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Resuspended sediment can increase plankton biomass and the growth of bacteria, thus influencing the coastal
planktonic microbial food web. But little is known about resuspension itself: is it a single massive change or a
whole series of events and how does it affect the quantity and quality of resuspended prokaryotic cells?We sim-
ulated the sequential erosion of mud cores to better understand the fate and role of benthic prokaryotes resus-
pended in the water column. We analyzed the total, attached and free-living prokaryotic cells resuspended,
their structure and the activities of their hydrolytic enzymes in terms of the biotic and abiotic factors that affect
the composition of microphytobenthic biofilm.
Free living prokaryotes were resuspended during the fluff layer erosion phase (for shear velocities below
5 cm · s−1) regardless of the bed sediment composition. At the higher shear velocities, resuspended prokaryotes
were attached to particulate matter. Free and attached cells are thus unevenly distributed, scattered throughout
the organicmatter (OM) in the uppermostmmof the sediment. Only10–27% of the total cells initially resuspended
were living and most of the Bacteria were Cyanobacteria and Gamma-proteobacteria; their numbers increased to
over 30% in parallel with the hydrolytic enzyme activity at highest shear velocity. These conditions released
prokaryotic cells having different functions that lie deep in the sediment; themost important of them are Archaea.
Finally, composition of resuspended bacterial populations varied with resuspension intensity, and intense resus-
pension events boosted the microbial dynamics and enzyme activities in the bottom layers of sea water.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Terrestrial and marine influences converge at tidal flats to produce a
complex patchwork of habitats. Research on the productivity of coastal
systems has established that intertidal flats influence, both physically
and trophically, the adjacentmarine and land areas. The intensemicrobial
activity due to microalgae and prokaryotes in these areas results in great
biological productivity that is essential for aquaculture. Mudflats are
therefore socially and economically extremely important (Héral et al.,
1989). Most of the primary production in these areas is due to benthic
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microalgae, mainly epipelic diatoms (Blanchard et al., 1998; Leguerrier
et al., 2003) because the turbidity of the waters limits the presence of
macrophytes and phytoplankton (McLusky, 1989). The twice-daily im-
mersion inwater and the access to daylight stimulate epipelic microalgae
to migrate to the surface of the sediment, where they form a continuous
biofilm. This biofilm may contain over 20 mg of chlorophyll (Chl a) per
m2 and its photosynthetic activity can increase the algal biomass, so dou-
bling the size of the biofilm (Blanchard et al., 2002). This great productiv-
ity can lead to depletion of nitrogen or phosphorus, conditions that
stimulate microalgae to secrete exopolymeric substances (EPS). These
EPS are produced mainly by “overflow metabolism” or other processes
like locomotion (Brouwer and de Stal, 2002; Stal, 2003; Orvain et al.,
2003). The EPS form a matrix around the microalgae (Paterson and
Black, 1999) that is one of the main resources leading to the rapid
development of prokaryotes (Goto et al., 2001; Middelburg et al., 2000;
van Duyl et al., 1999). Bacterial production can be as high as or even
higher than the production of the microphytobenthos (Hamels et al.,
2001; Pascal et al., 2009; Van Duyl et al., 1999). While the production of
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bacteria fluctuates widely during the year this does not result in fluctua-
tions in their abundance. The poor correlation between biomass and
bacterial production has been classically explained by their “top-down”
disappearance (Thingstad, 2000). Several experiments designed to
study grazing onmudflats (Brouage, France) (Pascal et al., 2009) through-
out the year have shown that the bacteria consumed by larger animals
never exceeded 6% of the bacterial production, so having only a limited
impact on bacterial production and stock. However, grazers may stimu-
late bacterial production by disturbing the biofilmwhich allows the diffu-
sion of oxygen and nutrients throughout the sediment (Alkemade et al.,
1992) or by secreting nutrient-rich compounds such as mucus
(Riemann and Helmke, 2002). The activity of grazers can also increase
the resuspension of sediment leading to the export of benthic prokaryotes
to the pelagic environment (Blanchard et al., 1997; Orvain et al., 2006).
The free-living or particle-associated prokaryotes transferred to the
water column may then find their way into coastal waters (Teal, 1962)
where they may be consumed by filter-feeding organisms or pelagic
grazers (Guizien et al., 2014; Wainright, 1987).

