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Introduction: In this study we investigate the Suspended Particulate Matter (SPM)

source and dynamics in terms of resuspension and advection in the mid field

region of Rhine Region Of Freshwater Influence (Rhine-ROFI). In this area of the

Rhine-ROFI, the sediment transport mechanisms are governed by the Rhine

freshwater plume originating from the Rhine-Meuse estuary and propagating

towards the coast in northward direction.

Methods: The SPM near the bottom at a mooring located at 12m of water depth

is analyzed in terms of concentration, particle size and shape in correlation with

frontal dynamics and weather conditions for two seasons of winter 2013 (12

February - 07 March) and autumn 2014 (17 September - 06 October).

Results and discussion: The freshwater front transports organic matter (such as

microalgae strains and other organic matter) from the estuary into the coastal

area. In calm weather conditions in autumn, most particles in suspension are of

low density and high anisotropy. These particles are recognized as elongated

algae strains with some organic matter-clay aggregates (flocs), giving trimodal

Particle Size Distributions (PSD). During the neap tides strong salinity stratification

and low turbulence result in SPM accumulation at the bed forming a fluff layer. At

spring tides a fast switch between stratified and well mixed water column

conditions caused by tidal mixing results in resuspension of SPM. During spring

tides, the PSD’s are multimodal at low bed stress (predominance of microalgae)

and monomodal at high bed stress (predominance of mineral sediment). At the

storm initiation in autumn, the organic-matter rich fluff layer is depleted in a

matter of hours, which is reflected in the change in modality of the PSD’s. Once

the resuspendedmaterial is dominated by themineral clay fraction, the PSD turns
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sharply monomodal. During winter monomodal PSD’s are recorded during calm

weather conditions. The particles in suspension are then relatively spherical flocs

of low density. During the winter storm, the fluff layer, which is much thinner than

in autumn, is depleted very fast. This study shows the importance of organic

matter in the transport of mineral sediment particles in coastal areas. The

dynamic composition of the fluff layer of the bed should be accounted for in

erosion models.
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1 Introduction

The mid-field part of the Rhine Region Of Freshwater Influence

(Rhine-ROFI region) is a shallow coastal region located 10 km

north of the Rhine River mouth along the Dutch coast. The

interaction between tidal asymmetry, gravitational circulation,

and river freshwater discharge makes the hydrodynamics in this

part of Rhine-ROFI quite complicated. The impact of salinity

stratification and frontal dynamics on the sediment fluxes along

the Dutch coastal area of Rhine-ROFI have been studied within two

projects (STRAINS I and II) (Rijnsburger et al., 2018; Horner-

Devine et al., 2017; Flores et al., 2017). Moorings were deployed at

12m and 18m depth in late winter on 12 February to 7 March of

2013 (STRAINS I) and in autumn, 17 September to 10 October, of

2014 (STRAINS II). Both measurement campaigns covered spring-

neap tidal cycles and a stormy period was captured at each season

during the neap tides. During STRAINS II an 11 hour boat survey

(6:00 - 17:00 GMT) was performed on the 17th of September 2014

close to the 12m mooring.

Different cross-shore sediment transport mechanisms were

identified: frontal pumping during spring tides, stratified tidal

transport during neap tides and storm transport during the

stormy weather conditions (Flores et al., 2017; Horner-Devine

et al., 2017). In the present article, the Particle Size Distributions

(PSD’s) recorded at the 12m mooring in 2013 and 2014 will be

analyzed, making use of the results presented in a previous article,

where the composition of the suspended particles was studied (Safar

et al., 2022).

The particles found in the Rhine-ROFI are made of particles

from organic origin aggregated with different amount of mineral

sediment (Safar et al., 2022). The composition of these aggregates

(flocs) is spatially and temporally variable and their settling velocity

is orders of magnitude different from the settling velocity of the

mineral particles embedded in their structure. Sediment dynamics

can therefore strongly be influenced by sediment composition.

The composition of a floc and flocculation kinetics are

determined by the availability of organic and inorganic matter,

salinity and shear stresses. Their effects have recently been studied

under controlled laboratory experiments in (Safar et al., 2023;
02
Deng et al., 2019). It was found that microalgae (skeletonema

costatum, an algae species commonly found in coastal areas) and

extracellular polymeric substances aggregate with clay particles and

it was confirmed that salt ions plays a crucial role in flocculation

kinetics. Consequently the freshwater lens, that cause stratification

in the Rhine-ROFI, is important in SPM formation and dynamics in

the Dutch coastal area.

