecosystems, large 
58 dam removal projects have emerged as an important ecosystem restauration tool during the past 
59 20 years (Schaffer et al., 2017).

60 Depending on the context, dam removal can have significant outcomes on CEE (Foley et al. 
61 2017). Notably, the restoration of natural tidal and river flow patterns enhances the interaction 
62 between freshwater and saltwater, re-creating a dynamic environment with more diverse 
63 habitats (Bednarek, 2001). The natural balance between sediment deposition and erosion also 
64 restores critical habitats for plant and animal communities (Figueroa et al., 2022). Moreover, 
65 some species that use both marine and freshwater habitats during their life cycle are favoured 
66 by the removal of obstructions to flow in estuaries and rivers (Hill et al., 2019; Wippelhauser 
67 2021). Conversely, the sudden release of trapped sediment following dam removal operations 
68 and water can however lead to short-term disruptions in the estuarine ecosystem (Warrick et al. 
69 2015; Shaffer et al. 2018), by causing turbidity peaks, affecting light penetration and potentially 
70 affecting some species (Bednarek, 2001). However, these disruptions are usually transient, and 
71 the ecosystem tends to recover and readjust to natural conditions over time (Bednarek, 2001).

72 Looking beyond direct effects on continuity and aquatic habitats through hydraulic and 
73 geomorphological processes, dam removal can induce major, indirect impacts on ecosystem 
74 functions in CEE too. Indeed, large-dam reservoirs have a meaningful effect of retention of 
75 organic matter and dissolved nutrients (Dethier et al. 2022; Maavara et al. 2020), which are 
76 important subsidies for CEE food webs. For instance, it has been shown that particulate organic 
77 matter from terrestrial origin conveyed by the river Vilaine (bay of Biscay, France) fuels coastal 
78 benthic food webs, highlighting that the river discharge has a central role in determining the 
79 carrying capacity of a main nursery habitat for flatfish (Kostecki et al. 2010). Moreover, 
80 following the construction of the Aswan High Dam on the Nile River, terrestrial water and 
81 nutrient supply to CEE decreased by 90%, and a major effect on fishery performance (mostly 
82 finfish, shrimp and prawns) was reported along the Egyptian Mediterranean coast (Nixon 2003, 
83 and references therein). Therefore, by restoring the downstream transfer of terrestrial subsidies 
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84 to marine habitats, dam removal operations can induce structural and functional changes in CEE 
85 food webs. The underlying processes are known, however, the probable effect of river 
86 continuity restoration on CEE food webs have not been clearly reported yet.

87 The Sélune River is a short coastal stream that discharges into the Bay of Mont Saint-Michel, 
88 France. The downstream transfers of sediments and solutes from catchment to CEE has been 
89 altered by the presence of two large hydropower dams since the early 20th century. The amount 
90 of sediment stored in reservoirs was estimated to reach 3,000 tons.y-1 in 2015-2016, including 
91 organic matter particles from terrestrial origins (Fovet et al. 2020, Roussel et al. submitted). 
92 Similarly, a significant decrease in nutrient concentrations in water has been reported 
93 downstream of the reservoirs (Fovet et al 2020), notably silicon which is key element for the 
94 growth of benthic diatoms. The bay of Mont Saint-Michel is a wide, shallow system with a high 
95 tidal range (up to 15 m) and that mostly consists of mudflats and intertidal salt marshes. It is a 
96 remarkable nursery habitat for many marine fish species of commercial interest, among which 
97 sea bass Dicentrarchus labrax, common sole Solea solea, plaice Pleuronectes platessa and 
98 flounder Platichthys flesus. Previous studies on benthic food webs in the bay have showed that 
99 primary production is largely based on salt marshes and benthic diatoms (Lefeuvre et al. 2000, 

100 Arbach Leloup et al. 2008), and the prevalent role of microphytobenthos as primary food source 
101 for juvenile fish and benthic food webs has been outlined (Kostecki et al 2012). Trends in food 
102 webs functioning in the megatidal estuary of the Sélune river, however, is mostly unknown, 
103 while this mainly intertidal ecosystem is the first to receive terrestrial organic matter and 
104 dissolved nutrients from the river.  

105 The present study was launched after the decommissioning of dams on the Sélune river has 
106 been confirmed in 2017. Considering that transfer of organic sediments and dissolved nutrients 
107 fluxes are the major changes expected after restoration of the downstream on its estuary, the 
108 objective of the study is i) to establish its bentho-demersal food web prior to dam removal and 
109 ii) to discuss on assumed effects of these changes on the trophic functioning of the estuary and 
110 on its contribution to the function of nursery of the bay of Mont-Saint-Michel. In this objective, 
111 bentho-demersal fish as main secondary consumers and macro-benthic invertebrates as 
112 potential fish prey were considered and characterized. They were sampled using trawl and hand-
113 held corer. Trophic relationships, energy sources and transfers through benthic food web were 
114 investigated by means of fish digestive contents and stable isotope analyses (DCA and SIA, 
115 respectively) as complementary approaches.