Both tidal currents and wind-induced waves can cause the resuspen-
sion of sediment (Blanchard et al., 2002). Sediment erosion generally
increases with the rate of shear or friction (u* expressed in cm s−1).
Erosion rates depend on the balance between shear stress and the critical
threshold for bed erosion. This threshold depends on properties of the
sediment, and physical, geochemical and biological processes
(Grabowski et al., 2011). The EPSmatrix secreted by the benthicmicrobial
communities plays a key role in sediment stabilization/destabilization,
and hence in the export and retention ofmicrophytobenthic and prokary-
otic biomasses (Gerbersdorf et al., 2009; Underwood and Paterson, 2003).
The sequential resuspension of microorganisms in a subtidal setting
subjected to increasing hydrodynamics energy has been attributed to
differences in sediment erodibility and the behavior of microorganisms
(Grabowski et al., 2011; Shimeta et al., 2003). This sequential resuspen-
sion of microorganisms should be enhanced during the erosion of the
biofilms that form on the sediment surface in intertidal flats because the
vertical structure of the biota is well defined. Chronic erosion (type 0
erosion) generally occurs and can be defined as a fluff layer erosion (i.e.
simple detachment of loose aggregates from the sediment matrix, at
low bed shear stress). Orvain et al. (2006) demonstrated the relevance
of bioturbation by macrofauna in the creation of such a biogenic fluff
layer. This chronic erosion can be followed by a catastrophic erosion
(namelymass erosion; type I and/or type II according to the consolidation
status of the bed load), which corresponds to the general bed failure that
can be achieved only when wind-induced waves produce high values of
bed shear stress that can overpass the critical threshold for mass erosion
(i.e. resistance force). This defined vertical distribution is accompanied
by a spatial structure due to top-down control by benthic herbivores
(Weerman et al., 2011). The drivers of sequential erosion and the critical
erosion thresholds of the microorganisms that make up a biofilm are
analyzed in a companion paper (Dupuy et al., 2014). Resuspension of
the top few centimeters of sediment can increase the plankton biomass
and bacterial growth (Wainright, 1990). This affects the coastal plankton-
ic microbial food web due to the direct movement of cells from the
sediment into the water column so increasing the seston concentration
or themineralizing capacity (Wainright, 1987, 1990). Dissolved nutrients
and trophic interactions like bacterivory by nanoflagellates can also have
indirect effects (Blanchard et al., 1997; Garstecki et al., 2002). Resuspen-
sion has been shown to increase the abundance and volume of bacteria
in both field and experimental studies (Ritzrau and Graf, 1992;
Wainright, 1987), but most of these early studies considered sediment
resuspension to be a massive, homogeneous process. The present study
resuspension experiments were done to determine whether the sequen-
tial resuspension of prokaryotes under varying environmental conditions
could alter the direct and indirect effects on planktonic food-web. We
monitored the enrichment of resuspended prokaryotic cells and their
structure to assess if there was sequential resuspension under all the
environmental conditions tested. We also checked whether prokaryotic
cells were alive or dead so as to better identify their indirect effects on
the plankton food-web. Lastly, wemeasured the activities of their hydro-
lytic enzymes. These enzymes regulate the assimilation of nutrientmono-
mers bymicrobial cells and therefore play an important part in the cycling
of organic matter and remineralization.

2. Material and methods

2.1. Field sampling

Muddy sediment samples were collected fromMarennes-Oléron Bay
(Atlantic Coast of France) in July 2008 (Fig. 1) (45°54′50″N, 01°05′25″
W) during spring tides (17 and 19 July), maximum tides (21 July) and
neap tides (22 and24 July). At each sampling occasion, two8 cmdiameter
sediment cores were taken at low tide (middle of the emerged period).
Only ridges were sampled since biofilms are not normally found on
runnels. The sediment cores were placed in a tank for transport back to
the laboratory. The resuspension experiments were done at the time of
the immersion period in the field. Three additional 15 cm diameter
cores were taken to assess the biotic and abiotic parameters of the top
2 cm of sediment.

2.2. Resuspension experiments and instrumentation

The sediment samples were transferred from the cylindrical cores to
the bottom of the flume of an erosion device developed by IFREMER.
This was modified to form a straight recirculation flume, named
“Erodimetre” (Guizien et al., 2012; Le Hir et al., 2006; Orvain et al.,
2007). The flume was filled with filtered artificial seawater (15 L) to
obtain a baseline close to 0 for each type ofmicroorganism. The discharge
through the erosion device was increased in twenty 5-minute steps to
yield bed friction velocities ranging from 0 to 11 cm · s−1. A total of 6
samples (1.5 L each)were taken from thewater columnof the erodimeter
as the flow, and thus shear velocity, was increased. These were used to
monitor the resuspension of prokaryotes and the total particle matter
(TPM) concentration. The induced bed shear stress was calculated from
measurements of the pressure head loss between the upstream and
downstream ends of the sample section (Guizien et al., 2012). Friction
velocity was calculated as the square root of the bed shear stress divided
by the sea water density. Turbidity and fluorescence were continuously
recorded and used to measure chl a and suspended particular matter.
Erosion kinetics were analyzed to evaluate the relationship between
bed erodibility (erosion rates of suspended particulate matter and chl a
biomass) and the sediment properties (abiotic and biotic factors) and
their temporal changes over 14 days (Orvain et al., 2014–in this issue).
From this long set of experiments across a spring–neap tidal cycle, we se-
lected 4 dates for a detailed analysis of the fate of bacterial and archaeal
benthic communities after resuspension. The dateswere chosen to evalu-
ate the response of prokaryote resuspension for different biofilm stages of
development. The July 17 sample illustrated an increase in tidal range
(midtime between neap tides and spring tides, low tide occurs in the
morning), those taken on July 20 and 21 (spring tide) corresponded to a
maximum tidal range (just before and just after the peak, low tide
occurred around noon), while the July 24 sample reflected the response
to a decrease in tidal range (midtime between spring tides and neap
tides, low tide started after noon).

2.3. Abiotic parameters

2.3.1. Salinity and nutrient (NH4, NO3, NO2, PO4, silicates) concentrations in
the upper layer of the sediment

Pore water was separated from 300mL of fresh sediment by centrifu-
gation (4 °C, 3000 g, 15 min). Several aliquots of interstitial water were
obtained by passage through GF/C filters. Salinity was determined with
a refractometer.