The fresh water transports particulate matter, such as organic

debris and planktonic species into the estuary (Schofield et al., 2013;

De Ruyter van Steveninck et al., 1992; Cross et al., 2015; Fettweis

et al., 2025). Studies on phytoplankton have shown their

concentration fluctuating with tidal currents and spring-neap

tidal cycles in the Dutch coastal area and southern North sea

(Blauw, 2015; Fettweis et al., 2007). Suspended organic particles

can be advected by the freshwater front along the coast (Naudin

et al., 1997; Ren and Wu, 2014; Yao et al., 2016; Lee et al., 2016; Tao

et al., 2018). The Rhine river plume in particular transports

phytoplanktonic species such as microalgae and related organic

matter as far as 100 km along the dutch coast (Schofield et al., 2013;

De Ruyter van Steveninck et al., 1992; Cross et al., 2015; van der

Hout et al., 2015; van de Meent, 1982; Joordens et al., 2001).

Jago et al. found different concentrations and particle sizes in

the surface and bottom layer of a thermally stratified water column

(Jago and Jones, 1998). The possibility of accumulation of particles

at different density water layers was also experimentally confirmed

by other authors (Kindler et al., 2010; Sutherland et al., 2015). The

trapped particles can aggregate at these layers especially during

slack water (Naudin et al., 1997; Lee et al., 2016). In the Rhine-

ROFI, organic matter and bound sediment can be temporary

trapped in the halocline, at the interface between fresh and saline

water due to their low density. De Nijs et al. have found that high

concentrations of (inorganic) sediment settled and deposited at

Botlek harbour at the mouth of Rotterdam Waterway, at the tip of

the salt intrusion wedge. The wedge is associated with the presence

of Estuarine Turbidity Maximum zone (ETM) of the Rhine-Meus

delta (Nijs et al., 2011). The cross-shore transport mechanism

caused by the Rhine-ROFI appears also to contribute to the

presence of the turbidity maximum in the area (van der Hout

et al., 2015; Flores et al., 2020).
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Organic matter, creating a “fluff layer” on the bed largely

influences the erodibility of the sediment top layer (Gu et al.,

2020; Forsberg et al., 2018; Lund-Hansen et al., 2002). Very

different thresholds for erosion can be found in literature,

depending on the type of fluff layer present on the bed. The fluff

layer can be resuspended by very low energetic mixing as discussed

by Tolhurst (Tolhurst et al., 2009). However, the fluff layer erosion

threshold also depends on the compaction degree of this layer

which in turn depends on the effective density of the particles and

the relative amounts of clay, silt and sand within this layer (Xu,

2019; Ganaoui et al., 2007). It was found by Lund-Hansen et al. that

beds with a fluff layer of higher water and organic matter content

exhibit a larger threshold for erosion (Lund-Hansen et al., 2002).

This shows that cohesive forces cannot be related to water content

(a higher water content is not indicative of a lower erosion

threshold), but rather to the “stickiness” of the fluff material,

related to organic matter properties.

The properties of the fluff bed change over time. Gu et al.

studied the effects of incubation on the properties of the biofilms

developed on sediment beds (Gu et al., 2020). They found than the

threshold for erosion increased with incubation time until 50 days

and decreased thereafter. The properties of the fluff layer are

therefore extremely dynamic, depending on the biofilm

development and the type and amount of fresh material settling

down, mixing with the growing biofilm. The presence of

phytoplanktonic species and biogenic organic matter in the water

column, which are changing on seasonal basis, have therefore also a

large impact on bed erosion as settled flocs are incorporated in the

fluff layer (Al Ani et al., 1991; Manning et al., 2007; Joordens et al.,

2001; Mikkelsen et al., 2007; Chang et al., 2006).

At present, sediment transport and erosion models are

primarily calibrated for the inorganic sediment fraction.

Understanding the role of organic matter on the SPM dynamics

and accumulation on the bed in time and in different seasons is

hence required for adequate modeling.

In the present study SPM particle dynamics are analyzed based

on in situ data acquired over periods of several weeks at two
Frontiers in Marine Science 03
different seasons. The mean particle size behaviour as function of

bed stress is discussed as function of SPM composition. SPM

composition is derived from the recorded PSD’s and in-situ images.
2 Set-up and methods

2.1 Monitoring campaigns

The data of the 12m mooring is studied in the present article

and its position is indicated in Figure 1 by a red square. It is located

at 1.5 km from the shoreline and seaward of the Sand Engine. The

Sand Engine is a large (21.5 million m3) sand nourishment located

10 km north of the Rhine River mouth. It was built to protect the

beaches and dunes along the Dutch coast from erosion (Stive et al.,

2013). During STRAINS II an 11 hour boat survey (6:00 - 17:00

GMT) was performed on the 17th of September 2014 close to the

12m mooring. The results of this survey were reported in an

previous article (Safar et al., 2022) and will be used here in

the discussions.

