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33 Abstract
34 Shellfish cultures worldwide are often located in sheltered marine bays. The Oosterschelde is 
35 such a bay in the southwestern delta of the Netherlands, harboring extensive shellfish 
36 cultures, whose yield is partly driven by seston renewal from the North Sea. Tracer 
37 experiments performed with a three-dimensional hydrodynamic model were used to study the 
38 relative influences of benthic filtration and physical processes on seston replenishment. The 
39 model exhibited good skills in reproducing observed water level, temperature, salinity, and 
40 current velocity during 2009–2010. Turnover and residence times as indicators of water 
41 renewal showed substantial gradients from the mouth to head of the Oosterschelde. Surveyed 
42 bivalve biomass and empirical filtration rates were incorporated to estimate the effects of 
43 aquaculture on the seston concentration. The filtration created strong bio-deposition 
44 suppressing the eastward seston transport and causing less than 10% of external seston to be 
45 delivered to the head of the Oosterschelde. The effect of biological filtration on seston 
46 transport was comparable to that of physical forcing. This simple approach combining effects 
47 of physics and benthic communities can be applied more generally in food sustainability 
48 assessments of tidal bays.

49 Keywords
50 Tidal bay; suspension feeders; seston transport; tracer experiment; turnover time; residence 
51 time

52 1. Introduction
53 Due to logistic constraints, shellfish cultures throughout the world are often located in 
54 sheltered marine bays that are productive, easily accessible, and not so vulnerable to extreme 
55 weather conditions (Heip et al., 1995; Filgueira et al., 2015). In tidal bays with limited 
56 freshwater discharge compared to the tidal prism, tidal-induced water renewal with the 
57 adjacent coastal sea drives the exchange of dissolved and particulate matters, which is critical 
58 to water quality and ecosystem functions including shellfish production (Boynton et al., 1995; 
59 Filgueira et al., 2014; Jouon et al., 2006; Spillman et al., 2008). As suspension feeder biomass 
60 is found to be significantly affected by the water renewal efficiency (Heip et al., 1995), water 
61 renewal time has been extensively applied for aquaculture carrying capacity assessments 
62 (Gibbs et al., 2007; Grant & Filgueira, 2011; Spillman et al., 2008). Typically, such an 
63 assessment is conducted on a system-wide scale, by comparing renewal timescales, such as 
64 residence time (RT) and clearance time (CT), the time for suspension feeders to filter the total 
65 volume of water (Dame & Prins, 1997; Heip et al., 1995; Smaal & van Duren, 2019). The 
66 ratio CT/RT well below one points to overexploitation, whereas ecosystems with CT/RT 
67 above 20 are considered sustainable (Filgueira et al., 2015).

68 Whereas these basin-wide carrying capacity assessments have been successfully 
69 applied, the strong filtration induced by shellfish also modulates the spatial distribution of 
70 phytoplankton and other particulate organic matter (POM) and affects their replenishment 
71 (Grangeré et al., 2010; Guyondet et al., 2013). Generally, seston distribution and renewal are 
72 thought to be predominately driven by hydrodynamic conditions in estuaries worldwide 
73 ranging from Chesapeake Bay (North et al., 2004) to smaller ones (Carter, 1976; Chaparro et 
74 al., 2008; Moser et al., 2005). However, if biological sources/sinks are strong enough, the 
75 physics-driven renewal processes of solutes and particles may be substantially changed. For 
76 instance, in a tidal basin where the coastal sea is the dominant seston source, strong biological 
77 seston consumption near the entrance may reduce the replenished seston far away from the 
78 entrance. Similarly, a non-negligible biological source of solutes or particulates in such a 
79 basin can make the substance concentration higher compared to that calculated from tidal 
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80 renewal alone. Yet, the estimation of shellfish food availability is often only based on 
81 physical residence time (Guyondet et al., 2005; Koutitonsky et al., 2004), with limited studies 
82 on the combined impacts of physics and biology (e.g., benthic filtration).

83 The Oosterschelde is a tidal bay on the southwest coast of the Netherlands (Figure 1a). 
84 Since the construction of a semi-open storm surge barrier at its mouth and the 
85 compartmentalization dams and sluices in the late 1980s, the system gradually evolved from 
86 an estuary into a tidal bay, where tides dominate the water exchange (Nienhuis & Smaal, 
87 1994; Ysebaert et al., 2016). The Oosterschelde harbors an intensive benthic bivalve 
88 aquaculture, predominantly mussels, and is heavily exploited. While the post-barrier RT 
89 ranges 20–135 days from west to east (Dame & Prins, 1997), cultured and wild suspension 
90 feeders can filter the water column in around ten days (Smaal et al., 2013). The low CT/RT 
91 ratio (< 1) indicates the bivalve standing stocks exceeding the sustainable limits and implies a 
92 relatively strong biological seston sink in the Oosterschelde, which makes it a suitable system 
93 to compare the biological and physical effects on seston dynamics.

94

95 Figure 1. The model domain, grid, and bathymetry of the Oosterschelde with (a) the mapped 
96 distribution of three suspension feeders examined in this study (mussels, cockles, and oysters) 
97 and (b) the locations of the river boundary and data (temperature, salinity, water elevation, 
98 and current velocity) sites for model calibration and validation. The white lines in (a) denote 
99 the theoretical boundaries of four compartments. The inset in (a) shows the geographical 

100 location in a larger map of the Netherlands.

