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a b s t r a c t
Resuspension thresholds in terms of friction velocity were experimentally quantiﬁed for the prokaryotes, protists
and for the ﬁrst time, viruses of intertidal mudﬂat bioﬁlms. Differences in resuspension thresholds could be related to the type, behaviour and size of microorganisms and their association with particles. Free microorganisms
(viruses, bacteria and some nanoﬂagellates) were resuspended by weak ﬂow at friction velocities lower than
2 cm s−1. Chlorophyll a, some nanoﬂagellates and attached bacteria were resuspended together with the bed's
muddy sediment, which required friction velocities larger than 3 cm s−1. Diatoms smaller than 60 μm were
resuspended at velocities between 3 and 5 cm s−1, while those larger than 60 μm were resuspended at higher
friction velocities (5.5 to 6.5 cm s−1).
The thresholds of resuspension also depended on the micro-scale position of microorganisms in the sediment
(horizontal and vertical distributions). In the ﬁeld, the vertical distribution of chlorophyll a (a proxy of
microphytobenthos) was skewed, with a maximum in the ﬁrst 2 mm of sediment. Along the neap–spring tidal
cycle, chlorophyll a revealed an increase in MPB biomass in the ﬁrst 2 mm of the sediment, in relation to light
increases with exposure durations. The horizontal distribution of chlorophyll a could be inferred from erosion
experiments. During the initial phase of bioﬁlm growth, the distribution of chlorophyll a seemed horizontally
homogeneous, and was uniformly eroded at the beginning of the increase in chlorophyll a. From these results,
we can make a hypothesis: in the subsequent phase of bioﬁlm growth until the maximum of emersion duration,
the eroded quantity of chlorophyll a was larger than expected based from chlorophyll a vertical distribution,
suggesting that bioﬁlm horizontal distribution became patchy and enriched chlorophyll a was preferentially
eroded. When emersion duration and bioﬁlm growth decreased, the trend was reversed, and eroded quantity
of chlorophyll a was lower than expected from chlorophyll a vertical distribution, suggesting that areas with
low chlorophyll a were preferentially eroded. Such erosion patterns when bioﬁlm growth decreased probably
resulted from the bulldozing activity of a surﬁcial sediment bioturbator, the gastropod Peringia ulvae. Our
study did not directly prove this horizontal distribution but it should be further discussed. This distribution
needs to be studied to acquire real evidence of patchy distributions.
© 2013 Elsevier B.V. All rights reserved.
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The productivity of coastal systems, especially intertidal mudﬂats,
and their capacity to enrich the adjacent terrestrial and marine zones
through trophic (export by mobile consumers) and hydrodynamic
pathways (waves, wave-generated and estuarine currents and tides)
is now well known. Biological productivity in European intertidal
mudﬂats predominantly relates to the presence of microphytobenthos
(MPB) (MacIntyre et al., 1996; Underwood and Kromkamp, 1999).
MPB, mainly benthic diatoms, forms bioﬁlms during the emersion

