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The extensive presence of microbial cells in aquatic sediments and the complex
interactions/aggregations with sediment particles are found to have substantial effects
on the dynamic processes of sediment transport. To date, extensive efforts have been
paid to investigate such complex but typically common processes, but we are still far
from a clear understanding. Specifically, the three-dimensional (3D) matrices of bio-
sediment association, microbial mediation in the enhancement and reduction of
sediment stability, and the effects of bio-sediment association on drag and settling
velocities, remain to be clearly understood. This thesis seeks for a clearer and more
comprehensive understanding of microbial sediment interactions and the influences on
the resuspension and deposition processes of sediment transport. To achieve these goals,
a new approach has been developed by using X-ray microtomography techniques,
which for the first time allows the 3D matrices of biological sediment aggregates (BSA)
to be imaged and quantified in their hydrated states. The results show that the microbial
development state and the complex microbial sediment interaction/aggregation can
significantly affect BSA architectures. As the BSA grow towards a better developed
state, with higher organic fractions and larger aggregated sizes, the internal structure of
BSA appears to become more compact and interconnected. The BSA at different stages
of development in turn have a range of effects on sediment stability. The more fully
developed BSA of a high organic fraction are found to biostabilize sediments, while the
BSA at a less well developed state with lower organic fractions considerably destabilize
sediments. By contrast, the microbial influences on the depositional processes present
different patterns, where the volume of pore water plays a more important role in
determining settling velocities, compared to the organic matter. These important results
reveal the mechanisms and properties that influence microbial moderations of
resuspension and deposition processes, providing much needed insight into microbial
sediment transport. Predictive relationships for estimating the stability, drag and
settling velocities of BSA are also tentatively proposed based on the test data available.



The insights gained suggest important possibilities for future work to achieve a more
complete characterization of sediment transport in the presence of microbial mediation.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Extensive presence of microbial cells in aquatic sediments

In natural aquatic environments, the majority of sediment particles are to some extent
mediated by the attachment, adherence and accumulation of microbial cells and
microbiologically-produced organic matter, both during the transport processes in the
water column and during periods when resting on the bed. Microorganisms are present
in a variety of marine environments, from shallow-water to deep-sea, and from surface
water to benthic sediments (Flemming, 2019). The surface ocean, which covers 70% of
the planet's surface, has a high microbial cell concentration, being 3-5 orders of
magnitude higher than that of bulk ocean water (Wurl et al., 2017). Surface oceanic
sediments have a denser cell abundance, which is up to 10* orders higher than that of
cells in the open ocean water (Probandt et al., 2018). Microorganisms, either in the
water column or in seabed sediments, do not live as dispersed, single cells, but instead
accumulate at the interfaces and form microbial aggregates, such as flocs, sludge, films
and mats (Flemming, 2019; Flemming and Wingender, 2010). The interfaces, where
cells attach and accumulate, can be biotic surfaces such as plankton, plants, animals
and other microorganisms, and abiotic surfaces of any solid-liquid, liquid-liquid, liquid-
gas and solid-gas, such as microplastic particle and fibres, sediment particles (e.g. clay

minerals, silts and sand grains) (Flemming, 2019; Flemming and Wingender, 2010).

The settling of non-motile cells needs low and moderate flow velocity to transport the
cells to adhere to the surfaces of substratum, whereas motile cells can transport towards
and land on the substratum surfaces by actuating their flagella regardless of fluid
velocity (Tuson and Weibel, 2013). Upon successful cell landing, initial attachment
between the deposited cells and the substratum surfaces occurs rapidly within minutes
(Nichols and Nichols, 2008; Tuson and Weibel, 2013). Cells can be regarded as inert

colloidal particles and the process can be modelled by surface thermodynamics and
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Derjaguin—Landau—Verwey—Overbeek theory (DLVO) (Carniello et al., 2018). Once
the microbes are at a closer distance than 1.5 nm, the cells are attached irreversibly and
seeret excrete extracellular polymeric substances (EPS) to attach to surfaces (Nichols
and Nichols, 2008). EPS are mainly polysaccharides, proteins, nucleic acids and lipids
(Flemming, 2011). They provide the mechanical stability of biofilms, mediate adhesion
to surfaces and form a cohesive three-dimensional (3D) organic polymer network that
interconnects the cells and substratum surfaces, forming a biofilm matrix to stabilize
microbial cells (Flemming, 2019). Marine sediment particles provide preferential solid-
liquid interfaces for microbial cells, including microalgae, diatoms, bacteria, and fungi,
to accumulate. By secreting copious amounts of EPS, binding sometimes more than 90%
water (Flemming and Wingender, 2010; Schmitt and Flemming, 1999), and adhering
sediment particles and the other microbial cells/aggregates, these microorganisms form
hydrogel-like aggregates, referred to as Biological Sediment Aggregates (BSA) (Zhang
et al., 2018).

1.2 Complex geometries of BSA

BSA are highly hydrated and heterogeneous (Ransom et al., 1998). BSA comprise
patches of microbial cell clusters within a matrix of EPS and separated by internal pores
and channels (Sutherland, 2001). The presence of sticky EPS results in various
structural appearances, including colloidal, capsular, film, or fibrous structures, to occur
(Flemming, 2011; Flemming and Wingender, 2010). When EPS are produced after cell
colonization, cone/mushroom-shaped structures may be present. Water may channel
through the film structures forming the stalks of EPS, leaving the water channels to
penetrate within the micro-colonies (Wimpenny and Colasanti, 1997). Such connected
water channels and mushroom-like EPS structures may not always form, but instead
present as separated micro-colonies attached to each other, and have unconnected pores

developed within such micro-colonies (Keevil and Walker, 1992).

The highly heterogeneous internal mass distribution of BSA may challenge the use of
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fractal theory to represent the ‘true’ binding nature of BSA matrices (Wheatland et al.,
2017). Scanning Electron Microscopy (SEM) has been used to image EPS strands and
plates, however the standard SEM requires dehydrating the hydrated samples,
unavoidably resulting in considerable distortion of hydrated biofilm matrix (Paterson,
1995). The preparatory losses of EPS during conventional resin-embedding methods
are also found to be considerable, sometimes accounting for 50%-80% (Leppard et al.,
1996). Low-temperature SEM (LTSEM) or cryo-SEM requires freezing hydrated
biofilm, which has been found to cause considerable artefacts, making it difficult to
interpret the internal structures of BSA (Perkins et al., 2006). Transmission electron
microscopy (TEM) is another technique for a high-resolution imaging of EPS fibril
bundles in BSA, but only for 2D observation (Liss et al., 1996). Focused lon Beam
Nano tomography (FIB-nt) has recently been used for 3D characterization of the
structure of suspended flocculated matter (Wheatland, et al., 2017), which has made
advanced progress in charactering microbial cells attaching to the aggregates in a 3D
matrix and at a high resolution, but as with TEM, requires the aggregates to be fully
dehydrated and stabilized in resin blocks. Either SEM or TEM/FIB-nt involves various
degrees of desiccation of BSA, and suggests a need for the direct 3D imaging of
hydrated BSAs in liquid media. The organic matter in natural BSA are predominantly
comprised of water (Schmitt and Flemming, 1999), the majority of the water (up to
98%) (Schmitt and Flemming, 1999) bound by EPS within the microbial matrix can be
easily removed (Schmitt and Flemming, 1999). Prior work also shows that biofilms
tend to create an environment to retain moisture, when exposed to dry environments
(Flemming and Wingender, 2010). The loss of water at the biofilm surface brings
polymer sites closer together (Gerbersdorf and Wieprecht, 2015), forming a skin-like
protector against further evaporation of the water underneath (Flemming and
Wingender, 2010; Gerbersdorf and Wieprecht, 2015). The binding architecture is
altered, and the internal pores and channels are distorted. The observed structures of

BSA that have undergone desiccation is thus unlikely to be representative of the
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structures of the aggregates when they are transported in hydrated form (Paterson,
1995). Given that fluid flow through these pores and channels is a key mechanism for
uptake, storage and mineralization of carbon and nutrients from surrounding
environments (Romani et al., 2004), a realistic observation of the internal structures of
BSA is crucial for investigating nutrient exchange (Molins, 2015), and understanding
the entrapping and accumulation of microbes in such porous media (Gerbersdorf and
Wieprecht, 2015). Conducting non-destructive, 3D imaging and quantification of
hydrated BSA sustained in liquid medium is therefore important (Keyes et al., 2013).
Environmental SEM (ESEM) and confocal laser scanning microscopy (CLSM) in
combination with fluorescent staining are two currently available tools for observing a
hydrated biofilm matrix (Chu and Lee, 2004). However, ESEM is limited to the surface
structure characterization, instead of the 3D internal structure (pores and throats), while
CLSM finds it difficult to distinguish the morphologies of sediment particles and pore
water in aggregates as neither can be targeted by appropriate staining (Zhao, et al.,
2011). These standard specimen preparation techniques have limited aggregate imaging
success to date, and it seems direct imaging of hydrated aggregates in liquid media
would be a preferable approach, which is however lacking and needing new methods

to be developed.

1.3 Microbial influences on the resuspension processes of sediment

transport
1.3.1 Microbial mediation of sediment stability: biostabilization

The presence of microbiology and the development of BSA across sediment-water
interfaces mediate the resuspension behaviours of sediments to some extent. Positive
relationships between sediment stability parameters (e.g. resuspension thresholds,
erosion rates) and microbial parameters (e.g. biomass and carbohydrates) are found in
previous studies (Friend, et al., 2003; Gerbersdorf et al., 2005; Hope et al., 2020;
Sutherland, et al., 1998; Yallop et al., 2000). Amos et al. (2004) found the resuspension
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thresholds of in situ sediments were increased by 153-244% by the presence of
microbial mediation, and the degree of the mediation was mainly determined by
microbial species. Microbial development can mediate sediment stability through
binding particles together to enhance adhesion strength among particles, and/or
moderating bed roughness and benthic hydrodynamics (Friend et al., 2008). In previous
studies, the microbial mediations that generally enhance sediment stability are referred
to as ‘biostabilization’ (de Boer, 1981), which defines ‘a decrease in sediment

erodibility caused directly or indirectly by biological action’ (Paterson and Daborn,

1991).

Two dominant populations of microorganisms that live in benthic sediments, excrete
EPS, and influence the resuspension behaviours of sediment transport are heterotrophic
bacteria and autotrophic microphytobenthos (MPB) (Lubarsky et al., 2010; Lundkvist
et al., 2007). MPB define a generic group of phototrophic algae (e.g. diatoms,
dinoflagellates), cyanobacteria and other photosynthetic bacteria that colonize
sedimentary substrates (Jesus et al., 2009). These microorganisms frequently colonize
sediments and form dense photosynthetic biofilms in coastal environments, and have a
variety of ecological and environmental functions and attributes, including mediating
nutrient cycling between benthic sediments and the water column (Cabrita and Brotas,
2000), accumulating pollutants (Reid et al., 2016), and affecting the stability of

sediments against hydrodynamic forcing (Paterson, 1989).
1.3.1.1 Microphytobenthos (MPB)

MPB are often grouped according to the type of substratum available for
microorganisms to colonize. Grain size of sediment particles is found to be a controlling
variable for MPB diversity (Jesus et al., 2009; Underwood and Barnett, 2006).
Underwood and Barnett (2006) found muddy sediments (<63 pm) appeared to be
dominated by diatom biofilms while sandy sediments presented more microbial

diversity, including both diatoms and cyanobacteria. This is supported by the work of
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Jesus et al. (2009) across Tagus intertidal sediments. where sandy sites presented higher
species diversity. De Winder et al. (1999) also provided supportive evidence that diatom
biofilms developed on fine-grained sediments, while cyanobacteria preferred to grow

on coarser sediment.

The stabilities of MPB-dominated sediments are often found to positively correlate with
light and present short-term day-night variations (De Brouwer and Stal, 2001;
Lundkvist et al., 2007; Smith and Underwood, 2000). EPS production is dynamic
during the day-night cycles. Colloidal EPS were found to secrete during both day and
night, while bound EPS production was promoted in the light and reduced at night
(Smith and Underwood, 2000; Staats et al., 2000). Field studies also found a clear
kinematics of MPB biomass during day-night cycles, where biomass increased in the
light during daytime and decreased in the dark at night (Blanchard et al., 2001). Friend
et al. (2005) found strong day-night variations, where the bed stabilities were enhanced
during the day and reduced by 32% at night. This result was in contrary to Friend et al.
(2003), where stabilities of sandy sediments were higher at night and lower during the
day. Such contrasting trends between sandy and muddy sediments however cannot be
explained by biological parameters of chlorophyll a and carbohydrates, as the contents
of chlorophyll a and carbohydrates were higher during the day than at night, for both
sandy and muddy sediments. In addition, no significant correlations were present
between sediment stability and biological parameters of chlorophyll a and
carbohydrates (Friend et al., 2005). This means, beyond diatom migration and EPS
production, some other processes might be affecting the microbial mediations during
day-night cycles, and need to be considered for bed stability predictions (Friend et al.,

2005).
1.3.1.2 Heterotrophic bacteria

Heterotrophic bacteria ubiquitously dominate aquatic sediments, e.g. up to 10°-10'2

cells per gram of dry mud (Black et al., 2002). Whilst heterotrophic bacteria are
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consumers of organic matter, an increasing body of studies have found that bacteria
also produce copious amount of EPS and mediate the resuspension properties of
sediment transport (Dade et al., 1996; Gerbersdorf et al., 2009; Lubarsky et al., 2010).
For example, the incubation of bacteria within sediments has been found to increase
sediment stability between 2 (Gerbersdorf et al., 2008) and 4 times (Dade et al., 1990),
and is supported by in situ increases in stability of ~60% (Dade et al., 1996). Similar
results were also found by using artificial polymers (xanthan gum) in both sandy and

muddy sediments (Tolhurst, et al., 2002).

Some recent studies were conducted to investigate the individual and relative
biostabilization capacity of heterotrophic bacteria and autotrophic diatoms. For
example, Gerbersdorf et al. (2009) inoculated natural bacteria and diatom cultures from
the Eden estuary (Scotland, UK) into sediment composed of fine-grained glass beads,
and found that the bacteria-dominated cultures had a stronger biostabilization effect
than that of the diatom-dominated cultures. Lubarsky et al. (2010) found similar results,
where bacteria created significantly greater bed stability than axenic diatoms (up to a
factor of 2). There are also some other observations, in which bacteria made less or
negligible contributions to bed stability as compared with microalgae assemblages in
the field (Lundkvist et al., 2007). As discussed by Lubarsky et al (2010) and
Gerbersdorf et al. (2009), such contrasting results might be due to the different ways of
preparing bacterial cultures. In particular, Lubarsky et al (2010) and Gerbersdorf et al.
(2009) segregated bacterial assemblages from natural cultures, while Lundkvist et al.,

(2007) let natural mixed cultures grow under dark to obtain bacterial assemblages.

In addition to the individual stabilizing capacities of bacteria and microalgae, the
combined effects of the mixed cultures of bacteria and microalgae were also studied.
Gerbersdorf et al. (2009) and Lundkvist et al. (2007) found synergistic effects of the
mixed cultures, in which the biostabilizing effects from the mixtures of bacterial and
microalgae were even higher than the summation of the two effects. One hypothesized

reason 1s the influence of bacteria and microalgae association. For example, some

7



Chapter 1 Introduction

microalgae need interations with bacteria to thrive. The nutrient cycling of bacteria can
accelerate the growth of microalgae and the production of EPS. Supporting evidence
was found in Lubarsky et al. (2010), where microalgae biomass were higher in the
mixed cultures, compared with that produced in axenic microalage cultures (Lubarsky
et al., 2010). It is often suggested that microalgae excrete a larger proportion of
polysacharides, while bacteria produce mainly proteins in their EPS matrices
(Flemming and Wingender, 2002). As such, the stronger capacity of stabilizing
sediments might be assocaited with the production of protein. The studies of Lubarsky
et al. (2010) presented some constrasting results. Similar quatitaties of protein EPS
were produced, but distinct effects on the bed stability remained between the bacteria
treatment and mixed treatment (bacteria+microalgae). A possible explanation proposed
by the authors in that work was the EPS produced between bacteria and microalgae had
different machanical characteristics. Whilst the exact differences of the mechanical EPS
characteristics remain to be determined, the summary of the above work strongly
suggest the quantities of EPS concentrations and/or compositions might not be wholly

attributed to microbial mediation of bed stability.
1.3.3 Temporal and spatial variations of microbial sediment stability
1.3.3.1 Temporal variation

The microbial mediation of sediment stability is sensitive to a range of environmental
factors, such as temperature, nutrient conditions, physical disturbances (e.g.
hydrodynamic forces, rainfall and storm events), the distribution of microbe species
and the activities of their predators, leading to high temporal and spatial heterogeneity
(Amos et al., 2004; Friend et al., 2003b; Kornman and De Deckere, 1998). Amos et al.
(2004) deployed two benthic annular flumes (Sea Carousel and Mini flume) to 24 sites
in Venice Lagoon and found bed stabilities were increased up to a factor of 5 in summer,
when compared with that in winter. The seasonal patterns of bed stability might be

attributed to the variations in microbial activities due to water temperature changes
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from 5 to 30°C (Amos et al., 2004). Underwood and Paterson’s (1993) studies in the
Severn estuary, UK, showed that sediment concentrations of chlorophyll a positively
correlated with temperature, while Cammen (1991) observed by contrast a general
decrease in chlorophyll a during summer months, possibility due to increased
consumption by grazers. Laboratory competition experiments between cyanobacteria
and benthic diatoms found that the benthic diatom, Nitzschia sp. dominated across both
sandy and muddy sediments at 10°C and 15°C, while cyanobacteria, Microcoleus
chthonoplastes, prevailed as temperature increased to 25°C. Friend, et al. (2003b) also
found strong seasonal patterns of microbial influences on bed stabilities in a mixed
intertidal habitat in Portugal. In the late summer/early autumn, the biostabilization was
mainly attributed to cyanobacteria, and colloidal carbohydrate was the best predictor
for the resuspension thresholds. The activities of cyanobacteria then largely declined in
late winter/early spring, and the best predictor became bed elevation. Chen et al. (2020)
observed seasonal patterns in both vegetated saltmarshes and adjacent un-vegetated
habitats, where the resuspension thresholds of saltmarsh sediment stability and the
adjacent un-vegetated areas increased by 50% and 126% respectively in summer, as
compared with that in winter. The promoted biostabilization effect in summer was
found to relate to the dense populations of diatoms (Chen et al., 2020). Similar bed
stability changes linked to the variations of diatoms were also observed by Kornman
and Deckere (1998), where temporal variations of diatoms caused by local grazing
activities led the resuspension thresholds in the Dollard Estuary, Netherlands, to vary
monthly between 0.1 Pa to 0.5 Pa. Andersen (2001) conducted monthly field surveys
in two microtidal mudflats in the Danish Wadden Sea, in which strong seasonal
variations in the bed stabilities were also found, together with significant correlations
with MPB biomass. By contrast, Andersen et al. (2005) found no such seasonal
variations in tidal channel sediments due to the limited availability of light. Gerbersdorf
et al. (2005) found strong seasonal variabilities of biological parameters and varying

relationships with erosion thresholds across the surface layers of sediments (0.5 cm),
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where the resuspension thresholds strongly correlated with colloidal carbohydrates
during spring time. Whilst similar quantities of colloidal carbohydrates were produced
in winter, the stabilities of sediments from much deeper depths (5-35 cm) presented
more general variability with no such seasonal patterns (Gerbersdorf et al., 2005). This
might be attributed to biological activities e.g. algal biomass, which prevailed in
surficial sediments, but decreased with depth. Seasonal variations in biological
activities lead to seasonal changes in biomass, EPS production and correlations with
sediment stability to occur. As depth increases, consolidation effects and sediment
properties became important in determining sediment stabilities (Gerbersdorf et al.,

2005).

Tolhurst et al. (2006) found temporary variations in the microbial influences on
sediment stabilities at much shorter time scales during tidal emersion, where weak
correlations between sediment stability and colloidal carbohydrates was observed.
During the emersion period, the resuspension threshold showed a rapid increase in the
beginning of the emersion, while the changes in carbohydrates appeared to be much
more gradual. Previous studies discussed that the colloidal carbohydrate was water-
soluble and thus might quickly disappear as tides came in, thus contributing to limit the
extent of sediment stability (De Winder et al., 1999). It was believed that bound
carbohydrates would play a more prominent role in stabilizing sediments, especially
during the emersion period (De Winder et al., 1999). However, Tolhurst et al. (2006)
found no significant correlations between sediment stabilities and bound carbohydrates,
which means the concentrations of either colloidal or bound EPS cannot fully explain
the short-term variations of microbial sediment stabilities. Some other mechanisms in
addition to the EPS concentrations might be influencing sediment stabilities, such as
the structural properties of three-dimensional EPS matrices (De Brouwer et al., 2005;

Tolhurst et al., 2006).

Temporal variations of microbial mediations at time scales of 3-5 days were recently

found to be present at both sandy and muddy sediments in the Dee estuary, UK, (Hope
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et al., 2020). These authors found the variations of sediment stability significantly
correlated with the changes of biomass and MPB species, indicating strong
contributions of microbial development and activities to the temporal variations.
However, one sandy site in a very energetic system subject to frequent hydrodynamic
reworking showed negative correlations between sediment stabilities and the biological
parameters of chlorophyll a and organic contents. Frequent reworking of benthic
microbial substances and sediment particles might prevent the establishment of film-
like matrices which armour seabed sediments. Instead, a fluffy layer of fragmented
biofilm and microbial cells were created at the bed interfaces, mediating sediment
stabilities in different ways. For example, the reworking effects of the local energetic
hydrodynamics might frequently disturb the biophysical bonds between particles and
weaken the resistance strength against hydrodynamic forcing. The negative
relationships between biomass and sediment stability challenge the generally held
belief that the bed stabilities are always positively correlated with biological parameters

and the mechanisms leading to such negative correlations remain to be tested.
1.3.3.2 Spatial variation

Microbial growth, and bio-sediment combinations also present strong spatial
heterogeneities. Depending on the history of bed deposition, the processes of
consolidation, the development of microbiology, and bio-sediment combinations often
present depth variations. For example, Gerbersdorf et al. (2005) found only the surface
sediments presented significant seasonal variations with biological parameters. By
contrast, the stabilities of sediments at depths (e.g. 5-35 cm) correlated with layer
depths, as dominated by consolidation effects (Gerbersdorf et al., 2005). Sutherland et
al. (1998) measured the vertical profiles of bulk densities from the sediments at eight
stations along a transect in a microtidal estuary. According to the vertical gradients in
bulk densities, three sedimentary layers were defined: a biogenic layer (bulk densities
~<1000 kg/m?®), a consolidating layer (bulk densities = 1000-1100 kg/m®) and an

underlying uniform layer. The biogenic layer was associated with high concentrations
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of chlorophyll a at the sediment surfaces, and the layer became thinner seaward. The
consolidating layer showed clearly increasing densities with depth and reached to 11-
15 mm below the surface (Sutherland et al., 1998). The results agree with those of
Gerbersdorf et al.(2005), who also found that the microbial mediations tend to be
stronger in the surficial sediments. As reported by Sutherland et al. (1998), Paterson
(1989) and Black et al. (2002)., such a MPB-mediated surfical layer is often limited to

very shallow depths, of a few mm.

The deployment of an in situ benthic flume at eight stations at upper south cove, Nova
Scotia found both erosion rate and erosion threshold presented significant correlations
with biological parameters of chlorophyll a and colloidal carbohydrates, indicating the
strong effects of microbial development and the interactions with sediment particles for
both the surficial and sublayer sediments (Sutherland, et al., 1998). Bio-sediment
combinations beneath the bed surface were recently better detected both in the field and
laboratory. In the field sediments from the Dee Estuary, UK, peak EPS contents were
detected at a depth of 4 mm beneath the bed interface (Malarkey et al., 2015). Chen et
al. (2017b) found, as the growth period of bacteria increases, e.g. to a period of one
month, biofilm penetrated to depths of 1.8 cm. SEM images showed differently
structured matrices of BSA at depths. At surficial layers, sediment particles are well-
embedded into film-like matrices with little exposure to surrounding waters, but
became increasingly exposed and only attached by small organic patches as the
microbial development penetrates downward (Chen, et al.,, 2017b). The depth
distribution of BSA was found to evolve with time, suggesting the important role of the
development period in the penetration of EPS in sediment matrices. A pattern of
‘hindered’ erosion was proposed to characterise the microbial mediations of sublayer
sediments, in which, after the removal of surficial biofilm-protection, the penetrated
EPS in the sublayers, through binding particles together, continue to protect particles

from erosion (Chen, et al., 2017a).

Sutherland et al. (1998) found the net erosion rates of microbiologically-mediated
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sediments incorporating sublayer sediments showed stronger variations than the
erosion threholds of the surface biogenetic layer, for the same sites. This means that,
compared to the surficial sediments, that are dominantly mediated by microbial
activities, other processes might be involved in affecting the resuspension of sublayer
sediments. During the erosion processes, the initial erosion stage might be dominantly
controlled by the surface bio-sediment combinations. As erosion continued to
incorporate the sublayer sediments well beneath the topmost 2mm depths, the erosion
behaviours start to be determined by the microfabric of the sublayer sediments
(Sutherland, et al., 1998). The microfabric properties of the sublayer sediments might
depend on the microbial sediment association to some extent (Chen, et al., 2017b), but
also the history of bed deposition and the processes of consolidation (Sutherland, et al.,

1998).

Due to environmental gradients of sediment particle size, temperature, salinity and
hydrodynamics across coastal habitats, MPB biomass and bio-sediment combinations
can occur in patchy distributions over varying scales from centimetres to kilometres
(Daggers et al., 2020; Jesus et al., 2009). Remote sensing has captured the spatial
patchiness of MPB biomass (chlorophyll a), at the microscale (centimetres to meters in
size), mesoscale (meters to kilometres in size), and macroscale (kilometres up to scale
of an entire estuary) (Daggers et al., 2020; Ibrahim et al., 2014). Daggers et al. (2020)
used remote sensing (Sentinel-2 imagery) and found the location of MPB patchiness
related with the seasonal heterogeneities of silty particles on tidal flats. The physical
properties of the sediments, such as grain size, play a determined role in the dynamics
of MPB biomass across tidal flats (Daggers et al., 2020). This observation agrees with
previous studies that the meso- and macro-scale MPB patchiness is associated with
sediment characteristics (e.g. particle size), and local hydrodynamic conditions (e.g.
wind velocities, emersion period) (Orvain et al., 2012; van der Wal et al., 2010). Guarini
at al. (1998) found clear seasonal variations in MPB patch size, increasing from winter

to summer, while Daggers at al. (2020) found no seasonal variabilities in terms of MPB
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patch size, likely due to the differences in local environmental conditions, including
irradiance, temperature, nutrient concentration and hydrodynamics (Daggers et al.,
2020). Besides the influences of abiotic conditions, other studies of microscale MPB
patches demonstrated the controlling role of benthic infauna activities (Rietkerk et al.,
2004). Weerman et al. (2011) investigated the structural patterns of MPB distributions
at an intertidal mudflat in the Netherlands, where the spatial patterns developed during
spring but collapsed in summer. This was caused by an increase of benthic herbivores
in summer, inhibiting diatom growth (Weerman et al.,, 2011). This finding was
supported by Orvain et al. (2014), in which the activities of mud snails caused a similar
collapse of chlorophyll @ in summer at Marennes-Oléron Bay, France. Associated with
the changes of MPB biomass, film-like matrices were destroyed, and armouring effects
by biofilm on bed stability was not shown. Instead, a fluff layer was established and
erosion was enhanced. Orvain et al. (2014) also found, in contrast to the majority of
studies, high EPS protein correlated with high erodibility, which questions the usage of
EPS protein as a bed stability indicator, and suggests a need to account for such infauna

disturbances in assessing microbial mediations of sediment stabilities.

As such, the temporal and spatial variations in microbial sediment association are
largely mediated by local sedimentary properties, biological activities and
environmental conditions, complexing the predictions of microbial sediment stabilities.
Whether there would be a unified model establishes relationships between microbial
development and sediment stability is challenging but needed. It is generally
hypothesized that the mechanisms for biostabilization are through the addition of
adhesion to increase the stabilizing forces of microbial sediments against flow erosion
(Fang et al., 2017), binding sediment particles into cohesive network which acts as an
armour to protect sediments (Vignaga et al., 2013), and/or smoothing the sediment
surfaces to reduce drag acting on sediments (De Deckere, et al., 2001; Black et al., 2002)
The difficulties of visualisation of the matrices established by bio-sediment association

mean these hypotheses are yet to be verified, and the current quantitative
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characterization of microbial influences on sediment stability is generally empirical (De
Brouwer et al., 2005). The majority of current quantitative relationships are established
with a variety of biochemical compositions (Underwood and Paterson, 1993; Yallop et
al., 2000). For example, Underwood and Paterson (1993) found sediment stability
significantly correlated with water content, chlorophyll a and colloidal carbohydrate,
with the latter being the best biochemical predictor for sediment stability (Underwood
and Paterson, 1993). Gerbersdorf et al.'s (2008) experiments found close correlations
with cell numbers and colloidal EPS protein concentrations, but not with carbohydrate.
Yallop, et al. (2000) showed a range of variables, including chlorophyll a, carbohydrate,
water content and bacterial cells, can affect sediment stability. Empirical correlations
were established for predicting microbial sediment stabilities as a function of the above
variables. From the above examples, we can see the correlations between sediment
stability and biochemical indicators are variable and may be to some extent
controversial. Recent experimental and analytical works provide a different way to
quantify the microbial influences on sediment transport (Fang et al., 2014, 2020; Fang
et al., 2017). In their work, film water theory was applied to characterize the cohesion
among sediment particles, and an empirical adhesion force equation was established to
describe the mediations of microbial development. Through force analysis, a revised
Shields diagram was proposed which allows the sediment stability mediated by
microbial development to be estimate (Fang et al., 2014). Fang et al.(2014, 2017) make
great progress in quantifying the microbial influences on sediment transport. However,
Fang et al. (2014, 2017) models are derived for the case of microbial mat
(biostabilization). The microbial mats were laboratory cultivated under calm water
conditions, which may differ from the microbial matrices developed under cyclic
resuspensions (Chen et al., 2019). This then suggests a need for future work to
quantitatively characterize the stabilities of microbial sediments developed under cyclic

flow resuspension and deposition.
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1.3.4 Biostabilization or biodestabilization?

