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Abstract Microphytobenthos (MPB) resuspension is a key mechanism in the transfer of organic
matter from productive intertidal mudflats to terrestrial and marine systems. In this study, we infer
on the contribution of physical and biological factors involved in the MPB resuspension. We use a
physical-biological coupled model forced by realistic meteorological and hydrodynamical forcings to
simulate chronic (without any concomitant sediment resuspension) and massive (driven by bed failure)
resuspension over a year. The model simulates mud surface temperature, MPB growth, and grazing by the
gastropod Peringia ulvae. The model suggests that MPB resuspension is the highest in spring tides and at
the flood beginning due to high current velocity and low water heights that promote waves-sea bottom
interactions. The seasonal export of MPB biomass is the highest in spring, up to threefold higher than in
summer when the export is the lowest. The simulated seasonal dynamics of MPB resuspension results
from the MPB biomass concentration in the sediment, physical disturbances, and the bioturbation activity
by P. ulvae. Annually, 43% of the simulated MPB primary production is resuspended. The MPB
resuspension (60.8 g C·m−2·yr−1) exceeds the loss by P. ulvae grazing (41.1 g C·m−2·yr−1). The model
suggests that chronic and massive resuspension events are important in the synoptic to seasonal MPB
dynamics in temperate intertidal mudflats. Accounting for such processes in the carbon budget assessment
in the land-ocean interface could bring new insights to our understanding of the role played by MPB in the
coastal carbon cycle.

Plain Language Summary Intertidal mudflats support a high biological productivity sus-
tained mainly by microalgae living in the sediment. Microalgae form a dense biofilm at the surface of the
mud during daytime low tides and fix a high quantity of inorganic carbon into organic carbon through
photosynthesis. Microalgae can be resuspended along with the sediment into the sea water during the high
tides. Such a transfer is facilitated by episodic physical disturbances like waves and currents modulated by
biological drivers. Our study aims to simulate with a numerical model the biologically mediated chronic
and physically driven episodic massive resuspension of microalgae on an intertidal mudflat for year 2012.
The model is a useful tool to disentangle and estimate the respective contribution of physical and biological
factors involved in the microalgae resuspension. At the tidal scale, the resuspension of microalgae is the
highest at the flood beginning and during spring tides due to higher current velocity and low water heights
that promote waves-sea bottom interactions and sediment erosion. In 2012, the simulated microalgae
resuspension is the highest in spring and the lowest in summer. In the model, the seasonal dynamics of
microalgae resuspension results from the microalgae biomass in the sediment, physical disturbances,
and the grazers activity at the mud surface that remobilized and facilitated the microalgae resuspension,
a process called bioturbation. Annually, 43% of the simulated organic carbon produced by microalgae
is resuspended over the year. As microalgae sustain the food web in the mud and in the sea water, their
production and resuspension are of key importance for the functioning of coastal ecosystems and the
sustainability of economic activity such as shellfish farming. Moreover, estimating the export of organic
carbon from the mud to the water is essential to understand the contribution of microalgae biofilms to
carbon cycle of the global coastal ocean.
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1. Introduction
Tidal flats play a key role in the structure and functioning of coastal areas (Healy et al., 2002; Millenium
Ecosystem Assessment, 2005). Benthic microalgae or microphytobenthos (MPB) living in intertidal and shal-
low sediments significantly contribute to the high biological production of coastal ecosystems (MacIntyre
et al., 1996; Underwood & Kromkamp, 1999). MPB assemblages consist mainly of diatoms, cyanobacteria,
euglenophyta, and chlorophyta, which vary with sediment properties (Underwood, 2001). In sandy, coarse
and noncohesive sediments, MPB are composed by epipsammic taxa that live in close association with sedi-
ment grains (Underwood, 2001). In very fine cohesive sediments, MPB consist mainly of free motile epipelic
cells that bury in the first centimeter of sediment during high tides and migrate up to the sediment surface
during daytime low tides (Underwood, 2001). At the sediment surface, the MPB photosynthetic rate is driven
by mud surface temperature (MST) and solar irradiance (Barranguet et al., 1998; Cartaxana et al., 2013; 2015;
Perkins et al., 2010; Vieira et al., 2013). At optimal levels, they drive a high MPB primary production (PP)
up to 1.9 g C m−2 day−1 (Underwood & Kromkamp, 1999). The MPB production is transferred to adjacent
terrestrial and marine zones through trophic export (Carlton & Hodder, 2003; Galván et al., 2008; Jardine et
al., 2015; Perissinotto et al., 2003; Saint-Béat et al., 2013) and hydrodynamics (Ubertini et al., 2012). During
the rising tide, MPB cells are susceptible to be resuspended in the water column (de Jonge & van Beusekom,
1992, 1995). Therefore, in addition to the direct export to benthic food webs through grazing (Herman et al.,
2000; Jardine et al., 2015; Kang et al., 2006; Lucas et al., 2001), MPB also sustain pelagic suspensive and filter
feeders, such as herbivorous fishes and zooplankton, as well as wild or farmed shellfishes (Krumme et al.,
2008; Leroux, 1956; Newell et al., 1989; Paulmier, 1972; Perissinotto et al., 2003).

The MPB resuspension consists of chronic resuspension of MPB cells without any concomitant sediment
resuspension and of episodic massive resuspension driven by bed failure. As MPB are associated with sed-
iment, MPB resuspension can be driven by the same hydrodynamical mechanisms that govern sediment
resuspension. In intertidal mudflats, tidal currents can be strong enough to induce the resuspension of
unconsolidated sediment (Mehta et al., 1989). However, only high bed shear stress (BSS) driven by waves,
combined or not with tidal currents, can resuspend consolidated sediment (Bassoullet et al., 2000; French
et al., 2008). Episodes of strong waves and tidal currents can therefore remobilize a sediment surface layer
deeper than 1 cm (Andersen et al., 2007; Christie et al., 1999) and export a high quantity of MPB biomass to
the water column, identified as massive resuspension (Mariotti & Fagherazzi, 2013). Moreover, MPB control
the bed failure probability by stabilizing the sediment upper layer. The excretion of extracellular polymeric
substances (EPSs) mainly by MPB, increases the sediment consolidation and its resistance to hydrodynami-
cal disturbances by binding the sediment particles together (Austen et al., 1999; Decho, 1990; 2000; Madsen
et al., 1993; Paterson, 1989; Pierre et al., 2010; 2012; Underwood & Paterson, 1993).

In conditions without any bed failure, chlorophyll pigments originating from MPB biofilms were measured
in the water column and were related to the fluff layer erosion (Blanchard et al., 1997; Dupuy et al., 2014;
Orvain et al., 2014; Wiltshire et al., 1998). This biogenic fluff layer is formed by the tracks, mucus, and pellets
generated by grazing, crawling, and egestion of benthic deposit feeders at the sediment surface containing
MPB cells and sediment grain (Le Hir et al., 2007; Willows et al., 1998). The fluff layer formed through
the action of bioturbation is not bounded to the sediment bed and can be eroded more easily (Andersen,
2001; Blanchard et al., 1997; Davis, 1993; Orvain et al., 2003; Willows et al., 1998). Consequently, normal
hydrodynamical conditions can promote fluff layer erosion and associated MPB more frequently. Such a
process can be considered as chronic resuspension (Orvain et al., 2014).

The in situ monitoring of the MPB export from the sediment to the water column is not trivial. This is due
to the highly responsive behavior of MPB when exposed to the highly variable physical (light, temperature,
tide, and waves) and biological (MPB dynamics, bacteria, and grazers) conditions. Remotely sensed data of
MPB cover a wide range of spatial scales (approximately from one to a few hundred meters) but their limited
number of products and their limited time resolution (approximately from one to several days and 1 hr for
geostationary satellites) impede our capacity to investigate the underlying processes of the retrieved state of
MPB (e.g., Benyoucef et al., 2014; Brito et al., 2013; Daggers et al., 2018; Gernez et al., 2017; Méléder et al.,
2018).

Physical-biological coupled modeling is a complementary tool to field and remote sensing studies to bet-
ter understand physical and biogeochemical processes prevailing in these complex intertidal systems. Our

Investigation: R. Savelli, X. Bertin, P.
Gernez, A. Dale, T. Coulombier, P.
Pineau, N. Lachaussée, P. Polsenaere,
C. Dupuy
Project Administration: P.
Polsenaere, C. Dupuy
Resources: X. Bertin, F. Orvain, P.
Gernez, T. Coulombier, P. Pineau, N.
Lachaussée, P. Polsenaere, C. Dupuy
Supervision: P. Polsenaere, C. Dupuy
Visualization: R. Savelli
Writing - review & editing: R.
Savelli, X. Bertin, P. Gernez, P.
Polsenaere, C. Dupuy

SAVELLI ET AL. 1



Journal of Geophysical Research: Biogeosciences 10.1029/2019JG005369

Table 1
List Abbreviations and Symbols Cited in the Text

Abbreviation Definition
MPB Microphytobenthos
PP Primary production
Chl a Chlorophyll a
C Carbon
EPS Extracellular polymeric substances
BSS Bed shear stress
REFrun Reference simulation in which MPB are resuspended at a constant rate
PHYrun Simulation with the explicit representation of wave- and tidal-induced MPB resuspension

and fluff layer erosion
Symbol Definition
F MPB biomass in the sediment first centimeter
S MPB biomass in the biofilm
B MPB biomass in the fluff layer
Z Peringia ulvae biomass
𝛾 Mean time spent by a cell at the surface
Fmini Background MPB biomass in the sediment
𝜏baresed Critical BSS for bare sediment
𝜏critfluff

Critical BSS for fluff layer erosion

𝜏critmass
Critical BSS for massive resuspension

𝜏c Current BSS
𝜏w Wave BSS
𝜏max Maximal BSS combining both 𝜏c and 𝜏w

z0 Bed roughness length
E0 Mud erosion constant
𝜔 Consolidation factor by biofilm
𝜈 P. ulvae crawling rate
Bmax Saturation of Chl a concentration in the fluff layer

study aims to estimate the chronic and massive MPB resuspension and to infer on its role on the sea-
sonal MPB dynamics over one of the largest intertidal mudflat of the French Atlantic coast, in the Bay of
Marennes-Oléron. We used a physical-biological coupled model that simulated the seasonal pattern of MPB
growth and grazing by gastropod deposit feeder Peringia ulvae. In the paper, we first describe the coupled
physical-biological modeling approach. Then, we assess the role and the temporal variability of each resus-
pension type (chronic vs. massive) on the MPB dynamics. Finally, we discuss the importance of considering
MPB resuspension to better understand the coastal food webs functioning and the seasonal exporttothe
water column of organic matter mediated by MPB (Table 1).

