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Abstract

Resuspension of microphytobenthic biomass that builds up during low tide has been
acknowledged as a major driver of the highly productive food web of intertidal mudflats. Yet,
little is known about the contribution to pelagic food web of the resuspension of other
microorganisms such as viruses, picoeukaryotes, cyanobacteria, bacteria, nanoflagellates, and
ciliates, living in biofilms associated with microphytobenthos and surficial sediment. In the
present study, a novel approach that involves simultaneous Lagrangian and Eulerian surveys
enabled to disentangle the effects of resuspension and mixing with offshore waters on the
dynamics of water column microorganisms during a rising tide in the presence of waves.
Temporal changes in the concentration of microorganisms present in the water column were
recorded along a 3 km cross-shore transect and at a fixed subtidal location. In both surveys,
physical and biological processes were separated by comparing the time-evolution of
sedimentary particles and microorganisms concentrations. During a rising tide, sediment
erosion under waves action occurred over the lower and upper part of the mudflat, where
erodibility was highest. Although erosion was expected to enrich the water column with the
most abundant benthic microorganisms, such as diatoms, bacteria and viruses, enrichment
was only observed for nanoflagellates and ciliates. Grazing probably overwhelmed erosion
transfer for diatoms and bacteria, while adsorption on clayed particles may have masked the
expected water column enrichment in free viruses due to resuspension. Ciliate enrichment
could not be attributed to resuspension as those organisms were absent from the sediment.
Wave agitation during the water flow on the mudflat likely dispersed gregarious ciliates over
the entire water column. During the rising tide, offshore waters imported more autotrophic,
mainly cyanobacteria genus Synechococcus sp. than heterotrophic microorganisms, but this
import was also heavily grazed. Finally, the water column became a less heterotrophic
structure in the subtidal part of the semi-enclosed bay, where mixing with offshore waters

occurs (50% decrease), compared to the intertidal mudflat, when resuspension occurs. The
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present study suggests that this differential evolution resulted predominantly from dilution
with offshore waters less rich in heterotrophic microorganisms. Indeed, any input of
microorganisms accompanying physical transfers due to bed erosion or offshore waters

mixing was immediately buffered, probably to the benefit of grazers.

1. Introduction

The productivity of coastal systems, especially intertidal mudflats, and their capacity
to enrich adjacent terrestrial and marine zones through trophic pathways (i.e. export by mobile
consumers) and hydrodynamic pathways (i.e. waves, wave-generated currents, estuarine
currents and tides) is now common knowledge. The biological productivity of intertidal
mudflats is due to the intense activity of benthic microorganism communities. During
emersion, epipelic diatoms (microphytobenthos, MPB) form a biofilm (up to 20 mg
chlorophyll a m?) in the top centimeter layer of a mud surface (Blanchard and Cariou-Le Gall
1994; Blanchard et al. 1997; Herlory et al. 2004). Prokaryote communities are associated with
this biofilm, and bacterial production (secondary production) can be as high or even higher
than MPB production (primary production) (Cammen 1991; Garet 1996; Van Duyl and Kop
1994). Bacterial concentration is generally about 10° cells per cm® in a mudflat (Schmidt et al.
1998). Nanoflagellate concentrations range from 100 to several million cells per mL of
sediment (Gasol 1993), with greater concentrations in surficial sediment (Alongi 1991).
Conversely, ciliates are more abundant in fine sand (Fenchel 1969; Kemp 1988; Epstein
1997) compared to muddy sediment enriched with organic matter (Giere 1993). Viruses are
also abundant in marine sediments (Danovaro et al. 2008).

Resuspension of microorganisms living either in the pore water of surficial sediment
or attached to surficial sedimentary particles have been reported under tidal currents at
subtidal sites (Shimeta et al. 2002). Large tidal currents in macrotidal bays are likely to induce

unconsolidated sediment resuspension (Mehta et al. 1989). Yet, resuspension of sediment
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across intertidal mudflats, where recurrent desiccation promoted sediment consolidation
(Anderson and Howel 1984), generally requires higher shear stress than those induced by tidal
current and has been mainly attributed to wave action (Bassoulet et al. 2000; French et al.
2008). However, sediment erodibility thresholds may be significantly reduced (bed friction
velocity below 3 cm s™) due to macrofaunal bioturbation activity (Orvain et al. 2007).

Resuspended microorganisms may greatly affect pelagic and benthic food webs.
Resuspended diatoms and autotrophic nanoflagellates may alter phytoplankton community
structure, enhance phytoplankton biomass and modify the size structure of primary producers,
ultimately modifying microbial food web function (Marquis et al. 2007; Ory et al. 2010). In
addition, resuspended heterotrophic cells, such as nanoflagellates, prokaryotes (bacteria and
archaea) and viruses, can affect the function of the food web, and favour the microbial loop or
the viral shunt (Wainright 1987; Garstecki et al. 2002; Seymour et al. 2007). Furthermore,
some of these resuspended microorganisms may be used as food resources for
mesozooplankton and benthic suspension feeders (Carslon et al. 1984), such as oysters
(Dupuy et al. 2000) and bivalve mollusks (Scrobicularia plana) (Hughes 1969).

Many studies have investigated the dynamics of the MPB biomass, including
resuspension of these microorganisms (Lucas et al. 2000; Shimeta et al. 2002; Guarini et al.
2008). Some studies have qualitatively and quantitatively evaluated the resuspension of other
microorganisms present in the intertidal mudflat. Protist and bacteria resuspension thresholds
have been quantified at a subtidal coastal site with in situ flumes and sampling of the benthic
boundary layer during tidal accelerations (Shimeta and Sisson 1999; Shimeta et al. 2002).
Shimeta et al. (2003) studied the resuspension of benthic protists at subtidal coastal sites with
differing sediment compositions. Other studies have explored the effects of sediment
resuspension on a coastal planktonic microbial food web, either experimentally (Garstecki et
al. 2002; Pusceddu et al. 2005; Wu et al. 2007) or in the field (Grémare et al. 2003). However,

in field studies, resuspension is often accompanied by other physical processes, such as river
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flooding and tidal rise, which require adapted sampling strategies to separate the contribution
of each process.