101 Phytoplankton and other POM constitute the predominant food for shellfish, and 
102 bivalve grazing is assumed to have led to declining primary production in the Oosterschelde 
103 (Smaal et al., 2013). Grazing causes significantly lower seston concentrations during ebb 
104 compared to flood tides (Prins et al., 1996; Smaal & van Stralen, 1990; van Stralen & 
105 Dijkema, 1994), indicating that seston import from the North Sea provides a substantial 
106 source of food for the bivalve culture. This is evidenced by higher growth rates and meat 
107 content of cultured mussels in the well-flushed western compartment (Figure 1b). Whereas it 
108 is generally claimed that the yield of culture plots in the Oosterschelde is controlled by the 
109 seston transport driven by hydrodynamic conditions (van Stralen & Dijkema, 1994), the 
110 extent to which this is affected by the shellfish themselves has not yet been assessed.
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111 In this study, a tracer was implemented in a three-dimensional hydrodynamic model to 
112 study seston dynamics in the Oosterschelde. We added a simple benthic module to test how 
113 seston distribution is impacted by the extensive benthic filtration. We examine how important 
114 biological forces (filtration) are in comparison with physical forces in the system and how this 
115 varies spatially. We believe that our model used here may aid to optimize spatial distribution 
116 of culture plots so as to efficiently utilize available food resources.

117 2. The study site
118 The Oosterschelde is a 350-km2 tidal bay (tidal range 2.9–3.5 m) with deep channels 
119 (up to 50 m deep), flanking shoals, and extensive tidal flats (110 km2). It is typically divided 
120 into four compartments, the western, central, eastern, and northern (Figure 1a). Freshwater 
121 runoff entering the northern compartment is slightly below 10 m3 s-1 (Figure 1b, Ysebaert et 
122 al., 2016). The storm surge barrier built in the 1980s reduced the cross-sectional area of the 
123 mouth opening by 78% and the tidal prism and velocity by ~30%, which caused the ongoing 
124 erosion of tidal flats and deposition in channels (Nienhuis & Smaal, 1994). The water column 
125 is mostly well mixed with salinity ranging 30–33 (Wetsteyn & Kromkamp, 1994). Seaward 
126 increasing salinity, Chl-a, and turbidity are observed owing to influences from the North Sea 
127 (Nienhuis & Smaal, 1994; Wetsteyn & Kromkamp, 1994).

128 Table 1 

129 The surveyed bivalve biomass (kilotons fresh weight) in the Oosterschelde in the year 2009 
130 (Source: Wageningen Marine Research).

Species Scientific name Eastern Central Western Northern
Cockles Cerastoderma edule 4.62 13.64 13.97 8.41
Blue mussels (wild) Mytilus edulis 0.22 0.00 0.00 0.23
Blue mussels (cultured) Mytilus edulis 0.00 11.23 18.89 2.98
Pacific oysters (wild) Crassostrea gigas 13.89 9.97 8.66 10.67
Pacific oysters (cultured) Crassostrea gigas 6.71 0.00 0.00 0.00
Baltic clams Limecola balthica 0.03 0.07 0.16 0.02
Manila clams Venerupis philippinarum 0.30 0.00 0.00 0.00
Razor clams Ensis leei 0.22 0.05 8.14 0.91
Soft-shell clams Mya arenaria 0.01 0.01 0.01 0.01

131

132 Benthos of the Oosterschelde is dominated by bivalve filter feeders including the 
133 introduced Pacific oysters (Crassostrea gigas), blue mussels (Mytilus edulis), and cockles 
134 (Cerastoderma edule) (Smaal et al., 2009, 2013), accounting for 92.6% of the overall 
135 surveyed shellfish biomass in 2009 (Table 1). Cockles and most Pacific oysters are mainly 
136 wild stocks distributed on tidal flats, while aquaculture contributes most to the mussel 
137 biomass in the Oosterschelde (Table 1). Most productive mussel culture plots are in the 
138 western and central compartments, and oysters are mainly cultured in the eastern 
139 compartment (Figure 1a and Table 1). In recent decades, the cockle biomass has been subject 
140 to natural fluctuations due to changing environmental conditions; the mussel stocks are under 
141 anthropogenic control depending on the abundance of seeds; the invasive Pacific oyster 
142 population expanded before the late 2000s and has decreased due to increasing fishing 
143 pressure since then (Smaal et al., 2013). The overall shellfish population has been stable in the 
144 past decade, producing 20–40 and 3 kilotons fresh weight of cultured mussels and oysters per 
145 year, respectively (Wijsman et al., 2019). Additionally, the presence of bivalves makes the 
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146 Oosterschelde an international nature conservation area for wader birds (Tangelder et al., 
147 2012).