2. Material and Methods
2.1. Study Site
The study area is the Pertuis Charentais Sea, a shallow semienclosed sea on the French Atlantic coast
(Figure 1). It is characterized by a semidiurnal macrotidal regime (tidal range ∼6 m at spring tides). In the
southern part of the domain, the Bay of Marennes-Oléron covers 170 km2 including 60 km2 of intertidal
mudflats. The study site (45◦54′50′ ′N, 01◦05′25′ ′W) is located in the Bay, on the Brouage mudflat (Figure 1).
It is a 42-km2 intertidal mudflat made of fine cohesive sediments (median grain size 17 μm and 85% of grains
with a diameter <63 μm; Bocher et al., 2007) and characterized by a gentle slope (∼1/1,000; Le Hir et al.,
2000). The concentration of total suspended matter over the mudflat lies in the range 50–80 mg L−1 at neap
tides and can reach 500 mg L−1 at spring tides (Kervella, 2009). North of the Brouage mudflat, the turbidity
usually takes values between 4 ± 1 NTU and 12 ± 8 NTU in summer and winter, respectively (Luna-Acosta
et al., 2015). South of the mudflat, it varies between 10 ± 8 NTU and 14 ± 12 NTU in summer and winter,
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Figure 1. Bathymetric map of the Pertuis Charentais Sea (source: French marine service for hydrography and
oceanography-SHOM) and location of the main intertidal mudflats. The study site and the Meteo France weather
station are represented by a red and a blue full point, respectively. The two REPHY monitoring stations are represented
by the purple and green full points.

respectively (Luna-Acosta et al., 2015). The highest current velocity reached at neap and spring tides is ∼0.2
m s−1 and 0.5 m s−1, respectively (Le Hir et al., 2000). On the Brouage mudflat, the wave height was mea-
sured as up to 0.7 m (Bassoullet et al., 2000). As in many mudflats along the northern European Atlantic
coast, a dense biofilm of epipelic MPB develops at the surface of the mudflat at low tide and can reach up
to 25 mg Chl a m−2 (Herlory et al., 2004). When resuspended by waves and tidal currents, MPB can con-
tribute significantly to in-water Chl a measured in the area (from 4 to 16 mg Chl a m−3; Guarini et al., 2004;
Soletchnik et al., 1998, 2017; Struski & Bacher, 2006).

2.2. Observations
A large multiparametric data set of physical and biological measurements collected in the Pertuis Charentais
Sea was used to constrain the model and to compare with the model outputs. We provide here a summary
of the data used along with their respective references, within which a detailed methodology of each set of
measurements can be found.
2.2.1. In Situ Data
We used 2012 atmospheric forcings to constrain the MST model and the MPB model. Atmospheric forc-
ings consisted of hourly meteorological observations (shortwave radiations, air temperature in the shade,
and relative humidity) acquired at the Meteo France weather station located near the La Rochelle airport
(46◦10′36′ ′N, 1◦11′3′ ′W; data available online at https://publitheque.meteo.fr; Figure 2). They were com-
plemented by hourly sea level atmospheric pressure and wind velocity extracted from the atmospheric
reanalysis CFSR (NCEP Climate Forecast System Version 2 [CFSv2] selected hourly time series prod-
ucts, https://rda.ucar.edu/datasets/ds094.1) at the study site (Figure 2). Atmospheric forcings span from 1
September 2011 (03:00 UTC) to 31 December 2012 (23:00 UTC).

An acoustic Doppler current profiler mounted with a pressure transducer (ADCP; Aquadopp Profiler 2MHz,
Nortek AS) was deployed on the sea bottom from 19 April 2012 (12:00 UTC) to 22 April 2012 (12:00 UTC).
The ADCP data were used to compare with the water depth, the current velocity, and the wave parameters
simulated by the SCHISM model and used to constrain the coupled physical-biological model. The ADCP
was set to measure 1-min mean velocity profiles with a 0.1-m vertical resolution followed by 10-min con-
tinuous measurements at 2 Hz, where current velocities were averaged in a 0.5-m-thick cell. Power spectral
density estimates were computed using five overlapping and hanning-windowed segments, which results
in 10 degrees of freedom and a frequency resolution of 0.0196 Hz. Pressure attenuation with depth was
corrected using linear wave theory. The spectral significant wave height Hm0, and the mean wave period
Tm02 were computed integrating the corrected power spectral density from 0.05 to 0.44 Hz.
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Figure 2. Time series of the 2012 (a) relative humidity, (b) atmospheric pressure above the sea, (c) global irradiance,
(d) air temperature in the shade, and (e) wind velocity at the study site.

The overall consistency of the MPB compartment was assessed using both field and satellite-derived data of
chlorophyll concentration. We compared the simulated resuspended MPB biomass (mg Chl a m−3) with the
in-water Chl a concentration (mg Chl a m−3) measured at two sampling stations of the French Phytoplank-
ton and Phycotoxin Monitoring Network (REPHY; Belin & Raffin, 1990; French Observation and Monitoring
program for Phytoplankton and Hydrology in coastal waters, 2017) in the Pertuis Charentais Sea. The sam-
ples were collected twice a month at a subsurface depth (between 0 and 1 m) with a HYDROBIOS sampling
bottle (2.5 L). The first station is the Boyard station located at the East of Oléron island (Figure 1). The sec-
ond station is the Auger station located to the South of the Bay of Marennes Oléron (Figure 1; Soletchnik et
al., 2017, 2018). In addition to Chl a concentration, we also used the phytoplankton cells taxonomic identi-
fication from the same samples, in order to differentiate the contribution of resuspended benthic species to
the total microalgae cell counts. Taxonomic identification was performed at the class to species level. Class
and species were associated to a full or partial benthic growth and pelagic growth form according to the
classification given in Hernández Fariñas et al. (2017). Counts (number of cells per liter) were used to deter-
mine the contribution of each forms. Only Chl a measurements from samples in which the contribution of
benthic form exceed 50% were used.
2.2.2. Remote Sensing Data
In addition to in situ REPHY data, we compared the simulated Chl a data with space and time-coincident
cloud-free satellite data from the Medium Resolution Imaging Spectrometer on-board the polar-orbiting
environmental research satellite (ENVISAT) of the European Space Agency. Medium Resolution Imag-
ing Spectrometer has a global coverage of 3 days and a horizontal resolution of 300 m in Full-resolution
mode (Rast et al., 1999). Level2 data of spectral marine reflectance were downloaded from the European
Space Agency's MERCI server (https://merisfrs-merci-ds.eo.esa.int/). The Chl a concentration was com-
puted using a semianalytical inversion algorithm specifically developed for coastal and inland waters (Gons,
1999; Gons et al., 2005). The algorithm used the spectral bands at 665, 705, and 775 nm, and the Chl a
retrieval was performed in three steps.

The backscattering coefficient (bb) was first estimated from the water reflectance (𝜌w) at 775 nm:

bb(775) =
1.61𝜌w(775)

0.082 − 0.6𝜌w(775)
(1)

Then, a near-infrared/red band ratio was used to compute the phytoplankton absorption at 665 nm:

aphy(665) =
(0.70 + bb)𝜌w(705)

𝜌w(665)
− 0.40 − bp

b, (2)

where p is a constant set to 1.02 (Gernez et al., 2017). Finally, Chl a concentration (mg Chl a m−3) was
obtained by dividing the phytoplankton absorption by the chlorophyll-specific absorption coefficient at 665

SAVELLI ET AL. 5

https://merisfrs-merci-ds.eo.esa.int/


Journal of Geophysical Research: Biogeosciences 10.1029/2019JG005369

nm (a∗
phy):

[Chla] =
aph𝑦(665)
a∗

ph𝑦(665)
(3)

The value of a∗
phy (0.014 m2 (mg Chl a)−1) was set up from Gons results, which correspond to the average

computed from a large variety of inland and coastal water samples. As communication with ENVISAT-1
was lost on 8 April 2012, six cloud-free high tide scene images were extracted from 4 January to 1 April 2012.
Chl a concentration was estimated at the pixels corresponding to the study site (Figure 1).