In the current study, we applied a novel approach based on two simultaneous
Lagrangian and Eulerian field surveys to disentangle the effect of resuspension and mixing
with offshore waters on the dynamics of water column microorganisms during a tidal flow.
The time-evolution of microorganisms, including viruses, autotrophic protists, heterotrophic
protists and prokaryotes present in the water column, were carried out at one fixed location
(Eulerian) and one mobile station (Lagrangian) in the Marennes-Oleron bay (French Atlantic
coast). In both surveys, physical and biological processes were separated by comparing the

time-evolution of suspended sediment particles and microorganisms concentrations.

2. Methods

2.1 Study site and sampling strategy

The study was carried out during the afternoon rising tide (tidal amplitude of 3.8 m) in
the Bay of Marennes-Oléron (BMO) on 24 July, 2008. Located between the mainland French
Atlantic coast and Oléron Island, BMO is a macrotidal bay with a tidal range up to 6 m during
spring tides. This macrotidal system is influenced by continental inputs, mainly from the
Charente River to the north of the BMO (monthly average discharge was 30 m® s™ in July
2008, slightly less than the median value of 40 m® s over the last ten years). The BMO
covers 170 km?, of which 60 km? are intertidal mudflats. The Brouage mudflat is >4 km wide,
and its sediment consists of silt and clay particles (95% of <63 pm, median grain size ds, = 10
pm). Triplicate samples of the first 1 cm layer of sediment were taken at the end of low tide in
the upper region of the mudflat (Fig. 1). Only concentrations of bacteria and viruses were
assessed in surficial sediment. Two simultaneous field surveys (Lagrangian and Eulerian)
were carried out to separate the effect on the dynamics of water column microorganisms of

resuspension and mixing with offshore waters during tidal flow. Adopting a Lagrangian
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strategy avoided transport flux gradients that occur in an Eulerian survey. Such transport flux
gradients occur as the water level changes in an Eulerian survey and pelagic concentrations
are generally expected to be mixed (diluted or enriched) by offshore waters in proportion to
water depth. Conversely, no mixing (especially dilution) is expected in a Lagrangian survey,
where the water level remains constant. In both types of surveys, temporal changes in
concentrations of a group of organisms, or particulate or dissolved matter that depart from
these expectations indicate an imbalance between the many biogeochemical processes that
potentially affect this group (Fig. 2). For particulate matter or living low-motility cells, an
overall increase in concentration indicates that either benthic resuspension or population
growth dominate, whereas a decrease indicates that either sedimentation mediated by sorption
on matters or population decay (e.g. grazing) dominates.

Before organizing the field measurements, a 2D barotropic model was used to compute
using a backward procedure the trajectory of a drifter reaching the shore in the northern part
of the Brouage mudflat (Fig. 1) at the end of the rising tide (Nicolle and Karpytchev 2007).
The model used a high resolution, finite element grid and TELEMAC software to solve the
depth integrated equations of Saint Venant (Hervouet and Van Haren 1994; Hervouet 2007).
The Eulerian subtidal station was located at the origin of the drifter trajectory for the case of a
no-wind tidal circulation in the BMO (Fig. 1).

The Lagrangian survey consisted of tracking a submerged buoy following the tidal front
during the first 2 h 45 min of the rising tide over the intertidal Brouage mudflat, between
15:45 h and 18:30 h local time (Fig. 1). The tidal front travelled roughly at a speed of 30 cm s’
!. Cylindrical drifters (46 cm in diameter and 50 cm in height) were used to track the
advancing tidal currents into the BMO. Drifter walls were made of plastic film wrapped
around a thin metal rod armature and a 10 cm plastic spherical buoy was fixed on its top. The
drifter was completely immersed to be directed by surface currents and the buoyant sphere

which emerged from water was used to keep track of the drifter position. The drifter was
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tracked using a flatboat which engine was stopped and left drifting for at least 5 min before
sampling in order to avoid bottom resuspension artefacts. Water samples were obtained at five
different stations along the 3 km cross-shore transect (Fig. 1) on 24 July, 2008. Due to rapid
drifting when the engine was stopped before sampling, first Lagrangian station was already
located a 100 m away from the Eulerian station. Water depth varied little during the
Lagrangian survey, ranging from 40 to 70 cm. One sample was collected in the middle of the
water column at each station using a 1 L plastic bottle attached to a graduated stick. Short
wave agitation combined with limited water depth during the Lagrangian survey did not allow
sampling with an open-ended Nisking bottle, so a smaller closed-bottom bottle was used.
However, sampling bias due to accumulation of settling particles in a closed-bottom bottle
was reduced by a fast sampling lasting less than a few seconds and by introducing the bottle
upside down. Since wave length was greater than water depth, short wave agitation ensured
sufficient mixing over the entire water depth, making it safe to assume no stratification for all
sampled microorganisms (except very close to the bottom) occurred during the Lagrangian
survey. Each individual sample was divided into multiple aliquots to perform replicate counts.
Immediately before preparation of aliquots, each sample was gently agitated and subsampling
was performed very quickly to prevent sedimentation.