148 3. Methods

149 3.1. Model description

150 The open-source General Estuarine Transport Model (GETM, https://getm.eu) was 
151 applied in this study to simulate the circulation and transport in the Oosterschelde. GETM is a 
152 widely used hydrodynamic model designed for estuaries and coastal oceans. It solves the 
153 hydrostatic momentum, salinity, temperature, density, and continuity equations with a module 
154 to simulate the periodic drying of tidal flats and is combined with the General Ocean 
155 Turbulence Model (GOTM, http://gotm.net), governing the vertical turbulence closure 
156 schemes. Prior applications of GETM (e.g., Burchard et al., 2004; Duran-Matute et al., 2014; 
157 Mohrholz et al., 2015) and its user manual include detailed formulations of this model. 

158 In our model set-up, GETM was run on a 300 m × 300 m Cartesian grid covering the 
159 Oosterschelde and the adjacent part of the North Sea (Figure 1). Ten equidistant terrain-
160 following layers were applied vertically. The third-order TVD-P2-PDM and second-order 
161 TVD-SUPERBEE were used as horizontal and vertical momentum schemes, respectively. 
162 The model was run for years 2009–2010. The bathymetry data is regularly measured by the 
163 Dutch government agency Rijkswaterstaat (accessible from http://opendap.deltares.nl). We 
164 selected the bathymetry data that are measured closest to the model period, which was then 
165 interpolated and smoothed following the method of Duran-Matute et al. (2014). Specifically, 
166 the bathymetry used inside the Oosterschelde was derived from the year 2007. 

167 The hydrodynamic model was forced with tides, freshwater discharge, and 
168 meteorological forcing. Tidal transport and height at the open boundary were interpolated 
169 from the Northwest European Shelf tidal prediction and assimilation by Oregon State 
170 University (Egbert et al., 2010). Remote wind surges were not prescribed at the open 
171 boundary, but local winds within the domain were included via atmospheric forcing. Open-
172 boundary temperature and salinity were extracted from a GETM-based North Sea model with 
173 a resolution of 5 km (van der Molen et al., 2016). Freshwater discharge from sluices into the 
174 northern branch was obtained from Ysebaert et al. (2016). Atmospheric forcing including 
175 hourly mean winds, air pressure, air temperature, precipitation, and humidity was provided by 
176 a downscaled weather forecasting model HARMONIE with a horizontal grid of 2.5 km 
177 produced by the Royal Dutch Meteorological Institute (KNMI).

178 During the 2-year simulation period, the model was calibrated and validated with 
179 observed water level, temperature, salinity, and current velocity. Water level data every ten 
180 minutes at tidal gauges were acquired from Rijkswaterstaat. Monthly or biweekly 
181 temperature, salinity, and near-surface (~5 m) suspended particulate matter (SPM) data were 
182 measured at various tide conditions (slacks, flood, and ebb) by the NIOZ (Royal Netherlands 
183 Institute for Sea Research) as part of an annual monitoring program. Current velocity data 
184 within one full tidal cycle (12–13 hours) were collected by Rijkswaterstaat at different times 
185 and locations in 2010. All these measurement stations are indicated in Figure 1b.

186 3.2. Tracer experiments and renewal timescales

187 Eulerian passive tracer experiments are widely applied in estimating renewal 
188 timescales (Luff & Pohlmann, 1995). The governing equation for tracer concentration in 
189 GETM is as follows.

https://getm.eu
http://gotm.net
http://opendap.deltares.nl
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190     (1)
∂𝐶
∂𝑡 + 𝑢

∂𝐶
∂𝑥 + 𝑣

∂𝐶
∂𝑦 + 𝑤

∂𝐶
∂𝑧 ‒ 𝐾

∂
∂𝑧(∂𝐶

∂𝑧) ‒ 𝐹ℎ = 0

191 In Equation (1), C is the tracer concentration (unitless); x, y, and z are the three-
192 dimensional spatial coordinates within the model (m); u, v, and w are the velocity in the x, y, 
193 and z directions (m s-1), respectively; K is the vertical turbulence diffusivity calculated from 
194 GOTM (m2 s-1), used in temperature and salinity calculation as well; and Fh is the horizontal 
195 diffusion term (concentration s-1). Generally, tracers are placed inside estuaries/lagoons and 
196 how concentrations decrease over time is modeled. In our study, the tracer, simulated for 
197 2009, was used as a proxy of the more abundant seston in the North Sea relative to the 
198 Oosterschelde, so its concentration was initially set to 1 in the North Sea (CNS) and 0 for the 
199 Oosterschelde. Calculations of renewal timescales were adjusted correspondingly.

200 We estimated the turnover time (TT), which is widely used in environmental 
201 assessments for aquaculture. It is defined as the time when 1 – 1/e (~63.2%) of the initial 
202 amount of tracer mass in the embayment is replaced with seawater (Guyondet et al., 2005; 
203 Koutitonsky et al., 2004; Zimmerman, 1976), based on the assumption that the embayment 
204 water decreases exponentially in time (Aubrey et al., 1993). In our application, the fraction of 
205 original water without tracers equals (CNS – Ct)/CNS, where Ct is the local tracer concentration 
206 at any time t. Based on the definition of TT, this fraction follows the relationship (CNS – 
207 Ct)/CNS = exp(–t/TT). This allows to estimate TT at any point. The time series of Ct at all grid 
208 cells went through a low-pass filter with a threshold frequency 1/48 h (Flagg et al. 1976), and 
209 TT was designated as the last time when Ct exceeded (1 – e-1) ⋅ CNS. 