Fig. 1. Sampling site.
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Ammonia was assayed using the colorimetric Koroleff (1969)
technique immediately after filtration. The remainder of the filtered
pore water was stored at −20 °C. Nitrates, nitrites, silicates and phos-
phates were assayed using a Skalar automated segmented flow analyzer
with classical spectrocolorimetric techniques (adapted from Tréguer
and Le Corre, 1975).

2.3.2. Carbohydrates and proteins from EPS in the sediment
EPS were extracted from 5 mL sediment as described in Takahashi

et al. (2009). Bound EPS were extracted from pellets by suspending
each one with about 1 g of cation exchange resin (Dowex Marathon C,
Na+; Sigma-Aldrich) and 5 mL ASW and gently agitating the suspension
for 1 h at 4 °C. The sampleswere then centrifuged (15 °C, 3000 g, 10min)
and the resulting supernatants were frozen (−20 °C). Aliquots (1 mL) of
each fraction were used to measure the carbohydrate contents by the
Dubois method (Dubois et al., 1956) with D-glucose (Sigma-Aldrich) as
a standard.

2.3.3. Total particulate matter (TPM): particulate organic (POM) and
mineral (PIM) matter

TPM was measured according to Aminot and Chaussepied (1983).
Erodimeter seawater samples (100–500 mL) were filtered through a
Whatman GF/C (47 mm in diameter) under reduced pressure
b10 mm Hg within 1 h after the end of the experiment. Each filter was
heated at 490 °C for 2 h to eliminate any organic carbon matter and
weighed. Filters that had been used to treat samples were rinsed twice
with distilled water to remove salt, dried at 60 °C for 12 h and weighed
to measure the TPM. The proportions of particulate inorganic matter
(PIM) and particulate organicmatter (POM)were determined by heating
the filters at 490 °C for 2 h and then weighing them.

Another 40 mL sample of sediment was stored frozen (−20 °C) and
freeze-dried for estimation of C andNusing a nitrogen and carbon analyz-
er 1500 (CARLO ERBA).

2.3.4. Biotic parameters
The algal biomass in sediment and water was assessed using chloro-

phyll a as a proxy, which was measured fluorometrically (Lorenzen,
1966).

Benthic prokaryotes were extracted from the sediment as recom-
mended by Danovaro et al. (2001) and Manini and Danovaro (2006)
and each sample was divided into two aliquots. One was fixed with
(1%) glutaraldehyde and stored at 4 °C. The other was stored at 4 °C
and used to detect “live” and “dead” cells. Prokaryotes were counted
in a FACSCalibur flow cytometer (Becton Dickinson) equipped with an
air-cooled laser providing 15 mW at 488 nm with the standard filter
set-up. Samples were stained with SYBR Green 1 (1:10×, 10,000 fold
dilution of commercial stock, Molecular Probes, Oregon, USA)
(Brussaard, 2004; Duhamel and Jacquet, 2006). Populations of prokary-
otes differing in size and fluorescence intensity were identified by
plotting side scatter (SSC) against green fluorescence (530 nm wave-
length, fluorescence channel 1 of the instrument, FL1). We also identi-
fied free and particle-associated prokaryotes (attached cells). The live
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and dead cells in unfixed samples were measured in samples that had
been diluted and stained with SYBR Green 1 (1:10×) and 10 μg mL−1

propidium iodide (Sigma Chemical Co.), and incubated for 15 min in
the dark at room temperature (Falcioni et al., 2006). A dot plot of red
(670 nm fluorescence channel 3, FL3) against green fluorescence (FL1)
distinguished live cell clusters (cells with intact membranes and DNA)
from dead cells (with compromised membranes). FCM list modes
were analyzed using CellQuest Pro software (BD Biosciences, version
4.0).

The efficiency with which cells were transferred to the erodimeter
water during the erosionwas calculated from the enrichment factor (EF):

EF ¼
Water cell concentration

TPM
=Sediment cell content

where thewater cell concentration is in cell ·mL−1, TPM is inmg ·mL−1,
and the cell content of the 1st cm of sediment core is in cell · mg−1 dry
sediment.

Potential enzymatic activities. Thepotentialβ-glucosidase and leucine ami-
nopeptidase activities in sediment were measured essentially as
described byMallet and Debroas (1999, 2001). The saturating concentra-
tions ofmethylumbelliferone (MUF)-β-D-glucoside used for the sediment
and the water samples were the same: 1 mM for β-glucosidase activity
and 100 μM of L-leucine-7-amino-4-β naphthylamide for leucine amino-
peptidase activity. Controls and triplicate sediment samples were
incubated at in situ temperature for 45, 75 and 120 min to measure β-
glucosidase activity and for 10, 30 and 60min tomeasure leucine amino-
peptidase activity.Water samples were incubated with substrate for 24 h
to measure β-glucosidase activity and for 6 h to measure leucine amino-
peptidase activity. The fluorescence of the supernatants (14,000 g at 4 °C
for 2 min) were also measured (SAFAS FLXXenius spectrofluorimeter)
using excitation at 365 nm and emission at 460 nm for β-glucosidase
activity and excitation at 340 nm and emission at 410 nm for aminopep-
tidase activity. Solutions of 4-methylumbelliferone (0–1 μM) for β-
glucosidase activity and 2-naphthylamine (0–12.5 μM) for aminopepti-
dase activity were freshly prepared with sediment slurry and used as
standards. Specific activities were also calculated by dividing the total
fluorescent by the total cell concentration (nmol · cell−1 · h−1).