C. Dupuy et al. / Journal of Sea Research 92 (2014) 56–65

phase, up to 20 mg chlorophyll a m−2 at the very surface of the mud in
Marennes-Oleron Bay in France (Blanchard and Cariou-Le Gall, 1994;
Blanchard et al., 1997; Herlory et al., 2004). The term “bioﬁlm” refers
to a complex assemblage of both eukaryotic and prokaryotic cells living
on and in the sediment. In European intertidal mudﬂats, assemblages
are dominated by epipelic diatoms, a heterogeneous group of eukaryotic phototrophs which can represent up to 97% of the whole
microphytobenthic community (de Jonge and Colijn, 1994; Méléder
et al., 2005). Prokaryotes, especially bacteria, are very abundant,
with generally 109 cells cm−3 of sediment (Pascal et al., 2009).
Nanoﬂagellate abundance ranges from 102 to some millions of
cells cm−3of fresh sediment (Gasol, 1993), while ciliates are more
abundant in ﬁne sand (102 to 103 ciliates cm− 3; Epstein, 1995;
Fenchel, 1969) than in muddy sediment enriched with organic matter
(Giere, 1993). Viruses are also abundant in marine sediments, about
106–1010 viruses mL−1 of fresh sediment (Breitbart et al., 2004).
Cyanobacteria, euglenoids and dinoﬂagellates are generally present in
smaller amounts (1 to 2 cells cm−3; Honeywill et al., 2002; MacIntyre
et al., 1996; Paterson, 1986). These cells, forming a transient bioﬁlm,
sustain the benthic food web but also play a key role in sediment
biostabilisation (Decho, 2000; Miller et al., 1996; Underwood et al., 1995).
The main factor inﬂuencing the vertical distribution of MPB in the
sediment is their migration, which is directly induced by light and
tides (Mitbavkar and Anil, 2004) with possible relationships with nutrient requirements, for these autotrophic organisms. Vertical migration
causes short-term variability of MPB biomass within 2 and 5 mm of
the sediment surface (Sauer et al., 2002). An evident migratory rhythm
exists, with migration up to the surface during daytime emersion and
down into deeper sediment during night and submersion (Serôdio
et al., 2007). Migrating cells may reach sediments as deep as 6 or even
10 mm (Mitbavkar and Anil, 2004). At the beginning of the low tide,
MPB colonises the sediment surface rapidly (within 15 min); 75% of
the biomass contained in the top 1 mm was concentrated in the upper
200 μm, but the cover never reached 100% (Herlory et al., 2004). At
the end of the emersion phase (4 h 15 min of emersion phase), the horizontal distribution of the microphytobenthic bioﬁlm was scattered on
the surface of the sediment due to the onset of downward migration.
The downward return in depth was slow, showing that the diatoms
were not phased in their downward movement. The migration process
thus appeared to be asymmetrical in terms of rapid upward migration
and bioﬁlm formation versus slow downward movement and dispersion of the bioﬁlm, in the depth of sediment or resuspended (Herlory
et al., 2004; Mitbavkar and Anil, 2004). Irradiance has a stronger effect
than tides in controlling/regulating microscale migrations in benthic
diatoms (Mitbavkar and Anil, 2004). Other factors could also play a
role in the vertical distribution of microorganisms, e.g.: oxygen,
nutrient, and organic matter concentration; resuspension; and mixing
and burial processes determined by hydrodynamic forcing and bedform morphology (Brotas et al., 1995; de Brouwer et al., 2000; Lucas
et al., 2000).
Sediment resuspension plays an integral role in coupling the benthos and plankton by transferring nutrients, detritus, and microorganisms to the water column (Garstecki et al., 2002; Wu et al., 2007).
Resuspension of microorganisms living either in the surﬁcial sediment
pore water or attached to surﬁcial sedimentary particles has been
recorded under the action of tidal currents at subtidal sites (Shimeta
et al., 2002) and intertidal sites (Christiansen et al., 2006; Guizien
et al., 2013; Orvain et al., 2007, 2014–in this issue; Mallet et al., 2014–
in this issue). An important question regarding the resuspension process is whether microorganisms are resuspended as a group,
characterised by a single threshold level of bed shear stress or whether
they are sequentially resuspended with different threshold levels of bed
shear stress. It is expected that resuspension varies with cell size, shape
or density of the microorganisms, vertical distribution, migratory behaviour or associations with particles. Protist and bacterial resuspension
friction velocity thresholds were estimated to range from 0.25 to
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0.80 cm s−1 at a subtidal coastal site (unconsolidated sediment) with
in situ ﬂumes, by sampling the benthic boundary layer during tidal
accelerations (Shimeta and Sisson, 1999; Shimeta et al., 2002, 2003).
But, resuspension of viruses, protistan communities, microalgae, and
prokaryotes is largely unknown in intertidal sites, where sediment
erodibility can vary drastically across the intertidal area (Guizien et al.,
2012). Low erodibility values can be found after desiccation in consolidated sediment while high erodibility values will be found in bioturbated areas related to the creation of a biogenic matrix (slime exudates)
caused by particle reworking, as well as to sedimentary-matrix loosening by macrofauna (Montserrat et al., 2008; Orvain et al., 2004; Van
Colen et al., 2008). Blanchard et al. (1997) found that MPB eroded before
bacteria in ﬂume experiments with intertidal mud, apparently because
of the association of the diatoms with the easily eroded and mucus-rich
biogenic matrix (slime exudates) from mud snails. Generally speaking,
bioturbation activities can bulldoze the surface so drastically that the
vertical and horizontal distributions of MPB are disturbed, along with
their resuspension ﬂux.