At arelatively mature development stage, which can take from a few days to 4-5 weeks,
a microbial mat matrix that can be up to a few centimetres thick is usually established
(Gerbersdorf and Wieprecht, 2015). This mat matrix is adhesively sticky, embedding a
large number of particles, covering the underlying sediment particles and protecting the
particles from mobilization by reducing the exposure of the adhered particles to flow-
induced bed shear stresses. The establishment of the organic mat acts as an armour to
enhance the erosion resistance of the underlying sediments (Paterson et al., 2008;
Vignaga et al.,, 2013). To date, extensive field and laboratory experiments and
observations have been conducted to study the influences of the microbial mat matrices
on sediment stability (Amos et al., 2004; Black et al., 2002; De Brouwer et al., 2005;
Chen et al., 2019; Cuadrado et al., 2014; Droppo et al., 2007; Fang et al., 2015;
Flemming, 2019; Friend et al., 2008; Gerbersdorf and Wieprecht, 2015;2008;
Grabowski et al., 2011; Lundkvist et al., 2007; Sutherland, et al., 1998). For example,
Chen, et al. (2017a) experimentally investigated BSA after different growth periods
under calm water conditions. With increasing growth periods, the stability of microbial
sediments increases and eventually present biostabilization effects, with a more than
60% increase after growth of 22 days. However, the behaviour of the microbial
sediments exhibits distinctly different behaviours in the first growth stage (5 days),
where the microbial sediments appear to be more easily eroded than the abiotic control
sediments. Such destabilization effects cannot be caused by bioturbation as no seabed
fauna are present in their experiments (Chen, et al., 2017a). Reasonable explanations
for such destabilization effects are lacking in the current understanding of microbial
influences on sediment stability. Gerbersdorf, et al. (2008) conducted resuspension
experiments to study the laboratory-incubated microbial community grown on non-
cohesive glass beads. Their work also showed, although the stability of the sediments
increased significantly when the microbiology at a relatively well-developed stage after

the three weeks of incubation, a decrease in sediment stability was observed during the
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first week after the settling of microbial cells into seabed sediments. Similarly, a recent
study of the motion of microbial aggregates attached sand grains also showed an
advanced motion after the microbial attachment (Mariotti et al., 2014). De Brouwer et
al. (2005) inoculated sterile sediments with two types of microorganisms, C. closterium
and Nitzschia sp. Whilst the stability of sediments generally increases overtime as the
microbial matrices become increasingly mature, after cell growth of 2 days, the
resuspension tests of the microbial sediments show a reduced stability compared to the
abiotic control, for both microorganisms (De Brouwer et al., 2005). Such destabilization
effects appear not to be limited to laboratory settings. Their field observation of
intertidal sediments of the Zandkreek, Netherlands, from December 1999 to October
2000, presented a reduction of sediment erosion threshold when the field biomass
increased in February (De Brouwer et al., 2005). Hope et al., (2020) found microbial
biomass and organic matter production played a negative role in the stability of a sandy
site in very energetic systems when subject to frequent processes of hydrodynamic
reworking. In other words, the increased microbial biomass and organic matter
production led to decreased sediment stabilities. This result is in contrary to the
generally-held belief that the microbial development enhances sediment stability. It was
hypothesized that, due to the frequent turnover and reworking of surface sediments, the
establishment of a well-developed film-like organic matrix was prevented. Instead, a
flufty layer of fragmented biofilm and microbial cells was created at the bed surfaces,
which mediate the resuspension behaviours of sediments in different ways from the

film-like organic matrices.

The explanations/explorations of such destabilization effects are generally lacking,
which may be because the destabilization magnitude is small compared to the
significant biostabilization effects. From the summary of the above experimental and
field studies, the microbial influences on sediment stabilities appear to be controversial.
Do the microbial mediations always enhance sediment stability, or are the

biostabilization effects restricted to the establishment of a microbial mat?
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1.3.5 Measurement of microbial sediment stability

Different devices are available to investigate microbial influences on sediment stability.
These include: laboratory and in situ annular flumes, e.g. the Sea Carousel (Amos et al.,
1992), laboratory and shipboard mini-flumes, e.g. Core-Mini Flume at the University
of Southampton (Thompson et al., 2013), cohesive strength meter (CSM) (Paterson,
1989), and microcosms, e.g. Gust (Gust and Miiller, 1997). Tolhurst et al.,(2000)
compared four in situ devices, (a) a microcosm system (Gust), (Gust and Miiller, 1997),
(b) SedErode (Sediment Erosion Device), a portable version of Instrument for Shear
stress In-Situ (ISIS) developed at HR Wallingford (Mitchener et al., 1996) , (c) in situ
erosion flume (ISEF) (Houwing and van Rijn, 1997), and (d) CSM (Paterson, 1989),
for determining resuspension thresholds of intertidal sediments. The microcosm is a
circular flume, with a diameter of 30 cm. There is a rotating disc sitting on a removable
lid, and water is pumped in and out from the chamber though a 10 mm tube from the
central rotating axis. The flow rate is controlled by a flowmeter with a valve at different

pumping rates (Thomsen and Gust, 2000). The microcosm can obtain sediment stability

in the form of critical shear stresses, 7, (Pa) (Tolhurst et al., 2000). SedErode consists

of a bell head, a pump and control system, and was designed to measure bed stability
of cohesive sediments (Mitchener et al., 1996). The bed shear stress was generated by
pumping water from a channel between the bottom of bell head and the surface of the

underlying sediments. This measurement also allows calculation of critical shear
stresses, 7, (Pa)for sediment resuspension. The ISEF is a ‘vertical standing’ annular

flume at the seabed surface, allowing through the measurement of flow velocity and
turbidity the determination of the critical shear stresses for sediment entrainment. The
CSM generates a vertical jet of water at the bed surface to suspend sediments (Tolhurst
et al., 2000). The measurement returns an erosion pressure, from which critical shear
stresses can be calculated (Tolhurst et al., 1999, 2000). Compared to the other four

devices, CSM can be quickly deployed and requires short measurement duration,
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beneficial to the measurement of short-term temporal variations in sediment stability
such as the variations of bed stabilities during tidal immersion (Friend, et al., 2003). It
is worth noting that each device uses a different method to exert an eroding force at the
sediment-water interface. These four devices were deployed to test the erosion
threshold and erosion rate at Skeffling intertidal mudflat on the Humber Estuary, UK
(Tolhurst et al., 2000). After the standard data normalisation, the erosion thresholds
became comparable between devices, while the erosion rate data showed more than an
order of differences. It was argued that the big differences between the results might be
caused by different device deployment time and the duration of the erosion steps used
to determine thresholds. The spatial variation of the tested site could partially contribute
to the differences, such as the presence and absence of bioturbation, or the
heterogeneous development of biofilm (Tolhurst et al., 2000). Widdows et al. (2007)
compared five devices across a range of different intertidal cohesive sediments (from
newly-settled mud to the mud at the edges of salt marshes), in terms of both erosion
threshold and erosion rate. The devices include annular flumes, mini-annular flumes,
CSM and EROMES (Widdows et al., 2007). Significant relationships between annular
flumes and mini-flumes for the erosion threshold measurement were presented. Amos
et al. (2004) deployed an in situ annular flume (the sea Carousel) and mini annular
flume at 24 sites in Venice Lagoon, and the results were compared with the previous
measurements by SedErode (Feats and Michener, 1999). The erosion thresholds were
comparable between Sea Carousel and Mini flume, while the SedErode provided
consistently lower erosion thresholds (by a factor of 2-5) than that from annular flumes.
Widdows et al. (2007) found no comparable relationships were revealed from the
results presented among annular flumes, CSM and EROMES. No consistent
relationships between erosion thresholds and the physical and biological properties of
sediments were revealed, possibly due to the spatial variances among the tested sites.
The authors suggested the main cause for the measurement differences between devices

is their distinct way of applying bed shear stresses to the sediments (Widdows et al.,
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2007). Given these previous studies and the poorly comparable results between devices,
the direct comparisons of erosion thresholds in existing literature obtained from
different devices seem to be impossible, but trends and relationships should be

comparable.

1.4 Microbial influences on the deposition processes of sediment

transport

Vertical fluxes of suspended particulate matter (SPM) in both shallow-water and deep-
sea systems control particle export and flux attenuation, which plays a key role in a
range of biogeochemical cycling (Wheatland et al., 2017). For example, the transfer
efficiency of organic matter from the surface waters to depths critically determines
oceanic carbon burial capacity and the balance of atmospheric carbon dioxide at air-sea
interfaces (Cram et al., 2018; Kwon et al., 2009). In coastal habitats, such as tidal flats
and marshes, the settling velocities critically determine whether the input sediments
keep pace with the erosion rate and thus the fate of these habitats under environmental
changes, such as sea level rise (D’Alpaos et al., 2007). Some management strategies
that seek to restore tidal marshes thus need precise estimates of SPM settling velocity
variations to predict local sediment budget dynamics and assess the strategy feasibility
(Ganju et al., 2005). Microorganisms and their produced organic matter are extensively
present in aquatic environments, which leads the majority of suspended particles to be
microbiologically mediated and creates highly porous and irregular BSA (Droppo et al.,

1996; Wheatland et al., 2017; Zhang et al., 2018).

The interaction between microbial cells, the produced organic matter and sediment
particles further complicates SPM dynamics and vertical fluxes of particles, through
altering aggregate size, structure and settling velocities. For example, the sticky biofilm
can to some extent promote aggregation among phytoplankton cells, suspended
inorganic sediment particles (e.g. riverine clay minerals, dust), and other microbial cells
into aggregates with larger sizes, higher densities and faster settling speeds (Turner,
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2015). The importance of minerals in controlling the settling rate of particulate organic
matter (POM) has recently been appreciated (Armstrong et al., 2002). The vertical
export of POM largely correlates with (ballast) mineral fluxes (Armstrong et al., 2009;
Klaas and Archer, 2002), such as through adherence with clay minerals as organo-clay
aggregates during the depositional processes (Bauer et al., 2013). The interactions
between microbial cells/organic matter and sediment particles creates complexity in the
settling behaviours of aggregates. Some contrary observations in terms of size-velocity,
and composition-velocity relationships are recorded in the literature and need to be
better understood (Iversen and Ploug, 2010; Iversen and Lampitt, 2020; Passow and De
La Rocha, 2006). This suggests a need to understand the interactions between
microbiology/organic matter and sediment particles, and how such interactions would

affect the architecture and settling velocities of the vertical particle fluxes.
1.4.1 Microbial mediation of size-velocity relationships

According to Stokes law, settling velocities of non-porous solid spheres positively
correlate with size. Size-velocity relationships are often affected by the presence of
microbial development. Iversen and Ploug (2010) found settling velocities increased
with size, but only for the aggregates of similar microbiology and mineral composition.
Due to the differentiated compositions of microbial species, aggregates of the same
sizes develop distinct porosities, structures and densities, which alters and complicates
the size-velocity relationship. For example, through the association with high inputs of
dust from Sahara (opal, carbonate, and lithogenic), the aggregates formed by the
cocolith (Emiliania huxleyi) were more compact and dense, compared to the aggregates
formed by diatoms (e.g. Skeletonema costatum). The porosities of Emiliania huxleyi
aggregates were ~ 96%, much lower than that of Skeletonema costatum (99%) (Ploug
et al., 2008). Also, the cocolith aggregates were found to have a spherical nature,
leading to lower drag exerted on these aggregates during the settling processes. As such,
compared to diatom aggregates of similar sizes, the cocolith aggregates settled at much

faster speeds. Khelifa and Hill, (2006) analysed a large variety of aggregates from
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estuarine and coastal systems and showed settling velocity can vary by ~ two orders of
magnitude for the same size. Maggi and Tang, (2015) analysed 52 BSA datasets
collected from a variety of aquatic environments and found almost invariant settling
velocities with size spanning across almost four orders of magnitude. Fifty five
sequences of aggregate sizes and settling velocities observed through in situ optical
measurement by Iversen and Lampitt, (2020), in which only 8 of them showed positive
correlations between size and velocities, mainly due to the strong heterogeneities of
aggregate composition, density and structures. Laurenceau-Cornec et al. (2020)
compiled a large size-velocity dataset collected from both laboratory conditions and in
situ measurements. Considerable scatters presented, indicating that the large aggregates

do not necessarily settle at faster speed.

As such, the extent to which aggregate settling velocities positively correlate with size,
and the application of Stokes law to the estimates of aggregate settling velocities in the
presence of microbiology becomes questionable. The strong variabilities of size-
velocity relationships suggest there must be some other mechanisms at work, that might

better account for settling velocity estimates (Iversen and Lampitt, 2020).
1.4.2 Microbial mediations of composition-velocity relationships

Through the prevailing mixing between organic (e.g. EPS and microbial cells) and
inorganic particles (e.g. minerals), aquatic aggregates can comprise a wide range of
inorganic fractions from less than 10% to over 90% (Maggi, 2013; Maggi and Tang,
2015). BSA of >90% organic matter are found to settle at similar settling velocities as
the BSA comprised of much less organic matter (Boyd and Trull, 2007; Maggi and Tang,
2015). It has been found the addition of minerals into microbial cultures promotes the
aggregation process and forms aggregates of smaller sizes and compact structures,
compared to the pure phytoplankton aggregates (Hamm, 2002; Laurenceau-Cornec et
al., 2020; Passow and De La Rocha, 2006). The vertical fluxes of particulate organic

matter (POM) and minerals in the deep sea were found to be related, and the ballast
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minerals were suggested to enhance the POM export to depths, such as though
enhancing settling velocities, referred to as ‘mineral ballasting” (Armstrong et al., 2002;
Klaas and Archer, 2002). There is however a debate as to whether the addition of
mineral particles will always lead to faster settling velocities (Armstrong et al., 2002;
Hamm, 2002; Wilson et al., 2012). Hamm (2002) conducted laboratory incubation
experiments to test the effects of minerals on aggregate settling velocities, and found
the increase in mineral concentrations did not necessarily accelerate settling velocities.
Similar observations were also demonstrated by Passow and De La Rocha (2006).
Wilson et al. (2012) analysed the spatial variabilities of POM and minerals and showed
the lack of a uniform relationships between POM and mineral fluxes globally, which
questions the mineral ballast hypothesis. Maggi and Tang analysed a wide variety of
aggregates and demonstrated that the settling velocities remained almost invariant as
the mineral fraction of the aggregates largely vary from less than 10% to over 90%.
Passow and De La Rocha (2006) suggested alternative interpretations, such that the
microbial production of sticky organic matter glues mineral particles and determines
the settling velocities of mineral particles, rather than the vice versa. As such, the
patterns in which aggregate composition affect settling velocities and the relationships
between aggregate composition and settling velocities that account for microbial

mediations remain to be determined.

Maggi and Tang (2015) established a settling velocity map which considers the effects
of differentiated organic matter fractions on settling velocities, and aids a more precise
estimate of vertical fluxes of organic and mineral matter (Maggi and Tang, 2015).
However, the majority of the aggregates analysed in Maggi and Tang’s (2015) work are
relatively slow-sinking aggregates comprised of clay minerals/ silty particles with the
sediment particle size of < 10 microns and an average settling velocity of less than
0.Imm/s to 6 mm/s. The applicability to the aggregates, that have fine-grained sand
particles attached and settle at much higher speeds (e.g. sand of dsp =193 microns can

settle at ~23 mm/s in still water) (Jacobs et al., 2011), may be restricted. In natural
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environments, the suspended particulate matter comprises both the aggregates
developed during the flocculation processes in the water column and the aggregates
developed in/at the seabed. Seabed sediments generally comprise a mixture of
sediments of different particle sizes, including both clay minerals/silty particles and
sand grains. BSA developed through the microbial aggregation with clay and silt
particles are found to aggregate with sand grains in both low- and high-energetic coastal
sand bars (Virolle, et al., 2019; Duteil et al., 2020). This suggests the studies of
microbial mediations on the fast-settling aggregates, e.g. those aggregated with sand

grains, are also needed.
1.4.3 Microbial mediations of aggregate structures

Aggregates often form complex internal arrangements and highly porous and irregular
geometries, mediating the size-velocity and composition-velocity relationships. For
example, the porous structures of aggregates critically determine the properties of
internal flow through settling aggregates, through altering the drag forces exerted on
the aggregates to mediate settling velocities (Emadzadeh and Chiew, 2020). Meanwhile,
aggregate structures reflect the internal arrangement of biofilm and sediment particles,
and the porosities of aggregates determine densities, both of which in turn determine

the settling velocities, such as demonstrated by Laurenceau-Cornec et al. (2020).

To quantify the complex, irregular and porous aggregate structures, the fractal
dimension was introduced (Meakin, 1991; Kranenburg, 1994; Maggi, 2007; Maggi, et
al., 2007). Among the various types of fractal dimension used for characterizing
aggregate structures and geometries, such as the two-dimensional (2D) perimeter-based

logN
fractal dimension, 3D volume fractal dimension, D, = —df (d o 18 primary particle
log(="
9(;")

p

diameter, d,is the diameter of fractal aggregates and, N is the number of primary

particles per aggregate), is often used and one of the most powerful parameters to
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characterize the space-filling capacity of the 3D aggregate structures (Kranenburg,
1994; Maggi, 2007; Meakin, 1991). The larger the volume fractal dimension is, the
more compact internal structure the aggregates have (Maggi, 2007). It is believed that
aggregate internal structures result from a balance between aggregation and breakup
(Van Ledden et al., 2004; Lick et al., 1993; Winterwerp and van Kesteren, 2004). Great
progress has been made to relate the morphological parameters of aggregates, settling
velocities and the kinematic processes of particle aggregation and breakup, to the
volume fractal dimension, which allows numerical modelling and simulation of
aggregation dynamics (Tang, 2017). There are however many difficulties in direct
measurements of 3D volume fractal dimension with the usage of existing image
methods (Vahedi and Gorcezyca, 2011). Widely applied optical microscopic and video
camera tracking systems capture two-dimensional surfaces of aggregate geometry, from
which it is difficult to extract the real volume structures. Maggi and Winterwerp (2004)

proposed an indirect method, using the measurements of perimeter-based fractal

dimension, Dp , and the 2D projected area of floc, which enables the volume fractal

dimension to be approximated from two dimensional geometries of aggregates that are
generally easy to obtain. However, this method is derived from abiotic aggregates, and
thus excludes the effects/alterations of microbial colonization and aggregation. The
processes of microbial cell colonization, and production of organic matter to adhere and
bridge inorganic particles into aggregates are complex. Maggi and Tang (2015)
analysed 52 datasets of microbial sediment aggregates with different organic fractions
from 0 to 1 and found non-linearity of fractal dimension with the changes of organic
fraction. Chu and Lee (2004) found that the internal structures of microbial sediment
aggregates present multiscale features. Nguyen, et al. (2017) found distinct patterns of
microbial colonization due to cell colonization of sediment particles at different
development stage, which in turn would mediate their settling velocities by affecting
the surface roughness, internal flow infiltration and drag. The structural complexities

caused by the presence of microbiology needs to be better characterized for settling
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velocity estimates. Direct characterization of microbiologically-mediated 3D structures,
e.g. a direct characterization of volume fractal dimension, is needed, and may be

achieved through the imaging and quantification of the 3D BSA matrices.
1.4.4 The effects of shear velocities on aggregate deposition behaviours

Aggregation processes are dominated by three primary mechanisms: Brownian motion,
differential settling and turbulence. In dynamic environments of estuaries and coastal
areas, aggregation is mainly driven by turbulence (Mietta et al., 2009). Turbulent shear
can cause collisions between particles and promote aggregate formation, and on the
other hand can also break aggregates into smaller ones (Winterwerp, 1998). At low
shear stresses, the aggregate size increases with shear velocities, but shows an opposite
trend at high shear velocities (Winterwerp et al., 2006). It is generally believed that
turbulence affects the processes of aggregation and breakup in two ways. Turbulent
diffusion at the scale of aggregate sizes promotes aggregation, while the turbulence-
induced shear when exceeding the strength of aggregates breaks aggregates (Mietta et
al., 2009; Winterwerp and van Kesteren, 2004). In general, for dispersed (non-
flocculated) particle suspensions, the dominant effect of shear velocities at the initial
stage is to enhance aggregation. As time increases, the generated aggregate population
reaches a dynamic equilibrium when the aggregation and breakup processes are
balanced. At high shear stresses, breakup is expected to be dominant over the
aggregation processes according to the model proposed by Winterwerp (1998). By
contrast, at low shear stresses, the residence time of aggregates become an important
parameter. When the residence time for aggregation among particles/aggregates is
smaller than the equilibrium time for the aggregate populations to reach a dynamic
balance of aggregation verse breakup, the mean aggregate size is expected to be smaller
than the equilibrium size. When the residence time is longer than the equilibrium time,
the aggregate size should have reached the equilibrium size, and theoretically decreases
as shear velocity increases (Winterwerp, 1998). Previous prediction and observation of

mud flocs showed that, under a constant shear velocity, aggregate size grows slowly for
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the initial few minutes but can rapidly grow to their equilibrium size as time increases,

which can occur in less than 5 minutes (Winterwerp, 1998).

Winterwerp (1998) also investigated the effects of turbulence on aggregate settling
velocity, where the aggregates were considered as having self-similarity and the
structures were characterized through fractal dimensions. The settling velocities of the
aggregates developed under turbulence were found to correlate with the equivalent
diameter of the aggregates (L) as LP"/, instead of L? as suggested by Stokes law. Similar
results were also found from the in situ measurements of aggregate settling velocities
along New Jersey coast, where the settling velocities correlated with L (1.2 is within
the range of D,-1) (Agrawal and Pottsmith, 2000). Similar trends occur where the
settling velocities of aggregates developed under shear velocities show strong
dependence on structural features (fractal dimension), which implies the importance of
structural features in the settling velocities for those turbulence-induced aggregates, and

should be properly accounted for.
1.4.5 Measurement of settling velocities

To achieve in situ sampling of aggregates and measurement of their settling velocities
with minimal disruption of aggregate structure and size, an IN Situ SEttling Velocity
instrument (INSSEV) was developed by Fennessy et al. (1994). The main feature of
this instrument is the ability to simultaneously capture the size (down to 20 pm) and
settling velocity of SPM in turbid environments up to 200 mg I'' (Fennessy et al., 1994).
INSSEV is comprised of two chambers, a top chamber to collect samples and deliver
samples to the underneath settling column. The settling column is equipped with an
underwater camera and video used to measure the size and velocities (Manning and

Dyer, 2002).

Optical measurements obtained through videoing settling aggregates are widely applied
to both laboratories and fields to obtain the settling velocities. One typical instrument

is the Laboratory Spectral FLOcculation Characteristics (LabSFLOC) (Manning, 2006).
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LabSFLOC is comprised of a high resolution video camera at the bottom and outside a
Perspex settling column. This measurement technique requires the tested suspended
aggregates to be immediately transferred to the settling column through a wide-mouth
pipette, after the extraction of the samples. To minimize disruption to the size and
structure of the samples, the pipette mouth is gently placed right underneath the water
surface and the pipette body should be held vertically to allow the settling of aggregates
through gravitational forces. This technique has been examined as one of those creating
minimal disruptions to the tested aggregates (Manning et al., 2007). Videos of settling
aggregates will be recorded with time-referencing information to allow image

processing and settling velocity estimates.

As suggested by Manning et al. (2011), natural aggregates have multiple components,
such as inorganic particles from different sources, various microbe species and different
contents of organic matter, which appears to result in complex structural arrangement
and heterogeneous distributions of the components. As a result, a systematic and
quantitative understanding regarding the settling behaviours of aggregates appear to be

lacking, and direct measurements of aggregate size and velocity become a key step.

1.5 Aims and objectives

Microbial influences on aquatic sediment transport processes are commonly presented
in natural environments, which are complex and our present understanding remain
incomplete. This thesis seeks to present a clearer and more comprehensive
understanding of microbial sediment interactions and the mechanisms and properties of
microbial influences on the resuspension and deposition processes of sediment

transport.

BSA comprises a high-water content, either within internal pores and channels, or
absorbed around particles or bound by EPS forming a highly hydrated microbial matrix
(EPS are comprised of more than 90% of water (Schmitt and Flemming, 1999)).

Desiccation of BSA alters the morphology of the microbial substances and thus the
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physical characteristics of porous media, such as binding mechanisms within BSA and
internal pore geometries for flows. Observing BSA in their naturally hydrated form is
essential but historically hampered due to the lack of techniques for imaging and
discerning hydrated materials. The first objective of this thesis is to develop an
appropriate BSA specimen preparation method with no need to desiccate BSA and
allow for the high-resolution imaging and quantification of the 3D matrices of BSA. To
achieve this goal, a new approach using a micro-CT technique is developed in Chapter
2, which allows the 3D matrices of BSA to be imaged and quantified in their hydrated
states. This method was then combined with some well-established techniques for
studying sediment transport, including the use of annular flumes (Amos et al., 2004;
Amos et al., 1992; Thompson et al., 2013), settling columns and camera-video systems
(Manning, 2006; Manning et al., 2007), to investigate the ‘cycle’ of sediment transport
through settling, deposition and resuspension in the presence of microbiology. The

protocols of the new approach and the general methodology are outlined in Chapter 2.

The summary of existing work implies the effects of microbial influences on sediment
stability might not just enhance sediment stabilities as generally expected but also
reduce sediment erosion thresholds. Whilst the majority of current studies acknowledge
the presence of biofilm as biostabilizing sediment stability, the results of some
experimental and field observations show that a moderate destabilization effect can
occur at the initial stages of microbiology development in sediments. Therefore, the
second objective of this thesis is to experimentally investigate whether BSA at different
states behave in the same way as a mature microbial mat, and whether microbial
mediation can destabilize sediments. The results of flume resuspension tests and micro-
CT experiments will be presented in Chapter 3, presenting the resuspension resistance
of two distinct BSA matrices that are established at different development states. The
BSA geometries, mediations of sediment stability and the significance of the study

findings will be detailed in Chapter 3.

Present efforts, either from qualitative or quantitative aspects, are paid to study the
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microbial mediations on slow-settling aggregates that are generally comprised of fine-
grained clay and silty particles. The microbial influences on the fast-settling aggregates,
e.g. with sand grains being attached, appears to be less investigated. The third objective
of this thesis is thus to study the effects of bio-sediment association on the settling
velocities and drag of aggregates. The results of both settling tests and micro-CT
experiments will be presented. The characteristics of BSA internal structures, settling

velocities and drag will be analysed and discussed in detail in Chapter 4.

The fourth objective of this thesis is to pursue an integrated view of microbial
influences on the resuspension and deposition processes of sediment transport, from
both qualitative and quantitative aspects. To achieve this goal, the phenomena observed
in Chapter 3 and 4 from the laboratory created BSA will be tested using the BSA
sampled from the field, to help a better understanding of real-world applicability. Both
the resuspension and deposition properties of field-sampled BSA will be experimentally
studied and analysed in Chapter 5. After this, based on the experimental data of both
laboratory-created and field-sampled BSA, the microbial influences on the
resuspension and deposition processes of sediment transport will be quantitatively
analysed. Predictive relationships for estimating BSA resuspension thresholds, drag and
settling velocities will also be presented in Chapter 5. A summary of the major study

findings and the future research requirements of this thesis is outlined in Chapter 6.
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Chapter 2 Method development and general
methodology

The contents of section 2.1 have been published as Zhang et al.! during the PhD
candidature of this author. Naiyu Zhang designed the study, prepared the samples,
developed the methods, collected and analysed the data, and led the writing of the
manuscript. Charlotte E. L. Thompson assisted with the study design and the
manuscript editing. Kathryn E. Rankin assisted with the development of micro-CT
machine operation protocols. lan H. Townend, David M. Paterson, and Andrew J.

Manning assisted with the manuscript editing.

This chapter is comprised of two major sections. Section 2.1 develops a new approach
using micro-CT to imaging and quantifying the 3D geometry and internal structure of
BSA in a hydrated status (section 2.1). This method is then combined with some of the
mostly well-established techniques for studying sediment resuspension and deposition
process, e.g. annular flume, camera-video system for recording fine particle settling
velocity, and dedicated settling column with mass balancing and time recording systems,
to study the microbial influences on sediment transport. Section 2.2 then summarises

the general methodology of utilizing these sediment transport techniques.