The Eulerian survey consisted of sampling the water column with horizontal 3 L. Niskin
bottles at the same subtidal spot during the rising tide, starting at low tide (Fig. 1). Water
depth at the sampling station increased from 1.10 m at the beginning of the survey to 3.1 m at
the end of sampling. Three water samples were taken 0.5 m below the surface and 0.5 m
above the bottom of the water column during the first 2 h 45 min of the rising tide on 24 July,

2008. Aliquots of each sample were prepared as described above.

Mean and standard deviation of all variables at the beginning of the rising tide were

computed from the three samples taken at time zero of the Eulerian and Lagrangian surveys.
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An 80% confidence interval for this initial measurement was computed using a Student law
(t1(1-0)=1.886, 0=10%). Evolution of the concentration of particulate inorganic matter
(PIM) and each microorganism at the Eulerian site were predicted using on a simple mixing
model based on water depth evolution, assuming that the (1) water column was well-mixed at
the Eulerian site and (2) concentration of PIM or each microorganismin incoming waters
could be estimated from the average concentration measured to the north of the BMO basin
taken before the experiment then 15 days after. The average concentration PIM or each
microorganism expected after mixing with offshore waters during tidal flow, C, was
calculated during the Eulerian survey for sampling times after 1h15min and 2h45min as

follows:

where C, is the average concentration at time zero of the Eulerian survey, hy is the water depth
at this time, h, is the water depth at time t and Ce is the average offshore concentration. An
80% confidence interval for this predicted value was build applying a Student law (n=3) using
standard deviation of C, and C... Backward trajectories reaching the Eulerian survey
sampling station after 1h15min and 2h45min were also computed for the the case of no-wind
tidal circulation in the BMO with the 2D barotropic model and indicated that offshore waters
most probably came from the northern entrance of the BMO, west of the Charente river
mouth (Fig. 1). In the absence of river flooding over the summer period, the impact of the
Charente river on the pelagic ecosystem was limited at this location (Stanisiere, personal
communication), allowing us to assume that the concentration in the north of the BMO was
spatially uniform (Ory et al. 2010). Offshore concentrations at 0.5 m below the surface were
measured on July 12 and 29, 2008, at a subtidal station roughly 15 km northwest of the BMO
(water depth = 17 m, 46.1153°N, 01.4139°Wr). Values for Cex on July 24 were interpolated

by taking the mean between offshore concentrations at the two dates (see Table 1) and
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uncertainty on offshore concentrations on the day of the survey was accounted for using
standard deviation between the two dates. Variability estimate based on those two days are
similar to within day variability (H. Montanié, personal communication) and to within

summer variability (Ory et al., 2010) in the north of BMO basin.

2.2 Physical forcings

Hydrological parameters, such as temperature and salinity, were recorded on board
with multi-parameter probes (YSI 6600EDS-M) during the Eulerian survey. Average wind
speed and direction were measured every hour by Meétéo-France at the La Rochelle
Aérodrome meteorological station (46.1733°N, 1.1883°W, roughly 20 km north of the BMO).
A single-point Nortek acoustic Doppler velocimeter (ADV) was used to measure the 3D
velocity at 15.6 cm a.b. (above bottom, outside the wave boundary layer which thickness
yielded 3 cm at maximum, Fredsoe and Deigaard,1992) and pressure as soon as the tide level
was higher than 50 cm at the location 45.9161°N, 1.0890° W (Fig. 1). Thus, ADV data
collection was interrupted during low tide from 12:45 h to 18:15 h on 24 July, 2008.
Measurements consisted of 2 min 30 s time series recorded at a frequency of 32 Hz every 15
min for the three velocity components and pressure. Turbulent Reynolds shear stress outside
the wave boundary layer were computed as the covariance of horizontal and vertical velocity
deviations from the mean flow after removing wave-induced velocities. Wave-induced
velocities were computed by applying a 0.5 Hz low pass filtering on raw velocity
measurements (Guizien et al. 2010). Assuming a logarithmic boundary layer, bed shear stress
associated with tidal current was then linearly extrapolated to the bed using Reynolds shear

stress measured at 15.6 cm a.b. and zero Reynolds shear stress at the free surface.
Wave density spectra were computed from pressure time series sampled at 4 Hz and
used to derive the wave parameters (i.e. mean spectral period, Tr, and significant height, Hs)

over the Brouage mudflat. Assuming that the wave field was uniform over the mudflat, wave
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orbital velocities at 40 cm a.b. were derived from T, and Hs, according to the linear wave
theory for varying water depths, D, at the Eulerian survey site and for a constant water depth
of 40 cm during the Lagrangian survey. Time-dependent bed shear stress associated with a
sine wave with these orbital velocities are described by their maximum value and average
value over a wave period (half the maximum value) using Guizien and Temperville (1999)
parameterization. Bed roughness was assumed to be 0.5 cm based on the bioroughness height,
which could be visually estimated on the mudflat. By definition, bed friction velocity (u")
either due to waves or to the tidal current is the square root of the bed shear stress divided by

seawater density.

2.3 Particulate inorganic matter (PIM)

Total particulate matter was measured as previously described by Aminot and
Chaussepied (1983). Filters were combusted at 490°C for 2 h to eliminate organic carbon
content and then weighed. A water sample (from 300 to 1000 mL) was filtered onto a
Whatman GF/C (47 mm in diameter) under <10 mm Hg vacuum pressure. After sample
filtration, each filter was rinsed twice with MilliQ water to remove salt, dried at 60°C for 12 h
then weighed to measure total particulate matter. Filters were combusted at 490°C for 2 h to
eliminate organic carbon content and then weighed to determine content of particulate

inorganic matter (PIM).

2.4 Enumeration of microorganisms

Water samples (up to 50 mL) were stained with 1% alkaline Lugol’s solution to
visualise microplanktonic cells, such as diatoms, dinoflagellates and ciliates, ranging from 20
to 200 pm. Microphytoplanktonic cells were counted using an Utermohl settling chamber
(Hydro-Bios® combined plate chambers) under an inverted microscope. Taxonomic

determination was carried out in accordance with systematics literature (Nezan, 1996; Ricard,

10
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1987; Sournia, 1986), and benthic species were differentiated from planktonic species based
on knowledge of the habitat.

For nanoplanktonic cells (3 to 15 pm), water samples (up to 20 mL) were fixed using
1% paraformaldehyde then stained with DAPI (4',6'-diamidino-2-phénylindole). Autotrophic
nanoflagellates (ANF) and heterotrophic nanoflagellates (HNF) were counted as previously
described byby Dupuy et al. (1999), which was a modified methodology from Haas (1982),
Caron (1986), and Sherr et al. (1994).