The wind speed and directions, the significant wave heights and

river discharge were obtained by the Dutch weather organizations

KNMI and Rijkswaterstaat at Hoek van Holland (close to the

Rhine-mouth).

The vertical velocity structure was measured with a bottom

mounted ADCP (Acoustic Doppler Current Profiler, 1200 kHz RDI

Workhorse). The raw ADCP velocity data were averaged into 10

minute blocks and contain of vertical bins of 0.25 m, where the first

bin is located at approximately 1.5 mab. The near bed velocity

structure was measured using three synchronized ADV (Acoustic

Doppler Velocimetry) instruments mounted at 0.25, 0.50 and 0.75

mab on the same frame as the LISST (Laser In-Situ Scattering and

Transmissometry) and OBS (optical backscatter). These

instruments measure at a frequency of 16 Hz. The raw data has

been averaged per burst of 10 minutes every 15 minutes. The N-E

components of both velocity instruments were rotated into along-

and cross-shore directions, with an angle of 42.5 degrees from the
FIGURE 1

Study area and moorings. (a) Dutch coastal area with the mooring indicated as a red square. (b) the instruments at the mooring.
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North. The bed stresses were estimated from the ADV velocities

and account for both current and wave action (Flores et al., 2017,

2018; Horner-Devine et al., 2017; Rijnsburger et al., 2018). The

plotted crosshore velocities are given as positive when they are

onshore directed.

The water column salinity profiles were measured by CTD

(Conductivity-Temperature-Depth). The salinity difference DS is

defined as the difference between the bottom and surface salinities

in PSU (Practical Salinity Units). The DS is taken as a measure for

degree of stratification.

The SSC (Suspended Sediment Concentration) obtained from

the OBS instruments has been calibrated using inorganic sediment

particles (Formazine solution added prior the measurements). The

conversion is done based on bottle samples collected at Port of

Rotterdam (Flores et al., 2017)).
2.2 Particle size distribution measurements

LISST 100X (Laser In-Situ Scattering and Transmissometry) was

deployed in both 2013 and 2014moorings at 0.95 meters above the bed

(mab) and 1.65 mab respectively. LISST 100X uses laser diffraction to

determine the volume concentrations of particles in 32 logarithmic

spaced effective spherical diameter classes (PSD) ranging for the 100X

type from 2.7 to 460 µm (Agrawal and Traykovski, 2001). The mean

particle diameter is calculated by Equation 1:

Dmean =
S(Vk � Dk)

SVk
(1)
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where Vk and Dk represent the volumes and the sizes of each

class k.

LISST-HOLO (Submersible Digital Holographic Camera) was

also deployed at the 2014 mooring at 1.4 mab. LISST-HOLO is an

in-situ digital holographic technology that uses solid-state diode

laser at 658 nm and 4.4 µm pixel size digital camera (1600 × 1200

pixels). The raw data is converted into equivalent spherical

diameters in the size range of 25 - 2500 µm, within 50 log spaced

size classes.

The LISST-HOLO data is available for the first period of the

measurement (neap tide calm weather). As the storm initiated, the

LISST-HOLO stopped working due to bio-fouling.
3 Results and data analysis

3.1 Autumn 2014, neap tide

3.1.1 Calm weather conditions
The first recorded neap tide (days 260 - 267) starts with a period

of calm weather conditions (days 260–264 weather data are shown

in Supplementary Material, Appendix A). During these days, the

salinity stratification is strong, caused by front arrivals at the surface

that divide the water column into layers of fresh and saline water.

The front arrivals are indicated by dashed lines in Figure 2.

The SSC concentrations measured with OBS and volume

concentration measured by LISST 100X over the whole period are

very low. The SSC peaks observed occasionally are not significant in

terms of quantitative sediment concentration and are much lower
FIGURE 2

First recorded neap tide of autumn 2014. The red and black dashed lines indicate the period during which the freshwater front passes the mooring
and the green dotted line indicates the period of a SSC peak. The PSD’s displayed on the right are representative for the whole period.
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in concentration than the SSC peaks found during the following

periods of stormy weather or spring tide (Flores et al., 2017). It

should be noted that OBS cannot properly record the organic

matter or the algae species which are semi-transparent and have

low densities, as the equipment calibration is done with inorganic

sediment particles having a high density contrast.