2.3. The Coupled Physical-Biological Model
2.3.1. The MST Model
A mud temperature model was coupled to a two-layer biological model and run for the year 2012. The model
is not horizontally resolved. Heat fluxes were simulated in a 1-cm-deep sediment layer through a set of ther-
modynamic equations detailed in Savelli et al. (2018). The simulated temperature of exposed mud resulted
from heat exchanges between the Sun, the atmosphere, the sediment surface, from the heat conduction
between mud and air, and from mud evaporation. The simulated surface (1 cm) temperature of immersed
mud was set to the temperature of the overlying seawater, which resulted from thermal conduction between
air and seawater, upward seawater radiation, and downward solar and atmospheric radiation. The MST sim-
ulated by the model was successfully compared to 2008 in situ 1-min data at the same study site (see Savelli
et al., 2018). The differential equation was solved with a 30-s Euler-Cauchy scheme.
2.3.2. The MPB Model
The biological model explicitly represented the MPB biomass concentration in the surface biofilm com-
partment (S, mg Chl a m−2) and in the sediment first centimeter (F, mg Chl a m−2). The MPB model was
developed and calibrated for epipelic diatoms. Exchanges of MPB biomass between the biofilm and the
underlying sediment were ruled by a vertical MPB migration scheme according to the diurnal and tidal
cycles (Guarini et al., 1998). During the daytime emersion period, the MPB cells migrated upward in the
sediment from F to the S compartment until the biofilm saturation. In the biofilm, the MPB growth rate
depended on the photosynthetically active radiation, the simulated MST, and the grazing pressure. The
potential time spent by the MPB at the surface was calculated before each low tide by the parameter 𝛾* (h):

𝛾 ∗= ( F
Smax

+ 1) × 𝛾, (4)

where Smax is the saturation value of the surface biofilm (25 mg Chl a m−2) and 𝛾 is the mean time spent
by a MPB cells at the surface (1 hr; Blanchard et al., 2004). The formula sets the potential duration of MPB
biofilm at the sediment surface during daytime emersion periods by dividing the MPB biomass in F into
fractions of biofilm (Smax = 25 mg Chl a m−2) that spend 1 hr in average at the sediment surface. The
higher is the biomass in F, the longer is 𝛾*. This potential time is independent of the duration of the daytime
emersion periods, which can be shorter or longer. As soon as MPB exceeded their potential duration at the
surface, they migrated downward from S to the F compartment. MPB migrated downward also at nightfall
and during immersion if hydrodynamical conditions were calm (i.e., when 𝜏max < 𝜏critmass

, see section 2.3.5).
The grazing pressure was simulated through the Peringia ulvae biomass (Z, mg C m−2) grazing on MPB at
the sediment surface. The P. ulvae growth rate was related to the MST and the simulated MPB biomass.

The crawling activity of P. ulvae generates at the sediment surface a fluff layer composed by a mineral and
organic matrix including MPB cells. Consequently, we introduced a new compartment that represented the
dynamics of MPB biomass in the fluff layer. Such a compartment was not taken into account in Savelli et
al. (2018). The fluff layer was represented by the B compartment (mg Chl a m−2), supplemented by a flux of
MPB biomass from the biofilm to the fluff layer:

dB
dt

= min
[

S × (1 − B
Bmax

) × 𝜈Z, S
dt

]
, (5)

where Bmax is the saturation of Chl a concentration in the fluff layer. Considering a mean Chl a concentration
in the sediment of 500μg Chl a g−1 of dry sediment and a maximal resuspended mass of sediment of 23 g of
dry sediment m−2 (Orvain et al., 2007), Bmax was set to 11.5 mg Chl a m−2. Here, Z was expressed in density of
individuals (ind m−2) using the same P. ulvae monthly averaged individual weight estimated in Savelli et al.
(2018). Therefore, the higher is the MPB biomass in the biofilm (S), the higher is the flux of MPB biomass
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from the biofilm to the fluff layer. This flux was also modulated by the density of P. ulvae individuals (Z) and
their crawling rate 𝜐 (m2·s−1·ind−1).
2.3.3. The SCHISM Modeling System
The SCHISM modeling system (Zhang et al., 2016) was used to obtain the 2012 ten-minute time series of
water height (m), east-west and north-south depth-integrated velocity (m s−1), significant wave height (m),
mean wave period (s) and direction (◦), and wave orbital velocity (m s−1) used to compute the BSS and
emersion-immersion periods used to constrain the physical-biological model. SCHISM fully couples several
modules to simulate, for example, hydrodynamic circulation, short waves, and sediment transport and that
all share the same unstructured grid and domain decomposition. In the present application, the 2DH cir-
culation model was fully coupled with the spectral wave model Wind Wave Model II (hereafter WWM-II;
Roland et al., 2012), which were implemented over the study area using an unstructured grid with a spatial
resolution ranging from ∼2 km along the open boundaries and ∼100 m in the Bay of Marennes-Oléron. The
circulation model uses the combination of an Eulerian-Lagrangian method with a semi-implicit scheme,
which relaxes the Courant-Friedrichs-Lewy condition associated with the advection of momentum and
allows for stable and accurate numerical results, even using large time steps. Along its open boundary, the
circulation model was forced with amplitudes and phases of the 19 main tidal constituents, linearly inter-
polated from the regional model of Bertin et al. (2012). Over the whole domain, the circulation model was
forced by wind and sea level pressure fields at 10 m above the sea surface originating from the CFSR reanaly-
sis, with spatial resolutions of 0.20◦ and 0.5◦, respectively. SCHISM was fully coupled with WWM-II using a
radiation stress formalism (Longuet-Higgins & Stewart, 1964). WWMII simulates short wave generation and
propagation by solving the wave action equation (Komen et al., 1996) using a four-step fractional method. In
the present application, the source terms included wave growth and dissipation by whitecapping according
to Bidlot et al. (2007), nonlinear-wave interactions computed using the Discrete Interaction Approximation
of Hasselmann et al. (1985), bottom friction using the JONSWAP approach (Hasselmann et al., 1973) and
depth-induced breaking using the model of Battjes and Janssen (1978). The fields were extracted at the node
corresponding to the study site.
2.3.4. BSS Computation
The current BSS (𝜏c, Pa) was calculated assuming a logarithmic velocity profile in the first layer above the
sea bottom (Schlichting & Gersten, 2016):

𝜏c = 𝜌u2
∗, with u∗ =

𝜅u(z)

ln
(

z
z0

) , (6)

where u* is the current friction velocity (m s−1), 𝜌 is the seawater density (kg m−3) and 𝜅 is the Von Karman
constant (0.4). z is the water height (m), and u(z) is the associated depth-integrated current velocity (m s−1).
We applied a Nikuradse roughness (ks) of 0.01 m previously applied by Le Hir et al. (2000) on the Brouage
mudflat. The bottom roughness z0 was equal to ks

30
. The wave BSS (𝜏w, Pa) was calculated according to the

formula of Soulsby (1997):
𝜏w = 0.5𝜌𝑓wU2

b , (7)

where Ub is the wave orbital velocity (m s−1) and fw is the wave friction coefficient. fw was calculated
according to the formula of Swart (1974):

𝑓w = 0.3, ifr ≤ 1.57, (8)

𝑓w = 0.00251 exp
(
5.21r−0.19) , if r > 1.57, (9)

where r is the relative roughness related to the wave excursion A (m) and the Nikuradse roughness:

r = A
ks
,with A =

UbT
2𝜋

, (10)

where T is the wave period (s). The average BSS (𝜏m) and the maximum BSS (𝜏max) were calculated according
to the formulation of Soulsby (1997), which takes into account nonlinear interactions between waves and
currents:

𝜏m = 𝜏c

[
1 + 1.2

(
𝜏w

𝜏c + 𝜏w

)3.2
]
, and (11)
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𝜏max =
[(
𝜏m + 𝜏w cos𝜙

)2 +
(
𝜏w sin𝜙

)2
] 1

2
, (12)

where 𝜙 is the angle (◦) between waves and currents direction.
2.3.5. The MPB Resuspension
The model previously used in Savelli et al. (2018) was modified to take into account the explicit representa-
tion of the hydrodynamically and wave-driven MPB resuspension mechanisms. We set the loss rate of MPB
biomass in the sediment to 0.001 hr−1 during high tides. The constant represents MPB senescence and the
grazing by subsurface deposit feeders. We related the resuspension of MPB biomass to the simulated 𝜏max,
which combined 𝜏w and 𝜏c. During high tides, three different resuspension scenarios were modulated by
BSS thresholds. First, the critical BSS for fluff layer resuspension (𝜏critfluff

) was set at 0.015 Pa (Orvain et al.,
2004). Second, the critical BSS for massive resuspension (𝜏critmass

) was set according to the critical BSS for
bare sediment (𝜏baresed), consolidated by the total MPB biomass (mg Chl a m−2; Mariotti & Fagherazzi, 2012):

𝜏critmass
= 𝜏baresed + [𝜔 × (F + S)] , (13)

where 𝜔 is the consolidation coefficient of the bare sediment by the MPB biomass [Pa(mg Chl a m−2)−1].

During immersion periods,

• if 𝜏max < 𝜏critfluff
, no resuspension occurred. Immersed MPB cells achieved the downward migration from

S to F and P. ulvae individuals were still active (grazing and bioturbating);
• if 𝜏critfluff

< 𝜏max < 𝜏critmass
, P. ulvae individuals were not grazing and bioturbating any more and only the

fluff layer was eroded at the rate:

dB
dt

= −𝜙B ×

[
𝜏max

𝜏critmass

− 1

]
, (14)

where 𝜙 is the erosion coefficient of the fluff layer (s−1) and
[

𝜏max
𝜏critmass

− 1
]

represents the intensity of the
resuspension.

• if 𝜏max > 𝜏critmass
, the resuspension was considered massive and all the MPB compartments (sediment,

biofilm, and fluff layer) were impacted by resuspension. P. ulvae individuals were inactive. Both the surface
biofilm and the fluff layer were fully resuspended. The Partheniades-Ariathurai law (Ariathurai & Krone,
1976; Partheniades, 1962) for mud erosion was used to determined the MPB biomass resuspension from
the sediment:

E = E0 ×

[
𝜏max

𝜏critmass

− 1

]n

, (15)

where E and E0 are the sediment erosion rate (kg·m−2·s−1) and the erosion constant (kg·m−2·s−1), respec-
tively. n is a power function of the sediment composition (for mud, n = 1). The MPB biomass in the sediment
(mg Chl a m−2) was converted into Chl a concentration per mass of sediment (F*, mg Chl a kg−1 dry sedi-
ment) using a constant bulk density of sediment (520 g L−1). The resulting MPB erosion rate (EMPB, mg Chl
a·m−2·s−1) is as follows:

EMPB = E0 × F∗ ×

[
𝜏max

𝜏critmass

− 1

]n

, (16)

The occurrence of the massive resuspension events also depended on the MPB biomass remaining in the sed-
iment first centimeter. In case of a massive resuspension event, a background of MPB biomass (Fmini, mg Chl
a m−2) was always kept in the sediment to allow the biomass recovery after the event. If F > Fmini, EMPB and
all the surface biofilm and fluff layer were eroded. Otherwise, only the fluff layer was integrally resuspended.