116

117 Material and methods
118 Study site

119 The estuarine area is located in the North-West of France (Figure 1). It opens in the bay of 
120 Mont-Saint-Michel and exhibits a semi-diurnal system with a high tidal range (15 m). It covers 
121 ca 45 km2 partly shared with the estuary of the Sée river and is characterized by intertidal flats 
122 veined with channels which locations vary with high hydrodynamical conditions. A schorre is 
123 observed in its higher parts (supralittoral). Four sectors were distinguished according to 
124 geomorphological traits along an east-west estuarine gradient (Figure 1). The “Upper Sélune 
125 estuary” is in the continuity of the Sélune river bed, the “Middle estuary” is an enlarged part 
126 shared with main channel of the Sée estuary and the “Open estuary” is the wider part of the 
127 estuary forming the transition with the bay of Mont-Saint-Michel. The “Sée estuary” situated 
128 in the north of the study site constitutes another sector. 

129
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130 Sampling

131 As biological and trophic characteristics were assumed to change within a year, two surveys 
132 were conducted in order to sample the benthic invertebrate macrofauna and the bentho-demersal 
133 ichtyofauna: the first one at the end of March / beginning of April 2017 (spring) and the second, 
134 at the end of September / beginning of October 2017 (autumn).

135 Fauna, sediment and water

136 Sampling of ichtyofauna took place at high tide during spring tides using a beam trawl (146 cm 
137 wide x 45 cm high) towed for 10 to 15 minutes (depending on bottom configurations) at a speed 
138 of two knots. Beam trawl hauls were realized in channels according to bathymetric constraints. 
139 A total of seven trawl stations were sampled (Figure 1). At each trawl station, temperature, 
140 salinity and oxygen were recorded with a CTD probe. Samples were kept in cold until their 
141 analysis in laboratory. Benthic sampling was carried out using a hand-corer (0.029 m²) at a 
142 sediment depth of 20 cm, at eleven sampling sites near the channels (Figure 1). At each site, 
143 nine samples (i.e. 0.261 m² per station), collected to characterize macrobenthos, were gently 
144 washed in situ through a 1 mm sieve. In addition, two samples of the top centimeters of the 
145 sediment (10 cm and 1 cm) were taken to determine the particle size and organic matter content 
146 of the sediment, respectively. 

147 Sources

148 At trawled sampling sites, three samples of 1L of sub-surface seawater were taken to 
149 characterize the isotopic signature of the estuarine particulate organic matter (POM) and three 
150 freshwater samples from the Sée and the Sélune rivers were collected for the river POM. The 
151 microphytobenthos (MPB) was sampled, when present, by scraping directly with a spatula the 
152 few millimeters of surficial sediment. The samples were tripled during the autumn campaign, 
153 in order to calculate an average representative of the isotopic composition. Invertebrates of 
154 several benthic species and fish were additionally collected during benthic and fish sampling 
155 surveys for isotopic analyses. Fish, macro invertebrates and sources samples were stored in 
156 coolers until their return to the laboratory.

157

158 Laboratory analyses

159 Sediment

160 An aliquot of each sediment sample was removed, weighed a first time after drying (48 hours 
161 at 60°C) and a second time after burning (6h at 450°C). The difference between the two weights 
162 gave the organic content.

163 For granulometric analysis, sediment samples were rinsed through a 63 μm sieve with filtered 
164 seawater. The fraction smaller than 63 μm was dried for 48 hours at 60°C and weighed giving 
165 the mud rate. The remainder was dried for 48 hours at 60°C before being sieved on a vibrating 
166 column composed of 26 AFNOR standard sieves and each sieve oversize, weighed in order to 
167 assess the Trask sediment sorting index.

168 Fauna

169 At the laboratory, macrobenthic samples were preserved in 4.5 % buffered formalin before 
170 being sorted, identified for the smallest with a binocular magnifying glass at the most precise 
171 taxonomic level possible, counted and weighted wet. In the few hours following sampling, the 
172 fish were identified, counted, measured and weighted wet. The digestive tracts of four species 
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173 of fish currently observed (Dicentrarchus labrax, Platichthys flesus, Pomatoschistus microps 
174 and Pomatoschistus minutus) were removed and fixed in a buffered formaldehyde solution 
175 (3.5%). They were weighed full and emptied, and the species present were identified with a 
176 binocular magnifying glass at the most precise taxonomic level possible and counted.