The observed PSDs are multimodal during these calm weather

days of the neap tide. Two examples of PSD’s are given in Figure 2.

The PSD’s over the whole period are similar. These trimodal

distributions are known to be caused by the presence of elongated

particles such as microalgae strains (Safar et al., 2023). The presence

of elongated algae strains is also confirmed by the LISST-HOLO

measurements. Before the front arrival (Figure 3a), the LISST-

HOLO pictures show much less biological species and elongated

particles than during the front. This occurred for the three

consecutive days. During the high SSC peaks, however, the

LISST-HOLO shows particles with different sizes and structures

indicating different composition, such as open structures with low

effective density, elongated particles and very dense almost spherical

particles (Figure 3c). The density of the particles was estimated

thanks to additional video microscopy experiments performed on

board, as detailed in (Safar et al., 2023).

3.1.2 From calm weather to storm
After these typical neap tide days, the weather conditions

changed to storm (days 264 -266) with high wind speeds from

the north and high wave heights (see Appendix D). The water
Frontiers in Marine Science 05
column turned to well mixed, resulting in zero salinity

stratification (Figure 4).

The total bed stress (current and wave induced) increased due

to wave action. The increase in bed stress co-incided with a decrease

in the mean diameter, as seen from the change in mean particle size

before and after t1 in Figure 4. The PSD measured before the storm

initiates is still sharply multimodal. A gradual transition from

multimodal to monomodal is found as the storm progresses and

the multimodality reappears after the storm (see PSD at t4). In

Figure 5, the change in PSD modality at the onset of the storm is

illustrated with LISST-HOLO images. When the storm initiates at

around 06:00 am, the LISST-HOLO shows substantially higher

concentration of particles of different size and shapes. The

particle volume concentration is still not very high and bed

stresses are about 2 Pa.

As the storm proceeds and the bed stress increases gradually,

the multimodality of the PSD decreases and the volume

concentration increases, until the PSD turns into completely

monomodal at bed stresses > 5 Pa. There are no LISST-HOLO

measurements for this time period, because of the high SSC during

the storm, that caused instrument saturation.

The second neap tide of the measurement period (days 274 -

280, data shown in Appendix A and B), is comparable with the first

one in terms of weather conditions and salinity stratification. The

near bottom sediment concentrations are low during the fronts and

relatively low bed shear stresses coincide with a high mean

diameter, indicative of large particles of low density. From day
FIGURE 3

LISST-HOLO pictures during the calm weather period of the first recorded neap tide, corresponding to the dashed red line in 2: (a) before the front,
(b) during the frontal passage and (c) during high SSC peak after the front.
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278 until the end of this period slightly higher wind and wave

activities and a weaker stratification pattern were observed. These

conditions resulted in higher bed stresses and higher SSC with lower

mean diameter, indicative of finer, but denser particles.

The observed PSDs are mainly trimodal as they were during the

first neap tide. However, there are sometimes bimodal PSDs

observed especially during the sudden decrease in salinity at the

front arrival. The bimodal distributions turn to trimodal as the

water column stratifies again. As the well mixed periods of the water

column are very short before the stratification period at the next

front, the PSD is barely changing to monomodal. Monomodal

distributions are observed at day 278, which is a windy day with

a wind speed of almost 15 m/s.
3.2 Autumn 2014, spring tide

During days 267–270 of the spring tide, some wave activity is

recorded while winds favor downwelling and force the freshwater

front towards the coast (Flores et al., 2017). The water column

switches between stratified and well mixed conditions, with shorter

periods of stratification by tidal forcing, see Figure 6. During that

period, OBS and LISST concentrations are in agreement, indicating

that a substantial amount of mineral clay is in suspension. Low bed

stress corresponds to multimodal PSD (indicative of the presence of

microalgae strains, see (Safar et al., 2023)) and high mean particle

size (period t1 and t4 in Figure 7). High bed stress (period t2 and t3 in

Figure 7) corresponds to lower mean particle size and monomodal

PSD (indicative of the presence of fine mineral sediment). Over the
Frontiers in Marine Science 06
next period (days 270 - 274) the bed stresses reduce as well as the

wave heights. The SSC measured by OBS becomes very low,

whereas the concentration measured by LISST increases

significantly after day 272. This increase is related to a large

change in PSD modality (period t7 and t8, day 273) signaling the

presence of large organic particles. At high or low SSC peak (period

t5 and t6, day 271), the PSD remains relatively monomodal during

the front passage (t6, low SSC) and the PSD peak becomes broader

when the water column is stratified (t5, high SSC).
3.3 Winter 2013, spring tides

The weather conditions were normal during both spring tides in

February andMarch 2013 (Appendix C). Wind speeds were generally

moderate during the whole measurement period with some windy

days in between, consistently from the northeast. These upwelling-

favorable winds from northeast forced the freshwater front onshore,

contributing to the plume mixing and breakdown of stratification

during the first days (43-46), see Figures 8, 9. During these first days

the PSD exhibits slight multimodality (period t1 and t2).

