Highlights

The EPS contents in sediment with clams were significant higher
The near-bed in situ floc size was 70% larger over the clam flat

Flocculation processes were related to biological, SSC and turbulent influence
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Abstract

The flocculation process of cohesive sediment impacts upon estuaries and tidal flats by
affecting the sediment dynamics, modifying the biogeochemical exchanges, and playing an
essential role in coastal ecosystems and geomorphologic evolution. To understand the roles of
biological activity on flocculation processes in aguaculture areas, here we undertook in situ
measurements over a bare tidal flat and a nearby clam aquaculture mudflat on the Jiangsu coast,
China. Near-bed in situ floc size, the grain size distribution of suspended particles in seawater,
suspended sediment concentration (SSC), and currents were obtained for nine consecutive
semidiurnal tidal cycles simultaneously at the two sites. Correlation analysis indicated that the
flocculation and its break-up process in this study area appeared to be controlled by the
variations in SSC and bottom shear stress due to combined wave and current. The floc sizes
showed less difference between the two sites under calm conditions. However, the near-bed in
situ floc size in the aquaculture mudflat was 23% larger than that in the bare tidal flat in the
severe erosion events, suggesting modulation of the flocculation process due to the extracellular
polymeric substances (EPS) eroded from the seabed sediments at the aquaculture site, as the
hydrodynamics were very similar between the two sites. A higher EPS content was observed in
the sediment layer below the surface seabed at the aquaculture site. We conclude that abundant

filter feeders alter floc properties and enhance flocculation by excretion of exopolymer particles.
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Biological activities

1. Introduction

Flocculation of fine sediment particles has been widely observed in estuaries (Berhane et al.,
1997; Guo et al., 2017; Van Leussen, 1988; Wang et al., 2013) and intertidal environments
(Guo et al., 2018; Wells, 1989). Flocculation processes affect density, particle size, and settling
velocity of suspended particles, which is crucially important for the sedimentation process and
sediment transport (Dyer and Manning, 1999; Manning and Bass, 2006; Manning et al., 2006;
Mikkelsen and Pejrup, 2001; Shao et al., 2011). Flocculation also plays an important role in
biogeochemical cycles for nutrient (Maggi, 2009a), organic matter (Lee et al., 2019), and heavy
metals (Biati et al., 2010; Karbassi et al., 2008) because of the adsorption ability and transport
function of the particles in flocs. An enhanced settling velocity, caused by the combination of
large flocs and high suspended sediment concentration, can lead to serious siltation (Guo et al.,
2017). Considering the significant importance of the flocculation processes, it has been
included in advanced numerical models of sediment transport (Engel and Schartau, 1999;
Soulshy et al., 2013; Wang et al., 2013). Great attention has been paid to the hydrodynamic
factors (Guo et al., 2017; Mhashhash et al., 2018; Schwarz et al., 2017), biological activity
(Deng et al., 2019; Fettweis and Lee, 2017), and electrochemical processes (Karbassi et al.,

2014) that affect fine sediment flocculation in estuaries and tidal flats.

Generally, flocculation can be formed by particle collision due to three fundamental factors:

Brownian motion, fluid shear, and differential settling (Eisma, 1986; Tsai et al., 1987).

3
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Brownian motion plays an important role at the beginning of the flocculation process with very
fine primary particles when the turbulence is weak (Eisma, 1986; McCave, 1984; Partheniades
and Emmanuel, 1993; Van Leussen, 1994). The effect of differential settling on the aggregation
process is relatively greater in weak turbulence regions, for example, still water in laboratory
experiments (Wendling et al., 2015) and estuarine and coastal environments during slack waters
(Christie et al., 1999; Guo et al., 2017; Guo et al., 2018; Milligan et al., 2007). Of these three
principle particle collision mechanisms, fluid shear is the dominant mechanism that drives
particle collision in energetic flows (Liu et al., 2019; Manning, 2004; McAnally William and
Mehta Ashish, 2000). Other factors can also influence the particle collision, such as suspended
sediment concentration (SSC) (Manning, 2004; Mhashhash et al., 2018; Razaz et al., 2015;
Tran et al., 2018; Van der Lee, 2000). The majority of researchers have paid more attention to

the effects of turbulence and SSC in high turbulence regions.

Flocculation and floc break-up dynamics are influenced by physical hydrodynamic forces,
electrochemical and biological processes (Wang et al., 2013). Important factors include salinity
(Dobereiner and McManus, 1983; Gibbs and Konwar, 1986), suspended sediment
concentration (Li et al., 1993; Razaz et al., 2015), turbulence (Guo et al., 2017; Winterwerp,
1998; Wolanski et al., 1992), and biological processes (Maggi, 2009b). In particular, biological
processes can have a great effect on the size and stability of flocculated aggregates, by bonding
suspended particles and organic matters together (Engel and Schartau, 1999; Heinonen et al.,

2007; Wang et al., 2013).
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Some research suggests that biological processes, e.g., algae growth and organic gelling, play

an integral role in the dynamic process of flocculation (Wotton, 2004, 2005). At present, several

types of plankton are recognized as a source of extracellular exopolymer particles (EPS)

(Passow, 1994; Passow, 2000; Passow, 2002a, 2002b). Because of their high stickiness, the

ubiquitous and abundant gel-particles enhance the aggregation of solid, non-sticky suspended

sediment particles (Chen et al., 2005; Droppo, 2001; Lee et al., 2012; Passow, 2002b). Eisma

(1986) proposed that bacteria, algae, and higher plants participate in floc formation through the

release of mucopolysaccharides, which glue the fine sediment particles together. Experimental

study results indicated that extracellular polymeric substances can increase the floc size by as

much as one order of magnitude (Tan et al., 2012).