The physical and biological constants used in this study are given in Table 2. The differential equations of
the biological model without wave- and tidal-induced MPB resuspension are fully detailed in Savelli et al.
(2018). The physical-biological coupled model was run at the study site from 1 September to 31 December
2011 for the spin-up and from 1 January to 31 December 2012 for the analysis. F and Z were initially set to 100
mg Chl a m−2 and 500 mg C m−2, respectively. The differential equations were solved with the fourth-order
Runge-Kutta method with a 6-min time step. The model run with the explicit representation of wave- and
tidal-induced MPB resuspension (PHYrun) was compared to a reference run (REFrun) with a constant rate

SAVELLI ET AL. 8
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Table 2
Physical and Biological Model Parameters Related to the MPB Resuspension

Symbol Description Value Unit Source
Physics
𝜏baresed Critical BSS for bare sediment 0.3 Pa Present study
𝜏critfluff

Critical BSS for fluff layer erosion 0.015 Pa Orvain et al. (2004)

ks Nikuradse roughness 0.01 m Le Hir et al. (2000)
E0 Mud erosion constant 2 × 10−5 kg·m−2·s−1 Present study
𝜔 Consolidation factor by MPB 0.006 Pa(mg Chl a m−2)−1 Present study

biomass
Biology
𝛾 Mean time spent by a MPB 1 hr Blanchard et al. (2004)

cell at the surface
Fmini Background MPB biomass 73 mg Chl a m−2 Present study
𝜐 P. ulvae crawling rate 1.2 × 10−9 m2·s−1·ind−1 Present study
Bmax Saturation of Chl a concentration 11.5 mg Chl a m−2 Orvain et al. (2007)

in the fluff layer

of MPB resuspension during high tides without any parametrization of biologically consolidated sediment
was used. The setup of the REFrun is detailed in Savelli et al. (2018).

Finally, we tested the sensitivity of the simulated MPB PP and instantaneous resuspension to simultaneous
variations of key biological and physical constants. Random values of the bed roughness length (z0), criti-
cal BSS for resuspension of bare sediment (𝜏baresed), consolidation factor (𝜔), erosion constant of pure mud
(E0), minimum MPB biomass in the sediment (Fmini), and mean time spent by a MPB cell at the sediment
surface (𝛾) were selected within the observed ranges (Table 3) by a Monte Carlo fixed sampling method
(Hammersley & Handscomb, 1964). The method aims to quantify how simultaneous variations of key bio-
logical constants might impact the simulated MPB production and instantaneous resuspension (see Savelli
et al., 2018). A total of 10,000 model runs was performed using the same set of initial conditions.

Table 3
Range of Values for the Random Selection of the Model Constants Used in the Monte Carlo Sensitivity Analysis

Parameters Units Range Source
z0 m [2 ×10−4; 1.65 ×10−2] Ke et al. (1994)

Le Hir et al. (2000)
Verney et al. (2006)

E0 kg m−2 s−1 [1 ×10−5; 1 ×10−3] Mengual et al. (2017)
and references within

𝜏baresed Pa [0.05; 1] Mariotti and Fagherazzi (2012)
and references within

𝜔 Pa(mg Chl a m−2)−1 [0.001; 0.02] Mariotti and Fagherazzi (2012)
and references within

Fmini mg Chl a m−2 [35; 100] Guarini et al. (2000)
Blanchard et al. (2002)
Herlory et al. (2004)
Blanchard et al. (2006)
Orvain et al. (2014)

𝛾 h [0.25; 1.5] Blanchard et al. (2004)

SAVELLI ET AL. 9
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Figure 3. Measured and simulated (a) water height, (b) east-west velocity current component, (c) north-south current
velocity component, (d) significant wave height, and (e) wave period of the second moment at the study site between
19 and 22 April 2012. r is the Pearson's correlation coefficient. RMSD and NRMSD are the root-mean-square error and
the normalized root-mean-square error.

Figure 4. Time series of the 2012 simulated (a) water height, (b) depth-integrated velocity, (c) significant wave height,
(d) wave period of the second moment, and (e) wave orbital velocity.
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Figure 5. Histograms of the 2012 simulated wave orbital velocity in (a) winter, (b) spring, (c) summer, and (d) fall.

3. Results
3.1. Physical Conditions
In situ water height and current velocity derived from ADCP measurements in April 2012 were used to
compute the 10-min mean significant wave height and mean wave period that were compared to the model
data (Figure 3). The model simulated well the high-frequency (10 min) variations of the water height (RMSD
= 0.14 m, NRMSD = 9%) and current velocity components. The RMSD was 0.087 m s−1 for the east-west
component and 0.06 m s−1 for the north-south component (Figure 3). With respect to the wave height and
mean wave period, the RMSD was 0.057 m and 0.337 s, respectively (Figure 3). It corresponded to NRMSD
of 19% and 10%, respectively.

The water height and depth-integrated velocity simulated by the model in 2012 varied fortnightly with the
tidal cycle (Figure 4). During neap tides, the simulated water height and current velocity reached 1.42 m
and 0.41 m s−1, respectively. During spring tides, they were higher and reached 3.24 m and 0.83 m s−1,
respectively.

Figure 6. Simulated mud surface temperature (◦C) in 2012.

The simulated wave period ranged from 3 to 15.5 s (Figure 4). The
simulated wave height and orbital velocity varied by several orders of
magnitude, ranging between 2 × 10−3 m and 0.61 m and between 5 × 10−3

m s−1 and 0.62 m s−1, respectively (Figure 4). The median wave orbital
velocity was 0.14 m s−1. High values of wave orbital velocity (i.e., higher
than the median) were more frequently reached during winter and fall
compared to spring and summer (Figure 5).

During winter, the simulated MST was 6.2 ± 4.3 ◦C in average (Figure 6).
The simulated mean MST was more than twice in summer reaching 20.4
± 2.8 ◦C (Figure 6). It was comparable in spring and fall with 14.2 ± 3.5
◦C and 12.4 ± 3.8 ◦C, respectively (Figure 6).

3.2. MPB and P. Ulvae Dynamics
The total simulated MPB biomass (MPB biomass in the biofilm and the
MPB biomass in the sediment) reached a seasonal maximum on 1 May
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Figure 7. Time series of the 2012 simulated (a) total MPB biomass (mg Chl a m−2) and (b) P. ulvae density (ind m−2).

(252 mg Chl a m−2; Figure 7a). This peak is preceded by three peaks of simulated MPB biomass around
150 mg Chl a m−2 on 30 January, 29 February, and 23 March (Figure 7a). In summer, the simulated MPB
biomass decreased below 100 mg Chl a m−2. In fall, one peak of MPB biomass of moderate intensity (137
mg Chl a m−2) occurred on 14 November (Figure 7a). The peaks of MPB biomass simulated in March and
April were tightly followed by two seasonal peaks of simulated P. ulvae density (∼20,100 and 37,000 ind m−2,
respectively; Figure 7b) during which the simulated MST (19.5 ◦C and 17.6 ◦C) was close to the optimal
temperature for P. ulvae grazing (20 ◦C). In fall, the simulated P. ulvae density was low (∼3,500 ind m−2;
Figure 7b).

3.3. MPB Biomass Resuspension
3.3.1. Model Validation
The modeled resuspended MPB Chl a was normalized by the water height and compared to the
time-coincident in-water Chl a concentration provided by remote sensing and in situ water samples from
two monitoring stations (Figures 1 and 8). Both in situ and satellite observations favorably compared with
the simulated resuspended Chl a. Whatever the source of data (model output, in situ sampling, or remote
sensing), the in-water Chl a concentration exhibited a consistent seasonal variability with higher value in
winter-spring than in summer-fall. The simulated maximum peaks of resuspended MPB (from 5–45 mg Chl
a m−3) generally compared to satellite estimates (1.4–35.4 mg Chl a m−3). In particular, the height of peaks
occurring from late February to early March was consistent with satellite observations (30 ± 18 mg Chl a
m−3, 28 February; Figure 8). In fall and winter, the lower concentration of resuspended MPB (2.44 ± 7 mg
Chl a m−3) was in agreement with in situ measurements (2.1 ± 1 mg Chl a m−3; Figure 8). All together,
the reasonable agreement between simulation outputs, satellite estimates, and in situ observations is very
encouraging. In order to better understand the temporal dynamics of MPB resuspension, we now analyze
in more details the time series of MPB resuspension using high-frequency simulations.

Figure 8. Time series of the 2012 simulated and observed remotely sensed and measured in situ in-water Chl a
concentration (mg Chl a m−3). The simulated resuspended MPB biomass was cumulated over each high tide and
normalized over the corresponding maximal water depth.
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Figure 9. Time series of the 2012 simulated (a) total resuspended MPB biomass (mg Chl a m−2) and (b) relative
contribution (%) of resuspended MPB biomass through bioturbation (blue) and massive events (red). The simulated
resuspended MPB biomass was cumulated over each high tide.