During the whole period the bed stress is inversely related with

the mean particle size, whereby high stresses correspond to low

mean particle size and vice-versa. The mean particle size is

increasing slightly during the last days (48-50) as the stratification

becomes stronger and SSC and bed stresses become lower. The

observed PSDs are on average monomodal over the whole period

with a mean diameter of 100 - 200 µm. This indicates the presence

of particles with low anisotropy (Safar et al., 2023).
FIGURE 4

First recorded neap tide of autumn 2014 with storm weather conditions. The PSD’s measured at periods t1 − t4 are displayed on the right.
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The second recorded spring tide displays almost the same

patterns, the data are shown in Appendix D.
3.4 Winter 2013, neap tides

The first recorded neap tide of the winter season (days 50 - 56)

can be divided into calm and stormy periods in terms of weather

conditions (weather data are shown in Appendix C). The mean

diameter is inversely related to bed stress for almost the whole

period, except after day 55 when the storm is energetically high

(high SSC, high bed stresses), see Figures 10, 11.

3.4.1 Calm weather days
The first two days (50 - 51) were characterized by moderate

wind speed and wave heights. The freshwater fronts maintained

long periods of strong stratification (Figure 10). The SSC is low

while the mean diameter is high (150 - 200 mm) and the bed stress is

low, hinting to the presence of organic-rich particles. The PSD

during this period is monomodal (period t1), implying that the

recorded particles are of low density but fairly spherical. Spherical

flocs were obtained in laboratory studies when clay was flocculated

with EPS (Extracellular Polymeric Substance), but not when

microalgae were present (multimodal peaks were then observed

in the PSD’s) (Safar et al., 2023).

For the second neap tide only two days were recorded, these

days show similar behavior in terms of weather conditions, bed

stresses, SSC and corresponding PSDs (data are shown in

Appendix D).
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3.4.2 Storm days
After these calm weather days, stormy weather conditions came

into play at days 53-55 (Appendix C). The wind and wave activities

were elevated and the water column became well mixed (Figure 10a).

The SSC and bed stress increased while multimodal PSD’s are

observed as the storm initiates (period t2). In agreement with the

previous storm during the autumn season, as the storm progresses

the mean diameter decreases (mean particle size of about 100 µm and

less) and the PSD turns monomodal (from period t3 to t4).
4 Discussion

Flores et al. investigated the suspended sediment concentrations

and fluxes over the period 260–290 days (2014) for the 12 m

mooring (Flores et al., 2017). They found that sediment

concentrations were highly variable during this period, with peak

near-bottom concentrations of about 400 mg/L during storms.

Sediment concentrations were lower during neap (40 mg/L) and

spring tides (80 mg/L) during calm periods after the storms.

Importantly, correlation between near-bottom suspended

sediment concentration and bottom stresses was found only for

wavy periods, indicating that waves are primarily responsible for

resuspension for the largest recorded SSC. In our study, the calm

periods were studied in more details, and the PSD’s analyzed based

on mineral particles - organic matter composition of the sediment.

The Rhine freshwater fronts transport biogenic species and organic

matter along the coast (Joordens et al., 2001; Peperzak et al., 2003;

Witbaard et al., 2015). Organic matter availability is a seasonal
FIGURE 5

First storm day of autumn 2014 neap tide: storm initiation and proceeding. Top row: pictures obtained from LISST- HOLO; bottom row: PSD
obtained from LISST 100X: (a) stratified water during frontal passage (b) storm initiation (c) and (d) storm proceeding.
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variable depending on the algae blooms periods of the year (Blauw,

2015; Fettweis and Baeye, 2015). Studies showed that most of dead

algae cells remain as particulate organic matter (Otsuki and Hanya,

1972; Foree and McCarty, 1970). In most of these studies the

biological activity is expressed in Chl-a concentration which is

generally measured to be low during the winter months and high

during the summer (Maerz and Wirtz, 2009; Deng et al., 2019).