Prokaryotic genetic structure. Genomic DNA was extracted from fresh
sediment (equivalent of 650 mg oven-dried sediment) and purified
using the Ultra Clean Soil DNA isolation kit (MoBio Laboratories) accord-
ing to the manufacturer's instructions. Genomic DNAwas extracted from
water onto 0.2 μm filter (100 mL) and purified by alkaline lysis (Batisson
et al., 2009). DNA quality was checked by electrophoresis on 1% (w/v)
agarose gels and quantified using NanoDrop.

The bacterial (V6–V8 regions) and archaeal 16S rDNA genes were
amplified by PCR using the primers GC-968f and 1401r for bacterial
DNA and GC-934f and 1386r for archaeal DNA (MWG-Biotech). The PCR
mix (50 μL) contained 1× PCR buffer, 2.5 mM MgCl2, 200 mM of each
dNTP, 20 pmol of each primer, 250 ng mL−1 bovine serum albumin
(BSA, Sigma), 1.5 units of HotStart Taq DNA polymerase (Qiagen), and
30 ng sediment DNA extract. The samples were amplified in an iCycler
thermocycler (Bio-Rad) using the following programs: for bacteria:
15 min at 95 °C, 35 cycles of 1 min at 97 °C, 1 min at 58 °C and 1 min at
72 °C, and finally 10 min at 72 °C; for archaea: 15 min at 95 °C for, 14 -
cycles of 45 s at 95 °C, for 1 min at 65 °C decreasing to 58.5 °C in 0.5 °C
steps at each cycle, and 30 s at 72 °C then 20 cycles of 45 s at 95 °C,
1 min at 58 °C and 30 s at 72 °C, and finally 7 min at 72 °C. PCR products
were checked by electrophoresis through 0.8% (w/v) agarose gels and
quantified using the DNA quantitation kit fluorescence assay (Sigma).
PCR-16S rDNA gene products were analyzed by DGGE using a D-Code
Universal Mutation Detection System (Bio-Rad). Aliquots of each PCR
product (500 ng) were loaded onto 8% polyacrylamide (w/v)
denaturating gels with linear gradients of 40–60% (100% denaturant
contains 7 M urea and 40% formamide). Gels in 1× TAE buffer (pH 8)
were subject to 70 V at 60 °C for 16 h. The DGGE gels were then stained
in 1× TAE buffer containing Gel Star diluted 1/20,000 (Lonza, Rockland,
ME—USA) and the band patterns digitized using a BioSpectrumAC
Imaging System(UVP). The digital datawere analyzed usingGel ComparII
software (Applied Maths, Kortrijk, Belgium). The total band intensity of
each lane was normalized among lanes and used to calculate the relative
abundance of eachmajor OTUs (%). ADNAbandwas considered to be sig-
nificant if it accounted for more than 0.5% of the total lane intensity. The
richness (R) was estimated as the number of bands. The richest samples
were cloned and sequenced. The genomic DNA in these sampleswas am-
plifiedwith 968f/1401r or 934f/1386r primers and cloned into a pGEM-T-
Easy vector (Promega) to construct clone libraries. These clones were
reamplified and rerun on DGGE gels to compare them with the parent
bands. At least two cloned fragments that co-migrated with the original
bands were sequenced (MWG—Biotech). Sequences were submitted to
the National Center for Biotechnology Information (NCBI, BLASTn pro-
gram) (Altschul et al., 1997) for species assignment and to the Check-
Chimera program of the Ribosomal Database Project (RDP (Maidak
et al., 1999)) to detect potential chimeric artifacts (Kopczynski et al.,
1994).

2.4. Statistical analyses

Statistical analyses were carried out using PAST software (PAlaeo-
ntological STatistics, Hammer et al., 2001). Principal component analysis
(PCA) was used to group samples according to environmental variables
using the Pearson correlation coefficient. Prior to use one-way analysis
of variance (ANOVA), to test difference between sediment cores for a
given parameter, normality and homoskedasticity were checked (Sha-
piro–Wilk test and Levene's test respectively). Differences between indi-
vidual means were then compared using Tukey's honest significant
difference (HSD) post-hoc test. Significance was set at p ≤ 0.05. Correla-
tions between abiotic parameters and chlorophyll a contents, enzymatic
activities and prokaryotic abundances in erodimeter water were checked
with the Pearson correlation coefficient (r) and its statistical significance.
Pairwise similarity matrices were calculated for the DGGE patterns using
the Dice equation for presence/absence and the Bray–Curtis equation for
relative peak height data. Dendrograms were generated from the Dice
matrix as described by Ward (1963). The consistency of a cluster was
described by the cophenetic correlation, which calculates the correlation
between the dendrogram-derived similarities and thematrix similarities.
Pairwise Analysis of Similarity (ANOSIM, Clarke andWarwick, 2001) was
used to test if the sediment sampleswere similar in terms of chemical and
biological parameters. It tested the hypothesis that parameters within
each sediment sample were more similar to each other than to parame-
ters in the other samples. The statistical significance of the separation
was given by a Bonferroni-corrected p-value (R, p b 0.05).