Both laboratory and field experiments have confirmed that some species of suspension feeder

contribute to the presence of polymeric substances in marine ecosystems, due to the mucus,

acidic and mixed mucopolysaccharides secreted by benthic suspension feeders (Heinonen et al.,

2007; Li et al., 2008; McKee et al., 2005). For example, Li et al. (2008) suggested that large

aggregates formed in direct relation to the number of polymeric substances produced by blue

mussels Mytilus edulis and sea vases Ciona intestinalis under laboratory conditions. Heinonen

et al. (2007) also confirmed through both laboratory experiments and field measurements that

several benthic suspension feeders, including blue mussels and bay scallops, could facilitate the

flocculation of organic matter and particles by producing polymeric substances.

Due to the complexity of biological processes and the fact that they are not easy to control or

analyze in the laboratory (Dyer and Manning, 1999), the mechanism and importance of
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biological activity in flocculation dynamics are not clear yet. Furthermore, the influence of
biological activity in coastal waters is even more difficult to quantify. For example, the floc
sizes of suspended particles usually change continuously under natural conditions, because the
flocculation process actually remains in a nonequilibrium state due to the influence of the
dynamic changes of currents, waves, SSC, and the biological factors (Dyer and Manning, 1999;
Guo et al., 2018). A better understanding of flocculation dynamics with and without biological

modulation is needed.

This paper presents the temporal variation of in-situ floc size between two study sites (one a
bare tidal flat and the other a clam aquaculture zone), which shared almost the same physical
conditions but had distinctly different biological conditions. The objective is to examine the
difference and resemblance of flocculation and floc break-up dynamics between the bare tidal
flat and the flat subject to biological activities and to discuss the influence of biological

processes on flocculation.

2. Background

The study area is situated at Rudong intertidal flat on the Jiangsu coast, eastern China. The
intertidal flat on the central Jiangsu coast faces the South Yellow Sea, with a maximum width
of 7-10 km (Ren, 1986) and a mean slope of 0.09% (Chen et al., 2010). The well-known radial
sand ridge system acts as the main source of sediment in the coastal zone due to erosion in the
offshore region and longshore transport (Du et al., 2019; Wang et al., 2012; Wang et al., 2004;
Xing et al., 2012). The bottom sediment in the mid-intertidal zone at Rudong is composed of

silty sand and sandy silt (Wang et al., 2012).
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The Rudong Coast is characterized by a macro-tidal hydrodynamic setting, which is dominated

by regularly semidiurnal tides, with a mean tidal range of 4.61 m and an extreme tidal range

exceeding 8.0 m (Zhao and Gao, 2015).

The two sites (Site S1 and S2, Fig. 1) are located on the intertidal flats of the Rudong coast.

Site S1 was on an aquaculture farm and Site S2 was on the undisturbed intertidal flat, with a

distance of 1.4 km between the two sites. The activities of the suspension-feeding bivalve M.

meretrix clams at Site S1 include burrowing, locomotion, suspension-feeding, pelletization, and

excreting pseudo-fecal pellets (Gosling, 2015). The clams usually bury themselves at depths of

5 to 10 cm (Lee et al., 2007), and emerge to feed during periods of inundation. Mucus-like

substances released by mucopolysaccharides mucocytes of filter feeders, which play a key role

in particle transport and different ecological functions for bivalves, could contribute to the EPS

(Gosling, 2015; Passow, 2002b; Wotton, 2005). The concentration of EPS varies in different

marine settings and peaks at the location inhabited by dense assemblages of filter feeders (Li et

al., 2008).

3. Methods

3.1. In situ measurements

From 24 August to 28 August 2016, two observation sites were established 1.5 km away from

the seawall (Fig.1). We measured the floc size and other physical parameters including salinity,

temperature, wave, current, the grain size of sea-bed sediment, to determine the similarity of

the physical conditions between the two sites.



145  In situ measurements were started synchronously for all instruments at both sites before
146  submersion and were left in place over nine consecutive tidal cycles at both sites. An acoustic
147  Doppler velocimeter (ADV, 6MHz, Nortek AS.; measurement accuracy: +1 mm/s; sampling
148  rate: 16 Hz; sampling at 16 Hz for 256 sec every 5 min), a self-logging turbidity—temperature
149  sensor (OBS-3A, Campbell Scientific, Inc., USA; sampling interval: 2.5 min), a wave-tide
150  recorder (SBE26 plus SEAGAUGE, Sea-Bird Electronics Inc., USA; Measured accuracy: 0.01%
151 of the fullscale; sampling interval: 10 minutes) and a LISST particle sizer (manufacturer:
152  Sequoia Scientific, Inc.; Type: C; size-range: 2.5-500 microns) were deployed at each

153  observation site.

154  Nortek vector current meters were deployed down-looking with the transmit transducer at a
155  height of 0.37 m above the sea bed and were used to measure 3D velocity at 16 Hz (4096 points
156  per 5 min time-series). The distance from the transmit transducer to the surface of the sea bed
157  was also recorded to measure the changes of the sea bed due to erosion or accretion. The
158  increasing values of distance from the probe to bed denote erosion, and decreasing values

159  denote accretion.

160  The OBS-sensors were situated 0.16 m above the sea bed to measure turbidity, salinity, and
161  water temperature every 150 seconds. In order to measure the primary particle size distribution
162  of suspended sediments, water samples were collected within the bottom boundary layer of the
163  water column (0.2 m above the seabed) with a water sampler on boats near two sites, whilst the
164  instruments were submerged from August 24 to August 28. The water samples were also used

165  to calibrate the turbidity values recorded by OBS-3A in the laboratory.
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The wave and tide recorders were deployed horizontally on the sea bed, with the pressure
sensors situated 0.1m above the sediment surface, monitoring pressure for 256 seconds at 4 Hz

with a 10 minutes burst interval.