During our study, Chl-a measurements were unfortunately not

possible. The dynamic behavior of organic matter with time and

location (water column/sediment bed) is reflected in the shapes and

densities of flocs (Van der Hout et al., 2017). These could partially

be captured in the present study thanks to LISST-HOLO imaging

and the results of a field survey performed 17th of September 2014

(Safar et al., 2022).
4.1 SPM in autumn

4.1.1 During neap tides
At neap tides with calm weather conditions, the salinity

stratification prevails for a long period of the day. The well mixed

water column conditions are very short. The stratification, induced
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by the fresh water front arrival, also dampens the turbulence

(Naudin et al., 1997; Ren and Wu, 2014; Yao et al., 2016; Lee

et al., 2016; Tao et al., 2018). The suspended sediment

concentrations are then generally low especially at the surface

layer (Pietrzak et al., 2011; Flores et al., 2017), but algae,

phytoplanktonic species and organic matter cannot be detected

properly using OBS measurements and are generally not taken into

account as SPM concentrations. Microorganisms and related

organic matter originating from the estuary are known to be

transported by river fronts (Eisma et al., 1980; Rijstenbil, 1987;

van der Woerd et al., 2011; Schofield et al., 2013; Tao et al., 2018).

Comparison between the LISST-HOLO pictures before, during and

after the front (Figure 3) showed clearly more elongated (fresh

microalgae particles) during the fronts for three days of calm

weather neap tides of autumn 2014. These particles, largely

devoid of mineral sediment, are therefore believed to be advected

by the freshwater front.

The freshwater front propagating onshore at the surface causes

a offshore flow near the bed when reaching the shoreline

(Rijnsburger et al., 2018). The organic matter from the freshwater

layer then combines with the sediment to form a SPM cloud that

passes the mooring as a SSC peak 1 - 1.5h after the front arrival.
FIGURE 6

First recorded spring tide of autumn 2014. The PSD’s corresponding to the time periods t1 − t8 are given in Figure 7.
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FIGURE 7

First recorded spring tide of autumn 2014. The PSD’s correspond to the time periods t1 − t8 given in Figure 6.
FIGURE 8

First recorded spring tide of winter 2013. The PSD’s corresponding to the time periods t1 − t4 are given in Figure 9.
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This peak is a recurring event during the neap tides with calm

weather conditions. The near bottom SSC (including peak values) is

low during neap tides. The analysis of PSD’s and bed stresses

indicate that most particles in suspensions are highly anisotropic

and of low density (Safar et al., 2022, 2023).

During the calm weather conditions, the low density organic

matter can also be trapped in the freshwater layer due to salinity

discontinuities and experience a delayed settling (Naudin et al.,
Frontiers in Marine Science 10
1997; Ren and Wu, 2014; Yao et al., 2016; Lee et al., 2016; Tao et al.,

2018; MacIntyre et al., 1995). An estimation of the settling velocities

of organic matter rich particles (of the order of 1 mm/s) indicates

that organic matter trapped in the halocline will also reach the

bottom within 1.0 - 1.5 hour after the front arrival, and can

therefore mix with the SPM cloud. A sketch represented the two

mechanisms of SPM accumulation at the mooring is given

in Figure 12.
FIGURE 9

PSD of first recorded spring tide of winter 2013. The PSD’s correspond to the time periods t1 − t4 given in Figure 8.
FIGURE 10

First recorded neap tide of winter 2013. The PSD’s corresponding to the time periods t1 − t4 are given in Figure 11.
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Eventually this organic matter-rich SPM cloud accumulates at

the bed creating a fluff layer that can easily be resuspended during

storms (McCandliss et al., 2002; Forsberg et al., 2018).

The presence of this fluff layer was detected during the first

hours of the storm initiation. At the first hours of higher wind and

wave activities, the increase in bed stress coincided with a decrease

in mean diameter and the observed PSD turned gradually from

multimodal into monomodal. This gradual turnover during the

storm initiation confirms the presence of a fluff layer (formed of

anisotropic large particles of low density) that is depleted during the

first hours of the storm. A sketch representing the erosion of the

fluff layer at the onset of the storm is given in Figure 13.

The bed stress increased gradually as the storm proceeded,

reaching the erosion threshold of sand and silt (Flores et al., 2018).