210 Given the possible violations of the exponential assumption (Monsen et al., 2002), we 
211 also RT calculated using the remnant function approach (Takeoka, 1984). Time series of 
212 spatial tracer concentrations was used for the RT calculation as follows: 

213     (2)𝑅𝑇 = ∫∞
0

𝐶𝑁𝑆 ‒ 𝐶𝑡

𝐶𝑁𝑆
𝑑𝑡

214 Since in the definitions it will take infinite time for the tracer concentration inside the 
215 bay to reach CNS, the upper limit of the integration time was specified as 365 days, the length 
216 of the model run. If the exponential assumption of tracer concentration holds, the two 
217 timescales are equivalent by definition (Takeoka, 1984).

218 3.3. Implementation of suspension feeders in the model

219 Impacts of the three dominant suspension feeders, mussels, cockles, and oysters, were 
220 simulated by combining measured standing stocks with individual filtration rates. Table 1 
221 shows the surveyed biomass of the Oosterschelde in the simulation year 2009 (Smaal et al., 
222 2013). The standing stocks of these three species (fresh weight, g) were converted to tissue 
223 dry weight (DW, g) using the empirical factors of 0.066 for mussels, 0.03 for cockles, and 
224 0.02 for oysters according to Wijsman and Smaal (2017). Number of individuals in all cells N 
225 was estimated as DW/W, where W is the median dry weight per individual based on the 
226 Wageningen Marine Research (WMR) sampling campaigns of the Oosterschelde, 1.5 g for 
227 mussels, 2 g for oysters, and 1 g for cockles. The DW-based individual net filtration rates (F, 
228 L hr-1) were derived based on multiple measurements (Cranford et al., 2011; Wijsman and 
229 Smaal, 2017): for mussels, F/F0 = 1.66*(W/W0)0.57; for cockles, F/F0 = 1.44*(W/W0)0.69; for 
230 oysters, F/F0 = 3.92*(W/W0)0.50; where F0 and W0 are unit filtration rate 1 L hr-1 and DW 1 g, 
231 respectively. Based on the spatial mapping of suspension feeders (WMR data, Figure 1a), 
232 assuming they are uniformly distributed within grid cells, the integrated filtration rate was 
233 estimated as a function of species-specific filtration rates (Fi) and number of individuals (Ni). 
234 Given that suspension feeders tend to digest or deposit all the filtered seston (3–100 µm, 
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235 Wildish & Kristmanson, 1993), even when exceeding their metabolic needs (Heip et al., 
236 1995), a loss term was added to the tracer in the bottom layer (Cbottom) as follows:

237 ,  (3)
𝑑𝐶𝑏𝑜𝑡𝑡𝑜𝑚

𝑑𝑡 = ‒ 𝐶𝑏𝑜𝑡𝑡𝑜𝑚 ∙
∑

𝑖 = 1, 2, 3𝐹𝑖𝑁𝑖

𝑉𝑏𝑜𝑡𝑡𝑜𝑚

238 where Vbottom (L) is the volume of the bottom cell; i = 1 represents mussels, i = 2 cockles, and 
239 i = 3 oysters. Based on these filtration rates and shellfish distribution in 2009, CT in the 
240 western, central, eastern, and northern compartments and the whole basin was 38.7, 18.9, 3.8, 
241 9.0, and 14.6 days, respectively.

242 To maintain a sustainable aquaculture activity, the filtered external seston should be 
243 above the bivalve metabolic needs. We estimated the minimum external POC (particulate 
244 organic carbon, in mg L-1) required by bivalves based on their individual F and respiration 
245 rates R. Values of R (mg C hr-1) were derived from Bougrier et al. (1995) and Smaal et al. 
246 (1997). R/R0 = 0.158*(W/W0)0.62 for mussels; R/R0 = 0.142*(W/W0)0.58 for cockles; R/R0 = 
247 0.185*(W/W0)0.80 for oysters, where R0 = 1 mg C hr-1. Note that all these rates were quantified 
248 at 10 °C. In order to calculate POC in the Oosterschelde from the seston data, we multiplied 
249 seston concentrations with a POC/seston ratio. We estimated POC in the coastal waters off 
250 the Oosterschelde from the Rijkswaterstaat PON (particulate organic nitrogen) data using an 
251 observed POC/PON ratio of 8 in this region (Dauby et al., 1994; Huang et al., 2018). The 
252 estimated average POC concentration (1.31 mg L-1) is consistent with an earlier study in the 
253 southern North Sea (Eisma & Kalf, 1987).

254 For every grid cell at the end of the simulation, we estimated whether the POC import 
255 could balance the POC demand, the latter defined as the amount that meets the respiration 
256 needs. The threshold line where imported POC equals the POC demand was mapped spatially 
257 for each bivalve species in scenarios with realistic stocks, as well as when halving and 
258 doubling the current stocks. In summary, one-year tracer experiments in this study were 
259 conducted in four scenarios: no shellfish, and 50%, 100%, and 200% realistic shellfish stocks, 
260 and all four scenarios were driven by hydrodynamics simulated for the year 2009.