3. Results

3.1. Sediment

The biological and chemical parameters of the sediment cores taken at
different dates were significantly different (R: 0.55 p: 0.0001, Fig. 2). The
July 17 cores were opposite to the other samples (Fig. 2) with significant
lowest salinity (Table 1), which implied the highest water content. This
date was also characterized by significant lower colloidal carbohydrate
concentrations than those of the July 21 and 22 (Table 1). The July 22
samples were also significantly differed to the other sampling dates
(Fig. 2) with silica concentrations significantly lower than the other
(Table 1). The profiles of the core samples taken on this date seemed to
be opposite to those of the July 21 and 24 samples, whose sediments
had the highest nitrogen concentrations (Fig. 2; Table 1). The highest
prokaryotic abundances were observed in the July 17 and 24 samples
(Table 1). For the July 17 and 22 samples, the highest leucine



Fig. 2. PCA of sediment environmental and biological parameters (showing the variables: samples 1–3 were taken on July 17, 4–6 on July 21, 7–9 on July 22 and 10–12 on July 24). (prot:
protein; colloidal: colloidal carbohydrates from EPS; bound: bound carbohydrates from EPS; chloro: chlorophyll a; MUF: β-glucosidase activity; leu: leucine-aminopeptidase activity; OM:
organic matter; cells: prokaryotic abundance).
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aminopeptidase activities were observed and for the July 22 sample the
highest β-glucosidase activity was observed too (Table 1).

The structures of the bacterial communities in the four sediment sam-
ples differed significantly (R: 0.9, p: 0.008).We found only 3major phyla:
Gamma-proteobacteria (mainly Pseudomonadales and Chromatiales and
unidentified Gamma-proteobacteria), Actinobacteria and Cyanobacteria
(Fig. 3A). The richness (as numbers of DGGE bands) varied from 22 on
July 24 to 33 on July 21 (Fig. 3A). Crenarchaeota formed the major
group except in the July 17 samples (Fig. 3B). The July 22 cores were
the least rich (14) and the July 17 cores were the richest (33).

3.2. Microorganism resuspensions in the erodimeter water

We gradually increased the shear velocity (u*) in the erosion flume to
mimic low tohighly turbulentflow. Therewere twophases of total partic-
ulate matter (TPM) erosion. The shear velocity in the first phase was low
(u* b 5 cm · s−1) and the concentration of particles was very low. Only
the biogenic fluff layer was resuspended during this phase. This layer is
mostly composed of particles detached from the sediment matrix (like
the fluff layer or track and/or pseudofecal mounds created by faunal
bioturbation). In the second phasemass erosion of the sediment occurred
and the number of particles increased (Orvain et al., 2014–in this issue).

Enrichments of resuspended prokaryotes (total cell fraction) were
more effective with velocities below 5 cm · s−1, before and during the
precocious erosion phase, when the biogenic fluff layer was resuspended,
as this layer is created by surface fauna activity like tracks (Fig. 4A). The
total cell abundance in the erosion flume fluctuated little, from 1.3
105 cells · mL−1 on July 17 and 3.6 105 cells · mL−1 on July 22 under
our controlled conditions. The enrichment in free cells followed the
same pattern as that for total prokaryotes (Fig. 4A) and represented
75.1± 16.5% of total resuspended cells. Enrichment at the lowest friction
was maximal on July 17 and decreased as erosion increased. There was
little enrichment in attached cells but it increased during resuspension
of the biogenic fluff layer (Fig. 4B). The concentration of attached cells
increased when there was mass erosion of the sediment and enrichment
reached 25% on July 24 and 44% on July 21. Less than a third of the cells in
the erodimeter water were intact (potentially active). Their enrichments
followed the same pattern as that of the free cells but there were fewer
of them (Fig. 4C). They accounted for only 10% of the total cells on July
17 and 27% on July 21, but their abundance increased to more than 30%
of the total cells at the end of the experiment, during sediment mass
erosion. The β-glucosidase activity fluctuated between 2.4 10−7 and
1.9 10−6 nmol · cell−1 h−1 and that of leucine-aminopeptidase
between 6.5 10−7 and 4.4 10−6 nmol · cell−1 h−1. The activities had
lowest values when the shear velocity was less than 5 cm · s−1, except
for the samples collected on July 21 and July 24 (Fig. 5A, B).

The PCAmap indicated that the enrichments in total, free and live cells
varied inversely as enrichment in total particulate matter, chlorophyll a
and the enzyme activities (Fig. 6). The other axiswas better characterized
by the C:N ratio and the concentration of attached cells. These two axes
clearly separated the samples into two major clusters (Fig. 6). The
samples corresponding to mass erosion of sediment, rich in TPM lay on
the first axis. Conversely, the samples corresponding to erosion of the
biogenic layer lay on the second.
3.3. Structure of resuspended prokaryotes

Attached cells accounted for more of the resuspended bacteria than
did free cells for all dates (Fig. 7). Bacterial populationswere resuspended
sequentially, especially for the July 17 and July 24 samples, Gamma-
proteobacteria and Pseudomonales appeared first, followed by Acti-
nobacteria and finally the Chromatiales (Fig. 7A) and the Cyanobacteria
(Fig. 7E), which were also resuspended at the beginning of the experi-
ment. Nevertheless, enrichment variedwith the sampling date both qual-
itatively (OTUs) and quantitatively (relative abundance of each OTU).
Concerning the archaeal community, Archaea were only detected during
the mass erosion events. The dominant Archaea were crenarchaeotal
populations (mainly unidentified Crenarchaeota,MG I and thermoprotei)
(Fig. 8). Archaeal cells were very effectively resuspended, except from the
July 17 sample, because the richnesses in the resuspended fractions were
greater than those of the sediment. The mass erosion of sediment
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collected on July 17 produced the greatest richness and diversity and
there was a sequential appearance of populations, as for the Bacteria
(Fig. 8).