To date, only a few studies have focused qualitatively and quantitatively on the resuspension of microorganisms present in intertidal mudﬂats. Protist and bacterial resuspension thresholds were studied at a
subtidal coastal site with in situ ﬂumes by sampling the benthic boundary layer during tidal accelerations (Shimeta and Sisson, 1999; Shimeta
et al., 2002) and during an in situ rising-tide survey from low tide to
high tide (Lagrangian survey) (Guizien et al., 2013). Shimeta et al.
(2003) studied the resuspension of benthic protists at subtidal coastal
sites with differing sediment composition. Other studies focused on
the effects of experimental subtidal sediment resuspension on a coastal
planktonic microbial food web (Garstecki et al., 2002; Wu et al., 2007).
But resuspension on viruses, protistan communities, microalgae,
and prokaryotes is largely unknown in intertidal sites. Some bibliographic references focused only on the effective resuspension of
microphytobenthic chlorophyll a (chl a) and suspended total particulate matter (TPM) from the intertidal ﬂat into the water column in
Europe (Andersen et al., 2010; Austen et al., 1999; Blanchard et al.,
1997; de Brouwer et al., 2005; Herman et al., 2001; Lucas et al., 2000;
Orvain et al., 2004, 2007; Paterson, 1989) and in Japan (Koh et al.,
2006). In addition, these papers demonstrated that benthic microalgae
stabilise the sediment surface (Andersen et al., 2010; De Backer et al.,
2010; de Brouwer et al., 2005; Paterson, 1989; Van Colen et al., 2012),
whereas the benthic macrofauna has a destabilising effect by the
process of bioturbation (Austen et al., 1999; Herman et al., 2001;
Orvain et al., 2004, 2007).
In this study, we analysed and quantiﬁed the sequential resuspension of microorganisms (viruses, protists and prokaryotes) along a
neap–spring tidal cycle in July 2008 in the Brouage (France) intertidal
mudﬂat. This study reports the ﬁrst data concerning the resuspension
of viruses at an intertidal mudﬂat. All experiments were performed
with a mobile erosion device (see details in Orvain et al., 2014–in this
issue). We quantiﬁed both physical conditions for resuspension of sediment (bed friction velocity, u*; critical bed friction velocity, u*crit) and
sequential resuspension of microorganisms (viruses, prokaryotes,
nanoﬂagellates, ciliates and diatoms). Sequential resuspension observations are discussed by considering the possible explanation of a spatial
distribution of MPB.
2. Material and methods
2.1. Study site
The study was carried out in the Marennes-Oleron Bay (BMO, French
Atlantic coast), a macrotidal bay located on the French Atlantic coast,
between the mainland Atlantic coast of France and Oleron Island. This
macrotidal system is inﬂuenced by a tidal range of 6 m during spring
tides and continental inputs mainly from the Charente River and occasionally from the Gironde River (Bassoulet et al., 2000). The bay covers
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170 km2, of which 60 km2 is intertidal mudﬂats. The Brouage mudﬂat is
N4 km wide and the sediment mainly consists of silt and an average of
clay particles (95% of volume of particles b 63 μm in diameter, unimodal
grain-size distribution with median value of 11 μm). Two sediment
cores (9 cm in diameter) were taken, for erodimetry experiments, at
low tide (middle of the emersion period) in the central part of the mudﬂat (45°54′50″N, 01°05′25″W) using a hovercraft in July 2008 before
(17, 18, 19), during (21) and after (22, 23, 24, 25) spring tides. Only
ridges were sampled, since bioﬁlms are normally not found in runnels
(Blanchard et al., 2000). On each date, 3 additional cores (15 cm in
diameter) were taken in order to assess Peringia ulvae (gastropods)
densities (individual m−2).
2.2. Erodimetry experiments
We quantiﬁed bed erodibility and sequential resuspension of microorganisms during erosion experiments performed with an erosion
device in the “Erodimetre”, a straight tunnel with recirculating ﬂow
discharge regulated by a pump, all called an “erodimetre” (Le Hir et al.,
2006; Orvain et al., 2007, 2014–in this issue). Two sediment cores
(9 cm of diameter) were sampled in the ﬁeld, were quickly taken to
the laboratory and were placed in the erodimetre to simulate erosion
at the time of tidal ﬂow in the ﬁeld site. Filtered (Whatman GF/F ﬁlter)
artiﬁcial seawater (Sigma) was used to ﬁll up the ﬂume to obtain seawater that was very clean and without microorganisms. Flow discharge
was increased by a step of 0.0633 L·s−1 from 0.12 to 2.02 L·s−1 with
a succession of 32 steps. Each experiment consisted of two phases: 1)
during a ﬁrst phase when sediment erosion was low, ﬂow discharge
was increased every 2 min; and 2), during a second phase, the ﬂow discharge was increased every 5 min. The steps were lengthened as soon as
the erosion was visually observed at the surface of sediment. Longer
steps were applied at higher ﬂow speed to ensure that the total quantity
of erodible sediment at each discharge step was eroded. Friction velocity
was calculated as the square root of bed shear stress divided by sea
water density. Bed shear stress depends not only on ﬂow velocity, but
also on the bottom roughness. We used for these experiments the investigation by Guizien et al. (2012) to take into account bottom roughness
differences in the calculation of the Bed Shear Stress (BSS) on the basis
of Shield criterion and hydraulic calibration over plates with different
controlled roughness. Head loss between tunnel cross sections located
upstream and downstream of the test section was used to directly determine the average bed shear stress over the core samples. Subtracting
equations of steady-state momentum balance between upstream and
downstream of the test section with Plexiglass caps and samples with
any roughness, the average bed shear stress on rough samples:
σ rough ¼ σ smooth þ