This is reflected in a strong increase in volume concentrations

measured with the LISST 100X. At the second day of the storm,

high volume concentrations and monomodal distributions with fine

sand sizes confirm the wave-induced resuspension of mineral

sediments from the bed. The fine fraction of this sediment

becomes available to interact with advected organic matter. It will

then settle and accumulate again as the weather calms down, and

the fluff layer develops again after the storm. An other study in the

far-field region confirmed the development of a fluff layer

composed of settled Chl-a rich particles deposited after a storm

(Van der Hout et al., 2017).

4.1.2 During spring tides
The particle size distribution for the spring tide of the autumn

2014, switches between a multimodal distribution and a

monomodal distribution with fine sand size. High mean

diameters coincide with low bed stresses and vice-versa when the

stratification is high, but high mean diameters coincide with high

bed stresses (and vice-versa) when the stratification is low, i.e. when

the water column is well mixed. During the spring tides, the

freshwater front causes near bottom turbulent spikes that results

in resuspension of bed material (Flores et al., 2017).

Due to the lack of LISST-HOLO measurements for these

periods, we cannot visually confirm the presence of the algae and
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organic material in the water column. However, taking the neap tide

pictures as a reference and other studies that confirmed the

presence of planktonic species (Smetacek, 1985; Balzano et al.,

2011; Karp-Boss et al., 2007), we can assume that the multimodal

distributions found using the LISST 100x are indeed due to the

presence of anistropic particles of organic origin. The fact that mass

and volume based concentrations recorded by OBS and LISST do

not overlap for the period where multimodal peaks are found is also

an indication that the suspended sediment during that period has

an organic origin (Safar et al., 2022).
4.2 SPM in winter

Higher SSC concentrations were found in winter compared to

autumn, in agreement with other studies (Fettweis and Baeye, 2015;

McCandliss et al., 2002; Van der Hout et al., 2017).

4.2.1 During neap tides
During winter, the biological activity is expected to be low (Eisma

et al., 1980). The PSDs are mainly monomodal for any degree of

stratification, high mean diameters corresponding to low bed stresses

and vice versa. This indicates that the suspended particles are still

organic-rich in winter, as larger particles (with lower density) are in

suspension at low bed stresses. The fact that the PSD’s are monomodal

are an indication that there are limited anisotropic particles in

suspension. There are some multimodal PSDs with high mean

diameters observed during the neap tide of winter 2013. These

multimodal distributions appear mainly during the strong stratified

periods of freshwater front passage with low bed stress and at cross-

shore water slack. The shape of thesemultimodal PSD’s is different from

the PSD’s measured in autumn, when elongated particles were present.

The PSDs of the stormy days turned from multimodal to

monomodal very fast and not gradually as was observed during

the storm of autumn season. This fast turnover indicates that the

fluff layer is more depleted in winter than in autumn season. A

sketch representing the erosion of the fluff layer at the onset of the

storm is given in Figure 14.
FIGURE 11

First recorded neap tide of winter 2013. The PSD’s correspond to the time periods t1 − t4 are given in Figure 10.
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4.2.2 During spring tides
Mainly monomodal PSDs with fine sand sizes are found during

spring tides. As during neap tide, high mean diameters correspond

to low bed stresses. Despite the lack of LISST-HOLOmeasurements

for this period, we can reasonably assume that these particles are the

same type of flocs as found during neap tide.
4.3 Threshold for erosion

During the storm period of the autumn season, the

resuspension of the fluff layer could be detected at first hours of

the storm initiation (Figure 5), while the fine sand and silt particles

were observed a few hours later. The switch between fluff erosion/

sediment erosion is defined as the changes in LISST profiles

(switching from multimodal peaks to monomodal peaks). The

threshold for fluff erosion in the observations is difficult to relate

to a bed stress threshold. The reason is that the OBS which

measures SSC is not well calibrated for organic matter or organic

matter-rich flocs (Safar et al., 2022). As the fluff material deposited

on the bed is of low density, it is expected that the erosion threshold

for this material is close to zero. As we have seen, the thickness of

the fluff layer is season-dependent, but also influenced by the

weather and hydrodynamic conditions (the fluff layer is for

example depleted after a storm) (Fettweis and Baeye, 2015; van

der Hout et al., 2015; Van der Hout et al., 2017). In general, bottom

layers are mixtures of organic matter and mineral sediment

resulting from sedimentation, influenced by the growth of

biofilms on the bed (Al Ani et al., 1991; Manning et al., 2007;

Joordens et al., 2001; Mikkelsen et al., 2007; Chang et al., 2006).