Particle size distribution was observed with the laser in-situ scattering and transmissometry
instrument (LISST-100X with 90% path reduction module) continuously with a sampling
interval of 2 minutes at 0.15 m above the sea bed at both observation sites. Whilst the bed was
exposed, three surface sediment samples (0-5 cm) were collected to measure the organic matter
content, which was determined by loss on ignition (LOI) after combustion. In addition, surficial
sediment samples were collected from the uppermost 2 cm for grain size analysis (using
Mastersizer 2000 laser diffraction particle size analyzer), and this sampling work conducted
during August 24 and August 28. To estimate the population density of clams, three sediment
samples of 0.3 m x 0.3 m x 0.1 m were collected from the tidal flat at each site and then sifted
through a 1-mm mesh sieve. To measure the extracellular polymeric substances (EPS) content
of bottom sediment, three sediment cores (each core has a diameter of 0.08 m and a depth of

0.30 m) were also collected at each site on 20 September 2018.

3.2. Sample analysis and data processing

Turbidity (T, measured in nephelometric turbidity units, NTU) derived from the optical
techniques, can be used to accurately estimate suspended sediment concentration (SSC; unit:
g L) in the bottom boundary layer after calibrating the turbidity measurements with in situ
collected water samples (Downing, 2004). The linear relationships established via calibration

between the turbidity T (NTU) and in situ SSC (g L™1) were expressed as follows:

9
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SSC = 0.0033 x T — 0.0734 1)

R=0.913, N=18, 0.16 m above the seabed at Site S1.

SSC =0.0101 X T + 0.0055 @)

R=0.996, N= 12, 0.16 m above the seabed at Site S2.

where R is the correlation coefficient for the fitted relationship, and N is the number of data

pairs used for the regression analysis (Fig. 2).

Water depth, significant wave height, and significant wave period were calculated using the
program package provided by the manufacturer. The raw data derived from LISST were
converted to volume concentration distribution (32 classes, logarithmically spaced between 2.5
and 500 pm) according to the manufacturer’s manual based on scattering from spherical
particles. According to the suggestions in the LISST-100X manual, the data were disregarded
when transmission values were < 0.10. Mean floc sizes (Dwm) of the sediment in suspension were
then estimated from the volumetric size distributions. In data processing, care must be taken
when there were raised tails at the ends of the distribution curves (the last 2 classes). These tails
may be an artifact or caused by the particles greater than the instrument range of 500 um for
Lisst-100X type-C (Gartner et al., 2001). According to Mikkelsen et al. (2005), we checked the
original data of LISST-100X and re-computed the D50 after deleting the 2 largest size classes

(390 um & 460 pm) in this study.

10
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The primary particle size distribution of bottom sediment samples and in situ water samples
were measured using Mastersizer 2000 granulometer after ultrasonic shaking for 2 min
(Malvern Instruments Ltd.; measuring range 0.02-2,000 um; reproducibility error <3%).
Before the test, the bottom sediment samples were soaked in 30 g L™ NasO1sPs solution for 24

h in order to remove organic matter and deflocculate potential aggregates.

The EPS contents of different layers (0~0.2 cm, 0.2~0.5 cm, 0.5~1 cm, 1~2 cm, 2~3 cm, 3~4
cm, 4~5 cm, 5~7 cm, and 7~9 cm depth below the surface seabed) in sediment cores were
extracted according to the method modified from Orvain et al. (2014) and Chen et al. (2017a).
EPS was extracted from approximately 5 mL of fresh sediment and placed in 50 mL
centrifugation tubes in 25 mL of 0.2 pm filtered and sterilized artificial seawater (ASW). After
1 h of incubation in ASW, the sediment was added with ~1 g of cation exchange resin (CER,
Na+). After resuspension, tubes were gently agitated (4 °C, 500 rpm, 60 min) in the dark. The
residual solids in the supernatant were removed by high-speed centrifugation (10,0009) for 15
min. Total EPS was collected in the supernatant after filtering through a 0.45 um filter
membrane and kept frozen (—20 °C) for further analysis. The EPS yields were represented as
polysaccharides. The anthrone carbohydrate method, as proposed by Raunkjer et al. (1994),

was applied for the measurement of polysaccharide content in EPS with glucose as the standard.

3.3. Shear rate

The horizontal velocity (u, v) and vertical velocity (w) measured by ADV can be broken up

into mean, wave, and turbulent components (Bian et al., 2018). For example, u(t) can be

expressed as u = u + % + u', where u isthe burst-averaged velocity, # is the orbital wave

11
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velocity, and u’ is the turbulent fluctuation. An energy spectrum analysis with simple moving-
average filter procedure, as outlined in Williams et al. (2003), was used to remove the wave-

induced fluid motion waves (Soulsby and Humphery, 1990).

The bed shear stress (z.) is linearly related to the turbulent kinetic energy within the constant

stress layer (Soulsby and Dyer, 1981):

Te = pylt® = Cow——F—— ®3)

in which the value of coefficient C is setto 0.19 (Kim et al., 2000; Pope et al., 2006), and p,,

is the density of seawater, u, is the friction velocity (Whitehouse et al., 2000).

The bed shear stress due to waves (t,,) was obtained as a function of the wave orbital velocity

U,, and the friction factor f,, (Fredsoe and Deigaard, 1992; Soulsby, 1997):

1
Ty = 3 Pfw Ua/ (4)

in which the wave friction factor f,, depend on the hydraulic regime and can be expressed as

(Soulshy, 1997).

2R;%°, R, <5 x 10° (laminar)
fw =140.0521R;,%187, R, > 5 x 10° (smooth turbulent) (5)
0.237r7952, (rough turbulent)

where R, (= U,A/v) isthe wave Reynolds number, r (= A/k) is the relative roughness.

A (=U,T/2m) is the semi-orbital excursion, T is the wave period and kg (= 2.5ds,) is

Nikuradse roughness, ds, isthe median grain size of the seabed sediment as recommended by

Soulshy (1997).