2.1 Non-destructive 3D imaging and quantification of hydrated BSA

using X-ray microcomputed tomography

BSA are highly hydrated, with the biological components binding sometimes more than

90% of water (Flemming and Wingender, 2010). To more fully represent the 3D

! Nondestructive 3D Imaging and Quantification of Hydrated Biofilm-Sediment Aggregates Using
X-ray Microcomputed Tomography, Naiyu Zhang, Charlotte E. L. Thompson, Ian H. Townend,
Kathryn E. Rankin, David M. Paterson, and Andrew J. Manning, Environmental Science &

Technology 2018 52 (22), 13306-13313
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geometry and internal structure, and to avoid the significant geometry distortion caused
by the complete desiccation steps that have been generally applied in the current
available methods, there is a need to capture the 3D matrices of BSA in a hydrated state.
Generally applied imagery techniques, such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and focused ion beam nano-tomography
(FIB-nt)), involve the complete desiccation of BSA or prevent differentiation between
BSA components such as inorganic particles and pore water (confocal laser scanning
microscopic (CLSM)). To address the above difficulties, a number of trials for different
specimen preparation methods were carried out. Different preparation methods were
cross compared to investigate the best preparation methods for imaging BSA.
Quantitative analysis based on the three-dimensional models of the BSA obtained using
this newly-developed method is subsequently discussed in section 2.1.6. Section 2.1.7
describes an adjusted preparation method for seabed sediments using an alternative
micro-CT machine, which allows to scan seabed sediment cores that may contain

coarser sand grains and enables a larger field of view.
2.1.1 BSA specimen preparation methods

Different BSA specimen preparation methods for micro-CT were chosen and compared,
to assess the suitability for imaging. The ultimate purpose of each preparation method
was to enable the 3D matrices of aggregates to be imaged at high resolution and in

hydrated states.
Liquid nitrogen freezing BSA

Liquid nitrogen (LN2) was used as a high-speed freezing treatment to minimize the
freezing artefacts that can result from freezing process (Parker and Collins, 1999). Fresh
aggregate samples were placed in a 20ml plastic syringe (radius 2 cm and depth 3 cm),
and immediately immersed into an LN> pool at -196°C for 2 min, which ensured that
the aggregates were sufficiently frozen (Chen et al., 2001). The frozen aggregates were

freeze dried, as while drying preserves the fibril bundles of biofilms, it does not sustain
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the hydrated polymers in BSA (Perkins et al., 2006). As thawing of the frozen samples
can cause significant displacement of features inside the specimen, the specimen vial

was held in dry ice (-79 °C) during scanning.
Embedding BSA in resin

A 3 mm-diameter hole (3 mm depth) in a pre-prepared pure resin block was created in
advance to hold aggregates that were carefully transferred into the hole immediately
after creation. As epoxy resin is hydrophobic, the aggregates were repeatedly soaked in
anhydrous acetone to replace the internal water. This is followed by resin filtration and
addition, after which the sample was cured at 60°C. A 5x5x5 mm resin sub-block
containing the target aggregates was sectioned for whole-volume scanning to avoid
artefacts during alignment of the sectioned image series to a 3D dataset. This also

allows a higher scanning resolution to be obtained.
Wet staining BSA

A sealed 200 ul pipette was used as the specimen container for wet aggregates. The
pipettes are composed of polypropylene. The thin walls (200-300 microns) (Metscher,
2009) of the container allows the minimisation of the amount of media between the
aggregate target and the detecting probe, reducing extra X-ray absorption (Hubbell and
Seltzer, 1995). One of the most challenging problems for wet aggregate scanning is to
stabilize aggregates in the liquid media during the entire scanning process which can
last several to dozens of hours. To address this from a specimen preparation approach,
initial attempts were made to stabilize the samples in an absolute alcohol treatment. The
alcohol treatment aims to immobilize the algae, which can cause irreparable failure in
image reconstruction. Following the alcohol treatment, Alcian blue dye solution was
added in specimen for a 7 min staining period following (Bar-Zeev et al., 2012). Alcian
Blue has been used in several studies investigating the size, form and abundance of
acidic polymeric substances (APS) which contribute significantly to biofilm adhesion

(Passow et al., 2014; Thornton and Visser, 2009). The Alcian blue treatment (Sigma,;
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0.4% wt/wt at pH 2.5) (Bar-Zeev et al., 2012) was sonicated for 15 min to disaggregate
the particles and then passed through a 0.45 micron filter twice to remove stacked

particles and ensure a homogeneous solution before use.
2.1.2 BSA scans by micro-CT

The LN> frozen aggregates packed with dry ice were imaged with X-ray micro-CT
using a modified 225 kVp Nikon HMX ST, while the 3D imaging of BSA embedded in
resin and in liquid (stained and unstained) were conducted using a Zeiss 160kVp Versa
510 X-ray microscope, both located at the 4-VIS X-ray Imaging Centre, University of
Southampton. The latter scanner uses a two-stage magnification approach, combining
the geometric magnification of the X-ray cone beam and source-to-detector/object
distances, with optical magnification through a microscope lens system to further
magnify the image ahead of the detector (Figure 2.1). In the reconstructed stack images,
voxel intensity (greyscale value, Hounsfield unit, a dimensionless unit used in CT
scanning) reflects the variation in X-ray absorption, which is a function of the material’s
physical and radio-density throughout the volume (Amos, et al., 2003; Kamaruddin et
al., 2016). In summary, it can be inferred that brighter pixels represent denser materials
(e.g. sediment in this case), while darker pixels represent less dense materials (biofilm
and pore water) (Hale et al., 2015) (Figure 2.1). Details of the density calibration and
estimation protocols are explained in section 2.1.7. Scan protocols optimised to suit

each type of BSA specimen were applied and listed as follows.
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Figure 2.1 Schematic illustrations of workflow from BSAs creation (a), sampling and BSA specimen
prepared using a full range of available protocols (b), to X-ray micro-CT setup (c). Illustrates the
dual-magnification imaging system including both the geometric magnification and optical
magnification. The resulting reconstructed volumetric slice images composed of different voxel
greyscale values representing the X-ray absorption map throughout the volume which is closely

relevant to the material density variations (d).

LNz BSA imaging

Each CT scan was performed at 160 kVp (peak voltage) and 140 pA, using an exposure
time of 250 ms, and acquiring 3142 projection images with 2 frames averaged per
projection, Ix binning and 24 dB analogue gain. The projection images were
reconstructed into 3D volumetric data using the filtered back-projection algorithm
embedded within X-TEK CT Pro 3D and CT Agent software (Nikon Metrology, UK).

The resulting voxel (3D pixel) resolution was 10.1 x 10.1 x 10.1 pm.
Resin-embedded BSA imaging

The resin embedded specimen was scanned at 80 kVp and 7 W, with the beam pre-

35



Chapter 2 Method development and general methodology

filtered through 0.34 mm of SiO; to reduce beam hardening artefacts. Using the 20X
objective with 2X binning (a way of combining signals reflected from adjacent
elemental detectors, to increase contrast resolution) (Abdelnour et al., 2007) and an
exposure time of 20 s, the voxel resolution achieved was 0.683 um, and the resulting

scan time was around 14 hours with 2401 projection images acquired.
Unstained wet BSA imaging

The unstained wet specimen was scanned at 80 kVp and 7 W, with the beam pre-filtered
through 0.15 mm of SiO; to reduce beam hardening artefacts. Using the 20X objective
with 2X binning and an exposure time of 20 s, the voxel resolution achieved was 0.683
pm, and the resulting scan time was around 14 hours with 2401 projection images

acquired.
Stained wet BSA imaging

The scan of the wet stained specimen was conducted at 80 kVp and 7 W, with no pre-
filtration of the beam due to the improved X-ray penetration and the reduced exposure
time. The increase in image intensity allowed a reduction in exposure time to 5 s, and
the scanning time was reduced to 3 hours with 1601 projection images acquired. The
imaging time was kept as short as possible to reduce the likelihood of the stained BSA
drifting in the liquid during the scan. Using the 20X objective with 2X binning, the

resulting voxel resolution was 0.777 pm.
2.1.3 Image processing

Multi-purpose image processing was conducted using Avizo™ 9.3.0 software (FEI
Hillsboro, OR, USA) in cooperation with Fiji/Image] (National Institutes for Health,
USA), including image filtration and image segmentation (Schindelin et al., 2012; Zhou
et al., 2016). The ultimate purpose was to distinguish different material components
(organic matter, pore water and sediment particles in this circumstance) within a BSA.

In order to increase the accuracy and efficiency of image segmentation, image filtration
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was conducted using the Avizo™ 9.3.0 Median Filter to average out image noise.
Segmentation relied on a Trainable Weka Segmentation 3D plugin within Fiji/Image J,
using a collection of visualization tools and machine-learning algorithms based on the
user input, and then performing the same task in the untested data

(https://imagej.net/Trainable Weka Segmentation) (Carreras et al., 2017). By

identifying and recognizing targeted objects manually in a subset of images, and
annotating them to train the classifier, the machine-learning algorithms apply multiple
filters to perform particle separation and segmentation (Schindelin et al., 2012;
Wheatland et al., 2017). Thereafter, successfully segmented organic matter (biofilms),
pore water and sediment particles could be imported together into Avizo 9.3.0. A
‘Separate objects’ module, developed in Avizo 9.3.0 using a combination of watershed,
distance transform and numerical reconstruction algorithms, is applied to distinguish
individual aggregates (Callow et al., 2018; Sharma et al., 2017). This method enables
the voxels connected by a common face to be assigned as belonging to the same
aggregates (Callow et al., 2018). This method has been widely applied to distinguish
connected pores from the disconnected ones in rocks and has recently been successfully
applied for separating and identifying individual polymer-induced kaolinite aggregates
(Sharma et al., 2017). Subsequent volume rendering, quantitative label analysis can

then be conducted in Avizo 9.3.0.for each aggregate (Avizo, 2016; Callow et al., 2018).

With the identification of individual aggregates and segmentation of aggregate
components, volume-equivalent diameter, 3D volume and surface area of each
individual aggregate and each aggregate component can be estimated, through the
Label Analysis module provided in Avizo 9.3.0™ (Avizo, 2016; Callow et al., 2018).
The volume fractal dimension of the 3D matrices of each individual BSA can be

estimated by using the Bone J plugin provided in Fiji/Image J (https://bonej.org/). Bone

J utilises the widely-applied box counting method to obtain volume fractal dimension
of 3D structures. The box-counting method enables the volume fractal dimension to be

directly calculated by covering the 3D fractal structures by N; elements (voxels) of size
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r (Fazzalari and Parkinson, 1996; Vahedi and Gorczyca, 2011):

" log(N,) Eq. 2.1
Y 0log(l/r)

2.1.4 Comparisons of different specimen preparation methods
LN:2-freezing specimens

Keeping aggregate specimens frozen during the several-hour scanning period was
challenging due to the room-temperature scanning environment. Covering the
aggregate specimen in dry ice effectively mitigates the temperature difference, but
increases the distance between the specimen and the X-ray source. As a result, the best
achievable resolution is sacrificed. This effect may be minimised by reducing the
amount of dry ice used, but then insufficient cooling can lead to the sample defrosting
and therefore scanning failure. Given an average scan time of several hours, it was
challenging keeping specimens sufficiently frozen, even without reducing the amount
of dry ice used. The best scan provided a 10-micron resolution. No aggregates were
captured in the image (may be due to the low contrast of aggregates), which instead
indicated a considerable amount of ice crystal formation and air bubbles within the
sample (Figure 2.2). The results indicate that high-speed freezing by LN can still result
in the formation of ice crystals, and the authors advise caution when using freezing
methods to interpret microbial sediment binding due to potentially significant freezing
artefacts (Parker and Collins, 1999; Perkins et al., 2006). As such, freezing aggregates

by LN> was not deemed a suitable specimen preparation method for Micro-CT.
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Figure 2.2 Resulting scans of the LN>-frozen BSA. White arrows indicate the air bubbles, and
crystals with blue arrows. Aggregates were not captured, but crystals and air bubbles formed during

LN»-freezing are considerable.

Resin-embedded aggregates scanning

As the aggregates were well stabilized in the resin block, a 20 h long scan was possible,
which secured a high-resolution of 0.683 microns (Figure 2.3). Although primary
particles and sufficient aggregates were detectable, a considerable number of
aggregates showed blurred boundaries of the organic matter (BSAs 4, 5, 6 in Figure 2.3
(a)). This may be due to the high X-ray absorption properties of resin materials. This
prevents a precise discrimination of aggregate morphology, biofilm matrix, or the
internal pore geometry against the background resin during subsequent image
processing for some samples. Meanwhile, some aggregates show distinct, regular, sharp
and spherical edges (BSAs 1, 2, 3 in Figure 2.3 (a)), as well as an easily detectable

biofilm network, which was common in the scans. As widely acknowledged by prior
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investigations (Stone et al., 2008) and optical microscopy observation of untreated
aggregates, the shape of aggregates is generally irregular and amorphous, and a regular
sphere was not expected. This architecture may result from the preparation procedure
during embedding BSA in resin. The resin should theoretically penetrate into the pores
within aggregates to replace the bulk liquid without any perturbation by compression
or dehydration (Leppard et al., 1996). However, the regular and circle-like aggregates
observed may indicate that, instead of penetrating these pores, the resin wraps around
the aggregate body, possibly due to the complex and non-trivial internal micro-/nano-
pore geometry. Some compression effects on aggregates structure seem unavoidable.
Thus, although a dense network of organic matter (biofilms) can sometimes be observed,
caution should be taken to interpret the structure and biofilm matrixes of resin-

embedded aggregates.

It should also be noted that not all resin penetration into the aggregates failed (blue
arrows in Figure 2.3 (b)). In these areas, aggregates have irregular morphology, but this
is associated with a low contrast between the biofilm matrix and the surrounding resin.
A high noise and low contrast were typical of resulting images. This may be partially
caused by the high X-ray absorption of resin materials. However, sufficient contrast can
be obtained when the hydrophobic epoxy resin fails to completely penetrate into the
pores of aggregates but instead forms around the aggregate body (BSAs1, 2, 3 in Figure
2.3 (a)). It 1s thus clear that the contrast between the saturated biofilm and the resin
itself is enough to be detected, and so the low contrast highlighted in the blue-arrowed
aggregates may result from the resin-penetrated biofilm. As explained in the
introduction, biofilms are predominantly comprised of water, the majority of which is
bound by EPS forming the hydrated matrix of organic matter. Such water is easily
removed through dehydration and replacement (Schmitt and Flemming, 1999), which
are always accompanied with resin penetration, and always associated with artefacts
(e.g. shrinkage) (Paterson, 1995). Therefore, the resin-penetrated biofilm and BSA were

unavoidably altered. In conclusion, embedding hydrated biofilm-sediment aggregates
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in resin might not be optimal to allow interpretation of the hydrated matrix
characteristics, due to the resulting low-contrast, possible compression by resin and

partial dehydration.

Figure 2.3 An example image slice of resin embedded BSA. The inorganic fine particles and a
sufficient amount of aggregates were detected (a): BSAs1, 2, 3 showed a sufficient contrast with
surrounding resin, BSAs 4, 5, 6 showed poor discrimination against surrounding resin and poor
discrimination of components. Aggregates with a sufficient contrast present sharp, regular and
curved edges (e.g. BSAs2 red-arrow in (b)), while the aggregates with an amorphous shape suffer

from a lower contrast with surrounding resin (blue-arrow in (b)).

Wet specimen scanning: stained and unstained

Stabilizing aggregates in a liquid media remains a problem during the long scanning
process. To achieve the best spatial resolutions of 0.683 pm, a 14 h plus scanning period
is typically required. However, initial results indicate that such scanning period results
in considerable movement of the untreated wet aggregates, causing a complete failure
of image reconstruction. The consolidation of materials, movement of the algae cells,
and the production of bubbles by live algae during scans lasting > 14 h can cause

considerable movement. The problem of acquiring acceptable scans thus remains:
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how can the scanning period be reduced without sacrificing image resolution, contrast
and signal to noise ratio (SNR). The micro-CT machine parameters were adjusted for
conducting a shorter 3-hour scan. However, tests of untreated samples showed

significant sample movements even within 3 hours.

To address the above difficulties, absolute alcohol treatment was applied to immobilize
algae cells. Alcian blue treatment was then applied to help discern hydrated microbial
matrices from surrounding pore water. This procedure led to successful images of the
wet aggregates. The resulting scanning time was 3h, with a high-resolution of 0.777
um, and allowed to the discrimination of hydrated biofilm from surrounding water and
sediment particles. As such, the following analysis and results are all based on the wet

scanning of stained specimens.
2.1.5 Three dimensional models of BSA

In the cross-sectional greyscale raw images (Figure 2.4 (a)), an image was segmented
into different regions (Figure 2.4 (b)), based on the greyscale values (at a resolution of
0.777 pm ) and architectures of each voxel using semi-automatic trainable segmentation
tool in Fiji/Image J (Carreras et al., 2017; Schindelin et al., 2012). Greyscale levels
reflect the X-ray attenuation degrees which are determined by the densities of different
materials (Hale et al., 2015). Each component of an aggregate, such as sediment
particles, biofilm and water, produces their own specific greyscale ranges (details in
section 2.17) reflecting their different geometries, which enables partition of an
aggregate into three component materials. The raw image stacks (2D image slices) of
an aggregate were divided into three image stacks: sediment particles, biofilms, and
water. Each 2D image stack is then reconstructed to 3D dataset/model by the volume
rendering algorithm in Avizo™ 9.3.0 (Figure 2.4 (c), operation manual (Avizo, 2016)).
The 3D models of each of the components can then be overlaid to reconstruct the intact
aggregate (Figure 2.4 (d) and 2.4 (e)). This method avoids complete desiccation of BSA,

and allows discrimination of internal pores from comparable matrices of hydrated
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organic matter.

(a)

Sediment Biofilm Pore water

Figure 2.4 Greyscale raw images (a) processed by image demonising and segmentation to separate
aggregate components into: organic matter (biofilms), pores, and sediment particles channels (b).
(c) shows 3D reconstructed model of each constitute by volume. (d) is the 3D view of the
distribution of microbial sediment binding matrices in an individual BSA, giving an insight into the
microbial sediment interactions at hydrated states. (€) 3D model of one intact aggregate comprising

of each single component, including internal pore water.

2.1.6 BSA analysis
Particle size distribution (PSD) analysis

PSD was measured by labelling sediment particles and conducting label analysis using
Avizo™ 9.3.0. This was compared to more conventional laser sizing data. These two
methods are both based on using a spherical volume equivalent diameter to measure
the sediment particle size. The CT-based PSD showed a distribution with a median grain

size dso = 4.72 microns (Figure 2.5 (a)), validated against the Coulter-measured PSD
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dso (dso= 5.11 microns), both of which exceed the size range of the primary particles
(1-1.8 microns). Considering that a voxel resolution of 0.777 microns allows the
detection of particles within this primary particle size range, this suggests aggregation
of the primary clay particles. A comparison of the two datasets shows that dio, d2s, dso
all exhibit similar results, while d7s and doo showed some differences (Figure 2.5 (b)).
The coulter-measured PSD showed that particles ranging from 15 to 77 pm account for
12% of the distribution, while less than 1% was observed in CT-based PSD (Figure 2.5
(a)). This significant difference may be due to potential electrochemical interactions
among the kaolinite clays enhanced by moderate turbulence (Winterwerp, 1998), which
is a typical step of stirring the samples during the Coulter-measurement procedure. CT-
based PSD also has the added benefit of direct visualization of 3D architecture of
individual sediment particles, enabling further shape geometry analysis of each single

particle, such as by image-based programming ( Zhao and Wang, 2016).
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Figure 2.5 (a) CT image-based distribution of sediment particles embedded in biofilm aggregates
(PSD, microns). (b) Comparisons between measured PSD by Coulter and by CT image analysis.
Microbial sediment binding matrices

As discussed above, water bound by an EPS hydrogel is easily lost. The distortion of
the microbial matrices of organic matter, and the internal geometries of BSA by

dehydration seems largely unavoidable in the majority of previous imaging
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methodologies. Since no desiccation or freezing is involved in the proposed
methodology, direct 3D imaging of the wet matrices of organic matter is possible
(Figure 2.6). The detailed matrix of organic matter (biofilms), including the fabric-like
stands and plates, gel-like materials, as well as the matrix voids, as defined by
Flemming (Flemming and Wingender, 2010) as ‘a pore or channel in the biofilm matrix
that contains liquid water and is not filled with hydrated EPS molecules’. These voids
are important for the uptake and accumulation of nutrients, heavy metals, organic
substances, and particles (Flemming, 2011), and are especially well represented using

this methodology.

This method succeeded in capturing different microbial sediment binding matrices
within an individual BSA at a 3D, sub-micron voxel resolution, and in their hydrated
form. We note that the majority of sediment particles are bound/bridged in the microbial
matrices of aggregates (Liss et al., 1996) (Figure 2.4 (c) and (d)). This might be due to
the presence of microbial cells, influencing the shape and surface properties of the
inorganic particles compared with purely abiotic conditions (Gerbersdorf and
Wieprecht, 2015). Natural aggregates are significantly microbiologically-mediated,
indicating the importance of appropriately considering the microbial processes in

aggregation, e.g. for large-scale morphodynamic modelling (D’ Alpaos et al., 2007).

This result illustrates the successful capture of tiny biofilm patches attached to sediment
particles (green arrow in Figure 2.6 (b)). This may arise as an initial attachment with
single cell colonizing the sediment particle surfaces (Rusconi et al., 2014), which is
followed by copious EPS secretion, forming a localized biofilm patches (Alldredge et
al., 1993; Decho, 2000; Gerbersdorf and Wieprecht, 2015). Alternatively, this might be
caused by the breakup of the biofilm bridge with another aggregate. Further
investigations applying this method as a straightforward tool are needed to test these
hypotheses. Some relatively developed biofilm patches with different geometries have
also been observed. Some appear ‘loosely-connected’ with a few particles (yellow

arrows in Figure 2.6 (a) and (b)), while others appear to be ‘well packed’ with more
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particles embedding (red arrows in Figure 2.6 (a) and (b)). This is consistent with the
hypothesized cell colonization patterns of ‘poorly-touched’ and ‘well-touched’ defined
in the studies of biomineral aggregates (Nguyen et al., 2017). Clearly, the mechanisms
of these various microbial sediment binding matrixes are still unclear, and the described
methodology provides a visual tool for informing and testing, and producing further

understanding of these mechanisms.
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Figure 2.6 An illustration of microbial sediment binding matrices in BSA. inorganic sediment
particles are yellow, while green is assigned to the organic matter.

Quantification of BSA component density

Grey scale values for each pixel in raw images reflect the variations in the densities of
the component materials (Hale et al., 2015). Beer’s law can be used to relate pixel
intensity (greyscale value) to the corresponding density of the organic matter, sediment
particles, and pore water (Kamaruddin et al., 2016). This takes the form of a linear
relationship between the Hounsfield unit (HU, which reflects a spectrum of X-ray
attenuation (Kamaruddin et al., 2016)) and the bulk density of sediment, and has been
evaluated and successfully applied to approximate sediment density (Amos et al., 2004;
Amos, et al., 2003). The linear relationship (the slope ratio and intercept) is not constant,

but varies with spatial variations of the components and structures due to the
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photoelectric effect (Orsi, 1995). In prior work, the entire specimen was usually
assigned a single linear relationship between density and pixel intensity, here the linear
relationship was re-calibrated within every 10 image slices for the entire 180 slices of
the single aggregate. The aim is to reduce the potential photoelectric effects caused by
spatial disunity of components and structure distribution within one specimen. For each
10 image slice, 10-15 regions of interest (ROI) were selected. The selection of each
ROI was strictly specified: only the areas containing all three materials were chosen
(Figure 2.7). This is because we assume the densities and pixel intensities of sediment,
biofilm and pore water within this small area obey the same linear relationship.
Comparison of the values of pixel intensity along the transect with material type at the
corresponding position allows the average pixel intensity of the sediment, pore water
and organic matter to be estimated, and a specific linear relationship calculated for each
region. The densities of sediment particles and water were measured in advance and the
pixel intensities of all sediment particles, organic matter and pore water were measured
from the raw greyscale images. Based on the densities and intensities of sediment
particles and pore water, the linear relationship (intercept and the slope) between pixel
intensity and density in the area was calibrated, by which the density of organic matter
(biofilms) can then be calculated (Figure 2.7). Interestingly, results illustrate that the
value of organic matter density in the aggregate is very variable. For example, the
organic matter density in the three ROI lines varies from 1155 to 1503 kg/m?. This is
not surprising, given that the polymers that form microbial matrices are themselves very
variable depending not only on their source and age, but also on local physico-chemical
conditions as hydration state, molecular bonding, and composition. The microbial
matrices within the aggregate may form initially from microbe clusters. As the growth
of these residential microorganisms and the amount of EPS they secrete increases, more
particles and microbes are adhered, forming a microbial sediment patch of higher

maturity.

To estimate the density of an aggregate rather than the detailed aggregate development
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mechanisms, the densities of organic matter along each ROI line were then averaged

and the heterogeneous characteristics were simplified. As a result, each material
component has one averaged density value, O . Accordingly, the average density of

aggregates can be calculated as:
P= (Zinzlpcivci) / (Zin:lvci) Eq 22

where p is aggregate density, O, and v, are the averaged density and volume of

hydrated organic matter, sediment particles and pore water, respectively. The volume
of each target component is calculated by counting the voxel number included in this

component, each voxel volume is 0.777% um’.
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Figure 2.7 Example ROI which containing all three different materials on the left-hand side. Each

material shows a specific range of grey values: Inorganic sediment particles (orange arrows)
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represent the highest grey value range, while the intensity of pore water (blue arrows) shows a
slightly lower intensity than organic matter (green arrows). The calibration of the linear relationship

between intensity and density is illustrated in this selected ROI line.

2.1.7 Applications to sand BSA

The above methodology applies to the laboratory-created BSA comprised of fine-
grained particles, which generally have a diameter less than 10 microns. However,
natural BSA can also contain much coarser sediment particles, such as sand grains. To
ensure the applicability of the method to a broader type of BSA that may contain coarse
sand grains, the application of this wet staining method and micro-CT technique are

adjusted.

To sample the seabed sediments, a 50 ml plastic syringe corer was initially used to
sample sediments. After this, the syringe sediment core was placed in a sealed glass
vessel which was topped up with absolute alcohol and Alcian Blue dye solution (Sigma;
0.4 wt%/wt at pH 2.5). After an overnight treatment, the sediments of the top ~ 3 cm in
the syringe core was sectioned using a steel knife. Before each sectioning, the knife was
carefully washed and rinsed using distilled water and ethanol in succession. The
sectioned layer of the sediments were subsampled using borosilicate Nuclear Magnetic
Resonance (NMR) tubes (Norell™ Standard Series™; outer diameter 4.9mm, inner
diameter 4.2 mm, depth 20 mm), by inserting the tube into the sectioned sediment layer.
After the sub-sampling, wet staining liquid (absolute alcohol and Alcian Blue dye
solution) was gently added into the tube to ensure the sampled BSA in hydrated states
and the NMR tubes were then sealed using NMR caps and sealing parafilm, in order to

avoid potential evaporation and desiccation during the scanning process.

Sand grains in BSA can exceed the diameter of the clay minerals to a magnitude of two
orders, which thus needs considerably larger field of view. The Zeiss 160kVp Versa 510
X-ray microscope can no longer be applied in this case. Instead, the modified 225 kVp

Nikon HMX ST, located at the wu-VIS X-ray Imaging Centre, University of
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Southampton, was applied for a larger field of view. Scanning was performed at 100
kV and 66 uA, using an exposure time of 708 ms, acquiring 1201 projection images
with 4 frames averaged per projection, 1x binning and 24 dB analogue gain. The
projection images were reconstructed into 3D volumetric data using no pre-filtration of
the beam. In the HMX, the detector is a Perkin Elmer XRD 1621 CN14HS. Each scan
took approximately 1 hour, and the resulting voxel (3D pixel) resolution was 4.5 x 4.5
x 4.5 microns. Image processing and analysis follow the same protocols as the clay

BSA (section 2.1.3, 2.1.5-2.1.6).