S1 
ΔHcaps −ΔHcore
2S3

ð1Þ

where σsmooth and ΔHcaps are average bed shear stress and head loss,
respectively, over hydraulically smooth Plexiglass caps replacing cores
in the test section; S1 = tunnel cross-section area; S3 = core area;
and ΔHcore = head loss with rough cores. The second term in Eq. (1) is
the excess bed shear stress as a result of the core roughness compared
to hydraulically smooth Plexiglass caps.
Once the sediment and water were settled in the ﬂume (in 1 h), the
ﬂow was accelerated step by step until maximum friction velocity
(11 cm s−1). Flow discharge, pressure head loss, and turbidity were
continuously recorded during erosion experiments. The erosion of ﬁne
particles was estimated by a turbidity sensor that was calibrated with
water samples taken during each erosion experiment. To do so, a duplicated volume of 1.5 L was sampled and ﬁltered (on Whatman GF/F
ﬁlter) at 6 different ﬂow levels (steps 2, 8, 12, 16, 20 and 25) for
measuring the total mass of dry sediment (g L−1) and chl a concentration (μg L− 1) retained on previously weighed ﬁlters (for detailed
ﬁltration procedures, see the section below titled Total particulate matter

(TPM) biomass). These seawater volumes were also used to quantify the
cell numbers of various microorganisms (see below). Linear regression
between values of turbidity-sensor data (NTU) and actual TPM concentration (g L−1) measured at 6 ﬂow levels was calculated (R2 N 0.92) and
used to convert the continuous turbidity-sensor data time series into
TPM along the entire erosion experiment. A similar procedure was
applied to convert ﬂuorometric sensor data into chl a, but using a polynomial regression (R2 = 0.99). Dilution effect of the sampling process
was accounted for, since the quantity of water sampled for ﬁltration at
6 successive steps along each erosion experiment was replaced by the
same quantity of ﬁltered water in order to adjust to the original total
volume in the system.
The mass of eroded sediment was computed as the product of
turbidity concentration (g L−1) and water volume (15 L), divided by
the two sediment cores area (=2π × 0.0452 m2). The same calculation
was performed to convert chl a concentration in erodimetre seawater to
eroded chl a (in μg m−2). The rate of erosion of ﬁne particles was deduced from the time derivative of the turbidity curve, after calibration
and correction for dilution effects (Sutherland et al., 1998). After the
onset of erosion, the net erosion rates were calculated as the differential
concentrations of the eroded sediment variables of the water samples
divided by the elapsed time and were normalised to unit bed area.
2.3. Microproﬁles of chlorophyll a
Cores assigned to microproﬁle analysis (3 cores) were sub-sampled
at the end of emersion in the ﬁeld using plastic cylinders (1.5 cm in
diameter, 2 cm in height) and immediately frozen in liquid nitrogen
and stored at − 80 °C. These cores were taken back to the lab and
sectioned (200 μm) using cryolanding techniques at −15 °C, in order
to deﬁne the chl a distribution with depth (every 200 μm up to
2000 μm depth; 2800–3000 μm; 3800–4000 μm; 5800–6000 μm;
7800–8000 μm; 9800–10000 μm). Each section of the sediment was
placed in pre-weighed Eppendorf tube and freeze-dried. The dry mass
was recorded and chl a concentration was analysed as described in
the section below.
2.4. Chlorophyll a analysis
Chl a was measured using the ﬂuorometric method (Lorenzen,
1966) and expressed as μg chl a L− 1 in the volume of seawater and
μg chl a g−1 for the freeze-dried sediment. To perform ﬂuorometric
analyses, erodimetre seawater samples (10–50 mL) were ﬁltered in a
10 mm Hg vacuum onto a 2.5 cm diameter GF/F ﬁlter, which was
kept at −20 °C in Corning glass tubes until extraction. For each depth
of the vertical microproﬁles, the sediment was recuperated and
freeze-dried. For ﬂuorometric analyses, ﬁlters or sediments were
extracted in 90% acetone and continuously rotated (12 rpm) for 18 h
in the dark. Concentrations of extracted chlorophyll a (chl a) were
measured using a Fluorometer Turner TD-700.
2.5. Total particulate matter (TPM) biomass
TPM was measured using the method described by Aminot and
Chaussepied (1983). Seawater samples from the erodimetre experiments (100–500 mL) were ﬁltered within 1 h onto a Whatman GF/C
(47 mm in diameter) under a vacuum pressure of pump b10 mm Hg.
Filters were previously combusted at 490 °C for 2 h to eliminate the
organic carbon content and then weighed. After sample ﬁltration, each
ﬁlter was rinsed twice with distilled water to remove salt, dried at
60 °C for 12 h and weighed to measure TPM.
TPM was then converted into eroded volume and thickness of an
eroded sedimentary layer h(t) using the bulk density of resuspended
TPM (ρ) and core surfaces (S) as follows: h(t) = TPM / 2ρS. Bulk density of TPM was calculated assuming TPM was a mixture of an organic
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fraction with density of 1 and an inorganic fraction with a density of 2.7
(pure silicates), accounting for sediment water content.
2.6. Enumeration of microorganisms
For viruses, 3 mL subsamples were ﬁxed in ﬁltered formaldehyde
(ﬁnal concentration, 2%) and stored for less than a day at 4 °C. Samples
were ﬁltered onto 0.02 μm Anodiscs (25 mm, Whatman) and enumerated using epiﬂuorescence microscopy after staining for 30 min with
Sybr Green I (Noble and Fuhrman, 1998). Viruses were counted in at
least 15 randomly chosen ﬁelds under blue excitation (Zeiss Axioskop
1000×). Only free viruses were enumerated.
For bacteria, 3 mL subsamples were ﬁxed with ﬁltered formaldehyde (ﬁnal concentration, 2%) and stored for less than a day at 4 °C.
Samples were ﬁltered onto 0.02 μm Anodiscs (25 mm diameter,
Whatman). Samples were enumerated using epiﬂuorescence microscopy after staining for 30 min with Sybr Green I (Noble and Fuhrman,
1998). Bacteria were counted in at least 15 ﬁelds randomly chosen
under blue excitation (Zeiss Axioskop 1000×). Free bacteria and
attached bacteria were screened by varying the focus.
For nanoplanktonic cells, subsamples (20 mL maximum) were
ﬁxed, stained, and enumerated according to methods described by
Sherr et al. (1994), as modiﬁed by Dupuy et al. (1999).
For microbenthic cells (diatoms, dinoﬂagellates and ciliates),
subsamples (50 mL maximum) were stained with alkaline lugol (ﬁnal
concentration, 1%). Microplanktonic cells were counted in Utermöhl
settling chambers (Hydro-Bios combined plate chambers) under an
inverted microscope (×200). Taxonomic determination of microplankton was based on Kahl (1931), Lee et al. (1985), and Ricard (1987).
2.7. Data treatment of microproﬁles of chlorophyll a
Bulk density and total depth of the vertical section were used to