177 Isotopic analysis preparation

178 Marine and freshwater POM were extracted by filtration of 250 to 500 mL (depending on the 
179 turbidity) through a GF/F filter previously calcined (500°C – 1 hour). The filters were then 
180 decalcified with hydrochloric acid (1N HCl) and rinsed with distilled water. Microphytobenthos 
181 (MPB) was extracted from the sediment by migration through a 60 µm nylon mesh. The mesh 
182 used for the migration was washed with filtered seawater and the residue filtered on a GF/F 
183 filter previously calcined (500°C – 1 hour), decalcified with 1N HCl and rinsed with distilled 
184 water. The leaves of the phanerogam species sampled were rinsed with filtered seawater, 
185 decalcified with hydrochloric acid (1N HCl) and rinsed with distilled water. Digestive tracts of 
186 polychaete annelids collected in macrobenthic samples were removed so that only the muscles 
187 were analyzed. Shells and digestive gland of bivalve mollusks were removed, in order to 
188 analyze only the muscles, mantle and foot. For crustaceans, (i) amphipod were pooled to have 
189 enough material for analysis and one half of them was kept as such, and the other half was 
190 decalcified (1N HCl ) and rinsed with distilled water and (ii) Mysids crustaceans (Mysida) were 
191 previously decalcified (1N HCl ) and rinsed with distilled water. Finally, a sample of the dorsal 
192 muscle of fish was taken from five individuals for each of the four species chosen (see above) 
193 and per trawl station. 

194 After their previous preparation, samples were stored in the freezer at a temperature of -20°C, 
195 then freeze-dried. The analysis of the isotopic compositions of the samples was carried out at 
196 the Stable Isotopes in Nature Laboratory (SINLAB, University of New Brunswick, Canada). 
197 The values of the stable isotopes have been converted into ratios (denoted δ):

198 𝛿𝑋 = [ 𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
― 1] × 103(‰)

199 with R=13C/12C or 15N/14N. The references of the international standards are Pee Dee Belemnite 
200 carbonate (PDB) for δ13C and atmospheric nitrogen (AIR) for δ15N.

201 The complementarity of these two approaches (digestive contents and isotopic analyses) makes 
202 possible to better understand the ecological processes involved. DCA is classically used in 
203 trophic ecology (Amundsen, P. A., & Sánchez‐Hernández, 2019) but only gives an 
204 instantaneous picture of ingested food. SIA of carbon and nitrogen (13C and 15N) provides 
205 integrated information on food sources assimilated over the long term (a few weeks) by a 
206 consumer (Phillips et al., 2014) but is less informative about the precise prey spectra.

207

208 Data analysis

209 Statistical analyses were performed with Rstudio software (version 3.0.1+) and several R 
210 packages (See below).

211 Environmental data

212 A Principal Component Analysis (PCA) was used to characterize the study area, for both 
213 seasons. Parameters selected were, for sediments: organic matter rate, Trask’s index, mud 
214 content; and for water: dissolved oxygen, salinity and temperature.

215 Stable isotope analysis
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216 Isotopic niche

217 In order to visualize the species isotopic niche, Standard Ellipse Areas (SEAs) were plotted for 
218 each species in a bi-plot δ15N/δ13C per survey [spring and autumn (Parnell et al., 2010; Jackson 
219 et al., 2012)]. SEA represents the isotopic niche of each species by integrating 40% of its 
220 variance. To avoid problems of underestimation of SEAs when the number of samples per 
221 species is less than 30, a correction factor has been applied, as follows:

222 𝑆𝐸𝐴𝑐 = 𝑆𝐸𝐴 × (𝑛 ― 1)(𝑛 ― 2)―1(‰2)

223 This estimator, called corrected Standard Ellipse Area (SEAc), quickly reaches an asymptote 
224 and eliminates the influence of the individual number.

225 From the SEAc, a second estimator has been developed by a Bayesian approach to the area of 
226 the standard ellipse (bayesian Standard Ellipse Area - SEAb), which makes possible to compare 
227 the isotopic niches of each species, by maximizing the uncertainty linked to the area calculated 
228 for groups of small numbers (Jackson et al., 2011). Calculation of surfaces refers to a posteriori 
229 probability distribution model of estimation of the ellipse area (based on Monte-Carlo methods 
230 by Markov chains from 20 000 iterations).

231 The width of each isotopic niche was compared (p-value of 0.05), considering as hypothesis 
232 H0 that the area of the standard ellipse SEAbi is smaller than the area of the standard ellipse 
233 SEAbj. Finally, isotopic niche overlaps were estimated and expressed as the percentage of the 
234 standard ellipse corrected area (SEAc) of isotopic niche i overlapping the ellipse corrected area 
235 of isotopic niche j (Package “Siber” of R, Parnell et al., 2010).