261 4. Results

262 4.1. Model calibration and validation

263 The modeled water level was compared with observations at four tidal gauges (Figure 
264 1b). During most of the time, the modeled time series of water elevation were in good 
265 agreement with observations (e.g., Figure 2). The model skill was further quantified using a 
266 Taylor diagram (Figure 3) depicting standard deviations (SDs), correlation coefficients (CCs), 
267 and root-mean-square differences (RMSDs) in one graph (Taylor, 2001). Each point in the 
268 diagram stands for the comparison of a variable at one location denoted by the calculated SD, 
269 CC, and RMSD, and points close to the origins refer to high model skills with low deviations 
270 from the measurements and high correlations (Figure 3). Compared to other variables, the 
271 model exhibited the best performance for simulated water elevation with all CCs over 0.99 
272 and SDs and RMSDs below 0.1 (Figure 3).
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273

274 Figure 2. Time series of modeled and observed water elevation at (a) Bergse Diepsluis w. and 
275 (b) R. binnen. See Figure 1b for locations of these stations.

276

277 Figure 3. The Taylor diagram of comparisons between model outputs and all available 
278 observational data (each point denotes the model-observation comparison at one station). See 
279 Figure 1b for all data sites.
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280 To assess the model performance in reproducing the main tidal constituents, harmonic 
281 analyses were conducted to the observed and simulated water level data using the code 
282 described by Pawlowicz et al. (2002). Tides in the Oosterschelde are dominated by the M2 
283 component; for example, at the station Bergse Diepsluis w., the M2 amplitude (1.48 m) is ~4 
284 times that of the second largest component S2. Figure 4 shows the model accuracy of 
285 simulating the main tidal component M2 at four tidal gauges. The simulated errors in the M2 
286 amplitude and phase were within 5% and 10 min, respectively (Figure 4). Note that this falls 
287 within the interval at which the data from the tide-gauges is available (viz. at 10-min 
288 intervals). The statistical analyses of water level time series and the major tidal component 
289 thus reveal excellent skills of the hydrodynamic model.

290

291 Figure 4. The simulated M2 amplitude and phase errors at four tidal gauges of the 
292 Oosterschelde. The amplitude error is relative, calculated as (simulation – observation) / 
293 observation. The phase error is absolute, calculated as simulation – observation. See Figure 1b 
294 for locations of tidal gauges.

295 The accuracy of temperature and salinity simulations was also evaluated by comparing 
296 them against monthly or biweekly NIOZ shipborne monitoring data. The model captured the 
297 main annual cycle of temperature and salinity (e.g., Figure 5). The statistical analyses of all 
298 model-data comparisons over the two years indicated CCs of 0.998 (p < 0.001) and 0.951 (p < 
299 0.001) and RMSD of 0.580 °C and 0.303 for temperature and salinity, respectively (n = 210). 
300 The temperature model skills for each station clustered closely in the Taylor diagram, while 
301 the modeled salinity at one station (7) in 2009 exhibited relatively low correlation (0.85) with 
302 the observations (Figure 3). Overall, the model displayed acceptable skills in reproducing 
303 realistic temperature and salinity values. This rendered confidence in applying the model in 
304 realistic tracer experiments since the advection and dispersion of tracer was computed 
305 similarly to those of temperature and salinity (Equation 1).  
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306

307 Figure 5. Time series of modeled and observed (a) temperature at Station 3, (b) salinity at 
308 Station 7. See Figure 1b for locations of these stations.

309 Current velocity measured by a ship-mounted ADCP were obtained from the 
310 Rijkswaterstaat. The measurements were done within one full tidal cycle (13 h) at different 
311 dates and locations around major tidal channels of the Oosterschelde (Figure 1b). Given that 
312 the water depth differed among measurements (the measurement location was slightly off 
313 sometimes), the depth-average velocity in the model were compared against measurements. 
314 Our model was able to capture the phase and maximum magnitude of tidal currents with only 
315 minor deviations (e.g., Figure 6). The current measurements were not taken at the exact same 
316 spot (the model has a 300 m resolution), which may contribute to the deviations, also 
317 considering the steep topography around the main channel (Figure 1b). Overall, the model 
318 was robust in simulating tidal currents indicated by the high CCs (0.978 and 0.959 for the 
319 eastern and northern components, respectively, p < 0.001) and low RMSDs (0.110 m s-1 and 
320 0.122 m s-1 for the eastern and northern components, respectively, n = 66), which ensures the 
321 reliability of the tracer transport study with the model. In light of all the above variables, the 
322 model skills were well beyond the criteria of reliable estuarine models (Bartlett, 1988).
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323

324 Figure 6. Modeled and observed 13-h depth-average (a) eastward and (b) northward current 
325 velocity at 2143R. See Figure 1b for its location.

326 4.2. Tracer dynamics

327 With only physical forcing, tracer concentrations in the four compartments reached a 
328 plateau after ~250 days and, after 48-h filtering of tide signals, displayed a quasi-exponential 
329 increase with time prior to this (Figure 7a). The tracer was replenished fastest in the western 
330 compartment and spatial heterogeneity in seston concentration was present most of the time, 
331 showing a steady decrease towards the east: western > central > northern > eastern (Figure 
332 7a). The unfiltered tracer concentration showed spring-neap and semi-diurnal tidal variations, 
333 the magnitude of which were highest and lowest in the western and northern compartments, 
334 respectively (Figure 7a). Both TT and RT, of similar magnitude (0–150 days) and spatial 
335 patterns, revealed the west-east spatial gradient in water renewal (Figure 8). The annual-mean 
336 tracer fluxes into the northern and eastern compartments were only 17.1% and 24.4% of that 
337 entering the mouth, respectively (Figures 9a). In addition, water renewal timescales were 
338 shorter in the south of the western and central compartment and in the north of the eastern 
339 compartment (Figures 1 and 8).