convert data in mg m−2 of chl a cumulated over the depth. A 2-order
polynomial regression was calculated to ﬁt on the cumulated chl a
curve as a function of the depth. By using data of eroded mass and measured volumetric mass, we estimated the depth of eroded sediment assuming a uniform erosion over the surface. We then could extrapolate
the chl a quantity of eroded chl a in mg m−2 associated to the eroded
volume of sediment (named after like “predicted resuspended chl a”).
3. Results and discussion
3.1. Resuspension of TPM and microorganisms
In many coastal and shelf environments, resuspension is a recurrent
process, which is driven by bed shear stress intensity and sediment
erodibility, and usually decreases with depth according to consolidation
status (Thomsen and Gust, 2000). In the literature, many papers
mentioned that the TPM into the seawater was due to resuspension of
a surﬁcial ﬂuff layer of mineral and organic matter. In the literature,
many papers mentioned that at each tide, resuspension occurred but
varied with friction velocity (u*), the stability of the sediment, the
spatial distribution (horizontal and vertical distribution) of microorganisms, the behaviour and size of microorganisms or the association of
microorganisms to the sediment.
Variability in core surface roughness leads to different friction velocities for the same discharge. As a consequence, the maximum friction
velocity that was reached at the end of erosion experiment for the
same maximum discharge varied between dates (Fig. 1).
In our study, TPM started to be eroded at friction velocities N3 cm s−1
(Fig. 1) and the critical friction velocity varied from 3.3 (25 July) to
8.7 cm s−1 (23 July) with a mean of u*crit = 6.1 cm s−1 (Fig. 2A). Chl
a was resuspended with the same proﬁle of TPM (Figs. 1 and 2A) and
the u*crit varied from 2.1 (25 July) to 6.3 cm s− 1 (18 July) with a
mean of u*crit = 4.8 cm s− 1 (Fig. 2A). In the ﬁeld, resuspension
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generally occurs but with different intensity depending on friction velocity, at average values of 5 cm s−1 (Orvain et al., 2014–in this issue).
Fig. 1 evidenced gradual erosion curves, with erosion at lower friction velocities on 17, 19, 21, and 22 July experiments as compared with 18, 23,
and 24 July. Erosion kinetics (Fig. 1) displayed after a ﬁrst phase of limited
erosion, a subsequent phase of mass erosion for friction velocities larger
than 6 cm s− 1 (except on 25 July, when mass erosion occurred for
u*crit = 3.3 cm s− 1). The total eroded volume of sediment at the end
of the erosion experiment varied from 0 to 9 cm3 (data not shown)
reﬂecting variability in sediment erodibility between the dates of experiment. Excluding the maximum value of eroded volume that occurred
on 25 July during the survey, sediment erodibility was moderate and
the eroded volume varied from 0 to 2.5 cm3 (data not shown).
In our study, with increasing friction velocity, viruses, prokaryotes
and protists resuspended sequentially rather than simultaneously
(Fig. 1). Dinoﬂagellates and ciliates are not presented here because of
their very low abundance into the erodimetre water (b7 specimens in
50 mL), and with presumably low abundance in sediments as well.
Indeed, ciliates are more abundant in ﬁne sand (Fenchel, 1969;
Epstein, 1995) than in muddy sediment enriched with organic matter
(Giere, 1993). But another study and ecosystem, like in Buzzards Bay
(Massachusetts), where grain sediment were b25 μm at 15 m deep,
Shimeta et al. (2002) proved the resuspension of ciliates (oligotrich,
hypotrich ciliates and scuticociliates): oligotrich ciliates resuspended in
weak ﬂow (u* = 0.25–0.8 cm s−1), hypotrich ciliates and scuticociliates
resuspended in moderate ﬂow (u* = 0.82 to 1.3 cm s−1).
In our study, free viruses, free bacteria and some nanoﬂagellates,
were resuspended ﬁrst (Fig. 1). The u*crit of nanoﬂagellates varied from
2.1 (25 July) to 6 cm s−1 (18 July) with a mean of u*crit = 4.7 cm s−1
(Fig. 2B). Shimeta et al. (2002), in subtidal sediment, also found rapid
resuspension of heterotrophic nanoﬂagellates, even at friction velocities
between 0.25 and 0.65 cm s−1. The u*crit of free viruses varied from 0.39
(18 July) to 4.7 cm s−1 (23 July) with a mean of u*crit = 2 cm s−1
(Fig. 2A). The low resuspension thresholds of free viruses, free bacteria
and some nanoﬂagellates may be due to their loose association with
sediment or with an easily eroded ﬂuff layer. A majority of these
microorganisms live in the interstitial water (Fenchel, 1969) and at
the sediment–water interface (Shimeta and Sisson, 1999). Free virus
abundance in the water column generally increased with friction velocity but erosion kinetics ﬂuctuated between dates. The oscillations of free
viruses and notably free bacteria during one experiment may be initially
explained (but cannot be proved in this study) by the different strength
of association with clay particles and desorption into the water and then
by the events of re-adsorption of eroded particulate matter in accordance with progressive changes in the composition of the benthic organisms assemblages, with microbial strains more or less resistant to
sediment resuspension, and with enhancing changes in contact rates
into the running water respectively (Malits and Weinbauer, 2009;
Syngouna and Chrysikopoulos, 2010). The mechanism of microbial
adsorption to clayed mineral, and desorption, evolved via the claycation-microbe bridges, reinforced by the hydrophobic interactions
via the antichaotropic effect of NaCl salt (Gerba, 1984) and the water
movement according to the Derjaguin–Landau–Verwey–Overbeek
(DLVO) theory (Zemb et al., 2013). Moreover, chemical characteristics
of the cell walls of bacteria (hydrophobicity) may change due to the
stress of the process of erosion.
Like TPM, a second group of microorganisms (b60 μm diatoms
(noticeable with chl a), some nanoﬂagellates and attached bacteria),
started to be resuspended at friction velocities N3 cm s−1 (Figs. 1
and 2). Resuspension of these groups then strongly increased from
friction velocities N5 cm s−1. Attached bacteria, started to be eroded
for friction velocity ranging from 1 to 3 cm s−1. The u*crit of attached
bacteria varied from 1.2 (25 July) to 6.7 cm s − 1 (23 July) with
a mean of u*crit = 4.3 cm s− 1 (Fig. 2B), similarly to chl a. For
nanoﬂagellates and diatoms, Shimeta et al. (2002) found similar results
but at a lower friction velocity (e.g. 1.47 cm s− 1 for pigmented
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Fig. 1. Concentrations of TPM (mg L−1), chl a (μg L−1) and resuspended microorganisms (cells L−1 or cells mL−1) in erodimetre experiments in relation to threshold friction
velocity (u*, cm s−1) for different dates (17, 18, 19, 21, 22, 23, 24, and 25 July).