2.2 General methodology

General methodology applied in this thesis includes three main sections: BSA
incubation and creation, flume resuspension tests, and settling velocity tests. This is

then followed by a summary of experimental workflow at the end of this section.
2.2.1 BSA creation and sampling
Clay BSA

Simplified, replicable laboratory-cultivated aggregates formed of algae cells, algae-
produced organic matter and clay minerals were cultivated and used to ensure
reproducibility. A commercially available kaolinite powder (ACROS Organics™) was
fully saturated in distilled water before use and placed under vacuum to eliminate
potential hydrophobic effects caused by air bubbles on particle surfaces (Mietta et al.,
2009). Primary particle size distribution (PSD) was measured using a LS300 Coulter
laser (Thompson et al., 2017), for later comparison with primary particle size of the
created aggregates using imaging analysing. The algae, Phaeodactylum tricornutum,
was used as a single species for aggregation (cultured in the Research Aquarium
Laboratory, National Oceanography Centre, Southampton (NOCS)). The algae was
cultured in artificial seawater (Sigma sea salts, salinity 35 ppt) with added nutrients

(sodium metasilicate) and added sodium hypochlorite, to inhibit bacterial growth in
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order to simplify the whole system. The culture solution was left illuminated for 24 h
at 18°C, after which, 1.25ml sodium thiosulphate was added to neutralize the pH. After
this, 100 ml kaolinite and 100 ml algal suspension was added and were gently mixed.
After a 6-day incubation period, aggregates were found suspended in the water column
and formed a fluff layer at the bottom of the incubation vessel. Aggregates at the

surficial fluff layer were easily suspended through gentle agitation.
Fluff BSA

Fluff BSA were created in the laboratory Core Mini Flume (CMF) during a 6-day
incubation period of daily resuspension and deposition. The CMF, designed by
Thompson et al. (2013), is a small worktop flume based on the design of widely used
annular flumes. It has two acrylic tubes. The outer diameter is 200 mm and the inner
diameter is 110 mm, which leaves a 40 mm-wide working channel in which a sediment
bed can be formed (Figure 2.8). Abiotic sediment substratum that is comprised of fine-
grained sand sieved to the range of 125-250 microns with a ds5y=195 microns was
hand-prepared as a 6 cm depth of flat sediment seabed. It was overlaid with 15 cm depth
of artificial seawater (Sigma sea salts, salinity 35ppt). The prepared clay BSA following
the protocols listed above were then added into the CMF and settled overnight. During
the following 6-day incubation period, daily resuspension (6 hours) and deposition (18
hours) of hydrodynamic cycles are applied at a constant applied shear stress that
exceeds the resuspension threshold of the sand grains (7,= 1.0 Pa). The CMFs were
kept illuminated for 24 h at 18 °C during the 6-day incubation. To keep the microbes
alive, the CMFs were also kept oxygenated through air stones for 24 hrs per day during

the incubation period.
Mat BSA

Mat BSA were created in the CMF during a 6-day incubation period, with the addition
of the same clay BSA, using the same sand grains as substratum, experimental

apparatus and being cultivated under the same 6-day cultivation period as fluff BSA
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(salinity 35ppt, temperature 18 °C, illuminated and oxygenated for 24 hrs per day).
Different hydrodynamic conditions were however applied during the same 6-day
cultivation period. These BSA, instead of being daily suspended, were grown under
quiescent flow conditions with no hydrodynamic disturbances (i.e. no bed shear stresses

were applied to suspend the seabed materials).
Field sampled BSA

Field sediment samples with the presence of microbes and organic matter used for
experiments were taken at the end of October in 2019, from two close sampling sites
of tidal flats at the Tay estuary, Scotland (56°26'42" N, 2°52'11" W is the location for
site 1 while the location recording for site 2 is lost). The Tay estuary is a macrotidal,
50-km long coastal embayment eastern coast of Scotland, UK. Sediments from site 1
are silty while the other site is sandy. At each site, the top ~10mm sediments were
sampled to optimally contain the microphytobenthos and their organic matter products.
The collected samples were preserved in plastic boxes with ice bags under dark
conditions. The transport duration was ~12-hour and the samples were kept in the fridge
at 4 °C under dark conditions for one week at National Oceanography Centre,
Southampton, UK. These field sediments from each site were mixed to homogenize the
sediment and organic matter and remoulded into a plane bed surface in each of the two
laboratory CMFs (Thompson et al., 2013). One CMF was for the resuspension
experiment, and the other was for micro-CT coring and scanning. The field sediments
were then overlaid with 15 cm depth of artificial seawater (Sigma sea salts, salinity
35ppt) and settled overnight before experiments. The CMFs were kept at 18 °C,
illuminated and oxygenated, to create consistent environmental conditions with the

laboratory incubation experiments.

According to Folk’s sediment classification system (Folk, 1954), field BSA taken from
site 1 belong to sandy silt sediments (sand fraction of 43.3%, median particle size of

sand fraction (>63 microns) =76.7 microns, median particle size of sediments =12.4
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microns), thus is referenced to field silty BSA. BSA taken from site 2 comprise sandier
sediments (sand fraction of 87.1%, median particle size of sand fraction =169.5 microns,

median particle size of sediments =27.9 microns) and is referenced to field sandy BSA.
2.2.2 Flume resuspension experiments

Resuspension experiments were performed in laboratory CMF (Thompson et al., 2013)
(Figure 2.8), under illuminated conditions at 18 °C, with the salinity of 35 ppt. An
Optical backscatter sensor (OBS) is placed 4cm above the bed at the same height as a
suspension sampling port, and a Nortek Vectrino Acoustic Doppler Velocimeter (ADV)
is used to measure flow velocity at 6 cm above the sediments. Steady currents are
generated by 4 equidistant motor-controlled paddles, the speed of which can be
computer programmed (Thompson et al., 2013). In the resuspension tests, 19 stepwise
increases in motor speed were programmed. As a result, 19 stepped current velocities
were applied to suspend the microbial sediments after the incubation periods for each
type of BSA. Time steps of 10-minute were used and the experimental procedure
followed the well-established and widely-applied annular flume experiment protocols

(Amos et al., 1992; Chen, et al., 2017; Thompson et al., 2013, 2017).

OBS data were calibrated against the measured concentration of suspended materials
(g/L) sampled from the same height as the OBS every 2-3 velocity steps (Thompson et
al., 2013). Suspension samples for OBS calibration were taken using 50 ml plastic
syringe and filtered by 47 mm GF/F Whatman filter. The filters were than dried in 60
°C oven and weighed to calibrate the OBS data. Suspension samples for settling velocity
tests were taken during the last 5 minutes of a resuspension step, to allow a stable state
for the aggregates to be developed. The suspension samples were taken by opening the
valve of the rubber tube that is connected to the sampling port on CMF. A syringe was
not used to sample the suspension for settling velocity test. This was to avoid the
aggregate structures being broken by the pressure effects with the usage of syringes.

The suspension was collected using a 50 ml centrifuge tube and stored in the fridge at

53



Chapter 2 Method development and general methodology

4 °C under dark conditions. Time-series of suspension concentration profile during the
entire resuspension processes can then be obtained. Bed shear stress was estimated
using the Turbulent kinetic energy method (TKE) (Thompson et al., 2004; Thompson
et al., 2003). TKE measures the intensity of turbulent motions within a shearing fluid

and calculates the turbulent kinetic energy density, £, from the spectrum of a velocity
time series:E = 1/2 pw(u_,_? + v_,_? + W_tz) (in which, P, is water density, U;, V;

and W, are flow velocity fluctuations in stream-wise, cross-stream and vertical

directions) (Thompson et al., 2004; Yao et al., 2018). The mean bed shear stress can be
calculated according to 7, = 0.19E (Soulsby, 1997). The resuspension threshold was
then derived by plotting the applied bed shear stresses estimated using the above TKE

method against the suspended sediment concentration (Amos, et al., 2003).

Figure 2.8 The laboratory CMF with the prepared microbial sediments sitting inside.
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2.2.3 Settling velocity tests

Settling velocity tests were conducted in two types of apparatus. For slowly-settling
materials, such as the aggregates made of fined-grained sediment particles, a camera-
video system was used (Figure 2.9 (a)). The camera-video camera system comprises a
19 cm high x 10 cm square Perspex settling column, magnified camera lens, charge-
coupled device (CCD) camera and particle tracking image processing system, and was
developed by A. Manning and K. Dyer (Dyer and Manning, 1999; Manning et al., 2007,
Manning and Dyer, 2002). This camera video system has been widely applied to
tracking the settling velocity of slowly-settled particles, such as mud flocs, both in situ
and in the laboratory. However, the coarser sand grains used in the work were found to
settle quickly and this was difficult to be precisely captured in the camera system. This
is mainly due to the limited imaging area and the image capture interval. Therefore, for
the fast-settling particles, the 177 cm high laboratory settling column equipped with a
mass balance tracking system, a dedicated system for recording the settling velocities
and particle sizes of fast-settling particles, e.g. sand grains (Villatoro, 2010), was used

(Figure 2.9 (b)).
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Camera lens

Figure 2.9 (a) Images illustrating the main components of the camera-video system (image sources
from Ye et al., 2018), (b) image of the settling column for measuring the mass settling velocities of

fast-settling particles (image sources from Villatoro, 2010).

2.2.4 Summary of experimental workflow

Micro-CT experiments, flume resuspension experiments and settling velocity tests were
conducted for both laboratory-created and field-sampled BSA. The experimental

procedures are schematically set out in Figure 2.10.

For each type of BSA, during the BSA preparation procedure, two identical flumes from
the same sediment and biological sources were prepared. One flume is prepared for the
subsequent resuspension tests to measure the critical shear stress for sediment
resuspension (Flume 1, Figure 2.10). The other flume is prepared to provide identical
but non-destructive sediments (as no resuspension tests were taken, the damage of BSA
structures were avoided) for sediment coring, specimen preparation and micro-CT scan
experiments (Flume 2, Figure 2.10). Suspended BSA samples were taken during the

resuspension tests of flume 1 for the subsequent OBS calibration and settling velocity
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tests. In the meantime, the identical BSA prepared in flume 2 were collected using
syringe sediment cores, sectioned, sub-cored and wet-stained following the protocols
developed in section 2.1. The obtained BSA specimens then underwent micro-CT

experiments using the protocols listed in section 2.1.

OBS calibration

BSA preparation ——y Resuspension ___ Suspended BSA
in flume 1 experiments collection

Settling experiments

BSA preparation
in flume 2

BSA specimen preparation

p-CT experiments

Figure 2.10 Schematic illustrations of the experimental workflows of the work in this thesis.
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Chapter 3 Microbial influences on the resuspension

behaviours of sediment transport

3.1 Introduction

The dynamic nature of coastal oceans creates sediment fluxes, in response to the
variations of hydrodynamic forces, and is largely dependent on the stability of coastal
sediments. These sediment fluxes in turn influence a variety of coastal processes at a
range of scales, including the evolution of coastal wetlands (D’Alpaos et al., 2005;
Mariotti and Fagherazzi, 2010, 2013), the fate of coastal habitats (Duarte et al., 2013;
Joensuu et al., 2018), variations of sedimentary carbon sequestration (Alongi, 2012;
Fourqurean et al., 2012; Macreadie et al., 2019), and coastal environmental stability
(Milligan and Law, 2013). Most aquatic sediments are to some extent
microbiologically-mediated (Flemming, 2019; Probandt et al., 2018). Due to the
ubiquitous presence of microorganisms (bacteria, algae, diatoms, fungi, and archaea)
and the copious amount of organic matter (e.g. extracellular polymeric substances, EPS)
secreted by these microorganisms, aggregation among sediment particles, microbial
cells and organic matter promotes the establishment of various matrices of BSA
extensively present as part of upper aggregated seafloor sediment layers (Malarkey et
al., 2015). The establishment of BSA alters the physical transport of sediments, and an
improved precision of sediment budgets and transport rates requires that microbial

mediations of sediment stability are suitably characterised (Fang et al., 2020).

Previous studies have acknowledged that the development of BSA can suppress
sediment resuspension (de Boer, 1981; Paterson, 1989) However, some recent studies
demonstrated that BSA at early development stages (within several hours) can
accelerate the motion of sediment particles (De Brouwer et al., 2005; Mariotti et al.,
2014). Little is known of the mechanisms leading to this contradictory phenomenon.
Whether microbial mediation of sediment stability can always be summarised as

biostabilization is therefore questionable.
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Biostabilizing BSA were observed to present as a mat-like matrix, where sediment
particles are tightly adhered, embedded and covered to resist hydrodynamic
resuspension (Malarkey et al., 2015; Vignaga et al., 2013). However, the production of
organic matter by microorganisms is a progressive process, and the establishment of a
mat matrix takes several days (Chen et al., 2019; Chen, et al., 2017). Quiescent or
moderate energy periods of this duration are rare in many coastal and oceanic locations
in nature. The dynamic nature of coastal environments dictates that BSA at intermediate
stages of development, such as those formed under frequent resuspension-deposition
cycles, and developed within several hours, may be of more relevance. Whether the
BSA at such intermediate stages of development also enhance sediment stability
through the same modes as the mat BSA matrix, or destabilizes sediments, remains

unclear.
This present work was therefore designed to determine:

Do BSA always enhance sediment stability, or do they have a range of effects, including

destabilization?
3.2 Materials and Methods

To investigate the above question, we conducted a series of laboratory flume and micro-
CT experiments. Instead of only investigating mat BSA grown under quiescent or
moderate flow conditions, two types of BSA developed in different states subject to

distinct flow conditions during the same growth period were studied.

(1) BSA grown as a mat-like sediment-water interface, where the microbial sediment
interactions were allowed to occur over a 6-day period in quiescent flow conditions

with no hydrodynamic disturbance.

(i) BSA grown as a fluffy sediment-water interface, where the microbial sediment
interactions developed over the same 6-day period but were subject to daily

resuspension-deposition cycles with 6-hours of hydrodynamic erosion each day.
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Experimental conditions for (i) were selected to allow the mat matrices of biofilm to
develop and to test the resuspension and structural properties of the mat. Experimental
conditions for (ii) were selected to create the bio-sediment associations established

under frequent disturbances, and test the resuspension and structural behaviours.
The experimental workflow comprises three main parts:

(1) BSA preparation, which includes the creation of both BSA (i) and (ii) (For detailed

BSA creation protocols see section 2.2.1);

(2) resuspension tests for each type of BSA, through application of 19 stepwise
increasing bed shear stresses to the microbial sediments using the CMF (For detailed

flume erosion protocols see section 2.2.2);

(3) the preparation of BSA specimens for subsequent micro-CT scans, following the

protocols of the newly developed imaging techniques detailed in section 2.1.

3.3 Results
3.3.1 3D imaging: mat and fluff BSA

Micro-CT scans show two distinct BSA matrices from the mat-like sediment water
interface (the mat, Figure 3.1 (a)) and the fluff sediment-water interface (the fluff,
Figure 3.1 (b)). BSA from the mat were developed under no hydrodynamic disturbances,
which allows the development of copious amount of organic matter, aggregated into
multilayer structures, and adhering large amounts of sand grains in a mat matrix
(referred to as mat BSA, Figure 3.1 (a), (c), (d)). Sand grains were tightly covered,
adhered and embedded in the organic mat, which minimizes the exposure of sand grains
to flow forces. In contrast, 3D imaging illustrates a distinctly different appearance for
the BSA grown from the fluff, where the BSA are loosely-structured, with scattered
microbial patches attaching to relatively few sand grains, referred to as fluff BSA herein
(Figure 3.1 (e), (f)). In general, the organic matter appears to be more fully developed

in mat BSA compared to the fluff BSA. This is because the growth of microbial life and
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the production of organic matter during the development processes of mat BSA was not
subject to hydrodynamic disturbances and were allowed to be more fully developed. As
a result, the mat sediments contain the relatively well-developed organic matter with a
higher content of organic matter (organic fraction = 0.65 - 0.74), 2-6 times higher than
that of the fluff BSA (organic fraction = 0.12 - 0.37). This in turn enables the adherence
of an order of magnitude larger number of sand grains into larger aggregates, and a

more well packed internal structure to be developed.

—_
1000 mm

—_—
1000 microns

I
500 micron

Figure 3.1 Distinct appearances of the sediment-water interfaces are established and illustrated using
images taken through the wall of the flumes during the experiments: the mat (a) the fluff (b). Micro-
CT scans show distinct matrices of BSA across the mat and the fluff, mat BSA ((c), (d)), and fluff
BSA ((e), (f)). In (c) —(f), inorganic sediment particles are yellow, while green is assigned to the

organic matter.

3.3.2 Resuspension thresholds: stability enhancement vs. destabilization

Resuspension tests were conducted on both mat and fluff BSA, and compared against
abiotic control sediments, to examine the influences of BSA presence on sediment

stability. The threshold for suspending abiotic sand grains into the water column was

Terit = 0.84 Pa (Figure 3.2(a)).
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The theoretical threshold is calculated using the following empirical equations
proposed in previous studies with the usage of the same flume apparatus (Roe, 2007;

Villatoro, 2010):

T Eq. 3.1

et _0,043DM%2, D, <10

erit =
(o, = p.)9ds,

C
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In which the dimensionless critical Shields parameter, Hcm , 1s a function of non-
dimensional grain diameter, D.. 7, crit 1S the critical bed shear stress for initiating the
sediment resuspension, P; and P, are densities of sediment and water respectively,
Ps / ,OW—1=1.65, » 18 kinematic viscosity of water. The calculated threshold of the

applied shear stress for suspending the bare sand grains (d50=195 microns, D.= 4.93)

is 0.85 Pa. Mat and fluff BSA presented a two-stage resuspension process with each
stage initiated at a different threshold (Figure 3.2 (b-d)). An examination of the
suspended material during the first stage showed no sand grains were present, while a
large proportion of organic matter were suspended (stage 1, where the dried filters taken
from the suspension contained no sand grains). Suspension of sand grains occurred at
the second stage (in stage 2 a considerable number of sand particles were accumulated
on the filters). We therefore consider stage 1 as the removal of surface organic matter,
and stage 2 as sediment entrainment. For mat BSA, only a small proportion of surface
organic matter (up to 0.2g/L) was lifted into suspension in stage 1, at a bed shear stress
of 0.43 Pa (Figure 3.2 (b), (d)). In contrast, 3 times more surface organic matter was
suspended from the fluff, at a lower threshold of 0.31Pa (Figure 3.2 (c), (d)). In stage
2, mat BSA resuspension was initiated at 0.94 Pa, indicating BSA were retained on the
bed to a higher flow intensity than bare sands (Figure 3.2 (b), (d)), while fluff BSA were

suspended at the lower applied shear stress of 0.74 Pa (Figure 3.2 (c), (d)). The
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mediation of resuspension is therefore quite different for fluff and mat BSA. Fluff BSA
did not increase resuspension resistance as previously assumed, but instead acted as a
destabilizer. Clearly, BSA matrices can act as either a stabilizer or destabilizer,
depending on their constituent make-up, geometry and stage of development, and a
suitable characterisation of these differing behaviours is needed before quantitative

modelling can be meaningfully attempted.
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Figure 3.2 Time-series of suspension concentration (g/L) are plotted against the applied shear stress
(Pa) from three cases: abiotic control sediments (a), mat BSA (b) and fluff BSA (c). Suspension

thresholds of both Stage 1 and 2 for each case are compared in (d).

3.3.3 Suspension processes of fluff and mat BSA

Abiotic sand grains, mat BSA and fluff BSA present distinct resuspension processes.

Bare sand grains usually move as bed-load transport, e.g. sliding, and rolling, when the

local flow-induced drag force overcome the friction resistance, referred to as initiation
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of motion. With the increase of flow velocity, once the flow lift force exceeds the
stabilizing forces provided by submerged gravity, the sand grains will be lifted into the
water and transported as suspended-load, referred to as initiation of suspension (Amos
et al., 2004; Dey, 2014; Soulsby, 1997). Microbial development in sediments mediate

this process, making it more complicated.
Biostabilization

Mat BSA act to armour sediment-water interfaces, inhibiting horizontal and vertical
transport (Figure3.3 (1a)). During stage 1, mat BSA allow a small proportion of surface
organic matter to be removed at a moderate applied shear stress. The detached organic
matter may be relatively young, randomly-developed branches of organic matter that
protrude into the flow when on the bed and, therefore, experience a stronger bed shear
stress than the planar areas (Flemming and Wingender, 2010). The loss of these
protrusions does not eliminate the overall mat BSA stability. The armour matrix in stage
1 retains its integrity and so continues to provide effective protection to the underlying
materials (Figure 3.3 (1b)). If this were not the case, the underlying sand grains should
enter the water column at their threshold shear stress (in our experiment this was at an
applied stress of 0.84 Pa), which did not occur. The immobilised sand grains also mean
no bed-load transport. Once the applied flow shear stress exceeds the adhesion between
the mat BSA and the underlying sediment bed, the local integrity of the mat matrix is
lost. The torn mat BSA fragments are quickly suspended, exposing the underlying
materials to the flow at a higher shear stress than the thresholds for the bare sand
entrainment (Figure 3.3 (1c)), hence causing immediate resuspension of the bed
sediments (Figure 3.3 (1d)). Therefore, the entrainment of mat BSA is largely
determined by the adhesion with the bed sediments, or to be more precise, both the
adhesion and gravity forces. This is because if the torn mat BSA have enough mass for
the gravity force to resist the exerted flow-induced drag and lift forces, BSA

entrainment will not occur and the torn BSA will remain on the seabed.
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Threshold 1
Established Mat BSA Threshold 2
Stage 1: . -
Surface organic matter removal = Stage 2:Sediment Entrainment
Established Fluffy BSA

Figure 3.3 Conceptual framework for the resuspension processes of mat BSA (1a) -(1d) and fluff
BSA (2a) -(2d) under a stepwise increasing shear erosion test, summarized as a two-stage process
of surface organic matter removal and BSA resuspension. The purple boxes illustrate the critical
moment for the mat BSA ((1c) and (1d)) and fluff BSA (2d) to be suspended. At the same moment

of'local breakup of mat BSA in (1c), the resuspension of mat BSA fragments occurs (1d).

Destabilisation

For fluff BSA (Figure 3.3 (2a)), surface organic matter removal occurs at a lower flow
intensity (at 0.31 Pa < 0.43 Pa of mat BSA), indicating less maturity and inherent
strength are developed under daily cycles of resuspension and deposition. Weaker
connections with sand grains, individual organic patches not fully aggregated into BSA,
or some relatively new, and hence poorly integrated organic branches may all lead to
relatively easy breakup of these structures. They undergo some temporary sliding or
rolling on top of the sediments and then were quickly suspended into the water (Figure
3.3 (2b)). In the meantime, some bare sand grains that have either separated during a
breakup of the BSA, or were not aggregated into a BSA, may slide or roll on the bed
sediments, as the local shear stress is higher than the theoretical threshold for horizontal
bed-load transport of individual sand grains (0.16 Pa)(Soulsby, 1997). While organic

matter introduces adhesion to sediments and should in theory stabilize sand grains, our
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results show that fluff BSA entered the water column at a lower flow velocity than the
threshold for the bare sand, where sediment stability is reduced. This is because the
adhesion between organic matter and sand grains leads to the aggregation of the two,
thereby reducing the overall density of the fluff BSA (from 2650 to the range of 1540-
2270 kg/m?), and lowering the effective stabilizing gravity force. Therefore, at a
threshold below that of bare sand, fluff BSA can overcome the adhesion with the bed

sediments (Figure 3.3 (2¢)) and enter the water column (Figure 3.3 (2d)).
3.3.4 Application of Shields diagram

To date, multiple well-established criteria have been established to characterize the
thresholds of sediments into different transport conditions. This includes the standard
Shields curve for the initiation of motion of sand on the seabed (Figure 3.4 (a))(Shields,

1936). By establishing the relationships between the dimensionless Shields parameter,
(9Cm , and the dimensionless diameter of sediment particles, D,, the Shields diagram

enables the transport thresholds and transport statuses of non-cohesive sand grains to
be approximated (Buffington, 1999). After the initiation of motion, sand grains start
bed-load transport, e.g. sliding and rolling on the seabed. With a continued increase of
applied bed shear stresses, the motion of sand grains as suspension is initiated. Van Rijn
(1984) characterized the threshold shear stresses for the initiation of suspension (solid
brown lines, Figure 3.4 (a)), defined as ‘at which locally turbulent bursts with sediment
particles are lifted from the bed into suspension’(Van Rijn, 1993). In contrast, Bagnold
(1966) defined an upper limit threshold for suspension, where stable concentration

profile of suspension develops (Bagnold, 1966; Van Rijn, 1993). In order to define more
precisely in terms of Bagnold’s suspension criterion for sand of small sizes (2< D.< 8)

and investigate the transport mechanisms at the area where Bagnold’s criterion
intersects with Shields’ curve, Roe, (2007) conducted a series of resuspension
experiments, and proposed a revised Bagnold’s suspension criterion (dashed brown

lines in Figure 3.4 (a)) (Roe, 2007; M. Villatoro et al., 2010). Nino et al. (2003)
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conduced both experimental and analytical analysis to investigate van Rijn’s
suspension criterion, and they found a higher bed shear stress is needed for small
particles to enter water. This is considered as a consequence of an abrupt drop in
turbulent intensities within the viscous sublayer for sediment entrainment. A revised
criterion for the initiation of suspension for small sand grains was thus proposed (brown
dash dot line, Figure 3.4 (a)). The above four criteria intersect and establish a threshold
envelope for suspension (green hatched area in Figure 3.4 (a)). In general, for values of
bed shear stress greater than those show in the envelope, particles are suspended into
the water column and stable suspended concentration profiles develop. For the values
of bed shear stresses falling within the envelope, suspension of particles is initiated,
through the lifting of local turbulent bursts, but with no stable suspended concentration
profile developed. For the bed shear stresses lower than the threshold range of the
envelope, particles are not suspended. If the shear stress is above Shields curve, they
would be expected to travel as bedload. The entrainment processes for sediment
particles and the threshold definition criteria vary among different resuspension test
apparatus and measurement techniques, which may result in the development of a wide

envelope.
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Figure 3.4 (a) Plots of Shields parameter against dimensionless diameter of sand, when sand

entrainment occurs at 0.84 Pa from the abiotic control experiments, at 0.94 Pa from the sediments

with microbial mat established, and at 0.74 Pa from the sediments with fluff BSA established. To

obtain a clearer view, the area where the three datasets locate is magnified (b). Error bars are the

standard errors of the Shields parameter.

The critical Shields parameter for bare sand agrees with the suspension criterion

established by Roe (2007) (Figure 3.4 (b)), indicating the suspension of bare sand grains

occur at 7. =0.84 Pa for the abiotic control experiments. The point for sand
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entrainment from the mat (purple triangle, Figure 3.4 (b)) sits above the bare sand
within the suspension threshold envelop, indicating a biostabilization effect on the
suspension of sand grains (i.e. threshold occurs at a higher shear stress). The point for
sand entrainment from the fluff sits below the bare sand (green triangle, Figure 3.4 (b)),
indicating a destabilization effect on the suspension of sand grains. Whilst the
differences between the critical Shields parameters for abiotic sand and the biotic sand
held within fluff and mat BSA are only moderate after scaling the critical shear stress
by particle gravity, the relative states of biostabilization and destabilization are clearly
indicated (Figure 3.4 (b)). In the abiotic Shields diagram of Figure 3.4 (a), the critical
Shields parameter at the threshold condition is regarded as a function of abiotic
sediment particle size and density. As such, the mat and fluff BSA prepared from
identical abiotic sediment particles should have the same resuspension threshold as the
abiotic control experiments, which is not the case. This is largely caused by the
development of microbial sediment associations, which hold the sand grains within the
aggregates of differentiated sizes and densities from the single abiotic sand grains. The
abiotic Shields diagram in Figure 4.3 (a) only provides an approximate indication of
such microbial mediations. Hence, a more robust interpretation of the Shields parameter
for microbial mediated sediments likely requires more explicit account of the changes

in size, density, porosity and adhesion due to microbial mediation.

3.4 Discussion

Natural bio-sediment combinations are extremely complex, and present large diversity
(e.g. due to diversity in microbe species) (Watermann et al., 1999). In this chapter, the
microbial mediations from a single diatom species, Phaeodactylum tricornutum, were
investigated. The behaviours of the mat BSA established by this diatom species agree
with the generally-reported biostabilization effects from previous studies of both
laboratory and field experiments. Over the 6-day incubation, the mat BSA were found
to increase the sediment resuspension threshold by ~ 10%. This value is similar to the

results from laboratory incubations using other single diatom species (Chen, et al.,
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2017), but generally lower than that for mixed microbial species, and those using field
sediments that have microorganisms already developed within sediment matrices
(Lubarsky et al., 2010; Lundkvist et al., 2007). An increasing body of recent studies
have found mixed diatoms and bacteria can enhance sediment stability to a larger extent
than that of single microbial species, possibly due to the production of proteins and/or
nutrient cycling between diatoms and bacteria. Chen et al. (2019) found, after
disturbances/reworking, sediments that have microbial mat previously established
could regain their stabilities much quicker than the bare sediments. Over the same
incubation period, the regained stabilities can be higher than that before disturbances.
As such, laboratory experiments incubating single diatom species within bare
sediments might have limited representation for the microbial processes in natural
environments. However, as a very preliminary exploration to reveal the effects of bio-
destabilization, variable-control experiments, such as using single microbial species,
are necessary, as they can help to understand whether the bio-destabilization is an
artefact of species competition, and/or diatom-bacteria interactions. There is no doubt
that testing the representability of the bio-destabilization and considering the effects of
a range of environmental conditions in natural environments are important. There is
thus a need for future studies to consider the extent to which the bio-destabilization is
affected in natural environments when a large variety of environmental factors are

accounted for.

A reduced sediment stability has been observed previously in fine-grained, non-
cohesive substratum after the interactions of diverse microbial species (bacteria,
cyanobacteria, and benthic diatoms), but there has been no evidence of similar bio-
destabilization in muddy environments. Does such a bio-destabilization effect also
occur in cohesive sediments? The saltation of large, dense particles, such as shells,
(which impart a physical force, usually termed as the ‘ballistic momentum flux’), on
the bed, and the activities of macro-fauna, may have additional effects especially for

muddy sediments (Amos et al., 1998). The stability of bio-sediments is affected by
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depositional history, nutrient levels, and temperature. For example, beds that developed
under quiescent and sheared conditions exhibit significant differences (Lau and Droppo,
2000). Nutrient levels can mediate biofilm structures and the bio-sediment
combinations (Droppo, 2009). Temperature determines the microbe species that prevail
in sediment substratum and the development state of bio-sediment associations,
contributing to strong seasonal and spatial variations in microbial sediment stability.
Additionally, biofilm age may alter the organic matter content, and the adhesive
strength of BSA internal structures to affect BSA density and size, which in turn affects
sediment stability (Stone et al., 2008). Hence the limited parameter space investigated
in the experiments presented, whilst providing new insights into the role of microbial
mediation, may be only a partial represention of natural environments. To explore the
effects of all the relevant variables in providing relationships for modelers to better
predict such natural processes, future research work in the present subject should

include the results of data from field sediments.
What is the importance of ‘fluff BSA’ to transport thresholds?

This chapter shows that microbial sediment interactions can lead to the establishment
of a distinctly different state from the widely-acknowledged microbial mat, referred to
as fluff BSA in this work. This occurs during the development processes of microbial
sediment interactions, but before a microbial mat can be established, presenting an
intermediate state of microbial sediment interaction /aggregation. The microbial
mediations at such intermediate states, e.g. fluff BSA, behave distinctly from the
relatively well-developed microbial mat, with respect to both transport thresholds and

processes.