12
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The wave orbital velocity (U,,) is estimated by linear wave theory:

TTHg
~ Tsinh(kh) (6)

Uw

where Hg is the wave height (m) obtained from wave-tide recorder, k (= 2m/L, L =
(gT?/2m) tanh(kh)) is the wavenumber, h is water depth (m) measured by wave-tide

recorder, g is the gravitational acceleration (9.8 m?s?), and T is the wave period.

The total bed shear stress due to waves and currents (7, and Ty, max, Measured in N m?) is

the combined stress due to currents (z.) and to waves (t,,) based on the model of Soulshy

(1997):

3.2
Tow = T, [1 +12(5) ] -
Tew max = [(Tew + T €Os @)? + (T, sin ¢)?]%5 ®)

where ¢ is the angle between current direction and direction of wave travel.

To quantify the effect of turbulence on floc creation and break-up, we calculated the shear rate

G following (Pejrup and Mikkelsen, 2010):

[
G = \} vKZ ©)

where G represents the shear rate (s), which is usually used as a proxy of the turbulence
imposed on floc creation (Dyer and Manning, 1999; Leussen, 1994; Schwarz et al., 2017; Wang
etal., 2013); v is the temperature corrected kinematic viscosity of seawater (m?s™); k is von
Karman constant (0.41); z is the distance between the sampling volume and the sea bed.

13
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3.4. Effective density

The effective density of the flocs (Ap, kg/md) defined as the difference between the particle and

water densities, was calculated by (Fettweis, 2008):

w+ SSC
Ap=pp—pw=01-09 77 (10)

in which SSC was estimated from OBS-3A measurements (Eq. 1-2), VC is the volume

concentration measured by LISST-100x, and the p; is the floc density.
4. Results

We first compared the biological settings between the two sites and found differences in terms
of biomass and EPS content. To determine the differences in the physical setting between the
two monitoring sites, we compared several relevant parameters, including wave characteristics,
tidal current, grain size, suspended sediment concentration, and the grain size of suspended
sediments and bottom sediment. These parameters could affect the flocculation, and we show
here that the physical settings were very similar between these two sites. There is no significant
difference in salinity and temperature between tides and sites during the observation period,

therefore we focus on the hydrodynamic characteristics and biological factors.
4.1. The density of Meretrix and EPS contents

There was a great difference in the clam density between the two sites. On 25 September 2016,

2 and 3.7 ind.m™? for Site S1 and S2, respectively.

the density of Meretrix was 137 ind.m~
On 20 September 2018, the density of Meretrix was 211 ind.m™2 at Site S1, and there were

14
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no M. Meretrix found at Site S2. The values of organic content in the surface sediment at Site

S1 (2.07%) were smaller than that at Site S2 (2.35%).

The variation of EPS content of the sediment with depth is shown in Fig. 3 for the two sites. At
Site S1 the EPS concentration (represented by EPS total polysaccharides) ranged from 80.07 to
180.38 pg g* DW, with a mean value of 138.95 ug g* DW. For Site S2, the depth mean value
was slightly lower, at 120.43 pg g~ DW, ranged from 79.02 to 248.47 ug g~ DW. Despite
the similar vertical mean value, there was a noticeable difference between the two sites in layers
deeper than 0.5 cm. The EPS content at Site S1 was about 47 % higher compared to Site S2
from 0.5 to 8 cm below the flat surface, which is inhabited by the clams. Whereas, the very

surficial layer of Site S2 showed a much higher content.

According to Malarkey et al. (2015), the EPS contents ranged between 100~1000 ug g DW in
sandy muds and sands with low mud content. In the laboratory experiments, the EPS contents
ranged between 70 ~150 ug g DW in the sediment (108 pm, incubated with Bacillus subtilis
for 5~22 d) sampled in Jiangsu province (Chen et al., 2017a), and the values are close to our
study. In this study, the clams had a great influence on the sediment below the flat surface
(layers deeper than 0.5 cm), however, the EPS contents were reduced due to the filter-feeding
of clams.

In fact, EPS can be produced by a wide range of organisms, such as bacteria, diatoms, and
macrofauna (Chen et al., 2017a; Heinonen et al., 2007; Passow, 2002b). The clams filter algae
and destroy the biofilms which contain abundant EPS, therefore, the EPS content is not
proportional to the clam density at Site S1.

The EPS, produced by the microbes and the algae, could be ingested or reabsorbed by the clams
when filter-feeding (Gosling, 2015). In other words, the filter-feeding activities of clams could
lead to a lower EPS content in the surface sediment, whereas the higher EPS below the surface
may be a consequence of higher bioturbation at the site. A possible explanation of this could be

due to the improvement of the permeability of soils due to bioturbation (from clam M. meretrix
15
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bio-activities), which also enabled the deeper penetration of oxygen, flow, and nutrients below
the surface. As a result, a better environment inside the bed was provided for the enhancement
of EPS production. In addition, amounts of mucus secreted by clam M. meretrix during their

locomotion may also contribute to the EPS content.

4.2. Hydrodynamics, SSC, and seabed erosion/accretion

Significant wave heights (Hs) at Site S1 ranged from 0.04 to 1.30 m with an averaged value of
0.30 m, relatively smaller than wave heights at Site S2, which ranged from 0.03 to 1.31 m with
a tidal-averaged value of 0.34 m. The values of 1, showed similar trends with Hs and were

greatly increased at both Sites during Tide T6-T9 due to the strong waves (Table 1).

As shown in Fig. 4a, the water levels are semi-diurnal at both sites. The current speeds varied
between 0.06-0.39 m s* for Site S1 with the mean value of 0.23 m s, and 0.09-0.39 m s™* for
Site S2 with the mean value of 0.24 m s*. The tidally-averaged values of current speeds were
almost the same size at Site S1 and S2 during the observation period (Table 1), furthermore,
the 1. showed similar trends with the current speed at both sites (Fig. 4c and Fig. 4d). The values
of Tew_max Were smaller during tide T1-T5 and increased obviously with waves during tide T6-

T9 at both sites (Table 1 and Fig. 4e).