3.3.2. Temporal Variability
MPB resuspension was highly variable in terms of seasonal occurrence and quantity and did not systemati-
cally occur during each tidal cycle (Figure 9). The instantaneous resuspended biomass was in average 0.04 ±
0.45 mg Chl a m−2. The instantaneously resuspended MPB water column-normalized concentration peaked
to 110 mg Chl a m−3 on 1 February. Over a high tide, the rate of MPB erosion averaged 0.4 ± 0.85 mg Chl a
m−2 hr−1 with a maximum of 8.93 mg Chl a m−2 hr−1 on 12 November.
3.3.3. Massive Resuspension
Interestingly, the seasonal variation of the MPB resuspension was mainly driven by massive resuspen-
sion events. Massive resuspension represented 70% of the MPB biomass resuspended annually, which was
exported to the water column in 37 days only (Tables 4 and 5). Massive resuspension mostly occurred during
winter and fall, as evidenced by a mean contribution of 80% to total resuspended MPB biomass (Figure 9b).
The contribution of such events relative to total resuspension was the highest during winter (613 mg Chl a
m−2, Table 4). In winter, 18 days (457 events) of massive resuspension were responsible of the export to the
water column of 32% of the total annually resuspended MPB biomass (Table 4). The same trend was also
observed during spring, when 5.8 days (363 events) of massive resuspension contributed to 20% of the total
annually resuspended MPB biomass (Table 4). On the contrary, massive resuspension was rare during sum-
mer (only 192 events) and did not substantially contribute to the total annual export of MPB to the water
column (Table 4). In the model, spring tides were isolated by considering tides with a maximal water depth
>1.8 m. Beside the above-mentioned seasonal pattern, it is noteworthy to report that 60% of the annual MPB
export from the sediment to the water column occurred during spring tides.
3.3.4. Chronic Resuspension
In contrast, the MPB biomass resuspended in the model through bioturbation contributed to only 30% of
the total annual water column export (Table 4). Resuspension through bioturbation mainly occurred from
late March to September (Figure 9b and Table 4), when P. ulvae individuals were active and abundant in
the model (Figure 7b). Fluff layer mediated export of MPB corresponded to 46 days of resuspension and 392
events (Table 4). In spring, fluff layer MPB resuspension (337 mg Chl a m−2) compared to that of massive
resuspension (381 mg Chl a m−2) but was threefold more frequent. In summer, the fluff layer resuspension
(157 mg Chl a m−2) was higher than massive resuspension (78 mg Chl a m−2), which was only episodic (<2

Table 4
Simulated MPB Biomass Resuspended (

∑
RES) in 2012 Through Bioturbation and Massive Events, and Frequency (FreqRES),

Duration (DurRES), and Number (N) of the Simulated Events

Massive resuspension Fluff layer resuspension∑
RES FreqRES DurRES

∑
RES FreqRES DurRES

Season (mg Chl a m−2) (%) (day) N (mg Chl a m−2) (%) (day) N
Winter 613.1 20 18 457 34.4 5 4.6 73
Spring 381.3 6.3 5.8 363 337.7 22.6 20.8 120
Summer 78.4 1.7 1.54 192 157.6 19 17.3 129
Fall 283.7 12.7 11.6 492 41.7 4 3.5 70
Annual 1,355.5 10 37 1,504 571.3 12.6 46.2 392

SAVELLI ET AL. 13



Journal of Geophysical Research: Biogeosciences 10.1029/2019JG005369

Table 5
Simulated Total Resuspended MPB Biomass (

∑
RES), Frequency (FreqRES) and

Duration (DurRES) of the Resuspension Events, and MPB PP in the REFrun and the
PHYrun in 2012

Season
∑

RES FreqRES DurRES PP
∑

RES:PP
(g C m−2) (%) (day) (g C m−2) (%)

REFrun

Winter 10.3 53 48.6 34 30.3
Spring 8.1 56 51.4 47.2 17.2
Summer 5.6 55 50.6 41 13.7
Fall 6.2 56 51 29.3 21.7
Annual 30.2 55 201.6 151.5 19.9
PHYrun

Winter 15.9 25 22.6 28.4 56
Spring 27.9 29 26.6 67.6 41.3
Summer 9.61 20 18.8 26 37
Fall 7.38 16.6 15.1 18.6 39.7
Annual 60.8 22 83.2 140.5 43.3

days). Annually, the number of fluff layer resuspension events (392 events) were lower than the massive
resuspension events (1,504 events; Table 4). However, the fluff layer resuspension events were longer (46.2
days) than the synoptic and shorter massive resuspension events (37 days; Table 4).
3.3.5. Resuspended MPB Biomass and MPB PP
In order to assess the impact of wave- and tidal-induced resuspension on MPB dynamics, we compared the
time-integrated total resuspended MPB biomass and MPB PP simulated in 2012 (PHYrun) with the reference
run where the rate of MPB resuspension is constant during high tides (REFrun). The total resuspended MPB
biomass was twice in the PHYrun (60.8 g C m−2) than in the REFrun (30.2 g C m−2; Table 5). The seasonal
variability also differs between the two series of simulations. In the PHYrun, the resuspended MPB biomass
was the highest in spring (27.9 g C m−2) and the lowest in fall (7.38 g C m−2; Table 5). On the contrary, in the
REFrun, the resuspended MPB biomass was the highest in winter (10.3 g C m−2) and the lowest in summer
(5.6 g C m−2; Table 5), and the amplitude of the seasonal difference was twice lower than in the PHYrun. In
the REFrun, the frequency (53–56%) and duration (48.6–51.4 days) of MPB resuspension events were similar
throughout all the seasons (Table 5). By contrast, in the PHYrun, summer and fall were characterized by the
lowest seasonal MPB resuspension frequency (20% and 16.6%, respectively) and duration (18.8 days and 15.1

Figure 10. Time series of the 2012 simulated (a) wave BSS, (b) current BSS, and (c) maximum BSS along with the total
resuspended MPB biomass. The green line represents the critical BSS for massive resuspension events. Dark circles
indicate resuspended biomass higher than the last percentile of the resuspended MPB biomass simulated time series in
2012 (40.6 mg Chl a m−2). Note that only maximum values of BSS per tidal cycle are shown.
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Table 6
Simulated Frequency of Waves, Tidal Current, and Combined Waves and Current
Maximal BSS Higher than the Critical BSS in 2012

Season Waves (%) Current (%) Combined waves and current (%)
Winter 36 0.22 36.2
Spring 13 0.18 13.4
Summer 10 0.5 11.5
Fall 34 0.28 34.6
Annual 23 0.30 23.7

days, respectively; Table 5), whereas the frequency and duration of resuspension events were both higher
during spring (respectively 29% and 26.6 days).

With respect to MPB PP, the annual rate was close both in the PHYrun (140.5 g C m−2) and the REFrun (151.5
g C m−2; Table 5). In both runs, PP was the highest in spring (47.2 g C m−2 in the REFrun and 67.6 g C
m−2 in the PHYrun). PP simulated in spring departed more from the other seasons in the PHYrun than in
the REFrun. In the PHYrun, the spring PP was 2.3-fold to 3.6-fold higher than in other seasons (Table 5). At
the annual scale, 43.3% (PHYrun) and 19.9% (REFrun) of the PP was resuspended (Table 5). At the seasonal
scale, PP was resuspended the most in winter and the least in summer in both runs (Table 5). In winter,
PP was relatively low, while the resuspended biomass was high. In the PHYrun, high resuspended MPB
biomass resulted from more frequent intense hydrodynamical disturbances combined with moderate MPB
biomass in winter (Figure 9a). Such a pattern led to a moderate consolidation of the sediment (0.82± 0.13 Pa;
Figure 10). In contrast, in summer, PP was slightly lower than in winter but the level of resuspended biomass
was much lower due to less frequent intense hydrodynamic disturbances and lower MPB biomass in the
sediment than in winter. This pattern was simulated although the sediment was relatively unconsolidated
(0.64 ± 0.08 Pa; Figure 10).

3.4. Drivers of MPB Resuspension
3.4.1. Waves and Currents BSS
The critical BSS for massive resuspension (𝜏critmass

) was compared to the wave BSS (𝜏w) and, current BSS (𝜏c)
and to the maximal BSS (𝜏max), which combined both current and wave BSS. As MPB had a consolidating
effect on the sediment, 𝜏critmass

was set to covary with MPB biomass in the model. As a result, 𝜏critmass
displayed

a seasonal variation similar to that of MPB biomass (Figure 7 and 10): winter-spring maximum (with four
peaks from 1 to 1.8 Pa) and summer minimum (0.64 ± 0.08 Pa). Overall, 𝜏max exceeded 𝜏critmass

at a similar
frequency than 𝜏w.

In contrast to the massive resuspension BSS, 𝜏w was more variable and exhibited more peaks in winter (1.15
± 0.6 Pa) and fall (1.1 ± 0.75 Pa) than in spring (0.65 ± 0.34 Pa) and summer (0.43 ± 0.25 Pa; Figure 10a).

Figure 11. Frequency of the resuspension events simulated in 2012 and the relative distribution of the total
resuspended MPB biomass over a high tide.
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Figure 12. Relationship between the simulated wave BSS and the water
depth.

During the studied year, 𝜏w exceeded 𝜏critmass
during 84 days. The dom-

inance of 𝜏w was higher in winter (36%) and fall (34%) than during
summer (10%; Table 4). The current BSS was generally lower (annual
average of 0.1 ± 0.13 Pa) than 𝜏w (annual average of 0.8 ± 0.6 Pa) and dis-
played values similar to that of 𝜏critmass

during each season (Table 6). As 𝜏c
was driven by tidal dynamics, it reached a maximum and was as high as
𝜏critmass

during spring tides (Figure 10b).