Current understanding of microbial sediment transport appears to be limited to the
biostabilization effects of microbial mats, where it tends to assign all microbial
sediments an enhanced sediment stability to model the microbiologically-mediated

sediment transport and related processes (Marani et al., 2007) but with little
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acknowledgement of the destabilization effects presented by the intermediate
mediations. However, observations show a microbial mat from the winter sediments
with little active microbiology can take several months to establish (De Brouwer et al.,
2005). Overlooking microbial mediation at intermediate states, e.g. regarding
destabilized sediments as biostabilized sediments, for such a long period may lead to
considerable misunderstandings of natural processes. One significant example is the
evolution of tidal flats. According to the conceptual model developed by Fagherazzi et
al. (2006), there are two equilibrium states indicated, where the rates of erosion and
deposition are equal (Fagherazzi et al., 2006) (Figure 3.5 (1)). For elevations between
these two states, the erosion rate is higher than the deposition rate, tidal flats deepen
and develop towards the stable equilibrium point. Elevations that are too shallow (to
the left of the plot) are unstable and accrete to become emergent saltmarsh. Whereas
elevations that are too deep (to the right of the plot) also accrete but to the stable tidal

flat equilibrium point (Fagherazzi et al., 2006).
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Figure 3.5 (1) Conceptual model developed by Fagherazzi et al. (Figure 4A)(Fagherazzi et al., 2006),
which shows the bed shear stress distribution with bed elevation. The intersections between the bed
shear stress curve and the coupling effects of deposition and resuspension, determine the possible
equilibrium states of a tidal flat. In (2), black lines are considered as biotic cases, while blue, green
and yellow dashed lines are added by this work, to schematically illustrate variations of the

equilibrium state caused by the presence of microbial life and their organic products. Blue dashed
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lines show the mediations of biostabilization with an increased bed shear stress by 10%, while green
and yellow dashed lines show the variations of microbiologically-destabilised sediments, with the
resuspension resistance being decreased by 10% and 40%, respectively (these values being
indicative of the difference between fluff and matt BSA based on the reported laboratory and field

results).

Such variations of bed elevation are senstive to microbial mediations of sediment
stability. For example, a 10% increase in sediment stability, case (ii), (blue dashed lines
in Figure 3.5 (2)), causes the range of water depths over which the bed deepens to
narrow by ~ 40%. Compared to the abiotic case (i), (black lines in Figure 3.5 (2)), the

bed elevations become easier to accrete, either towards marshes or stable tidal flats.

If the tidal flats are bio-destabilized by 10%, as in case (iii), (green dashed lines in
Figure 3.5 (2)), bed elevations tend to have a reduced chance of accretion, as the likely
range of water depths for bed deepening is expanded by ~30%. The larger the bio-
destabilization the greater the effect. If the stability is reduced by 40%, the tidal flats
will be deepened in most cases (case (iv), yellow dashed line). Clearly, the mediations
of bio-stabilization and destabilization on the evolutionary trend of tidal flats are
considerably different. Hence, both effects need to be considered. It must be noted that
Figure 3.5 can only be regarded as an illustrative comparison to show the potential
effects of biofilms and BSA on tidal flat morphology. The exact degrees of changes in
bed elevations in the presence of biofilms/BSA need to be tested in the field, through
accounting for a variety of environment conditions., which is beyond the scope of

current work.

Our findings of the microbial mediations at intermediate states also leads to a better
understanding of some poorly understood phenomena. For example, in situ
observations by De Brouwer et al. (2005) show that, before the establishment of a
mature mat, associated with the increase in chlorophyll a, there is a notable reduction

in sediment stability. Recent studies by Hope et al. (2020) in the Dee Estuary also found
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that microbial biomass and organic matter production played a negative role in the
stability of sandy sediments in a very energetic system when subject to frequent
processes of hydrodynamic reworking. This is contradictory to the generally-expected
positive relationships between sediment stability and biological parameters of
microbial biomass and EPS production, but can be explained by the destabilization
effects of intermediate state BSA. Under the conditions of frequent disturbances (by
rainfall, hydrodynamics, and biological activities), the well-developed mat matrices of
biofilm cannot be established but BSA at intermediate states, such as the fluff BSA
created and observed in this work, might form and present as a fluff layer across the
sediment-water interfaces (Hope et al., 2020; Orvain et al., 2014). The fluff BSA from
the fluff layer follow different ways of mediating sediment stabilities from the mat BSA,
leading to a reduction of sediment stability. The microbial mediations at such
intermediate states before a microbial mat is formed should not be neglected in
understanding sediment transport and sediment-transport related processes in the

presence of microbial development and bio-sediment association.
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Chapter 4 Microbial influences on the deposition

behaviours of sediment transport

4.1 Introduction

Suspended particulate matter (SPM), either from the suspension of sediments or the
advection from neighbouring ecosystems, is commonly mediated by the extensive
presence of microorganisms and their produced organic matter (Maggi, 2013; Maggi
and Tang, 2015). SPM usually transports in the form of aggregates due to the complex
interactions among the living cells, organic matter and inorganic particles, such as
mineral sediment particles and contaminants (Droppo, 2001). The vertical transport and
the settling rate of SPM determines the vertical fluxes of both the inorganic and organic
matter, which plays an important role in a range of earth processes (Kwon et al., 2009;
Voulgaris and Meyers, 2004), including the evolution trend of coastal habitats, the
global biogeochemical cycling and air-sea CO» balance. As organic matter in the oceans
usually transport as aggregates, an adequate understanding of the depositional
behaviours of the aggregates serve an important role in budgeting the vertical fluxes of

organic matter, and better understanding the variations of atmospheric carbon dioxide.

With the secretion of abundant organic substances, e.g. EPS, microorganisms, attaching
to sediment particles, growing microbial patches on the sediment particle interfaces,
coating the particles and bridging neighbouring particles into aggregates. Such
processes shape the roughness of particle morphologies (Liss et al., 1996; Zhao, et al.,
2011), alter internal pore structures (Chu and Lee, 2004), and affect internal pore water
pathways (Perujo et al., 2017). In turn, the transport dynamics are affected. For example,
microbial colonization and the formation of microbial patches coatings and bridges
could increase the surface roughness of particles, which increase the drag exerted on
the settling particles leading the settling velocities to be reduced (Andalib, et al., 2010;
Shang et al., 2014). The changes of porosity due to microbial colonization and

aggregation also mediate the internal flow permeation, leading to the reduction of drag
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and increase of settling velocities(Masliyah and Polikar, 1980; Li and Yuan, 2002; Mu,
et al., 2008). Soft surfaces due to the microbial colonization and coatings may behave
largely different from the solid particles with rigid surfaces, such as causing
deformation, which can also lead to the mediations of drag and settling velocity (Greene

et al., 1993; Saravanan and Sreekrishnan, 2005).

Recent efforts have sought to relate the transport dynamics of BSA with their
compositional features (Armstrong et al., 2009; Maggi, 2013; Maggi and Tang, 2015;
Passow et al., 2014; Tang, 2017.). Fractal dimension has been shown to be an effective
indicator to quantify the internal structure complexity and heterogeneity (Droppo, 2001;
Maggi and Tang, 2015). BSA taken from upper/mid- water (e.g. pelagic) depths show
distinct patterns from those in the benthic nepheloid layer, in terms of both textual and
compositional features (Ransom et al., 1998). Aggregates from pelagic waters appear
to be more loosely-connected and more rich in organic matter, while the aggregates
close to seabed have more packed structures and comprise more inorganic sediment
particles (Ransom et al., 1998). However, recent studies found some non-linearity of
fractal dimension with the changes of organic fraction (Maggi and Tang, 2015). In
addition to architecture, Passow et al.(2014) found that the settling velocities are largely
correlated with the content and compositions of clay minerals. High illite content tends
to form aggregates of small sizes and slow settling velocities (Passow et al., 2014).
Similarly, strong quantitative relationships between organic matter fluxes and the
content of minerals are proposed (Armstrong et al., 2002, 2009). However, recent
quantitative work shows that the average settling velocities of aggregates are nearly
invariant against the changes of componential fractions (with the organic matter
fraction in the analysed aggregates changing in the range of 0%-100%) (Maggi and
Tang, 2015).The above work clearly shows the microbial sediment interactions and the
subsequent influences on architectures and settling velocities of BSA are complex and
heterogeneous. Whilst a quantitative map has been recently established to approximate

the architecture and the settling velocities of BSA (Maggi and Tang, 2015), the
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applicability is restricted to slow-settling aggregates of fine particles (e.g. clay and silts).
The aggregates that have sand grains attached, which have been found in both high-and

low-energetic tidal environments (Virolle, et al., 2019; Duteil et al., 2020), may not
apply.

This chapter aims to study the architecture, settling velocity and drag of both slow-
settling and fast-settling aggregates though conducting experiments under laboratory-
controlled conditions, to pursue a clearer understanding of the microbial sediment

interactions and the influences on BSA deposition.

4.2 Materials and Methods
4.2.1 Experiments

To achieve this investigation objective, two types of suspended material, sampled in the
resuspension stage 1 (surface organic matter removal) and 2 (sediment entrainment)
from the fluff sediments (for the description of stage 1 and stage 2 see Chapter 3), are
tested and analysed. To enable the aggregate development at a steady state under the
effects of shear stresses, the BSA were sampled during the 6-10 minutes after the shear

stresses were applied.

The BSA from resuspension stage 1 predominantly comprise organic matter and fine-
grained clay particles, and have no aggregated sand grains (median particle size of the
clay particles = 5.5 um, the fraction of sand grains is zero), referred to as clay BSA.
Clay BSA are suspended during the Stage 1 of surface removal processes from the fluff
sediments, at a critical shear stress 0o 0.27-0.33 Pa. 36 clay BSA samples were captured
in micro-CT experiments. The clay BSA are slow-settling aggregates and the settling
velocities are tested using camera-video systems (section 2.2). The micro-CT scan
experiments of clay BSA follows the protocols developed in section 2.1, with an image

resolution of 0.777 pm.

The fluff BSA from resuspension stage 2 are aggregated with considerable sand grains
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(median particle size of the sand particles = 195 um, the fraction of sand grains is 94.3%;
for more details of the BSA characteristics see Appendix A). Fluff BSA entered the
water column during the resuspension stage 2 from the fluff sediments, at a critical
shear stress of 0.72-0.82 Pa. 12 fluff BSA samples were captured in micro-CT
experiments. The fluff BSA are fast-settling aggregates and could not be tested using
the camera-video system. The settling velocities are thus tested in a laboratory settling
column, equipped with a dedicated mass balancing and time tracking system, following
the protocols set-out in section 2.2. The micro-CT scan experiments of fluff BSA

follows the protocols in section 2.1 with an image resolution of 4.5 pm.
4.2.2 Theory and comparative equations
General theory: force balance and terminal settling velocity

Theories that will be applied in this chapter to investigate the settling velocities of BSA

are clarified in this section.

Falling particles in quiescent water achieve terminal settling velocity when the

gravitational forces, Fg = ng , are balanced by buoyant forces, Fb = prV , and drag

forces, F, =%CD,0WAW52 as:
F-F=F, Eq. 4.1

In which V and A are the body volume and projected area of falling particles, © and

Pyare the densities of falling particles and water, respectively. W, is the terminal still

water settling velocity and CD is the drag coefficient.

Eq. 4.1 can be solved to obtain the settling velocity (for spheres), if the particle size, L,

density, 0, and drag coefficient, CD, are known:
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w = [Al=p)oL Fq.4.2
) 3 GCpp

Comparative equations

BSA comprises three fractions: inorganic sediment particles, organic matrices formed
by microbial cells and the produced organic matter, and pore water. These three phases
of matter determine the mass and volume of BSA, which in turn affect the settling
velocities of BSA. To test the relative contribution/significance of sediment particles,
organic matter and pore water to the settling velocities, four settling velocities are

calculated:

(1) a settling velocity estimated by simply considering the content of sediment particles

(for creeping flow regime, Re<1);

(i1) a settling velocity estimated by considering the contents of both sediment particles

and organic matter (for creeping flow regime, Re<l);

(ii1) a settling velocity estimated by considering all the three fractions of components:
sediment particles, organic matter, as well as pore water (for creeping flow regime,

Re<1);

(iv) a settling velocity estimated by considering all the three fractions, but for fast-

settling particles of higher Reynolds number, Re>1;
(i) Settling velocity considering sediment fractions (creeping flow regime, Re <1)

This method is proposed to see whether the settling velocities of BSA can be calculated
by simply considering the sediment fraction, or in other words, whether the attachment
of microbiology, the production of organic matter and the arrangement of microbial
influenced pore space can be overlooked. For this estimate, only the contents of
sediment particles held by BSA are considered. Therefore, the BSA is simplified as a

solid sphere made of sediment particles, the volume of which is the same as the sum
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volume of all sediment particles held within the BSA. The size L, and density 0 in Eq.

4.2 can be expressed as:

L=d, =(V, %)1/3 Eq.4.3

In which, ds is the spherical equivalent diameter of the sum volume of all sediment
particles, and V; is the sum volume of all sediment particles aggregated within BSA.
P, is the density of sediment particles and is considered as 2650 kg/m* herein.
Considering Stokes’ drag,C_ = ;—i , we can then obtain the following equation for

settling velocity:

W, o :(ps_pw)gdZ Eq 4.4
S— 18/1 s

(ii) Settling velocity considering the components of sediment and organic fractions
(creeping flow regime, Re <1)

This method is proposed to see if taking account of the organic matter will improve the
accuracy of the velocity estimate. The results may indicate the extent to which the

organic fraction can affect settling velocity.

Each BSA is simplified as a solid sphere, the volume of which is the same as the sum

volume of all the matter of sediment particles and organic matter enveloped per BSA.

The size L and o in Eq. 4.2 can be expressed as:
6
L=d, =V, ;)1/3 Eq. 4.5

p:pM :pS(DS +%pb
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In which VM is the sum volume of all the sediment particles and organic matter
aggregated per BSA. d v 1s the spherical volume equivalent diameter of V. ¢, and
@, are the fractions of inorganic sediments and organic matter, respectively. P is the

average density of organic matter. Sediment fraction ¢ =1- ¢, , and 0, can be
estimated from CT-scanned BSA images. Considering Stokes’ drag, C = % , We can
e

then obtain the following equation for settling velocity:

(Pm—P)I 4 2
MM Fw/d g Eq. 4.6
s—M 18 M

(iii) Settling velocity considering sediment, organic fractions and pore water
(creeping flow regime, Re < 1)

This method enables the effects of pore water to be incorporated into settling velocity
estimates. The results may indicate the extent to which pore water can affect settling

velocity.

Each BSA is simplified as a solid sphere, the volume of which is the same as the sum
volume of sediment particles, organic matter, and pore water, held per BSA. The size L

and 0 in Eq. 4.2 can be expressed as:
6
L=d,=(, ;)ﬂ?’ Eq. 4.7

P =pa=Pyt(py—p)l-¢)

In Eq. 4.7, d A 1s the spherical volume equivalent diameter of VA. VA is obtained by
assuming aggregates as ellipsoids. The volume of aggregates, VA, can then be

determined by three diameter variables as V/, —”d d.d, . By considering dx, dy and
6 xyHz

dz as the maximum projected diameter of BSA on x-, y-, and z- axes, VA can then be
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obtained.

For clarification, details regarding the derivation of ,, are listed as follows:

The three components of each aggregate (sediment particle, organic matter and pore
water) can be classified into two types: pore water held per aggregate and matter

enveloped per aggregate (matter includes sediment particle + organic matter). As such,

the total volume of aggregate, v,, is equal to the sum volume of pore water, V,, and

matter, v, :

V, =V, +V, Eq.4.7.1

Similarly, the total mass of aggregate, M ,, is the summation of the mass of pore water,

M., , and the mass of matter, m,, . The total mass balance of aggregate is:
M,=M,+My Eq 4.7.2

Considering M, = p,V, ( p, and v, are the density and volume of aggregate),
M, = p.V,, (p,and v, are the density and volume of water), andv,, = p,,V,, (p, and

v,, are the density and volume of matter), Eq. 4.7.2 can be expressed as:

Mp = PaVa = PNw + PV Eq.4.7.3
Based on Eq. 4.7.3, we can obtain:

oV, =p N, + oV Eq.4.7.4

Aggregate density, p,, can be expressed as:
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Vv, Vy, Eq.4.7.5
Pa = Pu V_A + Pu V_A
Considering aggregate porosity & = x—w = 1—\\//—M , the expressions of aggregate density,
A A
p, M Eq. 4.7.5, can be converted to:
Pa = Puc+puA—¢) Eq.4.7.6
According to Eq. 4.7.6, we can obtain:
Pa—Pu=PuE+PuA=8)—p, = p,(e-D+py1-s) Eq.4.7.7
Thus, we have
Pa=Pu+Pu(e=D+pyA=8)=p,+ (P —pP,I)A-&) Eq.4.7.8

Based on the above derivation from Eq. 4.7.1-4.7.8, the expressions of aggregate

density, p,,n Eq. 4.7 can be obtained.

Considering Stokes’ drag,C = % , we can obtain the following equations for settling
e

velocity:

=TA Fw/I g. 4.
A 18u

(iv) Settling velocity considering the effects of form drag (1< Re <200)

As flow velocity increases, the effects of inertial forces increase and become no longer
negligible. To obtain the transport of particles in different systems from low to medium
Reynolds number, considerable efforts have been paid to simulate the drag coefticient

exerted on falling particles in different Reynolds number regimes (details can be found
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in review (Clift and Gauvin, 1971; Pang and Wei, 2011)). Among these different
expressions for CD , Schiller and Naumann’s expression for Re < 200 are widely used

for estimating the falling of sediment aggregates and found good agreement

(Winterwerp, 2002):

C, - ;—‘; (1+0.15Re**) Eq. 4.9

With the combination of method (iii), we can obtain the following equation for settling
velocity:

W, o = Wd{ (1+0.15Re"%") Eq. 4.10

This settling velocity takes account of each fraction of BSA components, including
sediment particles, organic fraction and pore water, as well as the form drag which
results from the increased inertial forces for higher Reynolds number (1<Re<200).
Table 4.1 summarises the above four comparative settling equations. For a clearer view

and easier reference.

Table 4.1 A summary of comparative equations for settling velocity estimates.

Methods Equations Explanations

Method (i) N w dSZ The effects of sediment fraction are considered in

s—S 18‘Ll
settling velocity estimates, with Stokes drag
(Re<1)
Method (ii) W, ,, :MdMZ Sediment and organic matter are considered in
. 18u

settling velocity estimates, with Stokes drag

(Re<1)

Method (iii) W,_, zwdlf Sediment, organic matter and pore water are
N 18u

considered in settling velocity estimates, with
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Stokes drag (Re<1)
Method (iv) W 3 (P A—P,) 9 g2 Sediment, organic matter and pore water are
s-AD —  1q9. A
184 considered in settling velocity estimates, with both
x(1+0.15 Re°'687)
viscous (Stokes) and form drag (1<Re<200)

4.3 Results

4.3.1 Fractal dimensions of clay and fluff BSA
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Figure 4.1 Relationships between the volume fractal dimension and the size, L,, , of BSA in (a)
(yellow dots for clay BSA and green dots for fluff BSA). The mean, min and max values of BSA
fractal dimension for clay (with an average organic fraction of 0.78) and fluff BSA (with an average
organic fraction of 0.20) are presented as box plots in Figure 4.1 (b). The bars indicate the maximum
and minimum values of volume fractal dimension and the extent of the box indicates the values
account for 25%-75% of overall accumulate distribution. Middle solid black lines in each box

represent the mean fractal dimension.

Table 4. 2 Bivariate correlation between BSA size, Ly, and volume fractal dimension, Dy for clay

and fluff BSA.

Bivariate correlation between Lyrand Dv

Clay BSA Pearson Correlation 0.758"™
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Spearman Correlation 0.740™
Sig. (2-tailed) p<0.05
N 36
Pearson Correlation 0.573
Spearman Correlation 0.431
Fluff BSA - -
Sig. (2-tailed) 0.052
N 12

Table 4. 3Statistical results of Nonparametric Mann-Whitney test and independent T test of organic

fraction differences between clay and fluff BSA.

Clay BSA Fluff BSA Nonparametric  Independent-
Mann-Whitney  samples T test*
U test
X; X +SD(n) ** p value *** p value ***
Organic 0.79; 0.20;
. <0.05 <0.05
fraction
0.78 £0.09 36) 0.20+0.07 (12)
Volume 2.28; 2.18;
fractal N/A <0.05
. . 226+0.09 (36) 2.17+0.06 (12)
dimension

* The organic fraction of clay BSA does not apply to normal distribution and Mann-Whitney U test were
applied to the comparison tests. After normal transformation (the normality was tested again), independent-
samples T test were also performed. The volume fractal dimension of both clay and fluff BSA apply to normal

distribution, thus only independent-samples T test were performed.

#* X :median; X :mean; SD: standard deviation to the mean; n: number of observations/estimations.

*#% Only p values larger than 0.05 are indicated.

Figure 4.1 (a) plots the volume fractal dimension against the size of BSA, La, which
shows a clear positive trend: the volume fractal dimension increases as BSA size
increases. This implies that as BSA size increases, the internal structure of BSA
becomes increasingly compacted. Bivariate correlation analysis confirms significant
correlations between volume fractal dimension and BSA size for clay BSA. In the case
of fluff BSA, the volume fractal dimension in general positively relates to BSA size but
the correlation is not statistically significant (Table 4.2). Figure 4.1 (b) presents that the
clay BSA with a high organic fraction has, on average, a more compact internal

structure (p < 0.05, Table 4.3).
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Both clay and fluff BSA show generally positive relationships with size, though the
correlation for fluff BSA is not statistically significant. It is clear that neither of the two
BSA presents negative correlations with aggregate size. This finding is contrary to the
majority of previous work, where the aggregates develop towards more loosely-
connected structures (Maggi, 2013; Nguyen et al., 2017; Vahedi and Gorczyca, 2011).
The negative relationships between BSA structure and size agree with the cluster-
cluster kinetic and diffusion-limited aggregation model, which hypothesizes that
aggregation is caused by collision and the clusters and/or particles are randomly
brought together due to diffusion and form loose and porous aggregates (Meakin, 1991;
Nguyen et al., 2017). Maggi and Tang (2015) analysed 52 datasets of aggregate
architecture collected from various ecosystems, in which some aggregates present
positive correlations between volume fractal dimension and aggregate size. The authors
in that work discussed possible mechanisms and suggested microbial development,
such as cell colonization and organic matter production, might lead the structures to be
better filled, resulting in a more compact structure (Maggi and Tang, 2015). Maggi and
Tang (2015) found the positive correlations occurred in organic-rich BSA (referred to
as biomineral aggregates in their work) at a higher probability, as compared with
sediment-rich aggregates (referred to as mineral aggregates in their work), indicating
the important role of cell colonization and organic matter production in the processes
of aggregate structure compaction. The results of this chapter provide supportive
evidence for Maggi and Tang (2015) results, where the positive correlation between
volume fractal dimension is at a higher significant level for the organic-rich clay BSA
(of high organic fraction = 0.78), than sediment-rich fluff BSA (low organic fraction =

0.20).

An alternative explanation could also be made that the positive relationships between
size and volume fractal dimension might be a characteristic of seabed BSA
development. Similar positive relationships to those shown in Figure 4.1, that BSA

become increasingly well-packed as the BSA size develops, also occurred in field
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observations of SPM from seabed sediments, as listed in Table 4.4 (Lick, et al., 1993;
Sternberg, et al., 1999; Voulgaris and Meyers, 2004; Curran et al., 2007). The processes
for aggregate growth within seabed sediments might be different from those in a water
column (Bar-Zeev et al., 2012; He et al., 2012; Maggi, 2005; Perujo et al., 2017).
Aggregate growth during the flocculation processes in water is associated with
collisions among clusters, e.g. described as cluster-cluster aggregation (CCA, in which
clusters are randomly brought together through diffusion), resulting in poorly-
connected structures with reduced compactness. Such a collision process, however, is
unlikely to occur in seabed sediment substratum where there is already close contact
between clusters. When sitting at seabed, the growth of BSA might be dominated by
microbial development such as covering exposed surfaces of sediment particles and
filling the internal pores, leading to a more compact internal structure to develop. To
test this explanation, the extent to which clay and fluff BSA, as well as the field BSA
listed in Table 4.4, were developed at the seabed or within the water column might need
to be better understood. Whilst no robust explanation could be made for the positive
and uncertain correlations between volume fractal dimension and BSA size could be
made, it is clear that the results of this study alongside with Maggi and Tang’s (2015)
work suggest that microbial mediations influence the development patterns of
aggregate structures in a complex manner. Further tests are needed to provide a more

robust and mechanistic explanation of these observations.

Table 4. 4 A summary of field observations of SPM close to seabed that showed similar increasing

trend to the present work.

Reference Measurement summary

Laboratory measurements of SPM generated from natural
Lick et, al. (1993)
bottom sediments, Detroit River, USA.

Sternberg et al. (1999) In situ measurements of SPM at 2m above seabed, on a tripod
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located in 62-m water depth, Eureka, USA.

In situ measurements of SPM at 1.7m above seabed, by
Curran et al. (2007) INSSECT, to study the suspended sediment in coastal bottom

boundary layer, Gulf of Lions, France.

In situ measurements of SPM at 0.42 and 0.15 m above a creek
Voulgaris and Meyers. (2004)
bed of intertidal saltmarshes, South Carolina, USA.

4.3.2 Settling velocities of clay and fluff BSA

Four different estimated settling velocities were obtained and compared with the
experimentally-tested velocities, with the aim of investigating the relative
significance/contributions of different BSA components, sediment particles, organic
matter and pore water, to settling velocity. Box A in Figure 4.2 plots the experimentally-
tested settling velocities, while boxes B-E are the estimated velocities by using the
methods (i)- (iv) listed in Table 4.1, respectively. Statistical analysis was performed to
examine the mean differences between the experimentally-tested and theoretically-
estimated velocities (Table 4.5). The full details of the statistical analysis can be found

in Appendix C.
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Figure 4.2 Comparisons between experimental settling velocity and estimated settling velocity for
clay BSA (a) and fluff sand BSA (b). A is the experimentally-tested settling velocity; B is the
estimated velocity which only accounts the mass of sediment fraction but exclude the organic
fraction; C is the estimated velocity which includes the organic fractions in mass; D is the estimated
velocity which takes account of volumetric characteristics; E is the estimated velocity which
considers the form drag effects by using Schiller-Naumann’s empirical drag (while B-D simply
considers the skin friction drag by using Stokes drag). The bars indicate the maximum and minimum
values of settling velocities and the extent of the box indicates the velocities account for 25%-75%
of overall accumulate distribution. Middle solid black lines in each box represent the mean settling

velocities, with the average settling velocity being labelled on the right hand side.
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Table 4.5 Comparisons of statistical differences between the experimentally-tested and

theoretically-estimated velocities for clay and fluff BSA.

BSA Experimentally- Statistical comparisons*
Estimated velocities L.
type tested velocities Statistical
difference
X; X +SD(n) Method p value
Clay Box B 4.69; Mann- <0.05 Significant
BSA Whitney U difference
4.74 + 2.68 (36)
test
Box C 4.69 Mann- <0.05 Significant
Whitney U difference
Box A 4.47 £2.54 (36) Y
test
0.77;
Box D 1.02 Mann- 0.67 No
1.27+1.37(129) Whitney U significant
1.00 £ 0.55 (36)
test difference
Box E 0.92 Mann- 0.87 No
Whitney U significant
0.89 £ 0.46 (36)
test difference
Fluff Box B 88.40; Bonferroni <0.05 Significant
BSA test difference
90.68 + 17.86
(12)
Box C 86.72; Bonferroni <0.05 Significant
Box A test difference
88.79+£17.27
15.81; (12)
15.88+3.85(13) BoxD 30.43; Bonferroni <0.05 Significant
test difference
29.56 +5.37 (12)
Box E 15.19; Bonferroni 0.99 No
test significant
14.86 £ 1.85 (12)
difference

*Nonparametric tests were conducted for clay BSA as the tested velocities of clay BSA do not
apply to normal distribution and failed to be converted to normal distribution. Non-parametric
Mann-Whitney U test was performed. By contrast, all the five velocity datasets of fluff BSA

apply to normal distribution, and ANOVA tests were performed for multiple comparison.
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The settling velocities in Box B are estimated considering only the content of abiotic
sediment particles, and exclude organic matter and pore water. Comparisons with the
experimentally-tested velocities show a significant discrepancy, overestimating by
about more than 3 times for clay BSA and more than 5 times for fluff BSA. The
differences are statistically significant as confirmed by p < 0.05. This is perhaps not
surprising, as ignoring the organic matter and pore water components can lead to
significant overestimation of density and underestimation of flow resistance acting on

the settling BSA.

The velocity estimates in Box C take consideration of the organic matter, but still
exclude the pore water. Whilst the velocity overestimation is reduced compared to the
estimates from Box B, the reduction appears to be moderate but a significant
overestimation remains (p < 0.05). This trend occurs for both the clay (of a high organic
fraction of 0.78) and fluff BSA (of a lower organic fraction of 0.20), indicating the

content of organic matter may affect BSA’s settling velocity, to some degree.

Velocity estimates in Box D, where the volume of pore water is taken into account, in
addition to the sediment particles and organic matter content, exhibit better agreement
with the experimental data, compared to the estimates from Box B and C. This suggests
that pore water makes an important contribution to BSA settling velocity. This is
especially true for clay BSA, as the estimates in Box D present very close estimates to
the experimental data, with the overestimates being reduced from more than 3 times to
only ~20%, and confirmed by the statistically insignificant differences between Box A
and D (p > 0.05) in Table 4.5. By contrast, whilst a more than 3 times improvement is
presented for fluff BSA, the estimates in Box D remain a significant overestimate from
15.9 mm/s to 29.6 mm/s (p < 0.05). A possible reason is that the fluff BSA settle at a
rate that is about 10 times higher than the clay BSA settling velocity. Under these
conditions, the surrounding flow can no longer be characterized as creeping flow. In
theory, the flow should be separated behind the shoulders of the falling fluff BSA, and

the inertial forces lead to non-negligible form drag on the fluff BSA (Clift and Gauvin,
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1971; Kelbaliyev, 2011). The improved agreement by the estimates in Box E, after the
consideration of form drag, agrees with this hypothesized explanation. The statistical
results in Table 4.5 confirms no significant differences between the velocities in Box A
and E (p > 0.05). Therefore, in addition to pore water, for fast-settling aggregates, such

as fluff BSA, the form drag should also be included.