340 If the four compartments were treated as separate systems (the mass change in each 
341 compartment was examined with time as Figure 7a), TT was 38.3 (western), 88.0 (central), 
342 104.0 (northern), and 116.3 days (eastern), respectively, and the corresponding RT was 51.5, 
343 87.5, 105.9, and 111.5 days, respectively. The CT/RT ratios in these four compartments (0.75, 
344 0.22, 0.03, and 0.09, respectively) are all below one and display a west-east gradient of over-
345 exploitation. These low numbers imply that the seston may be consumed by bivalves faster 
346 than replenished by tides, especially in the landward compartments.
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347

348 Figure 7. Hourly mean tracer concentrations in four compartments in scenarios (a) without 
349 and (b) with suspension feeders for the year 2009. Black lines showed data after 48-h low-
350 pass filtration to remove the daily tidal signals.

351

352 Figure 8. (a) Turnover and (b) residence time in the scenario without suspension feeders 
353 estimated in the year 2009.

354
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355 With the implementation of suspension feeders, tracer influxes into all four 
356 compartments were greatly reduced. For instance, the flux into the eastern compartment 
357 declined by 79%, and accounted for only 6.2% of that entering the mouth, in contrast to the 
358 ratio 24.4% in the physics-only scenario (Figure 9). Tracer renewal and benthic filtration 
359 reached the steady state in ~60 days with the equilibrium concentration around 0.5, 0.25, 0.1, 
360 and 0.05 for the western, central, northern, and eastern compartments, respectively (Figure 
361 7b). The equilibrium tracer gradient was much stronger between the western and central 
362 compartments than between the central and eastern compartments (Figure 10b), which is 
363 consistent with the observed patterns in SPM concentrations (Figure 11). Although the 
364 tracer/seston herein accounts for a small range (3–100 µm) in the SPM size spectrum, this 
365 qualitative phenomenon lends extra weight to our model skill.

366

367 Figure 9. Conceptual diagrams of annually average tracer flux into four compartments in 
368 scenarios (a) without and (b) with suspension feeders. Blue numbers are the ratio of tracer 
369 fluxes into corresponding compartments to the flux into the bay mouth. Red numbers in 
370 brackets in (b) indicate the ratios of influxes in (b) to those in (a) in the same compartment.

371 Snapshots at the steady state of the tracer concentration (Day 60, 1 March 2009) 
372 reveal marked tracer loss in landward (eastern and northern) compartments and shallow 
373 regions with large stocks of suspension feeders (e.g., Roggenplaat, Figures 1a, 10a, and 10b). 
374 After converting the tracer concentration into POC, the snapshots represent the distribution of 
375 imported POC resulting from the balance between tidal import and shellfish consumption 
376 (Figure 10). Based on the shellfish physiological rates, the minimum POC concentration that 
377 can meet the metabolic needs of these three bivalve species provides a threshold 
378 concentration. Below this threshold, shellfish, either wild or cultured, will have to rely on 
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379 local production in addition to imported POC. It was found that the equilibrium external 
380 seston concentration was below the metabolic needs in 24.6%, 24.9%, and 15.7% of the total 
381 area for mussels, cockles, and oysters, respectively, mostly in shallow regions of the central, 
382 northern, and eastern compartment (Figure 10b). The threshold lines of mussels and cockles 
383 mostly overlapped, while oysters could tolerate a lower POC concentration (Figure 10b). 
384 When halving the shellfish stocks, this region was nearly halved and mainly limited to the 
385 eastern compartment (Figure 10c). With doubled shellfish biomass, imported POC could not 
386 sustain the basic metabolism of mussels, cockles, and oysters in 38.6%, 38.8%, and 29.5% of 
387 the Oosterschelde, respectively, comprising the most eastern and northern compartments, and 
388 part of the others (Figure 10d).

389

390 Figure 10. Daily average tracer concentration on 1 March 2009 (when the steady state of the 
391 tracer concentration was reached in the scenario with suspension feeders) in the scenarios (a) 
392 without suspension feeders, with (b) realistic, (c) half, and (d) double suspension feeders. The 
393 threshold lines in (b-d) denote the boundaries where the imported seston can meet the 
394 respiration needs of three bivalve species. Due to the similar threshold POC value, the lines 
395 for mussels and cockles are mostly overlapped.

396
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397

398 Figure 11. Boxplots of near-surface (~5 m) SPM concentration collected during 1995–2015 
399 at five stations along the main channel of the Oosterschelde. See Figure 1b for locations of 
400 these stations.

401 5. Discussion
402 With a calibrated and validated hydrodynamic model, this study was set up to 
403 demonstrate how physical processes induce significant spatial heterogeneity in tracer 
404 replenishment in a tidal bay, the Oosterschelde, and how benthic suspension feeders modify 
405 this. 