For picoeukaryotes (or picophytoeukaryotes) and Synechococcus (1 to 2 pm), water
samples (3 mL) were fixed using 2% formaldehyde, frozen in liquid N,, and counted using a
FACSCan flow cytometer (Bd-Bioscience) as previously described by Marie et al. 2000.

For viruses (20 nm), triplicate water samples (3 mL) were fixed in filtered 2%
formaldehyde and stored for less than a day at 4°C. Samples were then filtered through 0.02
pm Anodiscs (25 mm, Whatman) and counted using epifluorescence microscopy after
staining for 30 min with Sybr Green I (Noble and Fuhrman, 1998). Viruses were counted in at
least 15 random fields of view under blue excitation (Zeiss Axioskop 1000x). Only free
viruses were enumerated.

For bacteria (1 to 2 pm), triplicate water samples (3 mL) were fixed with filtered 2%
formaldehyde and stored for less than a day at 4°C. Samples were filtered through 0.02 pm
Anodiscs (25mm, 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 random fields of view under blue excitation (Zeiss Axioskop 1000x). Free
bacteria were counted with a fixed focalisation on the filter surface while attached bacteria on
aggregates deposited on the filter were screened by varying focal distance.

For each group of autotrophic or heterotrophic organisms, biomass was calculated

using conversion factor for cell to carbon content (Table 2) multiplied by abundance.

11
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3. Results

3.1 Physical forcings

On 24 July, a thermal wind in the morning turned from the southeast (land) to the west
(sea), reaching a maximum speed of 8.7 m s around low tide at 15:00 h (Fig. 3a). Short
period waves, with a mean period ranging from 2 to 4 s, started growing under wind action
after 11:00 h during ebb tide. At 12:30 h, when the ADV emerged, significant wave height
was already 0.15 m and had increased up to 0.2 m at 18:30 h when ADV was submerged
again at the end of the rising tide (Fig. 3a). Given the slight decrease in wind speed after
15:00 h and based on personal observation, wave height was at least 0.2 m during the survey
period from 15:45 h to 18:30 h. Therefore, a wave height of 0.2 m was used to estimate bed
friction velocity caused by waves. Maximum and mean bed friction velocity due to waves
were at least 4.5 cm s™ and 3.2 cm s™, respectively, during the Lagrangian survey under 0.4 m
water depth. In contrast, maximum and mean bed friction velocities due to waves were less
than 2 cm s™ and 1.4 cm s, respectively, when the Eulerian survey started at low tide. These
values continuously decreased to 0.5 cm s and 0.35 cm s™, respectively, as the water level
rose (Fig. 3b). Bed friction velocity induced by the tidal current reached a maximum value of
1.3 cm s™ when the tidal flow arrived at the ADV location (water depth of 0.5 m) and rapidly

decreased to less than 0.5 cm s™ during the rest of the rising tide over the intertidal mudflat.

3.2 Changes in the concentration of particulate inorganic matter during the Eulerian
and Lagrangian surveys

PIM concentration displayed a large spatial variability at the beginning of the rising tide
surveys (Fig. 4), with a value that was twice as high in the subtidal site (300 mg L™)
compared to the first Lagrangian sampling station (140 mg L™). However, at the end of the
Lagrangian survey, the PIM concentration had increased more than five-fold, up to 1180 mg

L, largely overpassing the 80% confidence interval around the initial average concentration.

12
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Moreover, PIM concentration steadily increased at an average rate of 0.11 mg L™ s™ as tidal
flow progressed over the mudflat (Fig. 4). Meanwhile, the rate of increase in the PIM
concentration was not constant throughout the survey, reaching 0.18 mg L™ s™ during the first
hour, falling to 0.02 mg L™ s during the next 40 min and again increasing to 0.12 mg L™ s
for 30 min before falling again to 0.05 mg L™ s™ during the last 30 min. Assuming a uniform
vertical PIM concentration over the 0.4 m water depth due to strong wave agitation, erosion
rates decreased from 460 mg m? s™ in the lower part of the mudflat during the first hour to 60
mg m* s in the middle part of the mudflat during the next 40 min and increased again to 300
mg m™ s during the next 30 min. In contrast, in the Eulerian survey, PIM concentration
decreased, with values remaining within the 80% confidence interval of predicted dilution by

offshore waters (Fig. 4).

3.3 Changes in the concentration of autotrophic microorganisms during the Eulerian

and Lagrangian surveys
The dynamics of the various taxa of autotrophic microorganisms counted during the
Lagrangian and Eulerian surveys was compared to initial concentration and predicted changes
by mixing with offshore waters, respectively. At the beginning of both surveys, two third of
diatoms were benthic species. This proportion increased during the Lagrangian survey to
nearly 80%. In the Eulerian survey, this proportion decreased to less than 20%, reflecting the
differential effect of resuspension and mixing with offshore waters on water column
microorganism dynamics. Although changes in benthic diatom concentration during the
Lagrangian survey suggested alternate phases of gain in the lower and upper parts of the
mudflat, where erosion was the greatest, and loss in the middle regions of the mudflat, none of
these changes were beyond the 80% confidence interval of the initial concentrations
determined at the beginning of the survey (Fig. 5a). However, the decrease in benthic diatom

concentration was not statistically significant. In contrast, a predicted significant increase in

13
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pelagic diatoms was observed during the Eulerian survey. During the Lagrangian survey,
changes in pelagic diatoms concentration were again not statistically significant given the
large variability observed at the beginning of survey (Fig. 5b).

Smallest autotrophs were mainly comprised of ANF (0.6 to 1 x 10* cells mL™) in both
surveys, whereas picophytoeukaryotes and Synechococcus sp. (e.g. cyanobacteria) displayed
very low concentrations (Fig. 5b-d). During the Lagrangian survey, ANF concentration nearly
doubled during the first 1h15 min, departing from 80% confidence interval around value
when surveys started, and then decreased during the next hour (Fig. 5b). During the Eulerian
survey, ANF concentration displayed opposite dynamics at the surface and at the bottom. In
any case, by the end of the survey, values at the surface and at the bottom overpassed the 80%
confidence interval around values predicted from dilution with offshore waters.