Studying biologically mediated flocculation processes is therefore

important to predict the erosion of the fluff layer (Brocchini et al.,

2017; Prins et al., 2012; Chen et al., 2018).
Frontiers in Marine Science 12
An important factor for the erosion rate is the amount of

mineral sediment eroded for a given shear (or stress). As the

composition of the bed varies in space (both vertically and

horizontally) and time, these should be taken into account in the

estimation of erosion fluxes. Even at constant bed stress, erosion

fluxes can be time-dependent as portions of the bed with different

composition and strength will gradually be eroded. One modeling

strategy could be the one presented by van Kessel et al. who

proposed a bilayer erosion model for erosion of fines in sandy

beds (Van Kessel et al., 2011), recently extended with porosity as

state variable (van Rees et al., 2024).
5 Conclusion

In this study we identified the source of SPM during spring-

neap tidal cycles during two seasons of winter and autumn in the

mid-field region of Rhine-ROFI. During the neap tides with calm

weather conditions in autumn, advection of organic matter and

microorganisms from the Rhine front are the main source of SPM.

Multimodal PSDs with high mean diameter are typical during the

neap tides and indicate that elongated particles such as microalgae

strains are present in the water column as the stratification is fully

developed. These multimodal distributions and high mean

diameters coincided with low bed stresses indicating that these

particles are advected rather than resuspended from the bed at the

location of the mooring. These particles are brought by the

freshwater front and are estimated to settle over a period of 1.0 -

1.5h after the front arrival at the mooring. The freshwater front also

resuspends fine sediment from close to the shoreline by causing a

return flow near the bottom. This resuspended sediment interacts

subsequently with the advected organic particles and form a SPM

cloud (with higher SSC peak) that is observed 1.0 - 1.5 hour after the
FIGURE 12

Sketch illustrating SPM dynamics at the mooring during autumn neap tides. Microalgae strains are represented by green elongated particles and
flocs, largely composed of organic matter (but which can include mineral sediment) as yellow particles of undefined shape. The particles are
transported by the freshwater front. Some of this material will settle directly from the front, whereas a part will mix with nearshore sediment and be
advected back towards the mooring by return flow.
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front arrival at the mooring location. This SPM cloud eventually

accumulate at the bottom to form a fluff layer. This fluff layer is

observed to resuspend during stormy weather conditions, after

which the fine silt and sand particles from the layers underneath

are in turn eroded as the storm proceeds.

The composition of the SPM is found to be seasonal dependent

as much less organic matter is found during the winter period.

Comparison of the autumn and winter seasons showed that very

multimodal distributions were observed mostly during the autumn

season, due to the presence of strongly anisotropic algae strains.

During the winter, observed PSDs where mainly monomodal
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indicating the presence of rather spherical particles. As the mean

particle size is large at low bed stress (and vice-versa) in both

seasons during calm weather conditions, it can be deduced that

organic-rich particles are in suspension at low bed stresses even in

winter. In winter, the rather spherical particles of low density are

assumed to be flocs formed by mineral clay and EPS.

The PSDs during the storm periods of both seasons were

different. The gradual transition from multimodal distribution

into monomodal at the first hours of storm initiation in autumn

confirms the presence of a significantly large fluff layer. The change

of multimodal PSDs into monomodal PSD’s in winter is on the
FIGURE 13

Sketch illustrating erosion dynamics at the onset of a storm during the autumn season. Before the storm the PSD’s are very multimodal due to the
presence of microalgae strains in the water column. The mean particle size is then large. The modality of the PSD’s change as the top of the fluff
layer is eroded. As the storms proceeds, the fluff layer is depleted and mineral sediment is suspended into the water column, turning the PSD
monomodal. The mean particle size is then smaller than before the storm.
FIGURE 14

Sketch illustrating erosion dynamics at the onset of a storm during the winter season. Before the storm the PSD’s are monomodal and composed of
rather spherical flocs of low density. At the onset of the storm, a slight shift in modality is observed as the top of the fluff layer is eroded. This layer
might contain some remaining anisotropic organic matter, such as dead algae. As the storms proceeds, the fluff layer is depleted and mineral
sediment is suspended into the water column, turning the PSD monomodal. The mean particle size is then smaller than before the storm.
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other hand very fast, indicating that the fluff layer is then rather

thin. From the present study, it is hence confirmed that the presence

of organic matter is key to understand SPM dynamics in the Rhine-

ROFI during calm conditions, influencing both erosion and

settling-deposition fluxes. During energetic storm conditions,

inorganic sediments have a dominant contribution as soon as the

fluff layer is depleted. Variations of SPM and seabed composition

should be better studied in order to include their effect on sediment

transport and erosion fluxes. This will help to improve current

sediment transport models.
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