406 Physical forcing created significant spatial heterogeneity of seston renewal in the 
407 Oosterschelde, with both TT and RT west-east ranges as long as 150 days (Figure 8). There 
408 were also other, more subtle gradients. For instance, declining TT and RT from north to south 
409 in the western and central compartments indicated that, of the two main tidal gullies, the 
410 southern channel acted as the major conduit of tides (Figures 1 and 8). TT and RT calculated 
411 here (0–150 days) were comparable to the previously reported residence time that was 
412 estimated using tidal excursion and total volume (Nienhuis & Smaal, 1994). The renewal time 
413 in the Oosterschelde is relatively long compared to many other tidal bays with similar sizes, 
414 which can be attributed to the elongated shape, limited freshwater flow, extensive poorly-
415 flushed tidal flats, and the 30% reduction in tidal prism due to the construction of the storm 
416 surge barrier (Dame & Prins, 1997; Heip et al., 1995; Nienhuis & Smaal, 1994). Temporal 
417 variability of the renewal capability and its response to different physical conditions (e.g., 
418 tides, meteorological forcing, gravitational circulation) in the Oosterschelde is not within the 
419 scope of this study and will be investigated in the future.

420 The two proxies for water renewal that are used in this study are based on different 
421 rationales. TT assumes an exponential decrease of bay water and records the time at which 
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422 ~63.2% of water is renewed (Zimmerman, 1976). In contrast, RT estimates the time to replace 
423 the embayment water with external water based on the renewal rate (i.e. how fast the tracer 
424 mass changes) in each time step (Takeoka, 1984). Both TT and RT have been extensively used 
425 to depict the spatial variability of the renewal efficiency of estuaries and inshore systems 
426 (e.g., Guyondet et al., 2005; Wang et al., 2004; Yuan et al., 2007) and are subject to potential 
427 limitations. Deviations from the exponential tracer time series might incur inaccuracy in TT; 
428 for example, under strong tidal influences, the tracer concentration in the western 
429 compartment was not a strict exponential curve (Figure 7a), inducing a relatively large 
430 difference (13.2 days) between the two timescales in this region (Figure 8). In contrast, RT 
431 was computed by integration, and the upper limit of the infinity was replaced by the 
432 simulation period (365 days). Thus, due to the cutoff of integration period, underestimates in 
433 RT are expected, especially in the regions with relatively long RT; for example, in the eastern 
434 compartment, RT was 4.8 days shorter than TT (Section 4.2). Despite these biases and 
435 limitations, both timescales also displayed similar overall spatial patterns of water renewal in 
436 this study (Figure 8). Given the various and sometimes confusing terminology of renewal 
437 timescales (Defne & Ganju, 2015; Jouon et al., 2006; Monsen et al., 2002), it is reassured that 
438 TT and RT lead to similar conclusions here.

439 Resulting tracer concentrations drastically changed after adding realistic stocks of wild 
440 and cultured suspension feeders, whose effect was mimicked by model terms representing a 
441 bio-deposition force. This removed a large amount of seston already near the mouth (in the 
442 western compartment) so that seston flux into the central compartment was reduced by half 
443 (Figure 9b). The northern and eastern compartments received even less tracer so that their 
444 steady-state concentration was below 10% of that in the North Sea (Figure 7b). This contrasts 
445 sharply with the physics-only scenario, where most parts of the Oosterschelde obtained over 
446 90% of the seston concentration in the North Sea given long enough time (Figure 7a). The 
447 strong west-east gradient in seston depletion induced by bivalves makes our system an 
448 example of comparable biological and physical roles in the system-wide seston budget. 

449 Compared to other systems, such considerable biological impacts depend at least on a 
450 large shellfish stock as well as favorable physical conditions that make the most water column 
451 available to filter feeders and ensure filtration efficiency (Cranford, 2019; Smaal and van 
452 Duren, 2019). With respect to shellfish stocks, the Oosterschelde represents one of the over-
453 exploited coastal bays in the world, as indicated by the high biomass/volume (Figure 12) and 
454 low CT/RT ratio (Figure 23.4 in Smaal and van Duren, 2019). Our results (Figures 7, 9, and 
455 10) indicate a strong gradient in seston depletion in such systems, in contrast to those with 
456 limited or depleted shellfish stocks such as Chesapeake and Delaware Bays (Ashton-Alcox et 
457 al., 2018; Jordan et al., 2002).
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458

459 Figure 12. Scatter plots of shellfish biomass in dry weight against the system volume in 16 
460 nearshore estuaries or coastal bays. The Oosterschelde is marked with an open triangle and 
461 other systems with dots. The abbreviations and data references are OS (the Oosterschelde); 
462 AF (Åfjord, Norway), BL (Belfast Lough, UK), LI (Limfjorden, Denmark), LY (Lysefjord, 
463 Norway) (Jansen et al., 2019); BB (Beatrix Bay, New Zealand, Gibbs, 2007); CL (Carlingford 
464 Lough, UK), GE (Grande-Entrée Lagoon, Canada), LC (Loch Creran, UK), SB (Sanggou 
465 Bay, China), XG (Xiangshan Gang, China) (Smaal & van Duren, 2019); CB (Chesapeake 
466 Bay, US, Jordan et al., 2002); DB (Delaware Bay, US, Ashton-Alcox et al., 2018); FT (Firth 
467 of Thames, New Zealand, Zeldis, 2005); TL (Thau Lagoon, France, Gangnery et al., 2011); 
468 TB (Tracadie Bay, Canada, Cranford et al., 2007), respectively.