Generally, the variations of SSCs for the two sites showed similar trends (Fig. 5c). Overall, the
values of SSC increased with higher wave height and current velocity. At tide T2-T5, the SSCs
observed at both sites had smaller values (Fig. 5¢c and Table 1). Whereas SSC values at both

sites during T6, T8, and T9 increased by more than 50% with the largest wave height. As the

16
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wave and tidal current have been known to play a leading role in the sediment resuspension

(Shi et al., 2017; Wang et al., 2006; Wang et al., 2012; Zhang et al., 2016), the higher SSCs

during tides T6-T9 could be attributed to local resuspension caused by the stronger waves and

horizontal advection which transport sediment from radial sand ridge system (Xing et al., 2012;

Xiong et al., 2017).

The distance from the probe to bed measured by the ADV changed slightly from tide T1 to T4

(Fig. 5f). However, under the condition of strong wave actions, the bed level change showed

general trends of erosion at the two sites during T5-T9 (Fig. 4 and Fig. 5f). During this event

(T5-T9 in Fig. 5f) the net erosion over a tidal cycle was 22.4 mm, 24.7 mm, 12.9 mm, 13.5 mm,

and 10.7 mm at Site S1, while the corresponding values for Site S2 were 15.1 mm, 16.9 mm,

2.8 mm, 10.6 mm and 2.6 mm.

4.3. Bottom and suspended sediment particle size

According to the grain size analysis of bottom sediment samples collected near the observation

sites, the averaged mean size was 111.5 uym (3.2 ®) and 139.7 um (2.8 @) for Site S1 and

S2, respectively. The bottom sediment was composed mainly of sands and silts. The sand

contents were 90.09% and 97.21% for Site S1 and S2, while the silt contents were 9.08% and

2.79% for Site S1 and S2, respectively. Clay contents were low at both sites, accounting for

0.83% and 0% at Site S1 and S2, respectively.

The mean sizes of sediment in water samples collected near the bottom (0.20 m above the

seabed) varied between 9-24 um with an average value of 14 um at Site S1, which was close

17



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

to values of 11 - 27 um and 17 um for Site S2. The particle size distribution showed a

unimodal distribution type (Fig. 6a and Fig. 6b).

4.4, Characteristics of the flocs

4.4.1. In situ mean particle size

The in situ mean size (Dw) is presented in Fig. 5b. The values of Dy were 70.81 + 20.87 pm,

63.15 £ 20.29 pm for Site S1 and S2, respectively. In general, the change of Dy showed similar

trends for both sites during the observation period (Fig. 5b). The tidally-averaged Dwm for Site

S1 was 11% larger than that for Site S2 (Fig. 5b and Table 1). Furthermore, the particle size

distributions (PSD) for Site S1 showed the bimodal distribution with the peaks at 60 pm and

200-300 um from T1 to T6 as a whole (Fig. 6¢ and Fig. 7). As shown in Fig. 6 and Fig. 7,

micro-flocs or smaller flocs (Eisma, 1986) (<125 um) were observed at both sites.

From T1 to T4, when the G reached its minimum during high water, the SSC increased

obviously (03:10in T1; 15:10in T2; 03:40 in T3; 16:10 in T4). The increased SSC with low G

was due in large part to the settling of suspended particles from the upper water column because

the sediment observed by Lisst-100x and OBS sensors (situated near the seabed) was closed to

the seabed. Moreover, at the same time, the floc size began to decrease with the high SSC (Fig.

5a~Fig. 5d).

Interestingly, the Dm showed a clear difference between Site S1 and S2 during tide T7-T9 (Fig.

5b; Fig. 6¢-d). The Dw at Site S1 was 23% larger than those at Site S2, with the values of 59

um, 47 um, 39 um at Site S2 for tide T7, T8 and T9, respectively. In contrast, the
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corresponding values of Site S1 were 69 um, 58 um and 49 um during the same periods,
respectively (Table 1). Moreover, the values of Dw varied significantly during different tides at
two sites, whereas floc sizes at Site S2 showed weaker variations compared with Site S1 during
tide T7-T9. As shown in Fig. 5b, within a tidal cycle during erosion events (T5-T9), Du peaked
during the initial flood in each tidal period and remained considerably higher until mid-flood.
During the high water level, the mean sizes began to decrease and subsequently reached the

minimum values at the mid-ebb stage of the tide when the SSCs peaked.

In situ PSD of in-situ suspended particles showed great differences between the two sites during
T7-T9 (Fig. 6e, Fig. 6f, and Fig. 7). At Site S1, the PSD implied that in situ suspended sediments
were composed of micro flocs (<128 um) and macroflocs (>128 um), while the suspended
sediments at Site S2 were mostly made up of microflocs and the frequency of occurrence of a
coarser fraction reduced (Fig. 6e and Fig. 6f). At both sites, there was a peak in floc sizes that
was just greater than 100 pm during the flood and high water periods. During the ebb, this peak
was reduced, and the component of particles with diameter <50 um increased around the time
of mid-ebb at both sites; at the same time, the proportion of particles with diameter > 50 um
declined dramatically (the blue line in Fig. 6e and Fig. 6f) as the SSC peaked (Fig. 5c). Both
sites showed a greater abundance of small flocs during the ebb tide and the primary particles
populations increased significantly. This phenomenon indicates an intense floc break-up

process that accompanied the peak in SSC.
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4.4.2. Effective density

The values of Ap were 384 kg m? (between 58-681 kg m), 429 kg m (between 34-1313 kg
m3) for Site S1 and S2, respectively. The Ap decreased with the increasing Dy and appeared
to be negatively correlated with the mean size of flocs for the two sites (Fig. 8), which is
consistent with other studies (Guo et al., 2017; Wang et al., 2013). The mass fractal dimension
(Nf) was determined as the relationship between Ap and Dm (Ap « (pp -p,) (B—’;’)Nf_g)
(Fettweis, 2008; Hill et al., 1998; Kranenburg, 1994; Mikkelsen and Pejrup, 2001). In thisstudy,
the values of estimated Nf ranged between 2.10-2.50 with the optimal fitting value of 2.30 for
Site S1, and between 1.35-2.22 with the optimal fitting values of 1.85 for Site S2. Previous
studies suggested that larger Nf related to strong flocs, while lower Nf related to fragile flocs

(Dyer and Manning, 1999; Kranenburg, 1994; Winterwerp, 1998).