Picoeukaryotes concentration steadily decreased during the Lagrangian survey.
However, this trend was not statistically significant given the large variation coefficient at the
beginning of survey (Fig. 5c). During the Eulerian survey, picoeukaryote concentration
displayed opposite dynamics at the surface and at the bottom, increasing at the surface and
decreasing at the bottom (Fig. 5c). However, values were never outside the large 80%
confidence interval around values predicted from mixing with offshore waters.

The concentration of Synechococcus sp. remained fairly constant (4.5 x 10° cells mL™)
during both surveys (Fig. 5d), with values lower than the 80% confidence interval of

predicted mixing by offshore waters.

3.4 Changes in the concentration of heterotrophic microorganisms during the
Eulerian and Lagrangian surveys

During the Lagrangian survey, free virus concentration steadily decreased from 1.2 x
107 particles mL™ to 7 x 10° particles mL™" (Fig. 6a). However, this decrease was not

statistically significant. During the Eulerian survey, free virus concentration at the surface
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steadily decreased within the 80% confidence interval of predicted dilution by offshore
waters. Conversely, at the bottom, free virus concentration significantly increased during the
first 1h15 min, reaching a value of 1.8 x 10” viruses mL™. This value was out of the 80%
confidence interval around values predicted from dilution by offshore waters and even out of
the 80% confidence interval around value when survey started. However, free viruse
concentration at the bottom decreased during the next 1h30 min, reaching a value of 4 x 10°
viruses mL™", which was within the 80% confidence interval around values predicted from
dilution by offshore waters.

Free bacteria dynamics were similar to free virus dynamics during both surveys (Fig.
6b). For attached bacteria concentration, no significant change was observed during the
Lagrangian survey (6-8 x 10° cells mL™), while concentration decreased during the Eulerian
survey by one order of magnitude, which was still within the 80% confidence interval of
predicted dilution with offshore waters (Fig. 6¢).

The dynamics of HNF was similar to the ANF dynamics in the both surveys. During the
Lagrangian survey, HNF concentration increased steadily over the first 2 h10 min to almost
twice the concentration measured at the start of the survey (3 x 10° cells mL™), but then
decreased during the last 30 min (Fig. 6d). During the Eulerian survey, HNF concentration
displayed opposite dynamics at the bottom and at the surface, but both values remained within
the 80% confidence interval around surveys initial value and the large 80% confidence
interval around values predicted from mixing with offshore waters (1.3 x 10° cells mL™).

During the Lagrangian survey, ciliate concentration doubled along the transect to values
greater than the 80% confidence interval estimated when the survey began (Fig. 6e). During
the Eulerian survey, ciliate concentration decreased at the bottom and at the surface more than
expected from dilution with offshore waters at the bottom (i.e. lower than the 80% confidence

interval).
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In summary, the water column only became significantly enriched with nanoflagellates
(autotrophs and heterotrophs) and ciliates during the Lagrangian survey over the mudflat,
where resuspension occurred. In contrast, mixing (typically leading to dilution) with offshore
waters was observed at the Eulerian site, except for free viruses and free bacteria at the
bottom (gain), ANF (gain) and Synechococcus and ciliates (loss). No significant change was
detected in autotroph biomass in any of the surveys (Fig. 7a) or in heterotroph biomass during
the Lagrangian survey (Fig. 7b). In contrast, heterotroph biomass was decreased by 50% at
the end of the Eulerian survey as expected from dilution with less heterotrophic offshore
waters (Fig. 7b). Regardless, heterotroph biomass remained greater than autotroph biomass

throughout both surveys.

4. Discussion

In the present study, we aimed at testing in situ whether and how the pelagic system
structure was modified during the rising tide by physical transfer of autotrophic and
heterotrophic microorganisms. Physical transfer included mixing with offshore waters and
sediment erosion and was evidenced by temporal changes in particulate inorganic matter
concentration.

4.1 Decrease of resuspended microorganisms by grazing predators

Over the mudflat, significant sediment erosion occurred under wave action, but at
different rates across the intertidal area. These changes were reflected by subsequent changes
in erodibility across the mudflat as bed friction velocity was kept constant during the
Lagrangian survey. A very low erosion rate in the middle region of the Brouage mudflat with
large bed friction velocities was indicative of low erodibility of the consolidated sediment,
possibly due to desiccation during tidal emersion (Anderson and Howell 1984; Paterson et al.
1990). On July 24, water content in the upper layer of mud fell from 55 to 46% during the 4 h

low tide. Such periods of desiccation occurred on many days throughout the particularly dry,
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windy and hot month of July 2008 (Dupuy et al., personal communication). Variability in
erosion rates across the mudflat may also be attributed to changes in bioturbation intensity
(Widdows et al. 1998). Specifically, more active bioturbators in the Brouage mudflat, such as
Scorbicularia plana (Orvain 2005), are generally more abundant in the upper mudflat
(Sauriau et al. 1989; Bocher et al. 2007; Orvain et al. 2007). Moreover, erodibility increase
due to bioturbation activity should also be enhanced by low tide duration: the upper in the
mudflat, the longer the low tide and hence, the higher the bioturbation pressure. Surprisingly,
the input of taxon that are generally abundant in the sediment, such as diatoms, bacteria and
nanoflagellates (Paterson et al. 2009), was not observed during sediment erosion. Differences
in resuspension thresholds for benthic microorganisms may have been due to cell size,
specific gravity, behaviour, or association with particles (Shimeta et al. 2002). However, bed
friction velocities reaching an average of 3.2 cm s™ due to waves prevented sedimentation of
particles with settling velocities less than 4 cm s™ (i.e. particles with diameters smaller than
320 pm) (Fredsoe and Deigaard 1992). Thus, considering the much lower density of organic
matter compared to sedimentary matter and suspension thresholds determined by Shimeta et
al. (2002), suspension thresholds were reached for all microorganisms included in the present
study. Moreover, wave vertical velocities were undoubtedly greater than the swimming speed
of any of these microorganisms (<1 mm s, Bauerfeind et al. 1986), precluding any migration
process. In addition, all microorganisms counted in the present study were found at high
densities in the Brouage muddy sediment before the rising tide, except for ciliates. As such, a
significant increase in microorganism concentrations was expected to occur along with
erosion of the muddy bed. Conversely, a stagnation or a decrease in the concentration of any
microorganism during the Lagrangian survey therefore most likely indicated consumption by
grazers.