3.4.2. Resuspension Intensity
In order to relate MPB dynamics with BSS, the highest MPB resuspen-
sion events (corresponding to the last percentile of the resuspended MPB
biomass simulated time series, that is, higher than 40.6 mg Chl a m−2)
were highlighted in Figure 10c by dark circles. All the seven highest resus-
pension events occurred during November or February–March. Three of
them were responsible for the export to the water column of ∼150 mg Chl

a m−2 in early March (Figure 10c). They were followed by a drop in 𝜏critmass
, which was due to a decrease

in MPB biomass within the sediment. Though the decrease in MPB biomass contributes to lessen the sedi-
ment consolidation (Figure 7), strong resuspension events did not occur during summer (Figure 10c). The
lowest maximal value reached by 𝜏max during high tides of 2012 was 0.29 Pa (Figure 10b). 𝜏critfluff

(0.015 Pa)
was therefore exceeded at each high tide. The simulated fluff layer was therefore always eroded at least one
time during immersion periods.

Over a tidal cycle, most of the simulated resuspension events occurred at the flood beginning (14%) and at
the end of ebb (10%; Figure 11). These moments correspond to low water height when 𝜏w was maximized
until around 1–1.25 m of seawater depth (Figure 12). Most of the simulated total resuspended MPB biomass
(76%) was exported at the flood beginning (Figure 11).

3.4.3. MPB PP and Resuspension, P. ulvae Ingestion
In order to relate the resuspended MPB biomass with the MPB growth conditions, the simulated daily MPB
resuspension was compared to the simulated daily MPB PP and to the simulated daily P. ulvae ingestion
(Figure 13b). PP increased during winter-spring and reached a maximum in late March (∼1.6 g C m−2 day−1;
Figure 13). It resulted into an increase of MPB biomass in the sediment (Figure 13a). The simulated decreases
of the MPB biomass in early March, late March, and early May were driven by strong resuspension and/or
by P. ulvae ingestion events (Figure 13). Seven peaks of daily resuspension (1–2.2 g C m−2 day−1) occurred
in winter, spring and fall (Figure 13b). By comparison, the daily P. ulvae ingestion exhibited two peaks,
one of them reaching a maximum of 4.1 g C m−2 day−1 in early May (Figure 13b). The yearly integrated
resuspension of MPB (60.8 g C·m−2·yr−1) was 1.3-fold higher than the yearly integrated P. ulvae ingestion
(41.1 g C·m−2·yr−1). The loss of MPB biomass by resuspension was therefore higher than the loss by grazing
by P. ulvae.

Figure 13. Time series of the 2012 simulated (a) MPB biomass in the first centimeter of sediment (mg Chl a m−2) and
(b) daily PP rate (g C m−2 day−1), daily resuspension of MPB biomass (g C m−2 day−1), and daily ingestion of P. ulvae
(g C m−2 day−1).
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Figure 14. Parallel coordinates of the simulated MPB primary production (g C·m−2·yr−1) according to the
consolidation factor of sediment by the MPB biomass (𝜔), the critical BSS for the resuspension of bare sediment
(𝜏baresed), the erosion constant (E0), the background MPB biomass (mg Chl a m−2), the average time spent by MPB
cells at the surface (𝛾), and the bed roughness (z0) for 10,000 combinations run in the Monte Carlo sensitivity analysis.

3.5. Sensitivity Analysis
A total of 10,000 simulations was run using random sets of biological (Fmini, 𝛾) and physical (𝜔, 𝜏baresed,

E0, z0) constants varying within the reported observed ranges (Table 3). This approach was used in Savelli et
al. (2018). The constants were chosen as they shape the simulated MPB production and the occurrence and
rate of MPB resuspension. Figures 14 and 15 show the 10,000 parameters combinations and the resulting
simulated MPB annual PP and maximal instantaneous resuspension.

Except for 𝛾 , a high annual MPB PP was simulated in all regions of the tested ranges of Fmini, 𝜔, 𝜏baresed, E0
and z0 (Figure 14). The annual PP was the most sensitive to 𝛾 (Figure 14). This constant set the duration of
the time spent by the MPB biofilm at the sediment surface for the next low tide. The higher was 𝛾 , the higher
was the annual PP. Below 25 min spent at the sediment surface, the annual PP reached critical values (PP <

50 g C·m−2·yr−1; Figure 14).

The instantaneous rate of MPB biomass resuspension was also sensitive to 𝛾 when it took values lower
than 25 min (Figure 15). A low PP resulting from a low 𝛾 value led to the decline of the MPB biomass in
the sediment and resuspended MPB biomass. When 𝛾 was higher than 25 min, the MPB resuspension was
sensitive to 𝜔, E0 and 𝜏baresed (Figure 15).

Figure 15. Parallel coordinates of the simulated instantaneous resuspension of MPB biomass (mg Chl a m−3) according
to the consolidation factor of sediment by the MPB biomass (𝜔), the critical BSS for the resuspension of bare sediment
(𝜏baresed), the erosion constant (E0), the background MPB biomass (mg Chl a m−2), the average time spent by MPB
cells at the surface (𝛾), and the bed roughness (z0) for 10,000 combinations run in the Monte Carlo sensitivity analysis.
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An increase of 𝜔 and E0 combined with a decrease of 𝜏baresed resulted into a higher maximal instantaneous
resuspension of MPB (Figure 15). The strongest resuspension events (>200 mg Chl a m−3) occurred for𝜔, E0
and 𝜏baresed values ranging between 0.001 and 0.005 Pa (mg Chl a m−2), 5.5 ×10−4 to 1 × 10−3 kg m−2 s−1 and
0.4 and 1 Pa, respectively (Figure 15).

Overall, the simulated annual MPB PP was mainly sensitive to 𝛾 . When PP was relatively high (𝛾 > 25 min),
the MPB resuspension was mostly sensitive to the sediment erodibility constants 𝜔, E0, and 𝜏baresed, as they
constrained the occurrence and rate of MPB resuspension.

4. Discussion
4.1. The Seasonal Cycle of MPB Resuspension
The dynamics of the simulated MPB resuspension relies on the seasonal cycle of MPB biomass in the sedi-
ment. Here, we used the model of Savelli et al. (2018), which reasonably simulates the MPB dynamics in the
sediment for the year 2008. The simulated seasonal cycle of MPB biomass is characterized by a spring bloom,
a summer depression and a moderate fall bloom. According to Savelli et al. (2018), the spring bloom of MPB
biomass was driven by a high PP triggered by MST close to the MPB temperature optimum for photosynthe-
sis and an increasing solar irradiance from late winter to the end of spring. In summer, the combined effect
of a low thermoinhibited MPB PP and a moderate but sustained grazing pressure was responsible for a low
MPB PP and biomass (Savelli et al., 2018). In fall, the absence of grazing and a lower simulated MST than
in summer led to a moderate bloom of biomass that declined rapidly due to decreasing light levels (Savelli
et al., 2018). The total MPB biomass simulated within the first centimeter of sediment exhibited a seasonal
pattern consistent with that previously observed in other northern European mudflats (i.e., van der Wal et
al., 2010; Echappé et al., 2018). The simulated synoptic events of MPB resuspension superimposed on the
MPB intrinsec seasonal cycle of MPB biomass and PP.

The model suggests a high seasonal MPB resuspension during winter and spring. In their study on the South
Korean Nanaura mudflat, Koh et al. (2007) sampled the MPB Chl a concentration in the sediment and the
suspended particulate matter to derive resuspended benthic Chl a concentration in seawater from July 2002
to February 2003. The measured Chl a concentration in the sediment and the resuspended benthic Chl a
were higher during winter than in summer and fall in line with our results. On the same study site, Koh et
al. (2006) estimated the highest concentrations of resuspended Chl a during spring tides, which is consistent
with the high MPB export from the sediment to the water column simulated during spring tides (60% of the
annual export). The simulated resuspended MPB biomass is also higher during flood than ebb. Seventy-six
percent of the annual export of MPB biomass from the sediment to the water column occurs during flood
in the model. In the Bay of Bourgneuf (NW France), Gernez et al. (2017) also retrieved higher benthic Chl
a resuspension in flood than in ebb using the remote sensing algorithm used in our study.

We compared the resuspended Chl a concentrations simulated for year 2012 with 2012 seawater Chl a con-
centrations remotely sensed above the mudflat and measured in situ at water quality monitoring stations in
the vicinity of the Brouage mudflat. The simulated seasonal cycle of the resuspended MPB biomass is con-
sistent with the winter, spring, and fall observations. The model suggests a higher contribution of benthic
microalgae in winter-spring than in summer. Guarini et al. (2004) and Hernández Fariñas et al. (2017) ana-
lyzed the phytoplankton community in seawater sampled at water quality monitoring stations in the Bay
of Marennes-Oléron and the Bay of Bourgneuf (160 km north of the Brouage mudflat), respectively. Both
studies suggest a similar seasonal pattern with a higher contribution of benthic microalgae in seawater in
winter-spring than in summer. Nevertheless, we remain cautious on the reasonable agreement between the
model and in situ data as the number of in situ samples we used was defined by a threshold we set for benthic
cells resuspension representativeness. Below 50% of benthic cells in the sample, the sample was discarded
in the analysis. Such a threshold implies that, in summer, all the samples are discarded so no model-data
comparison is possible. In addition, ∼15 km separate the study site from the monitoring stations. Such a
distance may involve some model-data discrepancies caused by grazing, MPB deposition, and resuspension
occurring between sites.

The horizontal transport of the MPB cells within the water column may impact the biomass of resuspended
MPB. Guarini et al. (2004) and Guarini et al. (2008) report an horizontal transport of resuspended MPB
cells in the Bay of Marennes-Oléron and over the Brouage mudflat. In our modeling approach, there is no
horizontal transport in seawater or deposition on the sea floor of the resuspended MPB biomass. Such a
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parameterization implies that once resuspended, all the MPB biomass is definitely transported away from
the study site. Similarly, the model precludes any incoming flux of MPB biomass produced in other areas and
transported to the study site. Waves and current BSS can also shape the spatial distribution of P. ulvae indi-
viduals on the mudflat (Armonies & Hartke, 1995) and so the local grazing pressure on MPB developing in
the sediment. In the model, the lack of grazing pressure on MPB cells resuspended in the water column may
result into an overestimation of the simulated resuspended MPB biomass (Guizien et al., 2014). The inten-
sive oyster farming in the Brouage mudflat vicinity can result into a substantial removal of the resuspended
MPB biomass (Smaal & Zurburg, 1997). Such a process is not considered in the model. To that respect,
an explicit benthopelagic coupling would be required to fully account for the complex biogeochemical
processes controlling the planktonic activity within the water column (Hochard et al., 2012).