5. Discussion

5.1. Controlling factors on the flocculation/deflocculation

Many studies have focused on the effect of turbulent shear and SSC on the coagulation process
(Guangquan et al., 2014; Guo et al., 2017; Guo et al., 2018; Tran et al., 2018). Some research
found that the flocculation process was controlled by turbulence more than other factors
(Schwarz et al., 2017; Wang et al., 2013). In this study, the pattern of temporal variation of D,
was contrary to variations of SSC at both sites, suggesting that SSCs had an important effect
on the dynamic process of flocculation (Fig. 5b, ). The correlation between Dw and SSC, as
shown in Fig. 9, Du decreased with the increasing SSC, exhibiting a negative power-law

relationship with the coefficient of determination (R?) of 0.98, 0.79 for Site S1 and S2,
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respectively (Fig. 10a and 10b). The relationships between D,, and SSC can be represented as

follows:
DM_Sl = 36 SSC_O'43 (11)
DM_SZ =41 SSC_O'32 (12)

The SSC appeared to be a significant factor in flocculation and the floc break-up processes,
which agrees with the findings of Dyer and Manning (1999), Guo et al. (2017), and Burban
et al. (1989). According to Guo et al. (2017), when G became larger than 3 s, Dv decreased
with the increasing G, and the floc size showed a negative relationship with SSC during tidal

periods except for water slack periods when deposition of flocs in the water column occurred.

However, the correlation between Dy and shear rate G~ calculated using u* exhibited a wide
scatter and had weaker correlations for both sites (Fig. 10c and 10d). This result indicates that

the shear rate induced by current had a smaller effect on the variations of Dy compared to SSC.

Many studies have focused on the relationships between floc size, shear stress due to current,
and shear rate (Ramirez-Mendoza et al., 2016; Schwarz et al., 2017; Wang et al., 2013).
Considering the strong waves in natural environments, more studies are needed to determine
the combination mechanism of waves and currents. In this study, the wave heights increased
and led to sediment resuspension and high values of SSC during T5 to T9. The flocculation
processes were also mediated through direct and indirect influences of the waves. Ramirez-
Mendoza et al. (2016) suggested that using the effective kinetic energy due to combined

currents and waves can improve the prediction of flocculation when compared to estimates
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based on shear stress due to currents. In this study, the wave-current shear rate, Gew ™, was

used to consider the effect of combined waves and currents.

We estimated the Gew using t.,, as defined by equations (3), (7), and (9). This significantly
improved the correlation between the shear rate Gew and Dm with the R? increasing from 0.41
to 0.87 for Site S1 (Fig. 10c and 10e), and from 0.47 to 0.77 for Site S2 (Fig. 10d and 10f). This
improvement highlights how waves also play an important role in sediment flocculation,
suggesting that the combined wave-current shear stress should be used when waves are present.
The Dw is proportional to Gy=~™, or Gew ™, with the exponent m ranging between 1.2 and 1.6,
and this trend is similar to previous studies by Manning and Dyer (1999) and Wang et al. (2013).
In the study by Wang et al. (2013), the correlation with Dy is significantly improved from -0.59
to -0.83 by replacing the G with SSC-G. In this study, when Gew is replaced by SSC-Gew, the
correlation with Dy is also improved with R? being increased from 0.87 to 0.99 for Site S1 (Fig.
10e and 10g), and from 0.77 to 0.80 for Site S2 (Fig. 10f and 10h), using the following formula

(Fig. 10g and 10h):

DM_Sl 64 (SSC * Gcw)_0'35 (13)

63 (SSC - Gey) 027 (14)

DM_SZ

The improved correlation between Du and SSC-Gew indicates that Dy decreases with
turbulence induced by combined waves and currents and increasing SSC. The SSC is positively

correlated to tew max With the R? of 0.86 and 0.78 for S1, and S2, respectively (Fig. 11),
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indicating that the SSC is dominated largely by local resuspension induced by turbulence.

Therefore, the variation of Dy is mainly controlled by the Gew and the local resuspended SSC.

Several studies reported that flocs were broken up by the turbulent shear when G was small
under natural conditions (Guo et al., 2017; Markussen and Andersen, 2014). For example,
according to Guo et al. (2017), a plateau of Dy for G values < 3 s was identified, and when
the G became larger than 3 s, Dw decreased significantly; Furthermore, the floc size showed
a negative relationship with SSC during tidal periods, except for slack-water periods, when
deposition of flocs occurred (section 4.2.2 and Fig.7 in Guo et al. (2017)). As mentioned by
Dyer and Manning (1999), when the dissipation rates ranged between 2.77 -277 st in their
laboratory experiments, the proportion of large flocs declined with increasing SSC, presumably
attributed to the disruption caused by particle collisions. Some of the experiments in their study
were conducted with the G < 10 s (section 3.1 and Fig.3 in Dyer and Manning (1999)). In the
study by Wang et al. (2013), the floc size decreases both with concentration and turbulence,
and again G was small ranging between 0 and 14 s*. In the study by Markussen and Andersen
(2014), the flocs are broken up by the turbulence when the shear rate is in the range of 4 - 12 s
-1, and the Dw remains constant when the G is larger than 12 s-1. Hence the assertion that the
flocs were broken up by relatively low levels of turbulent shear is consistent with the findings

of others.