236 Mixing model

237 From mixing models, the contribution level of multiple sources for each consumer can be 
238 estimated. We focused here on the main fish. The estimate is based on the values of sources 
239 and consumers, according to the trophic enrichment factor (TEF or Δ). Mixing models were 
240 applied to estimate the proportions of contributions of main basal sources of the food web (MPB 
241 and freshwater and marine POM). Classic TEF values are of 1.3‰ (± 0.4 SD) for Δδ13C and 
242 3.4‰ (± 1.0 SD) for Δδ15N for the passage of a trophic level (Post, 2002). Based on the study 
243 conducted by Kostecki (2012) in the bay of Mont-Saint-Michel, TEF values of 2.00 (± 1.30SD) 
244 for Δδ13C and 5.60 (± 1.00SD) for Δδ15N were retained between basal sources and fish in our 
245 study. All mixing models were performed using the R package 'SimmR' (Parnell et al., 2010).

246 Digestive content analysis

247 The study of fish diet was based on the calculation of relative abundance of prey. This metrics 
248 was chosen over “bulk” type methods, as it is statistically more robust (Baker et al., 2014). 

249

250 Results

251

252 Environmental characterization of the study site

253 Following axis 1 of PCA performed on environmental variables shows clear differences 
254 between the two periods and more particularly for the upstream sectors (Sée estuary and Upper; 
255 Figure 2). Water salinity and temperature on one side and Upper sector at the opposite mainly 
256 contribute to this axis. The estuarine gradient from open to upstream sectors is mainly observed 
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257 on axis 2 with a high contribution of the mud content of sediment and the two upstream sectors 
258 in autumn.

259

260 Macrobenthic invertebrate fauna 

261 A total of 35 taxa, for most of them identified at the species level, were observed. Annelids 
262 (mainly polychaetes: 10 species) as well as crustaceans (10 species) dominate the taxonomic 
263 spectrum. Insects (7 species, mainly under nymphea stages) and mollusks (4 species) were also 
264 recorded. The taxonomic richness shows a general increase trend from upstream to more open 
265 sectors (Figure SM1) whatever the period (from minimum 1 to maximum 14 taxa). Abundance 
266 was higher in the Middle sector whatever the period and shows higher values in the upstream 
267 stations in autumn compared to spring. Biomass presents a clear increase from Sée to Middle 
268 sectors in spring. This trend is not observed in autumn, despite the existence of a minimum in 
269 the station F (Figure SM1).

270 In the taxa recorded in the study site, four species strongly dominate numerically. Their 
271 densities vary according to sectors and periods (Figure 3). Thus, the amphipod crustacean 
272 Corophium arenarium dominated in the Sée estuary and the Middle sectors in spring with 
273 changes in autumn with the leading of the polychaete annelid Hediste diversicolor and the 
274 amphipod Bathyporeia pilosa, respectively in stations E and C. H. diversicolor characterizes 
275 the Upper sector, station G forming transition with the Middle sector. In the Open sector, the 
276 dominance between these species and the bivalve mollusk Macoma balthica seems more 
277 balanced in spring than in autumn for stations A and B where C. arenarium and B. pilosa were 
278 not observed. Thus, in regards to the spatial distributions of dominant species in spring and 
279 autumn, two general trends are observed: C. arenarium and H. diversicolor are present on the 
280 whole gradient while B. pilosa and M. balthica occur only on the downstream part of the area 
281 (mainly Middle and Open sectors).

282 Available prey [i.e. individual weight < 0,66 g.ind.-1 WW, Day et al, (2020)] biomass (Figure 
283 4) mainly concerns the suspension & deposit feeder group and to a lesser extent the omnivore 
284 group only represented by H. diversicolor. Other groups (suspension feeders, deposit-feeders, 
285 carnivore & scavenger, carnivore) are generally less important and herbivore group is almost 
286 absent. High available biomass values are observed in the Open and Middle sectors (mainly the 
287 suspension & deposit feeder group), while they are low in the Upper sector (mainly the 
288 omnivore group) and insignificant in the Sée sector. In autumn, biomass shows a net decrease 
289 the Middle sector while it increases in the Upper sector and also in one station of the Sée sector. 
290 Isotopic analysis that follows will allow to assess the position of the different trophic groups 
291 within the food chain.