Summarizing, the volume of pore water is found to play a significant role on the settling
velocities of BSA, while the contributions of organic matter are much small. For the
fast-settling aggregates with Re >1 (e.g. fluff BSA), the effects of form drag are also

important and should not be overlooked.
4.3.3 Drag of clay and fluff BSA

This section aims to pursue a preliminary exploration of microbial influences on drag.

As shown in Figure 4.3 (a) for clay BSA and (b) for fluff BSA, CDb is the drag exerting
on microbial aggregates. CDb is obtained by applying the experimental settling

velocities from Eq.4.2. CDS represents the drag exerting on solid spheres in the absence

of microbiology, and can be obtained using existing equations, such as the Stokes or
Schiller and Naumann drag equations. Considering the latter accounts for the inertial

effects and can be applied to a wider flow regime (1< Re < 200), it is applied herein

and has the following form: C_ = % (1+0.15Re*®").
e
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Figure 4.3 Comparisons between biotic (CDb , blue box) and abiotic drag (CDs , purple box-abietie

drag), for clay BSA (a) and fluff BSA (b). The bars indicate the maximum and minimum values of
drag and the extent of the box indicates the drag accounts for 25%-75% of overall accumulate
distribution. Black solid lines in the middle of each box represents the mean value of drag and the

value is labelled on the right hand side.

Table 4. 6 Statistical differences between the means of biotic and abiotic drag for clay and fluff BSA.

Biotic drag C,, Abiotic drag C_ Statistical
comparison
X; X +£SD(n) p value *
27.73; 42.17;
Clay SBA <0.05
26.14 +£9.77(36) 45.78 +19.29(36)
2.76; 3.00;
Fluff BSA 0.079
2.84 £0.48(12) 3.00 +0.30(12)

* As the abiotic drag of clay BSA do not apply to normal distribution and cannot be converted to normal
distribution, nonparametric Wilcoxon tests for paired comparisons were applied. As both the biotic and abiotic
drag of fluff BSA apply to normal distributions, paired T tests were performed to compare the statistical

differences between the drags of the fluff BSA.

Abiotic drag closely approximates the biotic drag of fluff BSA (Figure 4.4 (b)) but
overestimate the drag for clay BSA by some 175% (Figure 4.4 (a)). Statistical
comparisons confirm there is no significant difference between the abiotic and biotic
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drag of fluff BSA (p > 0.05, Table 4.6)), while the exclusion of microbial influences on
drag causes significant differences for clay BSA (p < 0.05, Table 4.6). Hence, the
microbial influences on the drag of clay and fluff BSA appear to be clearly

differentiated.

Drag can be affected by multiple factors. For example, the permeable flow passing
through the internal pore structures are found to reduce drag, for both abiotic and biotic
spheres (Emadzadeh and Chiew, 2020; Mu et al., 2008). Microbial coatings increase
surface roughness which has been found have a substantial effect on enhancing drag
(Nicolella et al., 1999; Saravanan and Sreekrishnan, 2005; Shang et al., 2014). In
addition to the surface roughness, it is also suggested that due to soft surfaces of organic
matter coatings on particle surfaces, deformation may occur during the falling process
(Andalib et al., 2010; Saravanan and Sreekrishnan, 2005). It is believed for flow
regimes with small Reynolds number (e.g. Re<l), there is no/negligible deformation
and the falling particles retain their shape stability. With an increase of Reynolds
number to an intermediate regime, deformation occurs and the measured drag
coefficient becomes larger than that exerted on solid spheres, which also results in an
increased drag. Differences between the biotic drag and abiotic drag may be caused by
the combined effects of the above factors (e.g. permeable flow, surface roughness, bio-

coating, shapes in internal pore structures and deformation).

Although the effects of permeable flow, bio-coating induced surface roughness, and
potential microbial aggregate deformation are investigated and quantified in previous
research, the combined effect of microbial influences on drag appears to be lacking. To
explore this further, a parameter referred to as the biotic drag ratio is introduced. This

biotic drag ratio,, is supposed to represent such combined influences:

O

Con Eq. 4.11

O

Ds
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In which, c_, is obtained through applying the laboratory-measured settling

velocities into Eq. 4.2, and C__ is obtained according to C, =§(1+ 0.15Re%%7).
e
Figure 4.4 (a) plots the bio-drag ratio,, for both clay and fluff BSA, against the

dimensionless aggregate diameter D*A:(w)ﬂsdA' Clay and fluff BSA
v

present distinct patterns, which may be caused by distinct features of geometry and

architecture, such as porosity, and organic /sediment fraction.

To consider the effects of these characteristics, an adjusted biotic drag ratio is proposed
as 1]* (1_%)(1—5) . The derivation of this adjusted biotic drag ratio and physical

meaning of the variables are explained as follows.

For clarification, each aggregate is considered to be comprised of three component
types: organic matter, sediment particles and pore water, in which organic matter and

sediment particles are the matter enveloped per aggregate. As such, the total volume of

matter, v,, , refers to the summation of total volume of organic matter, v, , and

M ?

sediment particles, v :
Vi =V +Vg Eq 4.12

Total volume of aggregates, Vv, , refers to the summation of volume of both matter and

pore water, or in other words, the sum volume of organic matter, sediment particles and

pore water. As such, v, can be expressed as:
Vi =Vu +V,, =V +Vs +V,, Eq 4.13

@, 1s defined as organic fraction of matter (please note, ¢, is not organic fraction of

aggregate). Organic fraction of matter, ¢, , represents the volumetric fraction of

organic matter within the total volume of matter enveloped per aggregate, and can be
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expressed as:

S . Eq. 4.14
VAR VARY) q. 4.
Similarly, sediment fraction of matter, ¢_, can be expressed as:
S Eq. 4.15
SRVIRVARY) q. 4.

As the matter enveloped per aggregate are comprised of only sediment particles and
organic matter, we can obtain:

v, V.

S

= + =
Ve +Vs Vg4V

¢ defines aggregate porosity, which is the volumetric fraction of pore water in the total

volume of aggregates. . can be expressed as:

v, Vv

W

E=t=—f— Eq. 4.17
V, Vz+V+V,

By applying equation (4.14-4.17) into the expression of (1—¢, )(1—&), We can obtain

Eq. 4.18 as:
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V, v,
d=g)d-e)=o.0-e)= +V, 'Q'VB V4V, .
OV VY
Vg +V Vg +V 4V, Hq. 4.18
_ VY
V4V +V,
VS
v,

Vv, is the total volume of sediment particles per aggregate. v, is the total volume of

V o
aggregate. \/_S thus refers to the volumetric fraction of sediment particles in the total
A

V. :
volume of the aggregate (note: the sediment fraction of matteris @, = V_S , which refers
M

to the volumetric fraction of sediment particles in the total volume of matter). Thus, the

physical meaning of (1—¢,)(1—¢) is the sediment fraction of the aggregate.

Figure 4.4 (b) plots the adjusted biotic drag ratio of clay and fluff BSA against D.,. 1t

shows that the scatters of clay and fluff BSA are reduced and unifies the data to a single
underlying trend (Figure 4.4(b)). The adjusted biotic drag ratio and the dimensionless

aggregate size present the following power law relationship:

1-(L-)(L-6)=00008D,7 po g1 g0 Eq. 4.19
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Figure 4.4 Plots of biotic drag ratio against dimensionless diameter of clay and fluff BSA (a); plots

of the adjusted biotic drag ratio against dimensionless diameter of clay and fluff BSA (b).

Regression analysis confirms the power law relationship between the dimensionless
diameter of BSA and the adjusted biotic drag ratio is statistically significant (p < 0.05,
Table 4.7). This relationship provides a quantitative description of the microbial
influences on drag. The differentiated patterns presented by clay and fluff BSA in
Figure 4.4 (a) appear to be diminished after taking account of the compositional features
of BSA (sediment/organic fraction) and the structural characteristics (e.g. porosity).
This result implies a close relationship between BSA’s compositional and structural

features and drag. Some possible reasons are discussed in more detail in section 4.4.

4.4 Discussion

Clay BSA were developed under frequent disturbances (under 6 hours of resuspension
at an applied shear stresses of 1.0 Pa each day). The extraction was done from the
applied bed shear stress of 0.27-0.34 Pa during the erosion of clay BSA. The relevance
of the applied shear stresses to natural environments is discussed as follows. For
example, Anderson et al. (2007) found bed shear stresses in the range of 0.1-0.6 Pa are
common at the Kongsmark mudflat, Danish Wadden Sea. Cohesive sediments can be
eroded by bed shear stress of 0.2-0.6 Pa (Andersen et al., 2007; Widdows et al., 1998).

Amos et al. (2017) analysed 15 deployments of in situ annular flume (Sea Carousel) to
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two estuaries in Canada, and found 14 sites were eroded at shear stresses of less than
0.3 Pa. Some freshly-deposited materials at mudflats can enter water at a much lower
level of bed shear stresses of <0.2 Pa, which has been reported for the Skeffling mudflat
in the Humber Estuary, UK (Houwing, 1999), and the mudflat of the Eastern
Chongming Island, Yangtze River (Shi et al., 2012). However, when a biofilm mat can
be established, much higher bed shear stresses are needed for erosion, such as 0.86 -
3.06 Pain Amos et al.'s (2010) work on cohesive sediments in Venice Lagoon. As such,
the depositional behaviours of clay BSA observed in this work might be more related
to SPM from the cohesive sediments that underwent frequent disturbances or that are
freshly deposited, rather than the mudflat with microbial mat established. Fluff BSA
were also developed under frequent disturbances (under 6 hours of resuspension at an
applied shear stress of 1.0 Pa each day). The extraction was done at shear stress level
0f'0.73-0.82 Pa during the resuspension processes. According to literature, the bed shear
stress level of 0.73 -0.82 Pa often occurs under energetic hydrodynamics. In situ
measurements of current-induced bed shear stresses over the sites with similar grain
sizes were within the range of 0.2-0.6 Pa (Ward et al., 2015), while, as a combined result
of waves and currents, the shear stresses can exceed 1.0 Pa, such as those found in the
Dee estuary (Dso of sand = 227 um) (Lichtman et al., 2018). The depositional
behaviours of fluff BSA observed herein seems to be relevant to SPM that can be eroded
from sandy sediments within wave-tide combined, energetic conditions. As the fluff
BSA were established during frequent disturbances, no mat matrices of biofilm were
able to develop. Thus, the results from the depositional behaviours of fluff BSA might

not apply to the SPM eroded from mat-armoured sandy sediments.

The results of this chapter provide strong evidence for the importance of pore water in
determining the settling velocities of the BSA. The estimated velocities, by simply
including the effects of organic matter, remain significantly overestimated, as compared
with the experimentally-tested velocities. By contrast, with the consideration of pore

water, the discrepancies with the experimental velocities became largely diminished.
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This result may require some contrasting observations from previous work to be better
explained. For example, aggregates of high inorganic fraction were found to associate
with accelerated settling velocities, possibly due to the increase of aggregate densities.
However, some work found aggregates of higher inorganic fraction do not always settle
faster. For example, Maggi and Tang’s (2015) work shows that the average velocities
poorly correlate with the change of organic fraction (Maggi and Tang, 2015). As
discussed in their work, the non-linearity may be due to the attachment of large living
cells. In these large cell attached aggregates, despite similar organic fraction to the
aggregates of without large living cells attached, they may have very different
porosities/pore spaces (cells are non-porous). The results from this chapter confirm the
importance of pore water and suggest a need to consider such effects, especially when
interpreting the relationships between aggregate composition (organic/inorganic ratio)

and settling velocities.

A second important finding of these experiments is that the biotic drag ratio appears to
depend on the sediment/organic fraction and porosity. The fraction of sediment
particles/organic matter can reflect microbial colonization activities, such as the
production of EPS (Bar-Zeev et al., 2012), or the establishment of biofilm matrices to
provide a protective shell from surrounding predators (Flemming and Wingender, 2010),
and the degradation by living cells/microorganisms attaching to the aggregates (Arndt
et al., 2013). Such microbial activities at different development stages and/or under
different mechanisms may have different effects on shaping roughness. For example,
the BSA developed under a longer rest time in calm water conditions from seabed
sediments are found to be less convoluted, compared to those that have only a short rest
period, thus having different surface roughness (Stone, et al., 2008). Previous work has
found that surface roughness is a significant factor to influence drag (Fang et al., 2020;
Shang et al., 2014), which may then give an explanation regarding why the microbial
mediation of drag is related to organic fraction. Porosity is another well-known factor

to affect drag, due to the close relationships with the flow infiltration (Masliyah and
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Polikar, 1980). The increasing porosity is found to decrease drag and increase settling
velocity increment (when Re<~100) (Emadzadeh and Chiew, 2020; Mu et al., 2008).
For microbiologically mediated porous and permeable aggregates, the colonization of
microbiology, in addition to shaping the surface roughness of particles, can also mediate
the arrangement of internal pore structures and pore spaces (porosity) (Martinsson et
al., 2007; Perujo et al., 2017), which in turn affects flow infiltration. The above
mechanisms may together contribute to the distinct drag patterns exhibited by fluff and

clay BSA, and the relevance of the biotic drag ratio and the proposed adjustment to
account for the sediment fraction of aggregate: (1— (Pb)(l— 8) . However, it is the author’s

belief that there is insufficient data at this stage to draw firm conclusions and further

investigation is needed.

4.5 Conclusion

This chapter presents the internal structure (through volume fractal dimension), settling
velocities and drag of two types of BSA created from laboratory settlings, slow-settling
clay BSA and fast-settling fluff BSA. This work shows a positive trend that the growth
of BSA size form more packed internal structures. The positive trend is statistically
significant for clay BSA with better developed organic matter, while the positive trend
is statistically insignificant for fluff BSA when organic matter fractions are low. Neither
of the two BSA types present the generally-expected negative correlations as reported
in previous work. As suggested by Maggi and Tang (2015), the differentiated
development patterns of BSA structures might be due to the attachment of microbial
cells and the production of organic matter. Whilst no robust explanation could be made,
microbial development plays an import role in mediating the developing patterns of

aggregate structures and needs further investigations to confirm.

Taking account of organic components may better estimate settling velocity to some
degree. Accounting for pore water leads to a notable improvement, indicating that the

volume of pore water plays a significant role in moderating settling velocities. For fast-
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settling fluff BSA with Re = ~ 10-20, the form drag is another important consideration

for settling velocity estimates.

Microbial influences on drag are found to be distinct for clay and fluff BSA. The
discrepancies appear to be diminished after taking account of the differences in their
sediment/organic fraction and porosity. This suggests that the microbial influences on

drag may be associated with both the constituent components and structure of the BSA.
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Chapter S An integrated view of microbial influences

on sediment resuspension and deposition

5.1 Introduction

To pursue a clearer understanding of the effect of microbial influences on sediment
suspension and settling processes, chapters 3 and 4 investigate laboratory-created BSA,
including mat, fluff and clay BSA. In natural ecosystems, field sediments are more
complex and heterogeneous. It is therefore necessary to test whether the phenomena
observed in laboratory-created sediments will also occur for field sediments. This

chapter is therefore conducted with the following objectives:

(1) to test whether microbial mediation of sediment suspension-deposition observed in

chapter 3 and 4 also occur in field sediments;

(i1) to test whether the microbial influences on sediment suspension and deposition, e.g.

sediment stability and settling velocity, can be quantitatively characterized.

5.2 Materials and Methods

To achieve the above objectives, two types of field BSA from the tidal flats of the Tay
estuary, field sandy BSA and field silty BSA, are studied. Details of sediment sampling
and seabed sediment preparation can be found in section 2.2.1. Field sandy BSA
aggregates consist predominantly of sand grains (the median particle size of sand (>63
um) = 169.5 um, and the sand fraction = 87.1%) and have a relatively low organic
fraction, with the average organic fraction = 15% (for more details of the BSA
characteristics see Appendix A). Field silty BSA have a smaller proportion of sand
grains and are of smaller size (the median particle size of sand (> 63 um) = 76.7 um,
the sand fraction = 43.3 %). The field silty BSA are rich in organic matter, with the
average organic fraction = 79% (for more details of the BSA characteristics see
Appendix A). Both field sandy and silty BSA underwent flume resuspension
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experiments, settling velocity tests and micro-CT experiments. The experimental

workflows follow those presented in section 2.2, and are briefly summarised herein.

Each type of field BSA was placed in plastic boxes with ice bags during the ~10 hrs of
transport duration. After transporting back to NOCS, the samples were stored in the
fridge at 4 °C before experiments. Each type of BSA were prepared following the
methods listed in section 2.2. and placed in two identical Core Mini Flumes (CMF),
with one CMF for resuspension tests and the other for coring and subsequent micro-CT
scanning. In each flume, a total depth of 15 cm laboratory-prepared artificial seawater
(Sigma sea salts, 35 ppt) was gently added to keep the sediment-water interfaces
undisturbed, and the flumes were left illuminated and at 18 °C. After 24 hours of settling,
the sediments in the resuspension flume underwent standard laboratory resuspension
tests with motor-controlled, stepwise-increased flow velocity, following the protocols
of section 2.2.2. Due to the limited number of field samples, no further replicates of the
resuspension tests were possible. During the resuspension tests, samples of the
suspended material were taken from the sampling port located at the same height of
OBS sensors. The samples were then used for OBS calibration and settling speed tests
using the laboratory settling column equipped with mass balancing and time tracking
systems. Protocols of settling speed tests can be found in more detail in section 2.2.3.
In the meantime, sediments in the other CMF were cored, sectioned and sub-cored
following the protocols provided in section 2.1.7. The top 10 mm sediment specimen
that had been successfully wet-stained then underwent micro-CT scan experiments

(section 2.1). The experimental workflows are schematically illustrated in Figure 2.10.

5.3 Results

Results of this chapter comprise two main parts: (i) section 5.3.1 presents the
experimental results of field sandy and silty BSA, with respect to the suspension

threshold, internal structure, settling velocity and drag; (i1) section 5.3.2 summarises
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the resuspension and deposition data from both laboratory and field BSA, and presents
predictive/quantitative characterization of microbial influences on sediment

resuspension threshold and drag.
5.3.2 Resuspension and deposition characteristics
Resuspension threshold of BSA

The suspension concentration during the resuspension processes of the field-sampled
sediments against the local bed shear stresses applied at each resuspension step are
shown in Figure 5.1 (a). Regression lines enable the resuspension threshold to be
estimated. The critical bed shear stress for suspension is estimated to 0.44 Pa for the
field silty BSA, and 1.05 Pa for the field sandy BSA. According to van Rijn’s formulas
for sand-mud mixed sediments under abiotic conditions (van Rijn, 2007; Yao et al.,

2018), the critical shear stress, Ty, ri¢, can be calculated as follows:

Cge dsan
Tm,crit = (g—l)(Tod)y‘Ecrit, for dsy <62 um Eq. 5.1

Cgel,s

in which 7, ;¢ 18 the critical shear stress for sand-mud mixed sediments under abiotic
conditions. ¢4 1s the gelling mass concentration of the fine particles, cge s 1s the dry
bulk density of sand bed by mass, and cge; = (dso/dsana)Cqers- ¥ 1S an empirical
coefficient, in the range of 1-2 (1.5 is generally adopted and also selected in this work
(Yao et al., 2018)). Critical shear stress for initiating abiotic sand grains, T, 1S
calculated using empirical equations previously developed using the same flume

apparatus:

T Eq.5.2

——at____ —0,043D'"*, p. <10

erit =
(105 _pw)gdSO

C

lp,—L
D*:[(ps f)g\/ )g]JJ3d50
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The calculated empirical resuspension threshold is 0.28 Pa for Field silty BSA
(dsp=14.2um, dg4nq = 76.7 pm), and 1.55 Pa for field sandy BSA (d5,=27.9 um,
Asana = 169.5 pm). Compared to the tested resuspension threshold from the
experiments (0.44 Pa for the field silty BSA, and 1.05 Pa for the field sandy BSA), the
presence of microbial life and organic matter enhances sediment stability against
resuspension in the case of field silty BSA, while reduces the sediment resuspension

resistance for field sandy BSA (Figure 5.1 (b)).

—
)
—

F-SiltyBSA # F-SandyBSA (b)

Critical bed shear stress (Pa)
o 0l 02 03 04 05 06 07 08 09 1 11

Field silty BSA 0.28 | <0.44
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Suspension concentration (g/L)
[%]
=

0.5 - M/_ﬁ.—l Field sandy BSA 1.05{<1.55
0.0 -

0004 0812 1.6 2.0 24 28 3.2 3.6 4.0 4.4
Bed shear stress (Pa)

Figure 5.1 Suspension features of field sandy and silty BSA. (a) plots the step-varying suspension
concentration against the bed shear stress applied at each step, for field sandy BSA (blue) and field
silty BSA (red). (b) Comparisons between the resuspension threshold of field sandy and silty BSA,

and the theoretical resuspension threshold of abiotic conditions.
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Figure 5.2 Variations of volume fractal dimension as BSA size increases for field sandy BSA (green
dots) and field silty BSA (orange dots) (a); volume fractal dimension distributions (min- max, 25%-
75%, and mean values as solid black lines of each box) for field sandy BSA of 15% organic fraction

and for field silty BSA of 79% organic fraction.

Table 5. 1 Bivariate correlation between BSA size, Ly, and volume fractal dimension, Dv for field

silty and sandy BSA.
Bivariate correlation between Ljysand Dv
Pearson Correlation 0.803*
, ) Spearman Correlation 0.819™
Field silty BSA - -
Sig. (2-tailed) p<0.05
N 16
Pearson Correlation 0.351
) Spearman Correlation 0.379
Field sandy BSA - -
Sig. (2-tailed) 0.29
N 11

Table 5. 2 Statistical results of nonparametric Mann-Whitney U test for organic fraction differences

between clay and fluff BSA

Field silty Field sandy Nonparametric Mann- Independent-samples T
BSA BSA Whitney U test test™®
X; X £SD(n) p value p value

Organic 0.80; 0.16;
fraction 979 4.0.58 0.15 + 0.50 N/A <0.05

(16) (11
Volume 2.28; 2.19;
fractal 5244010 221 £ 0,07 0.245 N/A
dimension (16) an

*The organic fraction of both field silty and sandy BSA apply to normal distribution, and thus
independent-samples T test were performed. Volume fractal dimension of field sandy BSA do

not apply to normal distribution, nonparametric Mann-Whitney U test was performed.

A consistent pattern of the positive trend between BSA size and volume fractal
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dimension is presented in the two field BSA, which agrees with the laboratory clay and
fluff BSA (Figure 4.1, Chapter 4). Neither of the two field BSA present the generally-
expected negative trend that BSA should develop towards loosely-connected structures.
As discussed in Chapter 4, such increasing trends might result from a compaction
process caused by microbial cell colonization and organic matter production, and might
also be caused by a distinct BSA development pattern at the seabed. The BSA of a
higher organic matter is associated with, on average, a more packed internal structure
(Figure 5.2(b)). The differences in average volume fractal dimension between field silty
and sandy BSA are however insignificant, as indicated in Table 5.2. This implies that
the processes of BSA structure development are complex, and some other processes, in
addition to organic matter production, might also be involved to influence the structure

development.
Settling velocities of BSA

Similar to the settling velocity analysis in Chapter 4, the experimentally-tested settling
velocities are compared with the four estimated velocities using the same four
principles applied in Chapter 4 (listed in Table 4.1), for both field sandy (Figure 5.3 (a))
and silty BSA (Figure 5.3 (b)). Box A in Figure 5.3 plots the experimentally-tested
settling velocities, while box B-E plot the estimated velocities from using the methods
(1)-(iv) of Table 4.1. Statistical results of the differences between the experimentally-

tested and the theoretically-estimated velocities are listed in Table 5.3.

The estimated settling velocity in Box B is calculated by simply considering the
contents of sediment particles, and exclude the organic matter and pore water. Box C
plots the velocity estimates by taking account of both sediment particles and organic
matter. The velocity estimates in Box B and C show significant discrepancies with the
experimental velocities (p <0.05, Table 5.3). This result indicates consistent trends to

those of clay and fluff BSA, that only considering the solid matter component of organic
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matter and sediment particles does not provide reliable estimates of the settling velocity.
Box D plots the estimated settling velocity after taking account of the pore water, and
improves the level of agreement with the experimental data. This result presents is
consistent with the laboratory clay and fluff BSA results, that the pore water appears to
be significantly correlated with settling velocity. As the Reynolds number of both field
sandy and silty BSA exceeds 1, some overestimation remains because form drag is not
accounted for. This is confirmed by the significant differences between the velocities
in Box A and D (p <0.05). After taking account of the form drag by using Schiller and
Naumann’s empirical equation, the estimated velocities show further improved
agreement with the experimental data (plotted as Box E) for both field sandy and silty

BSA.

110



Chapter 5 An integrated view of microbial influences on sediment resuspension and

deposition

(a)
=2 2004
=
=
= 160+
E'.
3 1201
"]
= 98.3 96.7
Eﬁ 80 4
= - =
& 401 =349 16.6

' 15.2 =

[|-

A B C D E
b
E_} 70
E e
g5 601
2  so]
g '
1; 4['-
E E
:}‘: 3[!-_ 251 27.9
=T 1]
2 0
£ 104 ==
3] =56 L 1 8.4 és.s
A B C D E

Figure 5.3 Comparisons between experimental settling velocity and estimated settling velocity for
field sandy BSA (a) and field silty BSA (b). Box A is the experimentally-tested settling velocity, B-
D are estimated settling velocities using the methods (i)-(iii) as listed in Table 4.1. In particular, B
is the estimated velocity which only accounts the mass of sediment fraction but exclude the organic
fraction; C is the estimated velocity which includes the organic fractions in mass; D is the estimated
velocity which takes account of volumetric characteristics; E is the estimated velocity which
considers the form drag effects by using Schiller-Naumann’s empirical drag (while B-D simply
considers the skin friction drag by using Stokes drag). The bars indicate the maximum and minimum
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values of settling velocities and the extent of the box indicates the velocities account for 25%-75%

of overall accumulate distribution. Middle solid black lines in each box represent the mean settling

velocities, with the values being labelled on the right hand side.

Table 5. 3 Statistical results of the differences between the experimentally-tested and theoretically-

estimated velocities for field silty and sandy BSA.

BSA  Experimentally- ANOVA
Estimated velocities L.
type tested velocities (Bonferroni) Statistical
_ 1 difference
X: X +5D(n) P VEERE
Box B 23.83; <0.05 Significant
25.07 £ 15.97 difference
(16)
Box C 25.33; <0.05 Significant
27.87+17.93 difference
Field Box A
. (16)
silty 5.55;
Box D 7.63 1.00 No
BSA  5.60+2.34 (41)
8.40 £5.80 (16) significant
difference
Box E 5.37 1.00 No
529+282 significant
(16) difference
Box B 90.30; <0.05 Significant
98.34 + 44.08 difference
(11
Box C 89.21; <0.05 Significant
) 96.74 + 43.28 difference
Field Box A
)
sandy 15.0; —
Box D 28.32; <0.05 Significant
BSA 15.2+8.38 (91) )
3486 +£17.51 difference
(11)
Box E 15.57; 1.00 No
16.56 = 5.37 significant
(11) difference
Drag of BSA

The estimates of biotic

112
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(Cp = % (1+0.15Re%%®") for both the field sandy and silty BSA (Figure 5.4 (a) and

(b)). The statistical results in Table 5.4 confirm that there is no significant difference
between the biotic and abiotic drag for both field sandy and silty BSA. The drag of field
sandy BSA appears to be underestimated while the drag of field silty BSA seems to be
overestimated, however the differences are almost negligible. Instead of rushing to
conclude that the microbial influences on the drag of the field sandy and silty BSA can
be overlooked, it may be worth taking a look at the potential reasons/mechanisms from
existing literature. Mu e al. (2008) studied the drag of microbial granules which have
relatively smooth surfaces but high porosities and found the drag of microbial granules
show reduced drag compared to that for abiotic solid spheres with rigid surfaces. Their
work demonstrates such reduction effects are caused by the permeable flow through the
internal pore space of the granules (Mu et al., 2008). Nicolella et al. (1999), Saravanan
and Sreekrishnan (2005), and Andalib et al. (2010), studied the drag of biofilm-coated
particles and found increased drag due to microbial mediations, which they explained
was due to the increase of surface roughness by biofilm-coating as well as the potential
deformation processes due to the colonization of soft organic matter (Nicolella et al.,
1999; Saravanan and Sreekrishnan, 2005; Andalib, et al., 2010). The effects of
microbial colonization/coating/aggregation therefore seem to have a range of effects,
including both increasing drag, and decreasing drag. If this is true, a transitional zone
should exist between the increasing effects of drag and the decreasing effect of drag for
microbial influences. For the aggregates in this transition zone, the increasing and
decreasing effects tend to be neutralized, resulting in a drag that is similar to the abiotic

case of impermeable, solid spheres with rigid surfaces. It may therefore be the case that
the moderate drag differences from abiotic drag, CDS , that occurred in field sandy and

silty BSA, as well as the fluff BSA investigated in Chapter 4 may result from such
neutralization of drag reduction and enhancement. However, such transitional zone has,
to the best of the author’s knowledge, not been recorded in literature, and can only be
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regarded as a hypothesis at this stage.
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Figure 5.4 Comparisons between biotic (CDb’ blue box) and abiotic drag (CDs , purple box), for

field sandy BSA (a) and field silty BSA (b). The bars indicate the maximum and minimum values
of drag and the extent of the box indicates the drag accounts for 25%-75% of overall accumulate
distribution. Black solid lines in the middle of each box represents the mean value of drag and is

also labelled on the right hand side.