5.2. Biological activities on the flocculation

Previous laboratory experiments have shown that bacterial biofilms are generally a thin surface

layer that shears away within a very short space of time (e.g. < 10 seconds)(Chen et al., 2017a;
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Chen et al., 2017b). When the bio-sedimentary matrix is eroded during disturbance events (i.e.,
high shear stress during spring tides, storms), EPS may support aggregation and change the floc
characteristics of the entrained material (Chen et al., 2019; Heinonen et al., 2007; Li et al.,

2008).

On account of the abundant quantity of clams on the tidal-flat at Site S1, the flocculation

processes could be influenced by the following factors:

e The feces or pseudofaeces are produced or released by filter-feeding species (Biggs and
Howell, 1984).

e The gathering of organic matter and plankton due to the filter-feeding process
(Heinonen et al., 2007; Passow, 2002b), which promotes floc formation.

e The stickiness of extracellular polymeric substances (Lee et al., 2012), which increases
the flocs size and breakage-resistance. Furthermore, because of the stickiness of the
EPS, the bottom sediments “stick” together due to the EPS produced by clams (Chen

etal., 2017a; Chen et al., 2017b; Heinonen et al., 2007; Passow, 2002b).

According to research from Kraeuter and Haven (1970), the size of pellets voided by the clam
Mercenaria mercenaria ranges between 560-4750 um (length range), which were out of the
scope of the particle size range of the LISST-100X. Furthermore, the Dm and PSD for the 2
sites had similar values under calm conditions (T1-T4) and showed differences after severe
erosion of seabed (Fig. 5). These phenomena indicate that the characteristics of flocs are not

attributable to the feeding activity of clams directly.
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At Site S1, when the tide came up the tidal flats, the clams secreted significant amounts of
mucus during locomotion and feeding, which increased EPS content (Passarelli et al., 2014).
Under more energetic conditions due to waves, the sea bed was eroded and the bottom
sediments were rapidly resuspended due to the strong waves. According to previous studies,
the EPS content in seawater is orders of magnitude lower than that in bottom sediments
(Heinonen et al., 2007; Passow, 2002b). For instance, Heinonen et al. (2007) obtained an EPS
content of 0.12 pg g DW in seawater. The peak concentrations of EPS in seawater are
generally around 1 ug g* DW, far below the EPS content in sediment (Passow, 2002b). Thus,
the sub-surface sediments with higher EPS content were exposed and then resuspended in the
water column under extreme events, which favored the increase of EPS content in the water.
On the basis that Site S1 suffered severe erosion of 17 mm from T5 to T9, the EPS released to
water volume is estimated to be 1621 pg per square centimeter of seabed, based on an
assumption that the seabed began to erode during T5 (Fig. 3b). By comparison, the EPS released
to the water volume from Site S2, during the same period, would be 698 pg per square
centimeter (Fig. 3b). This suggests that the seabed at Site S1 could have released 2 times more
EPS than Site S2. The EPS content of the water at Site S1 increased by about 2 ug g* DW based
on the average water depth of 1.60 m. As a result, the higher content of EPS in the bottom
sediments, related to clam activities, released more EPS, which enhanced the density and

resistance of flocs compared to the bare tidal flat.

During the severe erosion, the sub-surface sediments, which consist of EPS and EPS-enveloped
particles, resuspended into the water column. The primary particles included in EPS-wrapped

particles and EPS-supported flocs have stronger binding forces (Chen et al., 2017a; Passow,

25



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

2002b). Therefore, the mean size of flocs at Site S1 was larger than that at Site S2 during the

storm. In contrast, the flocs at Site S2 were more fragile, and contain more primary particles.

As shown in Fig. 8, the larger Nf at Site S1 (2.30) may indicate that flocs were compact and
stronger, in contrast to the fragile flocs at Site S2 with smaller Nf (1.85). This suggests that the
biological activity plays a role in the flocculation process by modulating the density of flocs or
enhancing the resistance of flocs against shear stress and break-up, which causes the differences
in grain size and PSD of suspended sediments under extreme events (e.g. strong waves and
severe bed erosion during T5-T9). This mechanism is different from the aggregation of diatom
blooms related to sticky EPS, which directly participate in the flocculation process by gluing
small particles together (Passow et al., 1994). It is worth mentioning that though Ap is
negatively correlated with Dy, the Ap was decreased with the smaller Dy from T7 to T9; the
estimating of Ap based on SSC and VC may cause a deviation between theoretical calculations
and real results for the density of suspended sediment; the OBS sensor is not usually sensitive
to the sand (Bass et al., 2007), and the SSC may be underestimated in severe erosion event
when seabed sediments were re-suspended; hence, the Ap may also be underestimated.
However, the Ap was still negatively correlated with the Dwm (Fig. 8), in other words, the

variation trend between Ap and Dwm was consistent with previous studies.

To some degree, these biological processes could explain the phenomena that flocs at Site S1
generally had a greater size in the severe erosion event and that the component of macro flocs
was higher for the entire tidal period when compared to Site S2. The implication is that

sedimentation and sediment transport will differ at the two sites because the EPS released by
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the clams at Site S1 has resulted in a change in floc properties and settling velocity. In other

words, human activities, such as aquaculture, can change the sediment aggregation on the tidal-

flats and thus may play a role in the sediment dynamics and transport rates. However, more

quantitative studies are needed in order to evaluate the production of organic matter and

extracellular EPS related to clams, to clarify the extent to which floc size and density are

modulated by EPS concentration and the role of different types of biota in enhancing particulate

flocculation in tidal environments.

6. Conclusions

This study analyzed flocculation dynamics at two physically similar but biologically different

monitoring sites on the macro-tidal flat based on systematic field measurements. Our analysis

demonstrates that the different responses of in situ floc size to changing SSC, turbulence, and

flocculation processes could be attributed to the different biological conditions. For the site

located in the clam aquaculture region (Site S1), the mean floc size, and the proportion of macro

flocs components were larger than at the nearby bare tidal flat site (Site S2) during erosion

event.