292

293 Bentho-demersal fish 

294 A total of 10 bentho-demersal fish species were collected in the study. No clear spatial trend 
295 was observed in the estuarine gradient for the specific richness (Figure SM2). The abundance 
296 decreases from up to downstream whatever the period. It is generally higher in autumn than in 
297 spring. The same feature is observed for the biomass. Four fish species were strongly dominant 
298 whatever the period considered (Figure 5): two gobies (Pomatoschistus microps and 
299 Pomatoschistus minutus), juvenile bass (Dicentrarchus labrax) and juvenile flounder 
300 (Platichthys flesus). Gobies and bass occur on the whole gradient whatever the period. Flounder 
301 was absent in the Open sector in spring and the Open and Middle sectors in autumn.
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302

303 Digestive contents of fish

304 Of all the digestive contents examined, few were empty whatever the season: mean rates of 
305 emptiness were of 1.7 ± 4.0% and of 2.26 ± 3.5% in spring and in autumn respectively. The 
306 prey identified do not only belong to macrobenthos (mainly amphipods) but also to 
307 meiobenthos (size < 1 mm, exclusively harpacticoid copepods), predominant in spring, and 
308 suprabenthos (exclusively mysids) appearing in autumn. 

309 D. labrax (242 analyses, total length = 8.3 ± 1.4 cm and 7.2 ± 1.9 cm SD, in spring and autumn 
310 respectively). 

311 In spring, whatever the sector, 90% of the digestive content of D. labrax were composed of 
312 amphipods, C. arenarium representing at least 78% of the diet and B. pilosa, from 4% to 18% 
313 (Figure 6). In autumn, except in the Sée sector where the diet was dominated by a gnathiidae 
314 (isopod), the sea bass diversified its diet although the amphipod C. arenarium remained the 
315 main prey, the contribution of mysids increased for each sector.

316 P. minutus (282 analyses, total length = 4.7 ± 0.8 cm and 4.5 ± 0.9 cm SD, in spring and autumn 
317 respectively)

318 The digestive contents of P. minutus showed strong variations between the two periods. In 
319 spring, C. arenarium and B. pilosa represented 62 to 79% of its diet (Figure 6), except in the 
320 Open sector where cumaceans represented 80% of prey. In autumn, although C. arenarium still 
321 represented 29 to 57% of the diet, mysids (Mesodopsis slabberi and especially Schistomysis 
322 spiritus), constituted 23 to 70% of prey.

323 P. microps (395 analyses, total length = 3.9 ± 0.6 cm and 3.6 ± 0.6 cm SD, in spring and autumn 
324 respectively)

325 The diet of P. microps showed little seasonal variation, this species feeding largely on 
326 harpacticoid copepods (abundance >45%) and C. arenarium [between 20 and 40% of prey 
327 (Figure 6)].

328 P. flesus (82 analyses, total length = 5.7 ± 1.6 cm and 5.3 ± 2.5 cm SD, in spring and autumn 
329 respectively)

330 In spring, the digestive content of P. flesus was based on two main prey: C. arenarium (with a 
331 proportion ranging between 43% and 72%) and harpacticoid copepods [up to 95% in the Sée 
332 zone (Figure 6)]. In autumn, the prey diversity was reduced and copepods were the almost 
333 exclusive prey (between 87 and 95% of prey) depending on the zone.

334

335 Trophic food web provided by the isotopic analysis

336 As preliminary analyses did not show any significant isotopic contrast between sectors for 
337 sources (estuarine POM and MPB) and secondary consumers (fish), isotopic data were grouped 
338 in order to give a global view of the food chain of the study site for the two periods. The sources 
339 appear at the bottom of the of the δ15N/δ13C biplot (Figure 7) mainly varying according to the 
340 δ13C axis with large SEAc except for estuarine POM in autumn. River POM appears as the most 
341 13C depleted. A slight increase of MPB through the δ15N axis is observed in autumn compared 
342 to spring. Above these sources, are located bivalve mollusks (Cardiida) and amphipods 
343 crustaceans (Amphipoda) as strict or flexible deposit or suspension feeders (primary 
344 consumers) showing narrow SEAc. As observed above (Figure 4) they represent the major part 
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345 of the biomass available for juvenile fish. They show a slight increase between spring and 
346 autumn. The fish, P. microps, P. minutus and D. labrax as predators (secondary consumers) are 
347 positioned at the top of the chain with narrow SEAc and SEAb (Figure 8) whatever the period 
348 with a clear overlap (Table 1) between gobies in spring. The overlap (>25%) between these 
349 three fish is stronger in autumn (Table 1) than in spring. P. flesus clearly differs from the other 
350 fish in regards of its depleted 13C composition and its highly variable 15N composition in spring 
351 and autumn, giving wide SEAc and SEAb (Figure 9) with rather poor overlaps (<15%) with 
352 other fish. Between the primary and secondary consumers are the Hediste diversicolor and the 
353 mysids (only collected in spring), reflecting their omnivorous diet. As primary consumers, H. 
354 diversicolor shows a slight increase in autumn compared to spring.