Table 5. 4 Statistical results of the differences between biotic and abiotic drag for field sandy and

silty BSA.
Biotic drag CDb Abiotic drag CDs Pairwise Comparison
X; X +£SD(n) pvalue *  Statistical difference
) 2.98; 3.43; No significant
Field sandy BSA 0.41 .
3.65+1.37(11) 3.25+0.41(11) difference
. . 6.84; 7.21; No significant
Field silty BSA 0.35 )
6.41£2.82 (16) 7.80+3.43 (16) difference

5.3.3 Quantitative analysis of microbial influences on sediment resuspension and

deposition

This section summarizes the resuspension and deposition features of field sandy and

silty BSA together with laboratory clay, fluff and mat BSA, to pursue a systematic and
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quantitative understanding of microbial mediations.

Analysis of microbial influences on sediment resuspension

Tcrit

The dimensionless critical Shields parameter, 6 :( and

Pa—Pu)9d,
dimensionless diameter, D, , = ((p’*/"(j—"zv_l)g)”?’d . are calculated using 0, and d As
for field sandy and silty BSA and laboratory mat, fluff and clay BSA. The plots of
Hrit,A against D*'A in Figure 5.5 (a) (linear axis) and (b) (log-log axis) show the

Cl

dimensionless critical Shields parameter appear to present the following power law

relationship as a function of dimensionless diameter:

0

Cl

rit, A =16.7D., %, R= 0.90, p < 0.05 Eq.5.3

In Figure 5.6 the dimensionless critical Shields parameter, sz, A 18 plotted against

the flow Reynolds number, Re A=u*dAzp w  and present a similar power law
v

relationship as a function of flow Reynolds number:

0

C

ia=T51Re, " R?=0.75,p < 0.05 Eq. 5.4

These relationships indicate a predictive way for characterizing microbial mediations.

The relationships appear not to be differentiated between the biostabilization and
destabilization BSA, for both the relationships of Hcrit’ A~ D*' > and Qcmy A~ Re,. The
only exception may be the mat BSA in the relationship of Hcmy A~ D*, A, which exhibit
more scattered compared to the other BSA but show better agreement with the power
law relationship between t9cm, A~ Re,. Potential reasons may be the limited number of

mat BSA that were analysed in this work, or missing mechanisms, such as different
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resuspension responses between the BSA developed under calm water (mat BSA) and
the BSA developed under cyclic resuspension-deposition (laboratory clay and fluff

BSA, field sandy and silty BSA).

Experimentally-tested suspension thresholds are plotted against the estimated

suspension thresholds in Figure 5.7, using the empirical relationships between chit’ A~

D*, A 1n (a), and Hcrit' A~ R€, in (b) respectively. The results show a good level of

agreement, with results falling on or close to the 1:1 agreement line. Mat BSA is the
one exception, for which the resuspension threshold is largely underestimated using
both relationships. The mat BSA is established after a 6-day incubation period sitting
in flume under quiescent flow conditions, while the other four types of BSA are grown
under cyclic conditions. Such differentiated hydrodynamic forcing may lead to different
responses of BSA to the local flow erosion during the resuspension tests. Previous work
shows that the resuspension of microbial sediments that established under calm flow
conditions show different resuspension patterns with those grown under cyclic
resuspension conditions, in terms of resuspension process, erosion rate and ripple
structures (Chen et al., 2019). It has also been found that different rest times for BSA
sitting in seabed sediments under calm flow conditions leads to different architectures
of the BSA to be developed, e.g. as the rest time increases, the internal structure of the
BSA appears to be less prevalent (Stone, et al., 2008). Besides the internal structure,
according to the findings of Fang et al., (2020), the adhesion strength may also vary,
which in turn affects the responses of BSA to local flow resuspension forcing. Further
work regarding the above effects may thus be needed to improve the accuracy of the

empirical relationships proposed in this work.
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Figure 5.5 Plots of the relationships between dimensionless Shields diameter, chit’ A » and

dimensionless diameter, D*’ > for laboratory mat, fluff, clay BSA, and field sandy and silty BSA.

(a) using a linear axis and (b) using a log-log axis.
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Figure 5.6 Plots of lots of the relationships between dimensionless Shields diameter, chit’ A and

Reynolds number, Re,, for laboratory mat, fluff, clay BSA, and field sandy and silty BSA. (a)

using a linear axis and (b) using a log-log axis.
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Figure 5.7 Plots of the experimentally-tested resuspension threshold, 7t , against the estimated

resuspension threshold using the empirical relationships of ‘9crit, A~ D*, A (a), and chit’ A~ Re A

(b), respectively.

Analysis of microbial influences on sediment deposition

To understand the microbial influences on drag, the biotic drag ratio which is proposed
in Chapter 4 to characterize the combined microbial mediations of drag is calculated
for field BSA and summarized together with laboratory BSA. Figure 5.8 (a) plots the
biotic drag ratio against BSA dimensionless diameter and Figure 5.9 (a) plots the biotic
drag ratio against the BSA Reynolds number. Whilst the microbial influences on drag
are small, distinct patterns of such microbial influences are discernible in both Figure

5.8 (a) and Figure 5.8 (b), for clay, field silty, field sandy and fluff BSA. By multiplying

the biotic drag ratio, 7, with (1—%)(1—8) (where @, t@, =1 ), the differentiated
patterns appear to be diminished and start to align to one line. By plotting the adjusted

biotic drag ratio, 77(1— (ﬂb)(l— 8) , against both dimensionless diameter, D*' A(Figure 5.9

(a) and (b)), and Reynolds number, ReA(Figure 5.10 (a) and (b)), the trend becomes

clearer and can be described by the following relationships:
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n(l-¢,)(1-¢£)=0.0004D, ,** Eq. 5.5

,R?=10.80, p <0.05

nl-¢,)1-¢)=0.0025Re Eq. 5.6

A R?=0.48,p <0.05

From which, we can obtain the two following expressions of biotic drag in terms of

either dimensionless diameter and Reynolds number, respectively:

Eq. 5.7
Cpy =00004D, 21— !
(1-¢)A-¢)
Eq. 5.8
C., —00025Re, — "o 1
(1-¢,)A-¢)

The above relationships present a quantitative characterization of the microbial
influences on drag for different types of BSA, representing the combined microbial
influences from permeable flow, surface roughness, internal pore architecture and
potential deformation. The settling velocities estimated by taking microbial influences

on drag into account are plotted against the average settling velocity of the experimental

tested results in Figure 5.11, by using the relationships with D*’A in (a) and the
relationship with ReAin (b). The quality of fitting is generally acceptable with an
average root mean square error of 1.5-10.4 for using D*,A and 0.6-8 using REA ,

suggesting the relationship of ReA provides a slightly better representation for the

tested BSA.

It may be worth noting the quantitative relationships obtained from the above analysis,
e.g. the resuspension thresholds of microbial sediments and microbial influences on
drag, should be regarded as a preliminary start and more tests of microbial sediments,

to characterise a larger spatial and temporal range, are needed for a more robust
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Figure 5.8 Plots of biotic drag against dimensionless diameter of BSA (a) and against BSA Reynolds

number in (b).
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Figure 5.9 Plots of the relationships between adjusted biotic drag ratio, 77(1—%)(1—5) , and

dimensionless diameter, D*' A» for laboratory mat, fluff, clay BSA, and field sandy and silty BSA.

(a) using a linear axis and (b) using a log-log axis.
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Figure 5.10 Plots of the relationships between adjusted biotic drag ratio, 77(1_%)(1_5) , and

Reynolds number, Re,, for laboratory mat, fluff, clay BSA, and field sandy and silty BSA. (a)

using a linear axis and (b) using a log-log axis.
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Figure 5.11 Plots of the average settling velocity obtained from experimental tests against the

estimated settling velocity by taking account of microbial influences on drag. Velocity estimated

according to Eq. 5.7 is plotted in (a) and the velocity estimated according to Eq. 5.8 is plotted in (b).

5.4 Discussion

Microbial colonization of sediment particles and the copious secretion of mucilaginous
EPS bridge sediment particles into aggregates, forming complex matrices (Decho, 2000;
Flemming, 2019). When the microbial sediment interactions are well developed and a
mat matrix is established, the sediment particles are densely populated and adhered,
where mat-like matrices up to a centimetre thick can be established (Cuadrado et al.,
2014; Gerbersdorf and Wieprecht, 2015). Vignaga et al.(2013) found that sediment
particles are tightly adhered into mature microbial mat matrices over a ten-week
incubation and behaved as an elastic membrane in the face of hydrodynamic forcing.
The strong adherence strength provided by the microbial mat is thought to provide
important support for the sediment particles to be retained on the seabed, and the
adhesive force provided by the gluing effects of mucilaginous microbial substances is
generally considered as an important stabilizing force for sediments to resist flow
erosion (Fang et al., 2014; Fang et al., 2017). Such adhesion forces are found to be
determined by the development period of microbial cells within sediment matrices.
Fang et al. (2014) experimentally investigated the changes of adhesion forces and found
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during the beginning 2-3 works the adhesion force increases with time to a peak value,
after which it starts to decrease slowly with time. This could explain why the 4-week
old microbial sediments have a higher stability than the 8-week old microbial sediments
(Fang et al., 2014). The above knowledge of microbial mediations of sediments
explains the biostabilization of mat BSA observed in this work, as the incubation in
calm water during a six-day period leads the microbial adhesion with sediment particles
to be more fully developed compared, to the fluff BSA and thus exhibit an enhanced
stabilizing force. However, the destabilization observed in this work cannot be fully
explained by the above knowledge of microbial sediment stability. This is because,
according to the above theory, even a short rest time (less than 24 hours) should enable
the development of microbial adhesion, which should aid the microbial sediments to
resist low flow forcing, rather than advance the motion of sediment particles. One
possible explanation may be that microbial colonization modifies aggregate density. In
particular, the mucilaginous EPS forming microbial matrices are highly hydrated,
sometimes binding more than 90% of water (Schmitt and Flemming, 1999) and have
much lower density compared to the sediment particles (Andalib et al., 2010; Flemming

and Wingender, 2010). The colonization of such microbial substances reduces the gross
density of the sediments compared to the abiotic conditions ( Oy, of BSA analysed in

this work show an average value of ~1845 kg/m> much lower than the density of abiotic
sediments, ~ 2650 kg/m?), which in turn has a negative effect of sediment stabilization.
However, the densities of both the mat and fluff BSA are reduced. The mechanism that
leads the sediment stabilities to be reduced seems difficult to be determined simply by
the densities, and might be attributed to a range of factors. For example, as the
development time for microbial substances increases, aggregates became less
convoluted (Stone, et al., 2008). Microbial matrices with fewer irregularities can
decrease flow drag, and have the erosion thresholds increased (De Brouwer et al., 2005;

Friend et al., 2008). The microbial attachment on sediment particles, the coating of
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particle surfaces and the penetration of EPS to the internal pore spaces may also induce
differentiated flow infiltration and thus drag exerted on sediment particles, which in

turn affects the sediment stability (Mohr et al., 2018).

Natural ecosystems, in which bio-sediment combinations develop, vary across different
spatial and temporal scales, and are affected by a range of environmental conditions
(Friend, et al., 2003; Le Hir et al., 2007; Lundkvist et al., 2007). This includes the
migration and restoration of coastal vegetation (Feagin et al., 2009), the bioturbations
of macro-fauna (Orvain et al., 2004), the frequency and intensity of rainfalls and the
diverse distribution of microorganisms (Gerbersdorf and Wieprecht, 2015; Paterson et
al., 2000; Paterson, 1989). These factors perform combined effects to determine the
responses of natural microbial sediments against flow resuspension. To which extent
the destabilization effects are of relevance in natural ecosystems and should be
accounted in modelling remains a question and is worth further study through more

extensive investigation of field sediments.

5.5 Conclusions

This chapter comprises two major components. The first part is the experimental studies
of the resuspension threshold, volume fractal dimension, settling velocity and drag of
field BSA, and the second part pursues a quantitative understanding of microbial

mediations to sediment resuspension and deposition.

Resuspension tests find the field sandy BSA present a decreased resuspension threshold
compared to the theoretical thresholds of abiotic conditions, while the field silty BSA
present an increased threshold. This suggests the existence of microbial destabilization
effects in the field, though as discussed in section 5.4, understanding the extent and

relevance of destabilised BSA needs more extensive testing.

The field silty BSA with high organic fraction show consistent results with the highly-
organic laboratory-created clay BSA, in which the volume fractal dimension
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significantly increases as BSA size develops. The field sandy BSA, with much lower
organic fraction of 15% present, shows a generally positive relationship with volume
fractal dimension but the relationship is not statistically significant. Whilst the majority
of previous studies suggest that aggregates develop towards loosely-connected
structures, none of the laboratory-created and field-collected BSA shows such negative
trend. The different development trends of BSA structures were hypothesized to occur
as a result of microbial influences on aggregate structures, which cannot be
characterized by existing aggregation models (e.g. CCA) and suggest a need to better

account for microbial mediation in future work.

Comparisons between the estimated and experimental settling velocities suggest that
simply considering the effects of sediment and/or organic matter components does not
provide good velocity estimates, leading to significant overestimation. Both the
laboratory-created and field-collected samples agree that considering the effects of pore
water is necessary for velocity estimates, which provides strong evidence for the
importance of pore water in determining aggregate deposition behaviours. In addition,
form drag should also be considered when Re > 1 and including Schiller and

Naumann’s drag correction further improves the overall goodness of fit.

A quantitative analysis of these two types of field BSA as well as the laboratory mat,
fluff and clay BSA investigated in Chapter 3 and 4 is conducted to pursue a quantitative
understanding of microbial influences on sediment stability. The dimensionless Shields
parameter for these five types of BSA can be described by a power law relationship
with both the BSA dimensionless diameter and Reynolds number. This, as a preliminary
start, provides a quantitative characterization of the microbial influences on sediment

stability.

The biotic drag ratio of field BSA also show consistent patterns with the laboratory data,

whereby the organic/sediment fraction and porosity can help to explain the distinct
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patterns of microbial influence on drag. A quantitative characterization of microbial
mediations on drag is presented, with a need for more extensive testing to further

develop the ideas tentatively explored here.
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The findings of this thesis provide a clearer and more comprehensive understanding of
the mechanisms and properties of microbial sediment interactions and their influences
on sediment transport. A new approach successfully characterizes BSA compositions
and structures by utilising the novel technique of micro-CT scanning, and is used
alongside more well-established techniques for studying sediment transport. The
combination allows the microbial influences on the resuspension and deposition
processes of sediment transport to be investigated down to the microscale. The volume,
size and density of all components in each aggregate (e.g. sediment particles, organic
matter and pore water), and the aggregate architectures (e.g. 3D volume fractal
dimension) can be directly obtained from the 3D CT-scanned BSA matrices. Shields
parameter estimates and force analysis for the critical processes of resuspension and
deposition were analysed and used to account for the microbial mediations. A clearer
understanding of microbiologically-mediated sediment transport becomes possible,
providing an improved qualitative understanding and a framework for quantitative

estimates.

6.1 Conclusions

The findings of this work progress our understanding of the mechanisms and properties
of microbial sediment interactions and transport, and advances our current knowledge.

A summary of the key findings is outlined as follows.

e The microbial growth, the production of organic matter, and the
interaction/aggregation with sediment particles are found to play a fundamentally
important role in shaping BSA architecture. In contrast to the established trend that
aggregates always develop towards loosely-connected structures, due to the
complexities of microbial development and interactions with sediment particles,
BSA structures observed in this work generally develop towards more compact

structures. The positive trend between BSA structure and size is significant for the
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BSA with high organic fraction (clay and field silty BSA), but is much less
significant for the BSA with low organic fraction (fluff and field sandy BSA). At
different stages of development, the BSA also present distinct geometries. For
example, the fluff BSA at initial growth states of microbial development with low
organic fractions (10-31%), appear to be more loosely-structured and adhere with
relatively few sediment particles (< 10), forming smaller-sized aggregates. By
contrast, the mat BSA, at a more fully developed state of microbial growth with a
higher organic content (53-60%), tightly adhere and embed a larger number of sand
grains (40-100) into the well-established mat-like matrices and form the BSA of 3-

4 times larger sizes than the fluff ones.

The BSA at different development states are also found to mediate the resuspension
process in distinct ways. Where the microbial growth is at a more fully developed
state with higher organic fractions, e.g. the mat BSA and the field silty BSA
(organic fraction = 53-91%)), the BSA are found to biostabilize sediments, resulting
in enhanced resuspension thresholds. By contrast, the BSA that are less well
developed, with lower organic fractions, e.g. the fluff BSA and the field sandy BSA
(organic fraction = 7-31%), destabilize sediments, reducing the resuspension
threshold. To date, the biostabilization effects of the microbial mat are widely
acknowledged, while the BSA at younger states of development have been less
well studied. This work clearly shows that the microbial sediment interactions at

different development stages can have a range of effects on sediment stability.

For depositional processes, the results of both the laboratory-created and field-
collected aggregates in this work provides strong evidence to support the
importance of pore water in settling velocity estimates. In contrast to the
resuspension processes, the content of organic matter, as a sign of microbial growth
state, is found to correlate with the drag of settling BSA but play a much less

significant role on the settling velocities.
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*  The results highlight how the microbial influences on resuspension and deposition
processes exhibit distinct patterns. The mediations of resuspension processes are
sensitive to the development states of BSA, while the deposition processes are
significantly determined by the volume of pore water and are less influenced by
the organic matter content. To the best of the author’s knowledge, the differentiated
patterns of microbial influences on sediment resuspension and deposition processes
are revealed for the first time, and clarify the needs for future investigations of the

governing mechanisms.

e  This work also undertook comprehensive quantitative analysis of the complex and
variable microbial influences described. The predictive relationships proposed
allow the key parameters for characterizing the dynamic processes of sediment
transport in the presence of microbiology to be estimated, including the
resuspension thresholds, drag and settling velocities. The advances presented
provide a new understanding of the key mechanisms and help identify further work

needed to better understand the sediment transport in the presence of microbiology.

6.2 Future research needs

The methods and findings of this work are likely to be of interest to a number of
different research disciplines. Potential research needs are listed as follows for future

research work to be meaningfully attempted.

* Some improvements to the methods presented may be needed for future work to
achieve wider applicability. Three aspects of potential improvements are suggested:
(1) the method established could be improved by programming dedicated scripts
for analysing CT-images. This will allow the users to processes a larger number of
scanned samples at a better efficiency, avoid the long period of image processing
and analysis, and enable many more investigations of this kind; (2) future work
may want to combine the micro-CT approach with other novel imaging techniques,

such as FIB-nt, which has recently been used to make advanced progress in
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detecting and characterising the individual microbial cells attached to aggregates;
(3) testing whether the parameters obtained by micro-CT techniques could be
obtained by more common and more budget-friendly techniques, to allow future

investigations at a larger scale.

Future research work may want to test natural BSA of larger temporal and spatial
heterogeneity. Microbial sediment interactions and microbial sediment transport
are complex and the exploration in this thesis is at preliminary stage. To progress
further, future work is needed to test the theories and relationships presented in this
thesis, such as through the investigation of field sediments to account for greater

spatial and temporal variability.

The growth of microbial cells, the production of organic matter and the interactions
with sediment particles are consecutive processes that occur at different growth
phases. The fluff and mat BSA, established at different development stages, play
contrasting roles in mediating sediment stability, which includes both enhancing
and reducing sediment stability. This result might highlight a need for future work
to account for the effects of the microbial development stages on sediment stability,

before modelling and prediction work can be meaningfully attempted.

Microbial development in sediment matrices are sensitive to a range of
environmental conditions, including disturbances by e.g. rainfall, bioturbation,
storm events and hydrodynamic cycles, and nutrient conditions by e.g. local
nitrogen depletion. Future work might want to conduct both laboratory and field
experiments to take a more systematic consideration of such environmental
influences on the establishment of BSA and the subsequent influences on

resuspension and deposition behaviours.

Microbial development with sediment particles can both increase and reduce the
drag exerted on sediment particles, through increasing the particle surface

roughness, and forming porous structures to allow internal flow filtration. As such,
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this work hypothesized a transition zone in which microbial mediations of
increasing and reducing drag co-occur and become neutralised. It is suggested that
future research examines the transition zone and tests the potential threshold

conditions for such a transition zone to occur.
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Table A is a summary of BSA geometrical characteristics. The volume of matter enveloped per aggregate (Vm), the maximum projected diameter of BSA on x-, y-, and

z- axes (dx, dy and d., respectively) were measured based on the CT-scanned 3D BSA structures using “Label Analysis” module in Avizo 9.3.0. Aggregate volume

(including both matter and pore water, V) were calculated according to V, = 7_; dxdydZ .The sphere volume equivalent diameter of matter and aggregate (du), and

aggregate (d), were calculated according to Eq. 4.5 and Eq.4.7. Aggregate porosity ( & ) was calculated according to Eq. 4.17, sediment fraction (¢ ) and organic

fraction (@) of the matter enveloped per aggregate were calculated according to Eq. 4.15 and 4.14, respectively. The volume fractal dimension of BSA (Dy) was

measured using Box-counting method provided by Bone-J plugin from Fiji/Image J software. Density of matter ( p,, ) and aggregate ( p, ) were calculated according to
Eq. 4.5 and 4.7.

BSA type Vu dy d, d. Va dy dy g | o @, D, | Py LA
(um?) (pm) | (um) | (um) | (um?) (pm) | (um) (kefm®) | (kgfm?)
Clay BSA 6.70E+04 | 14421 | 14343 |157.68 | 137E+07 |5038 |296.60 | 1.00 |0.12 |0.88 |1.98 | 141529 | 1002.04
Clay BSA 773E+04 | 84.07 | 11546 | 106.61 |4.33E+06 |52.86 |20230 | 098 |0.08 |092 |2.18 |1362.06 | 1006.46
Clay BSA 922E+04 | 13256 | 126.03 | 62.11 | 435E+06 |56.06 |202.48 |098 |030 |0.70 |222 |167533 | 1014.33
Clay BSA 1.13E+05 | 185.39 | 141.57 | 12738 | 1.40E+07 | 60.04 |299.06 |0.99 |0.13 |0.87 |2.12 |1427.78 | 1003.46
Clay BSA 1.40E+05 | 21927 | 155.09 | 154.78 |2.20E+07 | 6437 |347.90 [099 |032 |0.68 |[2.04 | 169222 | 1004.38
Clay BSA 1.50E+05 | 162.55 | 138.00 | 117.28 | 1.10E+07 |65.94 |276.09 |0.99 |0.12 |0.88 |[2.16 |1418.99 | 1005.71
Clay BSA 1.84E+05 | 197.51 | 127.58 | 15633 | 1.65E+07 | 70.58 |315.87 |0.99 |035 |0.65 |2.12 |1740.43 | 1008.26
Clay BSA 2.18E+05 | 120.59 | 121.37 |152.82 | 9.37E+06 | 74.67 |261.55 |098 | 046 |0.54 |232 |1896.77 | 1020.87
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BSA type Vi dy dy d. Va dur da g o |o Dy | Pu yo N
(um?) (um) | (um) | (um) | (um) (um) | (um) keim) | (kg/m)
Clay BSA 2.82E+05 | 13489 |21523 |132.04 | 1.61E+07 |81.40 |313.01 [098 |036 |064 |226 |1760.68 |1013.38
Clay BSA 3.51E+05 | 192.85 |22937 |168.36 |3.12E+07 |87.53 [390.57 |0.99 |021 [0.79 |223 |1549.57 | 1006.18
Clay BSA 4.65E+05 | 28127 |183.73 |178.71 |3.87E+07 |96.12 |419.61 [0.99 |039 |061 |220 |1792.90 | 1009.53
Clay BSA 5.69E+05 | 283.49 | 28220 |199.69 | 6.69E+07 | 102.81 |[503.71 |0.99 |0.15 |0.85 |224 |1461.95 | 1003.93
Clay BSA 5.70E+05 | 249.57 |273.97 |178.87 |5.12E+07 | 102.90 [460.79 |0.99 | 026 |0.74 |228 |1619.14 | 1006.89
Clay BSA 6.45E+05 | 29639 |218.80 |200.47 |5.45E+07 | 107.18 [47027 | 0.99 |0.18 |0.82 |2.25 | 149578 | 1005.87
Clay BSA 6.66E+05 | 25221 |280.19 |183.37 |5.43E+07 | 10837 [469.76 |0.99 | 032 |0.68 |226 |1703.56 | 1008.64
Clay BSA 6.78E+05 | 159.44 | 24833 |288.42 |4.78E+07 | 109.00 |450.38 |0.99 | 036 |0.64 |226 |1757.33 |1010.74
Clay BSA 7.70E+05 | 264.73 | 288.73 |212.59 | 6.81E+07 | 113.74 |506.58 | 0.99 |0.16 |0.84 |233 |1476.19 | 1005.39
Clay BSA 7.77E+05 | 402.63 | 33835 |183.37 | 1.0SE+08 | 114.08 |584.66 |0.99 |0.17 |0.83 |2.17 | 149430 | 1003.67
Clay BSA 8.17E+05 | 32436 |139.55 |262.31 |4.97E+07 | 11598 |45627 098 |021 [0.79 |2.35 |1545.02 | 1008.95
Clay BSA 8.77E+05 | 294.06 |240.45 |172.96 |5.12E+07 | 118.77 |460.78 |0.98 |0.17 [0.83 |2.35 |1491.79 | 1008.42
Clay BSA 1.I0E+06 | 221.91 |319.81 |194.72 |5.79E+07 | 127.88 |479.94 |098 |021 |0.79 |237 |1538.62 |1010.19
Clay BSA 1.19E+06 | 326.75 |396.42 |218.80 | 1.19E+08 | 131.39 |609.77 |0.99 | 020 |0.80 |234 |1528.34 |1005.29
Clay BSA 1.21E+06 | 319.81 |406.92 |207.15 | 1.13E+08 | 132.18 |599.69 |0.99 |025 |0.75 |230 |1606.49 | 1006.50
Clay BSA 1.26E+06 | 496.66 | 216.16 |309.20 | 1.39E+08 | 134.12 | 642.77 | 099 |024 |0.76 |226 |1586.02 | 1005.32
Clay BSA 1.32E+06 | 395.18 | 285.71 |433.57 |2.05E+08 | 13597 |731.63 |099 |021 |0.79 |223 |1550.63 | 1003.53
Clay BSA 1.43E+06 | 259.67 | 33535 |[358.15 | 1.31E+08 | 139.72 |629.55 |0.99 |0.19 |0.81 |232 |1520.57 | 1005.69
Clay BSA 1.46E+06 | 44336 |259.99 |282.58 | 1.36E+08 | 140.76 |638.72 |0.99 | 020 |0.80 |231 | 153556 | 1005.73
Clay BSA 1.76E+06 | 377.00 | 198.29 |412.54 | 1.29E+08 | 149.83 |627.19 099 | 021 |0.79 |233 |1549.06 | 1007.49
Clay BSA 1.79E+06 | 525.41 |273.66 |308.42 | 1.86E+08 |150.54 |707.91 |0.99 |021 |0.79 |228 |1542.86 | 1005.22
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BSA type Vi dy dy d. Va dur da g o |o Dy | Pu yo N
(um?) (um) | (um) | (um) | (um) (um) | (um) keim) | (kg/m)
Clay BSA 1.90E+06 | 465.89 | 216.16 |443.62 | 1.87E+08 | 153.54 |709.67 |0.99 |022 |0.78 |232 |1563.62 |1005.71
Clay BSA 2.08E+06 | 263.56 | 402.64 |381.46 | 1.70E+08 | 15831 |686.72 |0.99 |020 |0.80 |235 |153527 | 1006.56
Clay BSA 221E+06 | 32572 |411.19 |372.14 | 2.09E+08 | 161.56 |736.02 [0.99 |0.18 |0.82 |234 |1499.13 |1005.28
Clay BSA 2.65E+06 | 341.57 |308.62 |529.87 |234E+08 | 17159 | 76452 099 |0.18 |0.82 |233 |1499.91 | 1005.65
Clay BSA 3.26E+06 | 347.47 | 648.48 | 54541 |S5.15E+08 | 184.03 [99436 |0.99 |0.12 |0.88 |232 |1417.95 | 1002.65
Clay BSA 3.32E+06 | 388.66 | 601.55 |485.58 | 4.76E+08 | 185.01 [96842 |0.99 |0.12 |0.88 |2.33 | 141324 |1002.88
Clay BSA 3.71E+06 | 587.10 |597.20 |212.85 |3.13E+08 | 192.13 [842.04 |0.99 | 023 |0.77 |242 |1576.06 | 1006.84
Fluff BSA 1.35E+07 | 517.44 |552.62 | 37224 | 446E+08 |295.76 |947.84 097 |0.86 |0.14 |209 |2466.46 | 1044.55
Fluff BSA 1.37E+07 | 308.84 |418.00 | 44440 |2.40E+08 |296.61 |771.36 |094 |0.81 |0.19 |222 |2410.73 | 1080.21
Fluff BSA 1.44E+07 | 615.37 |440.00 |511.89 | 5.81E+08 |301.91 |1035.03 [098 |0.77 |023 |2.08 |235596 | 1033.65
Fluff BSA 1.67E+07 | 369.60 | 616.00 |396.00 |3.78E+08 |317.08 |896.81 [0.96 |0.83 |0.17 |2.10 |2434.05 | 1063.38
Fluff BSA 1.84E+07 | 513.04 | 43937 |411.84 |3.89E+08 |327.37 |90559 |095 |0.87 |0.13 |223 |2483.42 |1070.07
Fluff BSA 1.94E+07 | 587.84 |552.64 |381.04 |5.19E+08 |333.63 |996.75 |096 |0.72 |028 |220 |2294.72 | 1048.55
Fluff BSA 2.06E+07 | 545.60 |444.40 |513.04 | 521E+08 |339.96 |99838 |0.96 |0.79 |021 |2.17 |2383.95 | 1054.64
Fluff BSA 2.18E+07 | 447.04 |574.64 |539.44 | 5.80E+08 |346.51 | 103496 [096 |0.88 |0.12 |2.18 |2495.05 |1056.11
Fluff BSA 2.35E+07 | 52624 |559.66 |455.84 | 5.62E+08 | 355.53 |1024.09 [096 |0.90 |0.10 |2.18 |2522.03 | 1063.68
Fluff BSA 2.69E+07 | 838.64 |455.84 |469.04 | 7.51E+08 |371.65 |1127.79 [096 |0.76 | 024 |2.15 |234426 |1048.11
Fluff BSA 3.15E+07 | 619.77 | 39424 |832.48 |8.52E+08 |391.66 | 117621 |0.96 |0.70 | 030 |2.21 |226595 | 1046.74
Fluff BSA 3.90E+07 | 838.64 | 821.04 |567.33 | 1.64E+09 |420.74 |1462.03 |0.98 |0.69 | 031 |[2.25 |2253.54 | 1029.88
Mat BSA 8.16E+08 | 1998.48 | 2378.64 | 1073.33 | 2.14E+10 | 1159.46 | 3443.11 | 0.96 | 047 [0.53 |2.27 |2019.74 | 1038.94
Mat BSA 3.95E+08 | 1613.04 | 1466.08 | 906.13 | 8.98E+09 | 909.99 |2578.46 |0.96 |0.48 |052 |[2.29 |2028.57 | 104521
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BSA type Vm dy dy d; Va du dy E (05 (Db D, pM IOA

(um) ) | ) [ )| ) (wm) | (um) (kghm®) | (kg/m?)