Guarini et al. (2008) developed a model that simulates the dynamics of microalgal

biomass in semi-enclosed littoral ecosystems and suggested that resuspension of the MPB
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occurs at the beginning of the rising tide, even in the absence of simultaneous sediment
erosion. Such recurrent MPB resuspension is consistent with the high proportion of benthic
diatom species observed at the beginning of both surveys in the present study. Meanwhile,
enrichment in benthic diatoms species was not significant in our survey. However, benthic
diatom concentration simultaneously increased with mud erosion in the lower and upper part
of the mudflat. Of the smaller autotrophs, only ANF significantly increased in the lower part
of the mudflat, where sediment erosion was greatest, during the first hour of the Lagrangian
survey. This significant increase in ANF concentration in the water column suggests that ANF
concentrations in eroded sediment during the survey was at least 10° cell mL™, which is a
hundred times greater than previously reported average values in the first top cm of the BMO
sediment (10* cell mL", C. Dupuy personal communication). Yet, ANF most probably
accumulated at the very surface of sediment in a layer of 1-2 cells thickness, just like diatoms
does, to photosynthesize (Guarini et al., 2000). These findings support routine measurement
of the detailed vertical distribution of microorganisms for estimation of erosion fluxes.
Synechococcus concentrations remained low, and picophytoeukaryote concentration
decreased during the same period. We therefore suggest that the erosion flux of benthic
diatoms and ANF, largely present at the mud surface, was immediately overwhelmed by a
grazing flux due to heterotrophic protists (HNF, ciliates), micrometazoan and mesometazoans
planktonic organisms (Sherr et al. 1986; Leakey et al. 1992; Calbet et al. 2008) or benthic
suspension feeders (Hughes 1969; Carlson et al. 1984).

Free virus concentration decreased during the Lagrangian survey, while it was expected
to increase with resuspension as these microorganisms are also largely present in mud (10"
cell mL* sediment; Hewson et al. 2001, and the present study). Again, this suggests that virus
resuspension flux during the rising tide due to waves was compensated by a loss process.
However, adsorption of free viruses onto clay particles may also occur in addition to or as an

alternative to grazing (Malits and Weinbauer 2009). Reversible sorption and hydrophobic

18



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

37
38

effects are linked to the ionic strength of the given environment, most notably to the
concentration of cations like Na" , which may change between bed sediment and water (Gerba
1984). Finally, water agitation has been recently shown to enhance viral sorption to clay
(Syngouna and Chrysikopoulos 2010). Therefore, together with wave agitation, availability of
sorption sites on the clayed mud of the BMO (Helton et al. 2006), salt water may favour virus
adsorption onto sedimentary particles. Similar to viruses, electrostatic properties, pH,
temperature, and salinity are thought to govern the sorption of bacterial cells onto clay
minerals (Jiang et al. 2007). As such, bacteria adsorption onto resuspended sedimentary
particles should not be excluded during the Lagrangian survey. Free bacteria concentration
remained constant while an increase was expected as these organisms are abundant in the mud
(5.10% cell mL™", Garet 1996 and 10° cell mL™ in the present study) and were undoubtfully
resuspended. However, no significant enrichment in attached bacteria was observed during
the Lagrangian survey despite that a thousand-fold enrichment was expected from the large
PIM increase (ten-fold) and the high concentration of bacteria in bed sediment (10° cell mL™)
compared to water (10° cell mL™). As free virus concentration did not strongly increased,
significant enhancement of virally mediated bacterial mortality was unlikely. Thus, attached
and free bacteria were most likely heavily grazed immediately after resuspension during the
Lagrangian survey.

Significant HNF concentration increase during the Lagrangian survey is consistent with
expected resuspension of benthic HNF given the bed friction velocities (due to waves) that
largely exceeded thresholds for HNF resuspension (Shimeta et al. 2002; 0.25-0.80 cm s™). In
contrast, HNF production (secondary production) could not explain concentration doubling,
given nanoplankton growth rate ranging from 7 h (Dupuy et al, 2007) to 20 h (Calbet et al.
2008; Liu et al. 2009). Thus, doubling of HNF concentration in the water column suggest that
HNF concentration in eroded sediment during the survey was roughly 10° cell mL", which is

a hundred times greater than previously reported average values found in the first top cm of
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the BMO sediment (10° cell mL™", C. Dupuy personal communication). This result suggests
that HNF accumulated at the very surface of sediment during the present study and pinpoints
again the importance of accounting for vertical distribution of microorganisms when
estimating erosion fluxes. Similar zonation of nanoflagellates at the surface of sediment
compared to deeper layers have been previously reported during summer periods in the North
Sea (Hondeveld et al. 1994) and also in the BMO in July 2008 (Dupuy et al., submitted). In
any case, after 2 h, the decrease in HNF concentration during the Lagrangian survey indicated
grazing on HNF by ciliates or micrometazoan and mesometazoan planktonic organisms
(Sherr et al. 1986; Hartmann et al. 1993; Calbet et al. 2008) also buffered resuspension flux.
In contrast, a significant increase in ciliate concentration during the Lagrangian survey
could not be attributed to benthic transfer that accompanies mud erosion. Although some
ciliate genera can be found in sediment, such as scuticociliates (Uronema sp.), ciliate
concentration is generally very low in mud sediments (Giere 1993), with concentrations lower
than 20 cell mL™" in the BMO surficial sediment (C. Dupuy, personal communication).
Simulated erosion of sediment cores taken in the BMO during the same period as the present
study confirmed ciliates erosion was unsignificant (C. Dupuy, personal communication).
Besides, ciliates taxa found in the present study were Order Oligotrichida (Strombidium spp.)
and Order Tintinnida (Tintinnopsis spp.), which are generally part of the suprabenthos due to
behavioural adaptations leading to depth zonation above the sediment-water interface after
vertical migration when vertical flow motion is small. Compared to other groups of
microorganisms analysed in the present study, ciliates are relatively more motile organisms
(velocities up to 0.5 mm s™) that can control their position in the water column at low
turbulence levels (Jonsson 1989). Ciliate concentration increase during the Lagrangian survey
may be attributed to redistribution by waves vertical stirring of ciliates accumulated at a