355

356 Isotopic niche width and overlap

357 Values of SEAb and SEAc exhibit good correspondences, attesting a good isotopic 
358 representation for each fish (figure 5). P. flesus had the widest SEAb whatever the season, 
359 whereas D. labrax and P. microps had the narrowest in spring and autumn respectively. SEAb 
360 of P. flesus and P. minutus were significantly stable between the two seasons (p>0.05) contrary 
361 to D. labrax and P. microps (p<0.01). Few overlaps of the SEAc were observed in spring (figure 
362 3 and table 4): the SEAc of P. microps overlaped 23% of that of P. minutus and 14% of that of 
363 P. flesus. Conversely, in autumn, overlaps became important between the SEAc of D. labrax 
364 and the two species of Pomatoschistus (P. minutus – 50% and P. microps – 39%). Overlap 
365 between the SEAc of the two goby species remained of the same order of magnitude (28%).

366

367 Contribution of sources 

368 At the scale of the study site, contributions of MPB, estuarine POM and river POM are similar 
369 for the two periods studied. Results of mixing models identify the MPB as the preferred source 
370 of energy transiting to the four dominant fish species (with a lower contribution for P. flesus) 
371 and the river POM as the least used source (Figure SM3). 

372

373 Discussion
374 Benthic features driven by high environmental constraints 

375 The study of benthic communities in the megatidal Sélune estuary provides essential 
376 information on this ecosystem prior to dam removal. Macrobenthic fauna is dominated by 
377 amphipods, mainly represented by Corophium arenarium and to a lesser extent by Bathyporeia 
378 pilosa, two species with a high recruitment capacity. These species are closely related to 
379 euryhaline environments, regarding to their ability to dig into the sediment to maintain a 
380 microcosm corresponding to their ecological preferences (Preece, 1970). These species 
381 hierarchy is original compared to other estuaries in northern Europe, where annelids and 
382 molluscs are often dominant (Josefson and Hansen, 2004; Thorman, 1986). With the species 
383 observed, the “open estuary sector” of the estuary corresponds to the Macoma balthica 
384 community defined by Trigui (2009) in the high intertidal flats of the eastern part of the bay of 
385 Mont St Michel. The “Middle estuary sector” appears as transitional between upper Sélune 
386 estuary and the bay.

387 The bentho-demersal fish fauna of the estuary is dominated by four species only: flounder 
388 (Platichthys flesus), sea bass (Dicentrarchus labrax) and two gobies (Pomatoschistus microps 
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389 and P. minutus). They are euryhaline bentho-demersal species withstanding salinity variations 
390 (Kelsall and Balment, 1998). Gobies have poor swimming capacities, but they use strong 
391 hydrodynamic conditions to move (Laffaille et al., 2001; Pasquaud et al., 2004; Raffaelli et al., 
392 1990). Between the Sélune estuary and the bay du Mont Saint Michel, differences appear in the 
393 main bentho-demersal fish species according to the study of Laffaille et al. (2000). Thus, 
394 Gastrosteus acculeatus (stickleback) and Pleuronectes platessa (plaice) are absent in the 
395 estuary. Similarly, Solea solea (common sole) recorded in the bay are anecdotal in the Sélune 
396 estuary. On the other hand, the P. flesus gains in dominance in the estuary compared to the bay. 

397 The taxonomic richness of the estuary is low (35 macrobenthic invertebrate taxa and 10 fish 
398 species in total) despite a substantial effort (14 and 18 sampling stations for macrobenthos and 
399 fish respectively in total with two different periods). This feature is a common pattern shared 
400 by estuaries compared to freshwater and marine ecosystems (Whitfield et al. 2012) because of 
401 high environmental constraints. The habitat of the Sélune estuary is an alternation of deposit 
402 and erosion stages of muddy sands imposed by the strong hydrological constraints, which leads 
403 to the frequent relocation of banks and channels visible at low tide (Ehrhold, 1999). The altitude 
404 of intertidal flats is added to these constraints. Such environment conditions, are observed in 
405 some other macrotidal estuaries in Europe (Josefson and Hansen, 2004; Nicolas et al., 2010) 
406 and play on the poor taxonomic richness observed. Its decrease for macrobenthos from “open” 
407 to “upper estuary” sectors of our study traduces an increasing stress gradient. 

408 In this gradient, abundance of macro-invertebrates shows a maximum in the “middle” sector 
409 whatever the period with a decrease in the upstream sectors (“Upper” and “Sée”). Biomasses 
410 are highest in the downstream sectors (“Open” and “Middle”). This combined with small size 
411 of macroinvertebrate offer a preferential area for feeding juveniles fish. The higher biomasses 
412 in autumn in the upstream sectors suggest that they may be more profitable for fish feeding at 
413 this time of the year than in spring. The up to downstream slight decreasing trends in abundance 
414 and biomass of fish in spring is not observed in autumn. Whatever the sector, abundance and 
415 biomass are higher in autumn, assuming that this period follows summer periods where salinity 
416 is more stable and temperature of the surrounding water mass is high, that favor the juvenile 
417 occurrence and growth (Marchand, 1993). Therefore, one can logically wonder whether the 
418 Sélune estuary as an appendix of the bay du Mont Saint Michel contributes to its nursey function 
419 (Kostecki et al., 2012), especially for juvenile sea bass and flounder.