With increasing SSC, a marked decrease in mean floc size was observed. The shear rate G can

affect the flocculation process by enhancing SSC. These results, taken together, confirm that

the variation of suspended particle concentration and turbulence plays an important role in

governing the floc aggregation and break-up processes on tidal flats. Meanwhile, the abundant

suspension feeders (i.e., clam M. meretrix) are believed to influence floc formation, the stability

of flocs, and floc size, through the sticky organic matter related to biological activities. Due to
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the ubiquitous and abundant nature of extracellular polymeric substances, the influence of
biological processes on flocculation should receive greater attention in cohesive sediment

studies.
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Figure captions

Fig. 1 Maps showing the study area and the location of the intertidal flats at Rudong, Jiangsu, China
(b: on the basis of a 2016 Landsat8 TM image). In (a), blue lines indicate the bathymetric contours
(m) referenced to the lowest low water datum. In (b), red dots indicate the location of observation

sites. Site S1 was located in a clam aquaculture region, while Site S2 was located on a bare tidal flat.
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Fig. 2 Relationships between SSC (suspended sediment concentration of in situ water samples)
and T (Turbidity recorded by OBS-3A) for Site S1 (a) and S2 (b). R denotes correlation

coefficient and N indicates the number of data paris.

Fig. 3 (a) Vertical profiles of extracellular polymeric substances (EPS, ug g~—! DW) content of
field sediment cores. (b) Cumulative content of extracellular polymeric substances (EPS,
ug g~ DW) in vertical profiles of field sediment cores. Error bars in (a) indicate the standard

deviation of the EPS content.

Fig. 4 Observations of (a) water depth (m), (b) wave height (m), (c) current velocity (m s?), (d) bed

shear stress (N m2), (€) maximum bed shear stress for combined waves and currents (N m).

Fig. 5 Temporal variability of (a) velocity (m s) and water depth (m), (b) mean size (um) of in situ
suspended particles, (c) suspended sediment concentration (g L) and volume concentration (VC,
ul LY), (d) shear rate (Gew ™, s2), (e) Effective density (kg m™3), and (f) distance from probe to bed

(mm) for Site S1 and S2, respectively.

Fig. 6 Comparison of Particle size distributions measured in the lab with a Malvern Master Sizer

(2-2000 um) and in-situ with a LISST (2.5-500 pum) over the measured tide.

Fig. 7 Time series of in situ particles size distribution for (a) Site S1, and (b) Site S2

Fig. 8 Relation between variations of effective density and in situ mean particle size

Fig. 9 Scatter plots between in situ mean particle size (Dm, wm) with SSC (g L) for Site S1 with

clam and Site S2, respectively.
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Fig. 10 Relationships between tidally-averaged in situ mean size (D, um) and SSC (g L), shear
rate Gy~ (s%), shear rate Gew (s1), and SSC-Gew (g m2 s2) for Site S1 with clam (a), (c), (e), (9),

and Site S2 (b) , (d), (f), (h), respectively.

Fig. 11 Relationships between total shear stress (tew max, N mM?) and suspended sediment

concentration (SSC, g L) for Site S1 with clam (a) and Site S2 (b), respectively.

Table headings

Table 1  Statistics of hydrodynamic conditions including wave height (Hs, m), current speed (m s
1), bed shear stress due to waves (tw, N m*) and currents (1, N m), the combined shear stress due
to wave and currents (Tew_max, N M), suspended sediment concentration (SSC, g L), in situ mean

particle size (Dm, um), effective density (Ap, kg m) and shear rate (G, s?).
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Table 1 Statistics of hydrodynamic conditions including wave height (Hs, m), current speed (m s?), bed
shear stress due to waves (tw, N m?) and currents (tc, N m?), the combined shear stress due to wave and
currents (Tew max, N M), suspended sediment concentration (SSC, g L), in situ mean particle size (Dw,

um), effective density (Ap, kg m) and shear rate (G, s2).

Hs  Speed Tw Tc Tow max ~ S9SC Mz Ap Gw G

m ms! Nm?2 Nm2 Nm? gL? pm kg m3 st st

T1 0.15 0.24 0.14 0.12 0.17 0.24 65.85  488.02 357 3.15

T2 0.15 0.24 0.14 0.12 0.17 0.14 82.19 386.80 3.62 3.18

T3 0.4 0.22 0.11 0.11 0.15 0.14 81.89 40991 320 288

T4 0.15 0.20 0.15 0.08 0.17 0.09 102.87 298.80 290 240

Sl T5 0.24 0.21 0.24 0.09 0.24 0.15 83.44  401.03 3.28 2.50
T6 0.44 0.25 0.40 0.12 0.48 0.42 54.19 51594 429 314

T7 032 0.22 0.34 0.09 0.33 0.24 69.44 352.83 334 242

T8 047 0.25 0.45 0.13 0.49 0.36 58.28 33542 416 299

T9 053 0.27 0.50 0.15 0.53 0.42 48.74 28554 444 321

T1 0.20 0.25 0.21 0.13 0.24 0.32 70.70 776.73 3.89 334

T2 0.21 0.24 0.22 0.12 0.25 0.20 70.40 68152 3.78 3.16

T3 0.20 0.23 0.17 0.11 0.21 0.16 74.66 56459 3.48 3.01

T4  0.24 0.21 0.22 0.09 0.22 0.09 88.77 318.70 3.26 2.60

S2 5  0.37 0.22 0.25 0.10 0.26 0.13 75.98 368.16 3.44 2.69
T6  0.38 0.25 0.33 0.12 0.33 0.42 63.49 505.42 418 3.20

T7 031 0.22 0.29 0.10 0.31 0.24 58.51 248.60 3.49 2.65

T8 0.48 0.26 0.48 0.13 0.49 0.47 47.13 286.89 471 341

T9 051 0.28 0.53 0.15 0.61 0.57 38.74 248.74 5.09 3.68

Station  Tide
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