4. Discussion

It has been claimed that erosionof the sediment bed affects the pelagic
trophic network by inhibiting primary production because it increases
turbidity. But it may also be affected directly or indirectly by active pro-
karyotes released from the sediment. We have characterized the sequen-
tial release of prokaryotes from bed sediment samples in terms of their
structure (free or attached cells and their composition), physiology
(alive or dead) and enzyme activity that were resuspended by increasing
erosive forces from samples with and without biofilm.

4.1. Resuspension of prokaryotic cells

Subtidal sediments remain unconsolidated and are relatively easy to
erode. But sediment in intertidal areas exposed to the air tends to become
consolidated after recurrent desiccation and biofilm development (De
Brouwer and Stal, 2001; Orvain et al., 2007; Porter et al., 2010;
Underwood and Paterson, 2003). The sediment samples we studied
were very resistant to erosion. Mass erosion was produced only by high
shear velocities (u* N 5 cm · s−1). These shear velocities can only be
generated by wind-induced waves in the field. This tendency held for
all sediments, despite differences in their chemical characteristics. Very
low shear velocities resulted in limited erosion of the TPM in all our
experiments. The intensity of this ‘fluff layer erosion’ variedwith the com-
position of the bed sediment and the critical threshold shear velocity
(Dupuy et al., 2014; Orvain et al., 2014–in this issue).

Prokaryotes were always resuspended during the fluff layer erosion
phase when shear velocities were below 5 cm · s−1 and before the
great increase in particulate matter erosion at higher shear velocities.
Low friction velocities, when the concentrations of TPM were low, pro-
duced the greatest enrichment in prokaryotic cells. Enrichment decreased
at the end of the fluff layer erosion when mass erosion began. The fluff
layer in a mud site can be very important for sediment transport
(Orvain et al., 2007; Ziervogel and Forster, 2006), because this material
is especially enriched in OM and constitutes a chronic erosion compared
to the general bed failure, which can be defined as ‘catastrophic’
(Mariotti and Fagherazzi, 2012). The unconsolidated surface fluff layer,
with a water content close to 85–98% of dry weight, was resuspended
using lowhydrodynamic conditions. The cells were unevenly distributed;
they are scattered throughout the topmm of the sediment in the organic
matter and this distribution is probably due to the patchy distribution of
microphytobenthic biofilms (Dupuy et al., 2014). The surface layers of
sediment always containedmore bacteria thandid the subsurface suboxic
sediment layers (Parkes et al., 2000). The decrease inmicrobial cell counts
down through the sediment profile and the shift in community structure
probably results from thedecrease in organic carbonquality andavailabil-
ity in aged, deeply buried sediments (Parkes et al., 2000). The volume of
pore-water may also be a major determinant of prokaryotic abundance
in sediments (Schmidt et al., 1998). The force that determines the de-
crease in prokaryotic abundance and changes in community structure
down the vertical profile of a sediment can be a complex mixture of
biotic and abiotic factors, such as poormixing or bioturbation, sediment
composition (grain size and distribution, sediment water content),
energy stress conditions (low food, electron acceptors, availability of
dissolved substrates and metabolites), and/or predatory pressures and
competition.

Most of the cells in the water were free. Attached bacteria are less
abundant in many pelagic marine ecosystems than are free-living bacte-
ria. They generally account for less than 5% of the total bacteria, but this
can rise to 10% (Lapoussière et al., 2011). However, particle-attached
bacteria can form amuch greater fraction (up to 96%) of the total bacteria
in estuarine systems (Lapoussière et al., 2011). We found that they



Fig. 3. (A) Bacteria and (B) Archaea phyla found in the sediment samples (relative abundance (%), see Materials and methods section for details) (numbers on the graph represent the
richness of taxons). (ungproteobacteria: unidentified Gamma-proteobacteria; uneuryarchaeota: unidentified Euryarchaeota; uncrenarchaeota: unidentified Crenarchaeota; unarchaea:
unidentified Archaea).