420

421 The Selune river with dams: a simple bentho-demersal estuarine food web

422 The food web of the Sélune estuary is not very diverse as a consequence of the low taxonomic 
423 richness observed. Mixing models showed that it was predominantly fed by the 
424 microphytobenthos (composed mainly of benthic diatoms) that grows on the intertidal muddy 
425 sand banks (Jesus et al., 2009; Riera, 2007) whatever the period. This is similar to what has 
426 already been described in the whole intertidal area of the bay du Mont Saint Michel (Kostecki 
427 et al., 2012).

428 According to the fish digestive content analysis the prey taxa do not only belong to 
429 macrobenthos but also to suprabenthos (mysids) and meiobenthos (harpacticoids) not sampled 
430 by the grab or the beam trawl used in our study. These two benthic components may therefore 
431 be significant food resources for these fish (Couch, 1989). Amphipods (C. arenarium and B. 
432 pilosa) which are suspension & deposit feeders (Clare et al. 2022) and clearly primary 
433 consumers in the isotopic analysis. They are the predominant prey of juvenile sea bass and P. 
434 minutus but less in P. microps which prefers harpacticoids. In view of the trophic position and 
435 the overlaps observed between these species, this suggests that the harpacticoids, are located at 
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436 a trophic level comparable to that of the amphipods. Mysids as prey are mainly found in autumn 
437 in P. minutus and in juvenile sea bass. The main species recorded in the digestif tract was 
438 Mesopodopsis slaberri which can be considered as primary consumer owing its 
439 phytoplanktonic feeding (Webb et al., 1987). It differs from the mysids present in the food web 
440 figure of spring of our study (Figure 8): Neomysis integer and Schistomysis spiritus (collected 
441 in spring by our beam trawl) that are omnivore (Bremer et al., 1982; Mauchline, 1967) and 
442 logically positioned near H. diversicolor.

443 The two species of gobies clearly occupy the top of the food chain while the flounder, slightly 
444 beyond at the two periods. The juveniles of the four species of fish in our study have a high 
445 food plasticity (in particular P. flesus), and are able to take advantage of the most abundant prey 
446 and to better adapt to variations in their environment (Andersen et al., 2005; Cabral and Costa, 
447 2001; Leclerc et al., 2013; Pasquaud et al., 2004). In regards of the poor diversity of potential 
448 prey and the isotopic niche widths observed, one can assume that the juvenile sea bass and 
449 gobies feed on prey of the same isotopic composition as described above. Compared to the other 
450 fish, flounder has a wider isotopic niche covering a high range of δ15N (9.24 to 14.92 ‰ in 
451 spring, 9.44 to 14.16 ‰ in autumn) suggesting the feeding on a greater variety of prey of various 
452 trophic level not observed in the snapshot analysis of their digestive content. Their range of 
453 δ13C (-22.01 to -15.18 ‰ in spring, -25.75 to -15.51 ‰ in autumn) and the higher contribution 
454 of the river POM than for the other fish, probably traduce the capacity of moving to feeding 
455 towards the very upstream parts of the estuary since it tolerates or prefers low salinities (O’Neil 
456 et al. 2011). This behavior may reduce trophic competition with the other fish species. 
457 Considering the isotopic niche overlap and prey spectra, this inter-specific competition will be 
458 lower between the two gobies, than between sea bass and P. minutus especially on mysids, prey 
459 shared by these two species (Laffaille et al., 2001; Leitão et al., 2006). 

460 Conclusions on the potential effects of a restoration of ecological continuity of the Sélune river 
461 will be drawn only after a post-removal study. Sampling reproduced under the same spatial and 
462 temporal conditions as in the present study will make it possible to assess changes in benthic 
463 assemblages and trophic functioning of this part of the bay of Mont Saint-Michel.