nanoﬂagellates) at a subtidal site. The difference in erosion thresholds
for these micro-organisms found in our study and by Shimeta et al.
(2002) should be expected as a result of varying level of sediment erodibility in natural settings. Indeed, it can be expected that subtidal watersaturated sediment is less consolidated than intertidal sediment exposed to regular desiccation at low tide. But, in addition, the zonation
of microorganisms on the vertical may also be different between the
two types of environments (subtidal/intertidal). As a matter of fact,
changes in sediment erodibility was clearly evidenced across the
mudﬂat by alternate large and low TPM concentration increase during

a Lagrangian ﬁeld survey (following the ﬂow in a constant water
depth) carried out at a rising tide in the presence of waves (Guizien et
al., 2013). Meanwhile, during this Lagrangian survey, enrichment in
some benthic micro-organisms (virus, bacteria, nanoﬂagellates,
diatoms and ciliates) expected from sediment resuspension under
large friction velocities N 3.5 cm s− 1 induced by waves was masked
probably by rapid grazing, absent in the present experimental study.
At a friction velocity N 3 cm s−1, chl a resuspended together with
TPM (r2 = 0.82, p b 0.01 without date of 25 July) (Fig. 2A). Diatom erosion curves (see below) were correlated with chl a erosion curves
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microorganisms (when the calculation was possible).