Fig. 4. (A) Total and free cell enrichments in the erodimeter water obtained by treating samples collected on July 17, 21, 22 and 24, (B) attached cell enrichment and (C) active cell
enrichment, at each threshold friction velocity (u* cm s−1).
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Fig. 5. (A) β-glucosidase and (B) leucine aminopeptidase specific activities in the erodimeter water obtained with each threshold friction velocity (u* cm s−1) from samples obtained on
July 17, 21, 22 and 24.
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accounted for less than 20% of the total suspended cells until the shear
velocities increased above 5 cm · s−1, except in the samples taken on
July 21 (Fig. 5A). Previous studies have demonstrated that the abundance
(or biomass) of particle-attached bacteria depended on the number and/
or size of particles available for attachment (Cho and Azam, 1988;
Garneau et al., 2009; Lapoussière et al., 2011).We see a negative relation-
ship between the attached bacteria and the POM in the samples taken on
July 21 (r=−0.97, p b 0.05) and July 22 (r=−0.88, p b 0.05). The high
density of motile grazers caused the surface of the bed to be strongly
pelletized, which significantly increased the velocity at which eroded
sediment settled. These results may also be influenced by the fact that
the abundance (or biomass) of particle-attached bacteria is linked to the
biogeochemical composition of the suspended material (Fandino et al.,
2001;Wang and Yin, 2009). Particle-attached bacteria can play an impor-
tant role in the transformationof freshly produced POCdespite their small
contribution (often less than 30%) to total bacterial biomass (Ghiglione
et al., 2009). The positive correlation between leucine aminopeptidase
activity and attached cells (r = 0.45, p b 0.05) supports this idea.
Extracellular enzymes may be important for the dispersion or release of
attached microbial cells.

Few of the resuspended cells were alive, in contrast to the percent of
living cells in the sediment (around 50%). Thus dead cells (those with
damaged membranes) accounted for the greatest fraction (70–74%) of
resuspended bacterial assemblages in all samples analyzed. These results
suggest that the high mechanical stress produced by the shear velocity
interferes with the benthic cells, as there were many active cells in the
sediment. But whether the cells were attached or free did not seem to
be important, as we found significant positive relationships between the
attached and active cells (r= 0.98, p b 0.05) and between free and active
cells (r = 0.90, p b 0.05). Nevertheless, our results corroborate the study
of Pusceddu et al. (2005) who concluded that the metabolically active
bacteria can respond differently to resuspensions of sediment produced
by low and high energies. They showed that disturbing a sediment with
low-energy force produced a slightly positive response from the active
bacterial fraction only during the initial resuspension event. But we
found that high shear velocities also enriched the resuspended active
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Fig. 6.PCA of erodimeterwater environmental and biological parameters (showing the variables; samples 1–6 from July 17, 7–10 from July 21, 11–15 from July 22 and 16–21 from July 24).
(attached: enrichment of attached prokaryotic cells; live: enrichment of live prokaryotic cells; tot: enrichment of prokaryotic cells; free: enrichment of free prokaryotic cells; MUF: β-
glucosidase activity; leu: leucine-aminopeptidase activity; MOP: particular organic matter; MP: particulate matter; X: threshold friction velocity (u*); chloro: chlorophyll a).

Fig. 7. Bacterial phyla in the erodimeterwater (relative abundance (%), seeMaterials andmethods section for details) after treating the July 17 sediment at each threshold friction velocity
(u* cms−1): attached (A) and free cells (B)DNA; (C) free cell DNA in the July 21 erodimeterwater; (D) attached cell DNA in the July 22 erodimeterwater; (E) attached and (F) free cellDNA
in the July 24 erodimeter water (numbers on the graph represent the richness of taxons). (ungproteobacteria: unidentified Gamma-proteobacteria).
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Fig. 8. Archaeal phyla recovered (relative abundance (%), see material andmethods section for details) from the sediment sample at each threshold friction velocity (u* cms−1), from at-
tached cells DNA in theerodimeterwater for (A) July 17, (B) July 21, (C) July 22 and (D) July 24. (numbers on the graph represented the richness of taxons). (uneuryarchaeota: unidentified
Euryarchaeota; uncrenarchaeota: unidentified Crenarchaeota; unarchaea: unidentified Archaea).
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cells (Fig. 4D), unlike Pusceddu et al. (2005), who observed that the
metabolically active bacteria decreased when turbulence was high. We
conclude that disturbing the sediment with high-energy forces has little
effect on the fraction of metabolically active bacteria resuspended.

Many studies (Chróst and Riemann, 1994; Cotner et al., 2000; Ritzrau,
1996; Ritzrau and Graf, 1992) have demonstrated that resuspending
sediment enhances the microbial dynamics and enzyme activities in the
bottom layers of water. The extent to which sediment resuspension
affects the enzyme activity in the water column depends on the charac-
teristics of the suspended matter and on the depth of the water column
(Ziervogel and Arnosti, 2009). We found that the POM was positively
correlated with both the β-glucosidase (r = 0.52, p b 0.05) and leucine
aminopeptidase (r = 0.66, p b 0.05) activities, as was the PIM
concentration (r = 0.50, p b 0.05 for β-glucosidase and r = 0.63, p
b 0.05 for leucine aminopeptidase).Microphytobenthic algae also channel
a major fraction of their total primary production into the synthesis of
extracellular polymeric substances and are thus a significant source of
oxygen and organic matter for the growth of benthic bacteria (Böer
et al., 2009; De Brouwer and Stal, 2001; Underwood and Kromkamp,
1999). Both theβ-glucosidase (r= 0.72, pb 0.05) and leucine aminopep-
tidase activities (r = 0.77, p b 0.05) were positively correlated with the
chlorophyll a concentration. The association of specific enzymes with
the EPS matrix may prolong their activities and help them resist fluctua-
tions in the environment. The activities of enzymes and their patterns in
the Delaware estuary were probably affected by the sediment-
associated microorganisms resuspended into the bottom water layers,
increasing the number of microbial cells and the hydrolytic activities of
the extracellular enzymes (Ziervogel and Arnosti, 2009).