464  
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706 Figure 1: Sectors of the study site and location of sampling stations (spring and autumn 2017)
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724 Figure 2. Principal components analysis. Environmental variables (in red) recorded in the study 
725 sites sectors in spring and autumn: Mud = granulometric fraction < 63µm, OM = Organic Matter 
726 content of sediment, Oxyg. = Oxygen concentration in water, Temp. = Water temperature, Sal. 
727 = Water salinity, So = Sediment sorting Index). Bold = main contributors to the axis 1, Bold 
728 and Italic = main contributors to axis 2.
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744 Figure 3. Densities of four main macrobenthic species (polychaete - H. diversicolor, mollusk – 
745 M. balthica, crustaceans – B. pilosa and C volutator) within the four sectors of the study site in 
746 spring and autumn
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748

749 Figure 4. Available prey biomass according to trophic groups of benthic macrofauna in the 
750 sampling stations in spring and autumn (carn = carnivore, carn/scav = carnivore & scavenger, 
751 omn = omnivore, dep = deposit feeder, susp / dep = suspension & deposit feeder, susp = 
752 suspension feeder, herb = herbivore).
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794 Figure 5. Number of individuals of four main bentho-demersal fish species within the four 
795 sectors of the study site in spring and autumn
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798

799

800 Figure 6. Relative abundance of taxonomic groups of prey identified in the digestive contents 
801 of the four main fish species

802

803

0

10

20

30

40

50

60

70

80

90

100

Re
la

tiv
e 

ab
un

da
nc

e 
 (%

)

Harpactocoida Amphipoda Isopoda Mysida Ostracoda Cumacea Insecta Polychaeta Other

Spring Autumn                  Spring                   Autumn                   Spring                   Autumn   Spring            Autumn 

Dicentrarchus labrax                        Pomatoschistus minutus                  Pomatoschistus microps                    Platichthys flesus

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4918899

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



25

804 Figure 7. Area corrected for standard ellipses (SEAc) of δ15N and δ13C for each species sampled 
805 in spring and autumn. Sources (blue): POM Riv = river particulate organic matter, POM Est = 
806 estuarine particulate organic matter, MPB = Microphytobenthos. Primary consumers (green): 
807 Amphipoda (B. pilosa & Corophium arenarium), Cardida (Macoma balthica & Cerastoderma 
808 edule), Arenicola marina. Omnivore (purple): Mysida (Neomysis integer & Schistomysis 
809 spiritus), Hediste diversicolor. Secondary consumers (red): Platichthys flesus, Pomatoschistus 
810 minutus, Pomatoschistus microps, Dicentrarchus labrax)
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813

814

815 Figure 8: Representation of SEAb (mean in ‰²) of fish (gray) at both seasons and of SEAc 
816 (blue cross).
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818 Table 1: Overlap (%) between fish SEAc (normal = spring, italic = autumn, bold = high 
819 values).

820

D. labrax P. flesus P. microps P. minutus

D. labrax 12.09 39.51 50.23

P. flesus 1.55 6.04 9.36

P. microps 8.54 14.02 28.58

P. minutus 9.81 5.55 23.27
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827 Supplementary material

828

829 Figure SM1. Taxonomic richness, abundance and biomass of invertebrate macrofauna in spring 
830 and autumn
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832

833

834 Figure SM2. Taxonomic richness, abundance and biomass of bentho-demersal fish in spring 
835 and autumn

836

837

838

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

5

0

1

2

3

4

5

6

7

8

 1  3  4  7  8  5  6  1   3  4  7  8  6

N
br

 in
d.

 h
a-1

&
 g

 .h
a-1

 (l
og

)

N
br

 sp
. h

au
l-1

Specific richness Abundance Biomass

Open        Middle       Upper            Sée Open     Middle         Upper      Sée

Spring Autumn

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4918899

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



30

839

840

841 Figure SM3. Estimated contributions of microphytobenthos (mpb), estuarine particulate 
842 organic matter (pome) and river particulate organic matter (pomr) to the diet of the main fish 
843 species
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857 Table SM1: δ13C and δ15N isotope compositions (mean ± SD), SEAc (corrected standard ellipse area) 
858 and SEAb (Bayesian estimator of the standard ellipse area, mean ± SD) of the main fish species 
859 collected at the two periods

860

Period Species Nb samples 13C (‰) 15N (‰) SEAc SEAb

D. labrax 30 -15.56 ± 0.30 14.55 ± 0.24 0.23 0.23 ± 0.05

P. flesus 18 -19.80 ± 2.89 12.44 ± 1.48 13.84 13.82 ± 2.76

P. microps 36 -15.81 ± 1.34 13.72 ± 0.60 2.05 2.09 ± 0.37
Spring

P. minutus 29 -16.35 ± 0.54 13.23 ± 0.54 0.77 0.78 ± 0.15

D. labrax 37 -16.31 ± 1.11 14.48 ± 0.35 1.17 1.17 ± 0.20

P. flesus 13 -17.84 ± 2.55 12.70 ± 1.28 9.65 9.74 ± 2.96

P. microps 37 -15.24 ± 0.74 14.22 ± 0.34 0.58 0.60 ± 0.10
Autumn

P. minutus 37 -17.30 ± 1.62 14.51 ± 0.21 1.00 1.01 ± 0.18
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