(r2 = 0.77, p b 0.01), indicating that chl a resuspended into the water
column was mainly composed of benthic diatoms. The attached bacteria
erosion curve was also correlated to TPM (r2 = 0.54, p b 0.1 without
date of 25 July) and chl a (r2 = 0.63, p b 0.01) erosion curve. Diatoms
and attached bacteria resuspension can be explained by the association
with sediment particles and/or the migratory behaviour in response to
overlying ﬂow. We know that MPB migrates vertically in response to
changes in light (weather or overlying ﬂow) (Herlory et al., 2004).
In the present study, resuspension of diatoms was studied in more
detail with respect to their size and taxonomic afﬁliation. In our study,
the resuspended microphytobenthos (MPB) was mainly composed by
small Navicula spp. (b60 μm; 23–61% of total diatom abundance),
Surirella sp. (b60 μm; 8–57%) and Pleurosigma spp. (60 μm to 150 μm,
2–15%). Other diatom taxa were rare (Table 1). The above genera are
common in sediments; Haubois et al. (2005) found a dominance of
the small species Navicula phyllepta throughout the year with a seasonal
succession of secondary species, including only one large diatom
(Gyrosigma peisonis) in Brouage mudﬂat. Underwood (2010) found a
dominance of Navicula and Nitzschia spp. in Severn estuary (UK), and
Sahan et al. (2007) mainly found Navicula spp. in Westerschelde estuary
(the Netherlands). In our study, diatoms b60 μm resuspended at
friction velocities between 3 and 5 cm s−1, and diatoms N60 μm at friction velocities between 5.5 and 6.5 cm s−1 (Fig. 1) with a u*crit = 3.5
to 6.8 cm s−1 with a mean of 5.3 cm s− 1 for all the size of diatoms
(Fig. 2B). Shimeta et al. (2002) found resuspension at low to

moderate friction velocities for b60 μm diatoms, Navicula distans
(0.40–0.80 cm s − 1 ), Navicula transitans (0.90–1.25 cm s − 1 ),
Pleurosigma sp. (1.23–1.30 cm s−1), and two Nitzschia species
(1.58 cm s−1). The explanation for this may be the same as that for
nanoﬂagellates in the same study (Shimeta et al., 2002), i.e., that subtidal
water-saturated sediment is less consolidated than intertidal sediment
and the zonation of microorganisms on the vertical was different
between the two types of environments.
On 25 July, mass erosion occurred at a very low shear velocity
(~ 2.5 cm s − 1) because of a drastic decrease of bed resistance to
erosion (Figs. 1 and 2). Indeed, the erosion curve on 25 July was different with a rapid increase of TPM during the experiment (Fig. 1).
On this same date, resuspension for free viruses and bacteria, and
nanoﬂagellates, was clearly higher and started at lower friction
velocities (Figs. 1 and 2B). Attached bacteria were also rapidly
and intensively resuspended, together with TPM. The control of
sediment erodibility by bioﬁlm factors is analysed in more details
in Orvain et al. (2014–in this issue). But, the probable major factor
was the presence of gastropod, Peringia ulvae, a deposit-feeder and
a bioturbator of the surface of the sediment, which can bulldoze
the surface so drastically that the distribution of MPB, and thus
other microorganisms and the bioﬁlm matrix, is disturbed, along
with their resuspension ﬂux (Fig. 5) (Orvain et al., 2004).
To summarise, the thresholds of resuspension, in this study, depend
on the type, size, and behaviour of microorganisms, as well as the
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3.2. Possible view of spatial distribution of MPB
The distribution of chl a was not homogeneous in the sediment
(vertical position). Chl a was mainly present in the ﬁrst 2 mm below
the sediment surface (Fig. 3), in accordance with Herlory et al. (2004)
and Mitbavkar and Anil (2004). The vertical distribution of chl a
exhibited an exponential decline with depth (Fig. 3), as in Herlory
et al. (2004), Du et al. (2010), and Underwood (2010).
At the surface of the sediment, the biomass of chl a increased from
17 July to 23 July (58 ± 6.9 μg g− 1 DW sed) and then decreased
again (28 μg g−1 DW sed). The maximal chl a biomass at the surface
of sediment was registered on 23 July just after the maximum emersion
duration corresponding to maximum daylight (Fig. 3). Such a response
to exposure duration of the typical 15 d spring/neap cycle (spring tides
being the conditions with the longest low-tide exposure periods around
the maximum daylight) is a classical scheme for MPB dynamics in
which biomass increases during exposure time lags (Blanchard et al.,
2001; Orvain el al., 2012) and decreases when the exposure time
decreases.
Fig. 4 represents the relationship between the predicted resuspended chl a based on distribution of chl a into the sediment (microproﬁles
of chl a) and sediment eroded depth versus observed chl a in the
erodimetre water column. Different cases can be considered: 1) if the
slope is equal to 1, the measured erosion corresponds to the predicted
erosion, corresponding to a homogeneous horizontal distribution of
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association of microorganisms to the sediment. But the thresholds of
resuspension can also depend on the micro-scale position of microorganisms in the sediment (horizontal and vertical distributions).
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experiment

Table 1
Taxonomic composition of diatoms: mean percentage for different erodimetre experiments.
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Fig. 3. Chl a (μg g DW sed, mean ± SD, n = 3) proﬁles with depth (mm) at the end of
tidal emersion before A) 17, 18, 19, and 21 July and after B) 22, 23, 24, and 25 July spring
tide.
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study, we have no real data on horizontal distribution and very few
information was available about this horizontal spatial distribution at
micro-scale of the MPB: Herlory et al. (2004) demonstrated that the
biomass at low tide contained in the top 1 mm was concentrated in
the upper 200 μm, but the cover never reached 100% (maximum
of 70% to 80% of the surface). The MPB has a high degree of spatial
heterogeneity in biomass (Paterson et al., 2000; Underwood, 2010).
Self-organisation of bioﬁlm in terms of microheterogeneity was very
important to better understand the effects on erosion (Weerman
et al., 2012) and we clearly identify that interaction effects between
2.5