particular depth during slack tide.
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4.2 Mixing with offshore waters

Mixing (dilution or enrichment) with offshore waters was expected during the Eulerian
survey, where water depth varied. It should be noted that the 80% confidence interval around
prediction from mixing with offshore waters reduces when offshore waters are less
concentrated than inner basin waters (heterotrophic microorganisms) while it is reversed when
offshore are more concentrated than inner basin waters (autotrophic microorganisms). Thus,
detecting deviation from dilution prediction should be more accuratethan detecting deviation
from import prediction.

The PIM concentration evolved as predicted by dilution during the Eulerian survey,
indicating that no significant erosion or sedimentation occurred. Thus, settling velocity of
suspended particles should be comparable to mean wave bed friction velocities, ranging from
1.4 to 0.5 cm s, while bed sediment erosion threshold should be larger than 1.4 cm s™. In
contrast, during the Lagrangian survey, a strong increase in PIM concentration indicated that
bed friction velocities were high enough to erode the mud. Bed friction velocity due to the
tidal current (1.3 cm s™) was lower than the largest bed friction velocity observed during the
Eulerian survey which did not cause significant erosion. Thus, mud erosion during the
Lagrangian survey was more likely driven by bed friction velocities due to waves (average
velocity of 3.2 cm s™ and 4.5 cm s’ maximum) as suggested by Bassoullet et al. (2000).
However, the current study only indicates that the erosion threshold for the fine-grained mud
sediment of the Brouage mudflat (median grain size was 10 to 12 pm) lies between 1.4 cm s™
(largest value during Eulerian survey during which erosion was not observed) and 4.5 cm s™
(largest value during Lagrangian survey during which erosion was obsrved) in terms of bed

friction velocity.

During the Eulerian survey, no significant change in diatom concentration was detected

reflecting similar order of magnitude of concentration in the inner basin and in the north of
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the basin. However, a total community change occurred with replacement of benthic diatoms
by pelagic diatoms in proportion of water depth change during the rising tide. No significant
primary production of diatoms was expected given the short duration of the Eulerian survey
compared to the generation time for microphytoplankton (1 division d*, Calbet and Landry
2004 to 2 divisions d”, Dupuy et al. 2007) and water turbidity (Struski and Bacher 2006;
Bouman et al. 2010). Thus, mixing was the most likely dominant process.

Significantly lower than expected concentrations (based on mixing with offshore
waters) of low motility Synechococcus (at the surface and at the bottom) suggest that grazing
pressure was strong during tidal flow due to microzooplankton, mesozooplankton and/or
bivalve mollusks (Macoma balthica, Scrobicularia plana) (Hugues 1969; Hartmann et al.
1993; Dupuy et al. 1999). Ciliates also exhibited lower than expected concentrations at the
bottom. However, for these motile organisms, the assumption of a vertically homogeneous
distribution was probably no longer true as turbulence intensity decayed during the Eulerian
survey. Thus, ciliates losses may not be attributed to grazing only. Motility may also explain
the opposite dynamics of nanoflagellates during the Eulerian survey between surface and
bottom, given their swimming speed can reach 0.3 to 0.5 mm s™ and yield a transport of 1 to 2
m after one hour (Bauerfeind et al. 1986). However, an overall significant increase in ANF
concentration at the end of the Eulerian survey suggested that primary production started.

Conversely, during the first portion of the Eulerian survey, free virus and free bacteria
concentration significantly increased at the surface compared to the offshore water dilution
curve, suggesting that secondary production or desorption dominated over grazing. This
synchronous increase was congruent with the synchronous virus and bacteria dynamics

usually observed in BMO at the monthly scale in summer (Ory et al. 2010, 2011).

4.3 Strengths and limitations of the sampling strategy

22



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

45
46

Adapting sampling strategy to disentangle mixing with offshore waters and
resuspension and separating physical processes from biotic processes using PIM as a
reference lead to the conclusion that grazing pressure must be intense during rising tide.
However, temporal changes in concentrations that follow the dilution curve in an Eulerian
survey or remain constant in a Lagrangian survey simply mean that loss and gain processes
balance each other out. In addition, conclusive demonstration of loss or gain processes
requires that temporal changes in surveys are larger than uncertainties on initial conditions. In
the present study, uncertainties in PIM, diatoms, picoeukaryotes and attached bacteria
concentrations at the beginning of surveys reached 100%, which prevented the detection of
any significant decrease. Yet, significant increases could be detected when values more than
doubled, as seen for PIM. These large uncertainties have different origins. For PIM,
uncertainties were mainly due to large differences between the Lagrangian and Eulerian
samples taken when surveys started and advocate for increasing sampling effort and
localization precision in the intertidal area where large horizontal spatial gradients may exist.
For diatoms, attached bacteria and picoeukaryotes, large uncertainties also came from large
difference between the Eulerian samples and points out the low precision on concentration
determination for some microorganisms. Reducing these uncertainties requires increased

sample volume and superior enumeration efforts.