With respect to the rate and amplitude of the MPB resuspension, the simulated values compare with the
values reported in the literature. The instantaneous resuspended MPB biomass simulated by the model
reaches 110 mg Chl a m−3, in the range of observations (∼45 mg Chl a m−3 measured by Baillie & Welsh,
1980; 320 mg Chl a m−3, derived from suspended particulate matter measurements by Koh et al., 2007; 52.5
mg Chl a m−3 retrieved from remote sensing data by Gernez et al., 2017). The maximum erosion rate of
Chl a in the sediment simulated during massive resuspension events (8.93 mg Chl a m−2 hr−1 or 2.48 μg
Chl a m−2 s−1) is consistent with measurements (1.72 μg Chl a m−2 s−1) made by Orvain et al. (2014) in
July 2008 in an erosion flume with sediment samples gathered in the Brouage mudflat. In the model, the
MPB biomass export to the water column through the fluff layer erosion corresponds to MPB resuspension
without any concomitant sediment erosion. The chronic events of fluff layer erosion led to instantaneous
resuspended Chl a concentrations between 0 and 5.51 mg Chl a m−2. On the Brouage mudflat, Guarini et
al. (2008) estimated the chronic resuspension to up to 11 mg Chl a m−3 in 1.5 m of seawater height (i.e.,
corresponding to 16.5 mg Chl a m−2). They related it to a full resuspension of a well-established biofilm
(∼25 mg Chl a m−2) rather than erosion of the fluff layer only. In the model, the export of the entire biofilm
is represented through the massive resuspension.

4.2. Physical and Biological Controls on MPB Resuspension
4.2.1. Waves and Tides
On the annual scale, the simulated export of MPB biomass to the water column is partly driven by
wave-related massive resuspension events. These events occur mostly in winter and, to a lesser extent, in
fall. In the model, the high bottom wave orbital velocity in winter and fall results in high simulated values
of 𝜏w and 𝜏max. On mudflats of the Ems estuary in The Netherlands, de Jonge and van Beusekom (1995)
related the MPB resuspension to wind waves. They showed a concomitant increase of resuspended benthic
Chl a concentration with an increase of wind speed. The Bay of Marennes-Oléron extends over 170 km2 and,
regarding the geometry of the Bay, the highest fetch in the area can established from the north-west or the
south-west (Figure 1). This fetch configuration is promoted by dominant winds from the oceanic sector (SW
to NW) especially during winter-fall (source: Meteo France 1961–1990). Such fetches drive wind waves with
a short period and orbital motions that reach easily the shallow sea bottom with, as a result, the resuspen-
sion of the sediment including MPB biomass (Green & Coco, 2014). At the highest water depth simulated
at our study site (3.24 m), orbital motions of waves with periods higher than 2 s start to interact with the
sea bottom. Waves with periods higher than 2 s occur 55% of the time in 2012. As a consequence, orbital
motions often reach the sea bottom in the model. Moreover, wave-related MPB resuspension in the Brouage
mudflat is not only dominated by waves generated locally but also by swells entering in the Bay from the
ocean (Bertin et al., 2005). As a result, and contrarily to de Jonge and van Beusekom (1995), the sediment
and MPB resuspension are not related to local winds only as peaks of wave orbital velocity are not always
associated to strong local winds. The low wave orbital velocity simulated in spring and summer results in a
much lower contribution of massive resuspension events to MPB resuspension at these seasons.

With respect to tides, the tidal currents contribute to massive MPB resuspension events during spring tides.
Only the highest current velocities reached during spring tides can overpass 𝜏critmass

. The high contribution
of spring tides current velocity on sediment resuspension was suggested by Toublanc et al. (2016) in their
3-D modeling study in the Charente estuary in close vicinity of the Brouage mudflat. They suggest a higher
concentration of resuspended sediment in spring tides than in neap tides, because the current velocity and
𝜏c were lower in neap tides.
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Fourteen percent and 10% of the simulated events of MPB resuspension occurs at the flood beginning and
at the end of ebb, respectively. The action of waves on sea bottom is limited by the water height (Figure 3).
The wave height and orbital velocity increase with the water level until a critical depth when orbital motions
at the bottom start to decrease (Green & Coco, 2014; Li et al., 2019; Mariotti & Fagherazzi, 2013). In the
model, the average critical depth is about 1–1.25 m. Such a water height is reached mainly at the beginning
and at the end of high tides, which explains the high simulated impact of average wave conditions on MPB
resuspension at the beginning of flood and at the end of ebb. Moreover, the high current velocity and 𝜏c at
the flood beginning and at the end of ebb, combine to high 𝜏w at this moment of the tide, which increases
𝜏max. Using a 2-D model, Le Hir et al. (2000) also simulated higher current velocities at the beginning of
flood and at the end of ebb on the Brouage mudflat. Overall, the model reasonably simulates the process of
MPB resuspension at both the tidal and seasonal scale.
4.2.2. MPB Behavior
The seasonal cycle of the MPB biomass in the sediment also plays a role in the seasonality of the massive
MPB resuspension. Waves drive more frequent massive resuspension events in winter and fall. However,
most of the high resuspension events (events identified when resuspended MPB biomass is higher than
the last percentile of the resuspended MPB biomass simulated time series in 2012) are simulated in late
winter-early spring. The occurrence from March to June of the simulated spring bloom of MPB biomass in
the sediment explains this pattern. Because of the high MPB biomass in the sediment, the sediment erosion
driven by strong-moderate hydrodynamical conditions leads to an important export of MPB biomass in the
water column.

The mean time spent by MPB cells at the surface (𝛾) is a key parameter in the model that controls both the
simulated MPB PP and resuspension. The highest value of instantaneous MPB resuspension is simulated
when MPB cells remain longer at the sediment surface. The longer is the stay of the cells at the sediment
surface, the higher is their PP. The MPB biomass accumulates in the sediment and leads to a high export
of MPB biomass to the water column. In the model, the mean time spent by the MPB cells at the sediment
surface is set according to the time required to induce photoinhibition (Blanchard et al., 2004). Combined
with the MPB biomass in the sediment before the emersion period, 𝛾 sets the potential duration of the biofilm
or the potential duration of the production period named 𝛾* (hr) in the model. The longer is 𝛾*, the higher
is the PP and the more likely are the cells remaining at the surface resuspended during the rising tide.

Resuspension events also contribute to shape the dynamics of the MPB biomass in the sediment. For exam-
ple, in early February and early and late March, the simulated MPB biomass in the sediment decreases in
response to massive resuspension events. In the model, a minimum threshold of MPB biomass in the sed-
iment (73 mg Chl a m−2) is set when massive resuspension events occur. Such a threshold dampens the
resuspension intensity when the MPB biomass is lower than this value. In their modeling study, Mariotti
and Fagherazzi (2012) also set a constant background of MPB biomass during massive resuspension events
to prevent any nonresilient behavior of the simulated MPB. In addition, the laboratory erosion flume exper-
iments made by Valentine et al. (2014) suggest that only a small biofilm can build up when repeated erosion
events occur.

In response to massive resuspension events, MPB inhabiting the sediment first centimeter can develop
resilience strategies to maintain a background of active biomass in the sediment. Larson and Sundbäck
(2008) suggested that MPB cells in anoxic stressful conditions could migrate down in the sediment and go
into a dormant state and keep respiration demands to a minimum. The survival capacity of nonresting ben-
thic diatoms can be due to heterotrophy on organic substrates present in the sediment (Tuchman et al.,
2006). Veuger and van Oevelen (2011) suggested that nonresting benthic diatoms can remain in dark sedi-
ment for a year and remain fully photosynthetically active. Once the sediment uppermost layer is eroded,
buried MPB cells from deeper sediment layers newly exposed to favorable growth conditions can get active
and productive. MPB cells newly deposited on the eroded sediment can also initiate recolonization. In their
field experiment, Pan et al. (2017) suggest that benthic diatoms are able to recolonize the sediment. By
removing the top 2 cm of the microbial mat present at the sediment surface, the authors observed a rapid
(4–7 days) recolonization by diatoms corresponding to epipelic groups triggered by the horizontal advection
and redistribution of cells over the mudflat during high tides
4.2.3. Fauna
The chronic erosion of the fluff layer simulated by the model is responsible for a substantial export of the
MPB biomass from the sediment to the water column in spring and summer. The Chl a content in the fluff
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layer is fueled by the crawling activity of P. ulvae individuals, which increases the transfer of MPB biomass
from the biofilm to the fluff layer. The high contribution of fluff layer erosion to total resuspended MPB
biomass in spring and summer is driven by the relatively high P. ulvae density at these seasons. At the annual
scale, the fluff layer erosion is more frequent than massive resuspension (31.3% and 24%, respectively). How-
ever, it contributes less to the total resuspended MPB biomass (36.7%) than massive resuspension events
(63.3%). In our study, we considered the bioturbation by P. ulvae only but other fauna species can also con-
tribute to bioturbation. On the upper Brouage mudflat, bivalve Scrobicularia plana individuals exhibit high
densities (∼1,000 ind m−2) and play an important role in the bioturbation process in this part of the mud-
flat (Orvain et al., 2007). Other abundant species of macrofauna and meiofauna (e.g., the homogeneously
spatially distributed nematodes on the Brouage mudflat) can also bioturbate substantially the sediment (Pas-
sarelli et al., 2014; Rzeznik-Orignac et al., 2003). As we only explicitly account for the dominant MPB grazer
at our study station, the model may underestimate bioturbation and the fluff layer erosion compared to the
massive resuspension process.