18

2

Slope

chl a in the sediment and a uniform erosion of the sediment cores; 2) if
the slope is b 1, the erodimetre water is poorer in chl a than expected
from chl a microproﬁles assuming horizontally uniform erosion
(erosion of sediment poorer in chl a than in microproﬁles at average
eroded depth); and 3) if the slope is N 1, the erodimetre water is richer
in chl a than expected from chl a microproﬁles assuming horizontally
uniform erosion (erosion of sediment richer in chl a than in
microproﬁles at average eroded depth). The data showed that the
slope varied with dates (Fig. 4). Erosion was uniform during the ﬁrst
days (slope = 1 in 17 July and 19 July) or displayed preferential erosion
of high chl a patches (slope N 1) in 18 July. After 20 July, erosion pattern
shifted and preferentially affected low chl a zones (slope b 1, (Fig. 4A)).
The slope was the lowest at 25 July when sediment erodibility was at
maximum (Fig. 4B). In other words, while the biomass of chl a increased
at the surface (2 mm) from 17 to 23 July, the distribution of chl a seems
relatively homogeneous on the sediment surface (from 5 to 11% of variation of chl a in the surface, but 29% in 17 July, Fig. 3), and uniformly
erodible at the very beginning of bioﬁlm growth but most probably
developed in patch on the horizontal surface of the sediment after a
few days (July 20 and after, from 12 to 29% of variation of chl a in the
surface, Fig. 3). Patches could also have resulted from the high density
of grazing snails, creating a biogenic ﬂuff layer depleted chl a (Orvain
et al., 2007, 2014–in this issue). At the end of the experiments, erosion
patterns indicated that erosion affected preferentially those low chl a
zones, which could indicate that bioturbation destabilised sediment
surface and regulated by changes in terms of MPB coverage and selforganisation of benthic diatoms in the bioﬁlm (Fig. 5) as demonstrated
by Weerman et al. (2012), who indicated a gradual failure in time of the
self-organisation process that underlies regular patterning. With this
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microphytobenthos and macrozoobenthos species can control chl a
erosion rates, by modifying patchiness patterns. More studies need to
be performed in this area.
In this study, it was not possible to extend this argument to other
microorganisms studied, but it has been reported that nanobenthos
densities can display a vertically stratiﬁed distribution with values 2 to
3 times lower in deep sediment (30 to 33 and 60 to 63 mm) than in
the sediment surface layer (0 to 3 mm) (Bak and Nieuwland, 1989).
Heterogeneous vertical distribution has also been reported for bacteria
with maximum values at the sediment water interface, decreasing in
the ﬁrst cm and stabilising down to 15 to 25 cm depth (Drake et al.,
1998), or from 0 to 40 mm in the coastal sediments of the German
Wadden Sea (Brinkhoff et al., 1998). No data are available for sediment
viruses, but in a temperate mangrove estuary, viruses were concentrated in the 1 to 2 cm immediately above the sediment surface (Seymour
et al., 2006). Horizontal and vertical distributions of benthic viruses
still remain to be explored.
4. Conclusion
This study measured resuspension thresholds of viruses, prokaryotes and protists at an intertidal mudﬂat with a mobile erosion device.
This study reported the ﬁrst data concerning the resuspension of viruses
at an intertidal mudﬂat. Free microorganisms (viruses, bacteria and
some nanoﬂagellates) resuspended at weak ﬂow (u*crit b 2 cm s−1).
Microphytobenthos, some nanoﬂagellates and attached bacteria resuspended at higher ﬂow (u*crit N 3 cm s−1). The difference of thresholds
was due, ﬁrst, to association with particles of sediment, i.e., free
microorganisms and viruses were likely to be free in interstitial water
while microphytobenthos, some nanoﬂagellates and attached bacteria
microorganisms resuspended with bulk sediment in relation to biotic
interactions. Secondly, the sequential resuspension varied with the
size of microorganisms. In our study, b 60 μm diatoms resuspended at
friction velocities from 3 to 5 cm s−1, and N60 μm diatoms resuspended at friction velocities from 5.5 to 6.5 cm s−1. The erosion experiments
reﬂected the possible patchy distribution of chl a on the horizontal surface of the sediment, determined by calculation. During the 8 erosion
experiments, homogeneous horizontal distribution of chl a and thus of
erosion was only observed during two days, at the very beginning of
bioﬁlm growth. In the other days, erosion mainly affected areas with
low chl a content, which was most likely explained by the intense grazing activity of snails in MPB patches, which destabilised the sediment.
But our study did not prove this real horizontal distribution, and new
data need to be acquired to really afﬁrm this conclusion.
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