4.2. Erosion and enrichment of prokaryotic OTUs

Proteobacteria are themost abundant bacteria inmost surfacemarine
sediments. They can account for over 50% of the microbial biomass
(Bowman and McCuaig, 2003; Kim et al., 2008; Pachiadaki et al., 2011).
Gamma-proteobacteria seems to be the most significant clade in most
marine sediments (Feng et al., 2009; Inagaki et al., 2003; Polymenakou
et al., 2005). Gamma-proteobacteria accounted for up to 10% of the total
cells in the upper 2-cm layer of sediment and for 20% of the prokaryotic
rRNA in the Smeerenburgfjorden sediments (Ravenschlag et al., 2001).
The percentages are lower than those in our samples: Gamma-
proteobacteria accounted for up to 50% of our total cells (Fig. 7). Analysis
of the structures of resuspended prokaryotic communities indicated a
sequential enrichment in bacterial OTUs with increasing shear velocity.
Pseudomonadal OTUs predominated under low stress condition. But the
richness of erodimeterwaterwas always lower than that of the sediment.
These increases were partly due to the emergence of Actinobacteria and
Chromatiales OTUs. These Bacteria are often found in sediments like
those at Brouage mudflat that are exposed to sunlight due to tides and
shallow water (Borin et al., 2009). Here, some Cyanobacteria OTUs
appeared in the erodimeter water when shear velocities were low, and
reappeared when shear velocities were high. The strong hydrodynamic
forces encountered at the field site led to constant vertical and horizontal
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mixing of the upper 5 cmof sediment (Hedtkamp, 2005). This can impose
strong selective pressure on the microbial community and restrict access
to this habitat to a relatively narrow range of Bacteria that can cope with
occasional resuspension, the physical abrasion generated by moving
sediment particles, grazing, and rapid fluctuations in the concentrations
of oxygen and other nutrients (Böer et al., 2009).

Some authors have suggested that the bacteria attached to particles
are phylogenetically different from free-living bacteria (Crump et al.,
1999; Ghiglione et al., 2009). The present study results do not support
this idea: discrepancies may be due to differences in the techniques
used, or in the types of particles and trophic conditions. Attached bacteria
may beubiquitous species and probably result from rapid exchangeswith
the more diverse reservoir of free-living communities. The large number
of similar OTUs we found in attached and free-living bacteria leads us to
believe that free-living and attached bacteria are not separate entities
but interacting assemblages, as suggested by Riemann and Winding
(2001). Bacteria often seem to develop concomitantly with benthic
microalgae and they adapt quickly to microalgal exudates by changing
the profile of their enzymatic activities. The composition of our bacterial
communities differed markedly, depending on the presence (July 17) or
absence (July 21) of a microphytobenthic biofilm, in agreement with
Lubarsky et al. (2010) (see also Dupuy et al. 2014).

The resuspension produced by our technique provided a higher
archaeal specific richness (30 OTUs on average) than Bacteria. However,
this applied only to attached cells and samples producedusing the highest
shear rates (N7 cm s−1). The presence of large amounts of Euryarchaeota
and Crenarchaeota generally agrees with the clone library studies of Kim
et al. (2005; 2008). But they found that Euryarchaeota seemed to bemore
abundant and diverse than we do. Most of the archaeal sequences in all
our samples were of unidentified classes, but we did find Thermoprotei,
a group that includes anaerobes and sulfur reducers. Methanomicrobia
were the most abundant methanogens. Methanomicrobiales may have
occurred in the sulfate-free layers because there was less competition
from sulfate reducers. They use substrates released by decaying algae
and other organisms, like methylamines and dimethylsulfide. These
substrates arenot used bymost other physiological groups and aremostly
found near the surface of the sediment (Wilms et al., 2006).
5. Conclusions

We have identified two distinct patterns of resuspended prokary-
otic cells, produced by applying different shear stresses to the sedi-
ment. Friction velocities of less than 5 cm s−1, corresponding to a
normal low choppy tide, lead to the resuspension of cells that are
mostly free-living, regardless of the physico-chemical characteristics
of the sediment or the development of a biofilm on its surface. These
cells are mainly Cyanobacteria and Gamma-proteobacteria that
secreted some extracellular enzymes and can become integrated
into, and thus affect, the coastal planktonic microbial food web
(Garstecki et al., 2002). Friction velocities greater than 5 cm s−1,
corresponding to rough tides with waves, favor the resuspension of
attached cells. Studies on the effects of fluid shear onmicrobial activ-
ity in the water column have shown that particle-attached bacteria
benefit nutritionally more than free-living forms given that the
host particle is large enough (Jumars et al., 1993; Lazier and Mann,
1989). It is under these circumstances that the greatest proportion
of bacterial and archaeal OTUs with different functions are recruited
from deep sediment. The shear velocity was strongly correlated with
hydrolytic enzyme activities and linked to the increase in resuspend-
ed intact cells (potentially active). These attached prokaryotes could
provide organic matter to the pelagic zone and enhance the break-
down of benthic organic matter (Ståhlberg et al., 2006). Resuspend-
ed sediments that are rich in organic and inorganic nutrients may
stimulate the large scale production of planktonic heterotrophs,
even at low temperatures (Fiordelmondo and Pusceddu, 2004).
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