469 Besides shellfish biomass, physical conditions that frequently replenish near-bed 
470 waters and minimize refiltration of the prefiltered water are also essential for strong bivalve-
471 induced seston removal. We estimated the refiltration ratio by comparing the bulk and 
472 realistic clearance rates. As an indicator of systemwide filtration capacity, the bulk CT is 
473 derived by dividing the water volume by the filtration rate (Dame & Prins, 1997), which, 
474 however, overlooks refiltration and overestimates the seston removal rate (Boegman et al., 
475 2008; Cranford, 2019). In contrast, the CT calculated in our model accounts for refiltration by 
476 considering advection and dispersion of filtered water masses. The bulk clearance rate in the 
477 Oosterschelde is 0.068 day-1 (bulk CT = 14.6 days), while the model-computed clearance rate 
478 is 0.051 day-1, suggesting refiltration of approximately one third of the basin volume. This 
479 refiltration ratio is relatively low compared to some stagnant or stratified systems (Cranford, 
480 2019; O'riordan et al., 1995; Yu & Culver, 1999), given that the Oosterschelde is well-mixed 
481 and that most culture plots are located in shallow regions rather than channels (Figure 1a).

482 Despite the strong filtration pressure, our findings demonstrate that the imported 
483 seston alone can meet the basic metabolic needs of shellfish stocks in 75%–85% of the bay 
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484 area in 2009 (Figure 10b), which contrasts with studies suggesting that the grazing pressure is 
485 so high that in situ primary production cannot meet the food demand of current bivalve 
486 populations during this period (Smaal et al., 2013). The sites where food import is beyond the 
487 shellfish metabolic demands are mostly in the eastern and northern compartments where 
488 extremely low CT/RT ratios (<0.1) demonstrate unsustainable overexploitation but most 
489 oyster plots and wild cockle populations are located (Figures 1b and 10b). These results 
490 suggest that these organisms do rely on local primary production, which, in this area, can be 
491 stimulated by regenerated nutrients on the shellfish bed (Prins & Smaal, 1994).

492 Our study offers a promising methodology of assessing food conditions for 
493 ecosystems with important aquaculture activities that rely mostly on marine import (e.g., 
494 Spillman et al., 2008). Firstly, the system-wide mapping of seston renewal efficiency allows 
495 designating areas that are more suitable for aquaculture and to test the consequences that 
496 farming activities have for food conditions of the total area. Secondly, by mapping the area 
497 where imported food is sufficient to sustain bivalve physiological demands (Figure 10), the 
498 potential dependence on external versus local food sources is demonstrated. The fraction of 
499 this area compared to the total area is also an easily extractable and interpretable measure that 
500 allows comparing various aquaculture-dominated bays similar to the Oosterschelde. Our 
501 modeling approach is simple and considers only mass changes of a non-decaying tracer 
502 driven by a hydrodynamic model and modified by uptake of filter feeders, whose density and 
503 distribution are imposed. For an area where the bivalve populations are predominantly under 
504 human control (Smaal et al., 2013), imposing measured impacts of filter feeders is to be 
505 preferred over complicated pelagic and benthic ecological models that include a lot more 
506 assumptions, parameterizations, uncertainties, and computational burden (Nunes et al., 2011; 
507 Scavia et al., 2006).

508 However, it is noteworthy that our model is not a dynamic sediment transport model. 
509 The resuspension, settling, and wave-induced motion are not represented in our seston 
510 simulation, and thus the modeled tracer cannot fully account for the spatiotemporal SPM 
511 dynamics (e.g., Figure 11). Moreover, our grid size (300 m × 300 m) is about the same as a 
512 commercial culture plot and is insufficient to pinpoint the optimal location and project the 
513 yield for specific culture plots. In regions with complicated topography (e.g, steep channel 
514 flanks), coarse-resolution models may induce numerical inaccuracy in simulating transport 
515 processes due to lacking bathymetry details (e.g., Jiang and Xia, 2016). Thereby, for site-
516 specific biophysical studies or sediment transport or geomorphological models, a refined 
517 spatial (horizontal and vertical) resolution is needed. 

518 6. Conclusions
519 A three-dimensional hydrodynamic model (GETM) was applied, calibrated, and 
520 validated for the Oosterschelde to investigate seston renewal from the North Sea. The tracer 
521 experiment driven with physical forcing revealed a large west-east gradient in seston renewal 
522 time. Given sufficient time (~250 days), seston in most areas reached over 90% of the 
523 concentration in the North Sea. When filter feeders were implemented, the strong benthic bio-
524 deposition reduced the seston influxes and steady-state concentrations in all parts of the 
525 system, especially in the landward compartments. This shows that that biological influences 
526 on seston can be as important if not more important than physical forcing in ecosystems with 
527 substantial aquaculture activities. The gradient in seston depletion induced by biophysical 
528 factors should be fully considered in tidal bays that are intensively used for aquaculture.
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