The presence and grazing-crawling activity of P. ulvae can also impact the sediment bed roughness as the
gastropod is able to cope with strong currents. Blanchard et al. (1997) and Orvain et al. (2003) suggest that
the P. ulvae shell can increase the bed roughness, which results into an increase of the BSS. Such an effect
is not represented in the model. However, the bed roughness variations driven by P. ulvae individuals might
have a limited effect in the model as the simulated annual MPB PP and instantaneous resuspension show a
low sensitivity to bed roughness.
4.2.4. Sediment
The instantaneous MPB resuspension and annual MPB PP simulated by the model are not sensitive to the
bed roughness. The model is run with the same constant value used in Le Hir et al. (2000) in their 2-D
hydrodynamical modeling study on the Brouage mudflat. Nevertheless, the Brouage mudflat is character-
ized by the presence of ridges and runnels (Gouleau et al., 2000), by the settlement of a sheet flow (i.e.,
a fluid sediment layer moving along the bottom) and the presence of biogenic structures. Consequently,
the bed roughness is likely to vary in space and time. The horizontal resolution of the SCHISM physi-
cal model is ∼100 m on the Brouage mudflat, which is too coarse for resolving ridges and runnels. These
morphological sea bed structures are important in the sediment erosion-deposition-consolidation mecha-
nisms. Average wave conditions and tidal currents remobilize the sediment mainly in runnels (Carling et
al., 2009). In contrast, strong wind waves and spring tides current and associated high BSS can induce sedi-
ment resuspension both in runnels and ridges (Carling et al., 2009; Fagherazzi & Mariotti, 2012). Blanchard
et al. (2000) suggest that MPB colonize and consolidate preferentially ridges compared to runnels, which are
more drainage structures. Consequently, ridges are more consolidated than runnels due to a high MPB and
EPSs content (Blanchard et al., 2000). Marani et al. (2010) showed that biostabilization processes by halo-
phytic vegetation and microbial biofilm is a key component of tidal morphological equilibrium. Therefore,
even spatially distributed in patchiness, MPB might play a key role on the long- and short-term morphody-
namic of the intertidal mudflat. The current and waves simulated by the SCHISM physical model compare
with the ADCP measurements deployed in 2012 on a ridge of the Brouage mudflat, which suggests that the
physical-biological model can reproduce the MPB dynamics prevailing on ridge-like structures.

In the model, the physical properties of the sediment are impacted by the biology. The sediment is con-
solidated by biota as the erosion threshold increases along with the MPB biomass in the sediment first
centimeter. Such a mechanism represents the sediment consolidation by EPSs excreted mainly by MPB
(Pierre et al., 2010; 2012). EPSs increase the adhesion of fine sediment grains (Decho, 1990, 2000) and
decrease the sediment permeability, which results into a increase of the sediment consolidation (Zetsche
et al., 2011). Consequently, the higher is the simulated MPB biomass in the sediment, the higher is simu-
lated 𝜏critmass

. 𝜏critmass
reaches a seasonal maximum in early May when the MPB biomass in the sediment is

the highest. Pivato et al. (2019) described the relationship between the biostabilization effect and the sea-
sonal cycle of MPB biomass as a positive feedback. The high MPB PP in spring promotes the fast recovery
of MPB biomass in the sediment hence leading to a higher resistance to erosion through biostabilization. In
that sense, MPB create their own favorable conditions for MPB biomass accumulation in the sediment in
spring. On a mudflat in the Westerscheldt in The Netherlands, Stal (2010) reports the highest erosion thresh-
old right after the MPB biomass maximum in the biofilm during one low tide. On a mudflat at Kjelst in the
Danish Wadden Sea, Andersen (2001) also suggests a good correspondence between a well-established MPB
biofilm and a high erosion threshold in spring and late summer-early winter. In our study, the simulated
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seasonal maximum of 𝜏critmass
(1.8 Pa) is sixfold higher than the critical BSS constant for bare cohesive sed-

iment. This is consistent with the laboratory flume experiment of Neumeier et al. (2006) that suggests that
biofilm-inhabited sediments exhibit a critical BSS fourfold to tenfold higher than in bare sediments with-
out any established biofilm. On the Kapellebank mudflat of the Western Scheldt Estuary (the Netherlands),
Zhu et al. (2019) also report a critical BSS fivefold higher in a sediment inhabited by diatoms than in sedi-
ments without diatoms. The erosion threshold commonly follows the Chl a content in sediment. However,
a stronger correlation is found between sediment consolidation and EPSs production (Underwood & Pater-
son, 1993) by both benthic diatoms and bacterial assemblages (Chen et al., 2017), the latter process being
not simulated by the model. Accounting for bacteria and EPSs production might improve the model ability
to simulate the sediment consolidation.

4.3. MPB-Driven Benthic-Pelagic Flux
At the annual scale, 43% of the simulated PP is resuspended. In winter, the ratio between MPB resuspen-
sion and PP is the highest due to a moderate resuspension and a low PP. In contrast, in spring, the ratio
decreases as resuspension reaches its seasonal maximum and PP is higher than in winter. With respect to
secondary production, the simulated annual resuspension (60.8 g C·m−2·yr−1) is 1.3-fold higher than the
annually integrated MPB ingestion by P. ulvae (41.1 g C·m−2·yr−1). It suggests that the export of MPB biomass
to the water column is higher than the MPB grazing that builds up secondary production. Moreover, the
simulated annual resuspension represents 33% of the phytoplankton PP estimated in the same study area
(Struski & Bacher, 2006). Such a result highlights the key role played by MPB in the benthopelagic cou-
pling. Using inverse modeling based on data from the Brouage mudflat, Saint-Béat et al. (2014) suggest that
the export of particulate organic carbon from the benthic compartment fuels the pelagic carbon production
when biofilm resuspension is considered in summer. MPB resuspension varies seasonally in response to
contrasting hydrodynamical conditions. The coupled physical-biological model simulates such a seasonal
dynamics that impacts the seasonal benthopelagic flux of organic carbon. This is not the case in Savelli et al.
(2018), where MPB resuspension is formulated as a continuous and linear MPB loss term at high tide. Such
a formulation in Savelli et al. (2018) results in a seasonality of resuspension that only varies according to the
MPB biomass in the sediment without considering any physical forcing. It then implies that the higher is the
MPB biomass in the sediment, the higher is the resuspension of the MPB biomass. Such a parametrization
is not realistic considering the increase of sediment consolidation with the MPB biomass. In addition, this
formulation might overestimate and underestimate the MPB resuspension during calm physical conditions
and intense physical conditions, respectively.

5. Conclusion
We used a physical-biological model to assess the role of chronic and massive resuspension events on the
MPB dynamics in a very productive temperate intertidal mudflat. The model reasonably simulates the sea-
sonal pattern of MPB resuspension and gives some insights to our understanding of the contribution of the
physical and biological mechanisms controlling the MPB export from the sediment to the water column:

• At the tidal scale, MPB resuspension is the highest in spring tides due to strong tidal currents. Over the
year, 76% of the resuspended MPB biomass is exported to the water column at the flood beginning due to
high velocity currents and low water heights that promote wave orbital motions-sea bottom interactions;

• In winter and fall, waves are the main driver for massive MPB resuspension events;
• During the spring bloom, MPB biomass accumulates and consolidates the sediment first centimeter. The

simulated critical BSS is sixfold higher than the critical BSS constant for bare sediment;
• In spring, the density of P. ulvae individuals increases and so the bioturbation, which promotes MPB in

the chronically eroded fluff layer at the sediment surface;
• When the MPB biomass in the sediment reaches its seasonal maximum in spring, massive resuspension

events driven by the wave- and tidal-induced BSS and chronic fluff layer erosion events lead to the highest
seasonal export of MPB biomass to the water column (from 1.1- to 3-fold higher than in other seasons in
terms of Chl a). In terms of Chl a, massive and chronic resuspension events in spring represent 20% and
17.5% of the MPB biomass resuspended annually;

• In summer, MPB resuspension is the lowest (1.3- to 3-fold lower than in other seasons in terms of Chl a)
due to calm hydrodynamical conditions and low MPB biomass in the sediment;

• At the annual scale, 43.3% of the MPB PP is resuspended to the water column and this export (60.8 g
C·m−2·yr−1) exceeds the P. ulvae grazing pressure on MPB (41.1 g C·m−2·yr−1).
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Accounting for the physically (tides and waves) and biologically (biostabilization and bioturbation) driven
resuspension processes of MPB in predictive physical-biological coupled models is an important step in
assessing the export of biogenic matter at the land-ocean interface. These processes could be represented
into tri-dimensional (3-D) ocean-biogeochemical coupled models that resolve the 3-D fields of advection and
diffusion in the water column required to simulate the spatial and temporal dynamics of MPB over a whole
mudflat. Three-dimensional models would hence allow the assessment of benthopelagic MPB fluxes driven
by the action of waves and tidal currents. Once in the water column, MPB can turn into a planktonic life
forms whose growth rate can depend on seawater nutrients, light availability, and temperature (MacIntyre et
al., 1996). According to the prevailing environmental conditions, MPB can be grazed, contribute to pelagic PP
(Guarini et al., 2008; Polsenaere et al., 2012), remain into the water column until senescence or can sink and
return to a benthic life form (Guizien et al., 2014; MacIntyre et al., 1996; Miller et al., 1996). Such processes
could be inferred by coupling MPB models that include the resuspension mechanisms with high-resolution
regional models that simulate the interactions between the coastal ocean and the planktonic ecosystem
dynamics. Accounting for such processes in the carbon budget of the land-ocean interface would improve
our understanding and assessment of the benthopelagic fluxes of organic matter and bring new insights on
the role played by MPB in the carbon cycle of the global coastal ocean.
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