5. Conclusions

During a rising tide, expected water column enrichment of benthic microorganisms
(small to large autotrophs and heterotrophs) from sediment resuspension was largely
overwhelmed by loss processes, except for nanoflagellates (ANF and HNF). The dominant
loss process was likely grazing. However, adsorption onto clayed particles may have also
masked enrichment for free viruses and bacteria . A combination of resuspension and

grazing/adsorption processes led to non-significant changes in both heterotroph and autotroph
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total biomass during the rising tide in the nearshore area. In the meanwhile, offshore waters
imported autotrophic organisms, mainly Synechococcus, while heterotrophic microorganisms
were diluted. However, autotrophic organisms import was significantly grazed. As a result,
combination of offshore waters import and grazing led to stability of autotrophs biomass in
the deeper areas of the BMO, while heterotrophs biomass was reduced by 50%. Lastly, when
resuspension occurred over a tidal flat during a rising tide, the water column evolved to a less
heterotrophic structure over the mudflat in the deepest part of the semi-enclosed bay
compared to nearshore. Thus, the present study suggests that this differential evolution mainly
reflects dilution with low concentrated offshore waters, as grazing pressure erased any
microorganisms inputs accompanying physical transfers due to bed erosion or offshore waters

mixing.
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Figure 1: Map of the Marennes-Oléron Bay in Europe. The grey area indicates land and the
contour labeled 0 delimites the largest extent of the intertidal area (lowest sea level during the
highest tidal coefficient). Open circles indicate the successive locations of the Lagrangian
survey stations, the open square indicates the Eulerian survey location and the filled triangle
indicates the ADV location. Trajectories simulated with the Telemac model are displayed:
thin lines figure trajectories reaching the Eulerian survey location at 17:20 h (solid) and 18:40

h (dashed) and the thick line figures trajectory leaving the Eulerian survey location at 16:00 h.

Figure 2: Expected temporal changes in concentrations during a Lagrangian survey (black

line) and during a Eulerian survey (gray line) of the water column.

Figure 3: (a) Wind speed at La Rochelle Aérodrome and significant wave height (Hs) on the
intertidal flat during high tide (light gray) on 24 July, 2008. (b) Measured bed friction
velocities associated with the tidal current (open triangles) and computed bed friction
velocities associated with waves in a constant 40 cm water depth during the Lagrangian
survey (filled circles for the maximum, open circles for the average) and for water depth
increasing from 1.1 to 3.1 m during the Eulerian survey (filled squares for the maximum,

open squares for the average).

Figure 4: Temporal changes in concentration of particulate inorganic matter (PIM) in the
middle of the water column during the Lagrangian survey (white bar) and during the Eulerian
survey (square) at the surface (gray) and at the bottom (white) of the water column. The black
vertical bar represents the average concentration in the middle of the water column in the
lower part of the mudflat when surveys started with its 80% confidence interval. Lines display

the 80% confidence interval of concentrations calculated assuming only mixing with
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incoming offshore waters when tide rose during the Eulerian survey (see formula in the

Methods section).

Figure 5: Temporal changes in the abundances of autotrophic organisms: benthic diatoms (a),
pelagic diatoms (b), autotrophic nanoflagellates (ANF, c), Picophytoeukaryots (d) and
Synechococcus (e) in the middle of the water column during the Lagrangian survey (white
bar) and during the Eulerian survey (square) at the surface (gray) and at the bottom (white) of
the water column. The black vertical bar represents the average concentration in the middle of
the water column in the lower part of the mudflat when surveys started with its 80%
confidence interval. Lines display the 80% confidence interval of concentrations calculated
assuming only mixing with incoming offshore waters when tide rose during the Eulerian

survey (see formula in the Methods section).

Figure 6: Temporal changes in the abundances of heterotrophic organisms: free viruses (a),
free bacteria (b), attached bacteria (c), heterotrophic nanoflagellates (HNF, d) and ciliates (e)
in the middle of the water column during the Lagrangian survey (white bar) and during the
Eulerian survey (square) at the surface (gray) and at the bottom (white) of the water column.
The black vertical bar represents the average concentration in the middle of the water column
in the lower part of the mudflat when surveys started with its 80% confidence interval. Lines
display the 80% confidence interval of concentrations calculated assuming only mixing with
incoming offshore waters when tide rose during the Eulerian survey (see formula in the

Methods section).

Figure 7: Temporal trends in the autotrophs (a) and heterotrophs (b) biomass in the middle of
the water column during the Lagrangian survey (white bar) and during the Eulerian survey

(square) at the surface (gray) and at the bottom (white) of the water column. The black
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vertical bar represents the average concentration in the middle of the water column in the

lower part of the mudflat when surveys started with its 80% confidence interval.
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Table 1: Concentrations of parameters at the north station on July 12 and 29, 2008, used as

offshore value Ce in equation (1).

July 12 / July 29

PIM

18.2/6.67 mg L

Pelagic diatoms

112.7 /52.8 cell mL*

Benthic diatoms

17.3/4.2 cell mL*

ANF

1.8/1.0 10° cell mL*!

Picoeukaryots

5.5/2.88 10° cell mL™*

Synechococcus sp.

1.44/2.25 10* cell mL™*

Free virus

3.8/2.34 10° cell mL*!

Free bacteria

2.65/2.48 10° cell mL™*

Attached bacteria 5.3/7.510°% cell mL*!
HNF 1.5/0.6 10° cell mL™*!
Ciliates 3.66 / 4.58 cell mL™*
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Table 2: Conversion factors and their corresponding literature reference used to convert

abundance to biomass of carbon for each type of plankton organism.

Cells or organism

Conversion factor (pg C/cell)

Reference

Bacteria 0.016 Labry et al. (2002)
Synechococcus 0.104 Blanchot and Rodier (1996)
Picoeukaryotes 0.104 Blanchot and Rodier (1996)
Nanoflagellates 3.14 Pelegri et al. (1999)
Ciliates 3.14 Pelegri et al. (1999)
Diatoms 225 Fournier et al. (2012)
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