Mat BSA 3.95E+08 1672.86 | 1679.04 | 835.73 | 9.83E+09 910.01 | 2658.02 | 096 |0.40 | 0.60 222 | 1940.98 1037.76

Field silty BSA 4.77E+07 842.40 | 51390 | 63423 | 1.15E+09 44994 | 1299.90 | 0.96 |0.20 | 0.80 244 | 1617.03 1025.59

Field silty BSA 4.13E+07 112590 | 936.90 | 445.23 | 1.97E+09 428.94 | 1554.61 098 |0.14 | 0.86 2.30 | 1543.12 1011.41

Field silty BSA 2.99E+07 828.90 | 986.40 | 395.73 | 1.36E+09 385.15 | 1373.03 | 098 |0.16 | 0.84 227 | 1568.30 1012.54

Field silty BSA 2.30E+07 533.70 | 902.70 | 410.40 | 8.28E+08 353.04 | 1165.14 | 097 |0.16 | 0.84 2.33 | 1570.72 1015.88

Field silty BSA 1.81E+07 601.20 | 479.70 | 472.23 | 5.70E+08 325.72 | 102899 | 097 |0.20 | 0.80 234 | 1620.25 1019.67

Field silty BSA 1.33E+07 509.40 | 533.70 | 440.73 | 5.02E+08 293.77 | 985.99 097 1029 |0.71 230 | 1731.51 1019.35

Field silty BSA 1.20E+07 684.90 | 502.20 | 477.90 | 6.89E+08 284.12 | 1095.58 | 0.98 |0.15 |0.85 221 | 155545 1009.69

Field silty BSA 1.13E+07 506.70 | 500.40 | 332.73 | 3.53E+08 278.05 | 877.17 097 1028 |0.72 228 | 1721.79 1022.99

Field silty BSA 9.78E+06 484.20 | 488.70 | 311.40 | 3.09E+08 265.35 | 838.48 097 (025 |0.75 229 | 1684.89 1021.71

Field silty BSA 7.85E+06 43470 | 466.20 | 341.73 | 2.90E+08 246.58 | 821.32 097 1026 |0.74 2.30 | 1699.63 1018.93

Field silty BSA 7.26E+06 53820 | 47790 | 27540 | 2.97E+08 240.26 | 827.52 098 021 |0.79 2.16 | 1636.94 1015.59

Field silty BSA 4.36E+06 51840 | 371.70 | 292.23 | 2.36E+08 202.72 | 766.58 098 |0.18 |0.82 2.15 | 1592.25 1010.95

Field silty BSA 1.94E+06 484.20 | 29790 | 170.73 | 1.03E+08 154.87 | 581.87 098 |0.18 |0.82 2.05 | 1598.51 1011.28

Field silty BSA 5.43E+06 585.90 | 40590 | 274.23 | 2.73E+08 218.11 | 805.03 0.98 |0.09 | 091 2.17 | 1472.28 1009.39

Field silty BSA 1.35E+06 23490 |209.70 | 197.73 | 4.08E+07 136.97 | 427.12 097 1026 |0.74 2.20 | 1699.53 1023.07

Field silty BSA 5.81E+05 180.90 | 108.90 | 143.73 | 1.19E+07 103.54 | 282.94 095 027 |0.73 2.15 | 1704.70 1034.53

Field sandy BSA 6.88E+07 995.40 | 599.40 | 553.23 | 1.38E+09 508.40 | 1382.19 | 095 |0.80 | 0.20 2.22 | 2388.96 1069.12

Field sandy BSA 3.73E+07 459.90 | 698.40 | 401.40 | 5.40E+08 41442 | 1010.37 | 0.93 | 0.93 | 0.07 2.17 | 2564.51 1107.96

Field sandy BSA 3.23E+07 585.90 | 758.70 | 566.73 | 1.06E+09 395.18 | 1263.14 | 097 |0.78 | 0.22 241 | 2362.23 1041.71

Field sandy BSA 2.45E+07 461.70 | 486.90 | 482.40 | 4.54E+08 360.29 | 953.75 095 |0.85 |0.15 2.20 | 2461.42 1078.78
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BSA type Vm dy dy d, Va du dy E (05 (Db D, pM IOA

(um) ) | ) [ )| ) (wm) | (um) (kghm®) | (kg/m?)

Field sandy BSA 2.29E+07 452.70 | 504.90 | 355.23 | 3.40E+08 352.51 | 866.04 093 |0.89 |0.11 2.19 | 2509.61 1101.81

Field sandy BSA 1.87E+07 653.40 | 686.70 | 409.23 | 7.69E+08 329.50 | 1136.75 098 |0.89 |0.11 226 | 2509.18 1036.75

Field sandy BSA 1.43E+07 403.20 | 367.20 | 368.73 | 2.29E+08 301.21 | 758.70 094 |0.84 |0.16 2.16 | 244391 1090.35

Field sandy BSA 1.24E+07 47340 | 38520 | 431.73 | 3.30E+08 287.15 | 857.18 0.96 |0.80 |0.20 2.19 | 2391.66 1052.32

Field sandy BSA 1.11E+07 34470 | 518.40 | 359.73 | 2.69E+08 277.03 | 801.17 0.96 |0.90 |0.10 2.13 | 251591 1062.68

Field sandy BSA 1.09E+07 44190 | 486.90 | 359.73 | 3.24E+08 27547 | 852.33 0.97 10.80 |0.20 2.17 | 2393.39 1047.04

Field sandy BSA 1.02E+07 389.70 | 405.90 | 410.40 | 2.72E+08 269.47 | 803.80 096 |0.84 |0.16 221 | 244579 1054.47
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Appendix B Data summary for the results of resuspension and settling experiments

Table B-1 Resuspension data summary

Stage No. Applied bed shear Suspension concentration (Mean = Standard deviation) (g/L)
stresses (Pa)
Replicate 1 Replicate 2 Replicate 3
Abiotic sand | N/A 0.82 0.02 +0.01 NO DATA NO DATA
0.86 0.36+0.23 NO DATA NO DATA
0.94 2.30£0.98 NO DATA NO DATA
1.00 6.23 £ 1.04 NO DATA NO DATA
1.01 5.87+0.29 NO DATA NO DATA
mat BSA Stage 1 0.33 0.00 £+ 0.00 NO DATA NO DATA
0.39 0.00 £+ 0.00 NO DATA NO DATA
0.50 0.00 £+ 0.00 NO DATA NO DATA
0.62 0.00 = 0.00 NO DATA NO DATA
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0.73 0.01 £0.01 NO DATA NO DATA

0.82 0.04 +£0.02 NO DATA NO DATA

0.86 0.07+£0.01 NO DATA NO DATA

0.94 0.11+£0.03 NO DATA NO DATA

Stage 2 1.00 0.22 +£0.06 NO DATA NO DATA
1.01 0.40 = 0.06 NO DATA NO DATA

1.09 0.73+0.22 NO DATA NO DATA

Fluff BSA Stage 1 0.27 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
0.33 0.01 £0.00 0.01 +£0.01 0.01 +=0.00

0.39 0.05+0.02 0.07+0.01 0.01 £0.01

0.50 0.16 £0.04 0.17+0.05 0.02 +£0.01

0.62 0.28 £0.02 0.34+0.04 0.05+0.03

0.73 0.36 £0.02 0.50 +£0.05 0.13+0.05

Stage 2 0.82 0.45+0.03 0.68 = 0.06 0.35+0.09
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0.86 0.56 = 0.04 0.93 +0.08 0.84+£0.20
0.94 0.73 £0.04 1.29+0.12 1.53+0.26
1.00 0.93 +0.06 1.78 £0.14 2.36+0.31
1.01 1.14£0.06 2.07+0.03 3.32+0.21
1.09 1.46 £0.10 2.47+0.17 3.32+0.36
Field silty N/A 0.46 0.02 £0.01 NO DATA NO DATA
BSA
0.62 0.16 £0.07 NO DATA NO DATA
0.80 0.42 £0.08 NO DATA NO DATA
1.09 0.82£0.11 NO DATA NO DATA
1.37 1.18 £0.05 NO DATA NO DATA
1.69 1.46 £0.10 NO DATA NO DATA
1.98 1.86 £0.07 NO DATA NO DATA
2.37 2.22+£0.10 NO DATA NO DATA
2.78 2.56 £0.10 NO DATA NO DATA
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3.20 2.78 £0.04 NO DATA NO DATA
Field sandy N/A 1.09 0.01 £0.01 NO DATA NO DATA
BSA
1.37 0.06 +0.02 NO DATA NO DATA
1.69 0.10 £0.03 NO DATA NO DATA
1.98 0.16 £0.02 NO DATA NO DATA
2.37 0.22 £0.02 NO DATA NO DATA
2.78 0.29 £0.02 NO DATA NO DATA
3.20 0.36 £0.02 NO DATA NO DATA
3.61 0.45 +£0.03 NO DATA NO DATA
3.93 0.54 £0.03 NO DATA NO DATA
4.29 0.64 £0.02 NO DATA NO DATA
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Table B-2 Summary of settling velocity statistics for tested and estimated velocities (mm/s) for both laboratory-created and field-collected BSA.

IN Median  Mean Std. Deviation|Variance [Skewness Kurtosis
Std.
Statistic ~ [Statistic  [Statistic Std. Error  [Statistic Statistic [Statistic [Std. Error [Statistic  [Error
wso_boxA_clayBSA 129 0.77 1.27 0.12 1.37 1.86 .27 0.21 .92 0.42
ws_s boxB_clayBSA 36 4.69 4.74 0.45 .68 7.19 0.46 0.39 0.50 0.77
ws_m_boxC_clayBSA 36 4.24 .47 0.42 .54 0.44 0.46 0.39 0.18 0.77
ws_a boxD clayBSA 36 1.02 1.00 0.09 0.55 0.31 0.50 0.39 0.76 0.77
ws_ad _boxE clayBSA 36 0.92 0.89 0.08 0.46 0.21 0.25 0.39 0.23 0.77
wso_boxA_fluff BSA 13 15.81 15.88 1.07 3.85 14.82  0.31 0.62 -0.56 1.19
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ws_s boxB _fluff BSA 12 88.40 00.68 5.15 17.86 318.83  10.39 0.64 -0.74 1.23
ws m_boxC_fluff BSA 12 86.72 88.79 4.98 17.27 298.20 0.34 0.64 -0.86 1.23
ws_a boxD_fluff BSA 12 30.43 29.56 1.55 5.37 28.80  0.56 0.64 -0.66 1.23
ws_ad boxE fluff BSA 12 15.19 14.86 0.53 1.85 3.41 -0.99 0.64 0.73 1.23
wso_field sandy BSA 01 15.02 15.18 0.88 8.38 70.25 1.83 0.25 5.47 0.50
ws_s_field sandy BSA 11 90.30 08.34 13.29 14.08 1943.14 |1.35 0.66 1.65 1.28
ws_m_field sandy BSA 11 89.21 06.74 13.05 43.28 1873.16 |1.32 0.66 1.53 1.28
ws_a_field sandy BSA 11 28.32 34.86 5.28 17.51 306.44 |1.21 0.66 0.69 1.28
ws_ad _field sandy BSA 11 15.57 16.56 1.62 5.37 28.83 0.82 0.66 -0.57 1.28
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wso_boxA_field silty BSA W1 5.55 5.60 0.37 D.34 547 073 037 L0.07 .72
ws_s boxB_field silty BSA |16 23.83  [5.08 3.99 15.97 05495 0.65 .56 0.29 1.09
ws_m_boxC_field silty BSA |16 2533 P7.87 4.48 17.93 32152 0.70 .56 0.14 1.09
ws_a_boxD_field silty BSA |16 7.63 8.40 1.45 5.80 33.69 [1.L10 .56 1.70 1.09
ws_ad_boxE_field silty BSA |16 5.37 5.29 0.70 D.82 794 054 056 0.35 1.09
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C1. Statistical analysis in Chapter 4
C1.1 Statistical analysis for Figure 4.1
C1.1.1 Normality test

Organic fraction of clay BSA does not apply to normal distribution (p < 0.05, Table
C4.1), but can be converted to normal distribution by computing Logio (max+1-x)
transform. To be comparable, the organic fraction of both clay and fluff BSA were
converted and normality test was performed again to check the normality after the
transform (Table C4.2). The results of normality tests before and after the transform are
listed in Table C4.1 and C4.2, which confirms the successful normal transformation
(p >0.05).

Volume fractal dimension of both clay and fluff BSA apply to normal distribution
(p >0.05).

Table C4.1 Normality tests of the organic fraction and volume fractal dimension
distribution of clay and fluff BSA.

Tests of Normality for raw data

Kolmogorov-Smirnov Shapiro-Wilk"
Statistic df Sig. Statistic df Sig.
Organic fraction
0.194 36 0.001 0.927 36 0.021
_clay BSA
Organic fraction
0.138 12 0.200 0.945 12 0.568
_fluff BSA
D,_0.78_clay 0.122 12 0.200 0.961 12 0.801
D,_0.20_sand 0.177 12 0.200 0.921 12 0.290

* Kolmogorov-Smirnov needs the sample number to exceed 2000-5000, while Shapiro-Wilk test

is applicable to small samples. Therefore, results from the latter are considered herein.

Table C4.2 Normality tests of the organic fraction and volume fractal dimension
distribution of clay and fluff BSA after normal transformation.

Tests of Normality for converted data

Kolmogorov-Smirnov Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Organic fraction
0.181 36 0.004 0.943 36 0.064
_clay BSA
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Organic fraction
_fluff BSA

0.138 12 0.200 0.942 12 0.531

C1.1.2 Mean comparison

Two methods were applied to compare the mean organic matter between clay and fluff
BSA. After the successful normal transformation, independent samples T test were
applied to the converted data. Meanwhile, nonparametric independent samples
comparison (Mann-Whitney U test) were also applied to the unconverted data. These
two methods show consistent results that significant differences were presented
between the clay and fluff BSA in terms of their organic fraction (p<0.05, Table C4.3,
Table C4.4).

Dy of fluff and clay BSA apply to normal distribution, and thus independent-samples T
test was performed to compare the mean differences. Significant differences are present
(p<0.05, Table C4.3).

Table C4.3 Independent T tests for mean organic fraction and volume fractal dimension

comparisons between clay and fluff BSA (after transformation).

Independent-Samples T test
Levene's Test for Equality of
Variances T test for Equality of Means
Sig. (2- | Mean Std. Error
F Sig. t df tailed) |Difference| Difference
Organic 2.185 0.146 |18.258| 46 0.000 -0.178 0.010
fraction_ clay
vs. fluff BSA
D, clay vs. 2.392 0.129 | 3.189 | 46 0.003 0.092 0.029
fluff BSA

Table C4.4 Mann-Whitney U tests for organic fraction comparisons between clay and
fluff BSA (unconverted data).

Test Statistics

Mann-Whitney U

Asymp. Sig. (2-tailed) | 0.000

C1.1.3 Bivariate correlation between BSA size and volume fractal dimension

Bivariate correlation tests show that there is significant correlation between BSA size

and volume fractal dimension for clay BSA (correlation is significant at the 0.01 level
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in Table C4.5. The Pearson coefficient of 0.758 suggest the two variables are
significantly correlated. By contrast, the correlation between BSA size and volume
fractal dimension for fluff BSA is insignificant (p > 0.05, Table C4.6).

Table C4.5 Bivariate correlations between BSA size and volume fractal dimension for
clay BSA.

Bivariate correlations
Dv_clay BSA

Ly clay BSA Pearson Correlation 0.758**

Sig. (2-tailed) 0.000
Spearman Correlation 0.740%**

Sig. (2-tailed) 0.000

N 36
**, Correlation is significant at the 0.01 level (2-tailed).

Table C4.6 Bivariate correlations between BSA size and volume fractal dimension for
fluff BSA.

Correlations
Ly fluff BSA
D, fluff BSA Pearson Correlation 0.573
Sig. (2-tailed) 0.052
Spearman Correlation 0.431
Sig. (2-tailed) 0.162
N 12

C1.2 Statistical results of Figure 4.2_ settling velocity comparisons
C1.2.1 Normality test

Normality tests for the settling velocities of clay and fluff BSA are listed in Table C4.7.
The experimentally-tested settling velocities of clay BSA do not apply to normal
distribution, while the four estimated velocities apply to normal distribution. Three
different methods were tried to convert the settling velocities of clay BSA to normal
distribution, which include to take logarithm, square root, and reciprocal value of the
settling velocities. After each conversion, the normality tests were performed again for
each of the converted datasets. The p value of the normality tests for each converted
datasets remain smaller than 0.05. The experimentally-tested velocities of clay BSA
cannot be converted to normal distribution.
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For fluff BSA, each of the five settling velocity datasets of fluff BSA applies to normal
distribution (Table C4.7).

Table C4.7 Normality tests of the settling velocity distribution.

Tests of Normality
Kolmogorov-Smirnova Shapiro-Wilk
Statistic df Sig. Statistic df Sig.

Clay BSA
BoxA_ clay BSA 0.183 129 0.000 0.804 129 0.000
BoxB_clay BSA 0.070 36 0.200 0.961 36 0.234
BoxC clay BSA 0.075 36 0.200 0.965 36 0.303
BoxD_clay BSA 0.057 36 0.200 0.964 36 0.284
BoxE _clay BSA 0.072 36 0.200 0.971 36 0.452

Fluff BSA
BoxA_fluffBSA 0.138 13 0.200 0.951 13 0.621
BoxB_fluff BSA 0.129 12 0.200 .940 12 0.496
BoxC _fluff BSA 0.139 12 0.200 939 12 0.483
BoxD fluff BSA 0.138 12 0.200 943 12 0.535
BoxE_fluff BSA 0.177 12 0.200 922 12 0.301

C1.2.2 Mean comparison

As the settling velocities of clay BSA do not apply to normal distribution and cannot
be simultaneously converted to normal distribution for comparison purposes. Non-
parametric Kruskal-Wallis tests were applied to compare whether there are significant
differences among the five settling velocity groups (Table C4.8). To further compare
the differences between the tested and estimated results, non-parametric Mann-Whitney
U test was applied (Table C4.9). Significant differences remain between the velocities
in Box A and Box B-C (p < 0.05), but the differences are diminished when the effects

of pore water are considered in Box D and E (p > 0.05).

Each of the settling velocity datasets of fluff BSA apply to normal distribution.
ANOVA and independent-samples T tests can be applied to compare the mean
differences. The results of ANOVA tests are listed in Table C4.8, which shows that
there is significant difference among the five settling velocities. The results in Table
C4.9 further compare the differences between the experimentally-tested and the
theoretically-estimated results. For fluff BSA, velocity estimates in Box B-D remain
significant differentiated from the teste velocities (Box A) with p <0.05, while the
differences become diminished when both the effects of pore water and form drag are
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accounted for in Box E (p > 0.05).

Table C4.8 Kruskal-Wallis and ANOVA tests for the multiple comparisons among the
five settling velocity datasets.

Kruskal-Wallis tests for clay BSA

Kruskal-Wallis H 98.215
Asymp. Sig. 0.000
ANOVA tests for fluff BSA
Sum of Squares df Mean Square F Sig.
Between Groups 71863.986 4 17965.996 136.212 0.000
Within Groups 7254.338 55 131.897
Total 79118.323 59

Table C4.9 ANOVA tests of the mean velocity comparisons among the five velocity
groups for fluff BSA.

BSA Experimentally- Statistical comparisons*
Estimated velocities L.
type tested velocities Statistical
difference
X; X +SD(n) Method p value
Clay Box B 4.69; Mann- <0.05 Significant
BSA Whitney U difference
4.74 £2.68
test
(36)
Box C 4.69 Mann- <0.05 Significant
Whitney U difference
Box A 4.47+2.54 Y
test
0.77; (36)
1.27 +1.37 Box D 1.02 Mann- 0.67 No
(129) 1.00 £ 055 Whitney U significant
test difference
(36)
Box E 0.92 Mann- 0.87 No
Whitney U significant
0.89 £0.46
test difference
(36)
Fluff Box A Box B 88.40; Bonferroni <0.05 Significant
BSA test difference
15.81; 90.68 +17.86
12
15.88 +£3.85 (12)
(13) Box C 86.72; Bonferroni <0.05 Significant
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test difference
88.79 £17.27
(12)
Box D 30.43; Bonferroni <0.05 Significant
test difference
29.56 +5.37
(12)
Box E 15.19; Bonferroni 0.99 No
test significant
14.86 +1.85
difference
(12)

*Nonparametric tests were conducted for clay BSA as the tested velocities of clay BSA do not
apply to normal distribution and failed to be converted to normal distribution. Non-parametric
Mann-Whitney U test was performed. By contrast, all the five velocity datasets of fluff BSA

apply to normal distribution, and ANOVA tests were performed for multiple comparison.

C1.3 Statistical results of Figure 4.3 (a) and (b)_ differences between the biotic

and abiotic drag
C1.3.1 Normality test

Normality test results of biotic and abiotic drag of clay and fluff BSA are summarized
in Table C4.10. The abiotic drag of clay BSA does not apply to normal distribution.
Normal transformation by taking square root, e-base and 10-base logarithms and
reciprocal value of the variables failed to convert the abiotic drag of clay BSA to normal

distribution.
Both biotic and abiotic drag of fluff BSA apply to normal distribution.

Table C4.10 Normality tests of the abiotic and biotic drag of clay and fluff BSA.

Tests of Normality
Kolmogorov-Smirnova Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Cpy_ clay BSA 0.097 36 0.200 0.983 36 0.850
Cps_ clay BSA 0.195 36 0.001 0.876 36 0.001
Cpy_ fluff BSA 0.212 12 0.142 0.942 12 0.531
Cps_ fluff BSA 0.187 12 0.200 0.961 12 0.799

C1.3.2 Mean comparison
For clay BSA, instead of paired T test, non-parametric Wilcoxon tests were applied to
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test the significance of the differences between the biotic and abiotic drag (Table C
4.11). As both the abiotic and biotic drag of fluff BSA apply to normal distribution,
paired T tests were applied to fluff BSA (Table C4.12). The results show that the
difference between the biotic and abiotic drag of clay BSA is significant, while there is

no significant difference between the biotic and abiotic drag of fluff BSA.

Table C4.11 Wilcoxon tests of the statistical differences between biotic and abiotic drag
for clay and paired T tests for fluff BSA.

Wilcoxon tests for Cpy _clay BSA & Cps _clay BSA
Z -4.258
Asymp. Sig. (2-tailed) 0.000
Paired-Samples T test for Cp, fluff BSA & Cps _fluff BSA
N 12
Correlation 0.406
Sig. 0.191

C1.4 Correlations between the adjusted biotic drag ratio and the dimensionless

aggregate size.

Bivariate correlation analysis shows that the adjusted biotic drag ratios are significantly

correlated with the aggregate dimensionless diameter, D.,.(Table C4.12). Regression

analysis in Table C4.13 shows that the aggregate dimensionless diameter, D.,, has a

significant relationship with the adjusted biotic drag ratio, 7.(@1—¢,)(1—¢)

Table C4.12 Bivariate correlations between the adjusted biotic drag ratio and the

dimensionless diameter of BSA.

Adjusted biotic drag ratio
n-1-@,)1-¢)
Dimensionless aggregate Pearson Correlation 0.893*
diameter, Spearmen correlation 0.754™
D., Sig. (2-tailed) 0.000
N 48
**, Correlation is significant at the 0.01 level (2-tailed).

Table C4.13 Regression analysis of the adjusted biotic drag ratio and aggregate

dimensionless diameter.

Model Summary and Parameter Estimates
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Model Summary Parameter Estimates
Equation | R Square F df1 df2 Sig. Constant bl
Power 0.811 198.031 1 46 0.000 0.000 2.069

The independent variable is D, . and the dependent variable is 7. (1— o,)1-¢)

C2. Statistical analysis in Chapter 5
C2.1 Statistical analysis for Figure 5.2

C2.1.1 Normality test

The organic fraction of field silty and sandy BSA apply to normal distribution.
Independent-samples T test was applied, in which significant differences of organic
fraction present.

Volume fractal dimension of field sandy BSA does not apply to normal distribution and
failed to be converted to normal distribution (.

Table C2.1 Normality tests for the organic matter distribution of field silty and sandy
BSA.

Tests of Normality
Kolmogorov-Smirnova Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Organic fraction 0.155 16 0.200* 0.950 16 0.490
_field silty BSA
Organic fraction 0.193 11 0.200* 0.927 11 0.384
_field sandy BSA
Dv 0.193 11 0.200" 0.931 11 0.416
_field silty BSA
Dv 0.265 11 0.030 0.776 11 0.005
_field sandy BSA

C2.2.2 Mean comparison

Independent-samples T tests were performed to compare the mean differences between
field silty and sandy BSA, in terms of organic fraction. Significant differences of
organic fraction present between the field silty and sandy BSA (p<0.05, Table C2.2).
Non-parametric Mann-Whitney U test was applied to compare the volume fractal
dimensions between the two field BSA, which shows the differences of the volume
fractal dimension are insignificant (p>0.05, Table C2.2).
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Table C2.2 Independent-samples T tests for mean organic fraction and volume fractal

dimension comparisons between field silty and sandy BSA.

Independent Samples T Test

Levene's Test

for Equality of
Variances t-test for Equality of Means
Sig. (2- Mean Std. Error
F Sig. t df tailed) Difference Difference
Organic fraction | 0.446 | 0.511 |29.816| 25 0.000 0.64227 0.02154
_field silty BSA vs.
field sandy BSA

Mann-Whitney U test
Dv _field silty BSA Asymp Sig (2-tailed)
vs. field sandy BSA

0.245

C2.1.3 Bivariate correlations between volume fractal dimension and BSA size

Bivariate correlations between volume fractal dimension and BSA size were analyzed
(Table C2.3). Pearson and Spearman tests provide consistent results for field silty and
sandy BSA, in which the volume fractal dimension of field silty BSA significantly
correlates with BSA size (Table C2.3), while no significant correlations present for field
sandy BSA (Table C2.4).

Table C2.3 Bivariate correlations between BSA size and volume fractal dimension for
field silty BSA.

Bivariate correlations
D, _field silty BSA
Ly field silty BSA Pearson Correlation 0.803**
Sig. (2-tailed) 0.000
Spearman Correlation 0.819%*
Sig. (2-tailed) 0.000
N 16
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**, Correlation is significant at the 0.01 level (2-tailed).

Table C2.4 Bivariate correlations between BSA size and volume fractal dimension for
field sandy BSA.

Bivariate correlations

Dv_field sandy BSA
Lm_field sandy BSA |Pearson Correlation 0.351
Sig. (2-tailed) 0.290
Spearman Correlation 0.379
Sig. (2-tailed) 0.250
N 11

** Correlation is significant at the 0.01 level (2-tailed).

C2.2 Statistical analysis of Figure 5.3 _ settling velocity comparisons
C2.2.1 Normality test

The tested velocities of field sandy and silty BSA do not apply to normal distribution.
while the other datasets of settling velocities apply to normal distribution (Table C2.5).
To be comparable, each of the settling velocity datasets of field silty and sandy BSA
were simultaneously converted to normal distribution by computing the e-base
logarithm value of the velocities. Normality tests confirm that the velocities after the

transformation apply to normal distribution (Table C2.6).

Table C2.5 Normality tests of the settling velocities of field sandy and silty BSA.

Tests of Normality
Kolmogorov-Smirnova Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Field sandy BSA
BoxA field sandy BSA| 0.140 91 0.000 0.855 91 0.000
BoxB field sandy BSA| 0.181 11 0.200" 0.857 11 0.052
BoxC_field sandy BSA| 0.180 11 0.200" 0.858 11 0.055
BoxD_field sandy BSA| 0.191 11 0.200" 0.856 11 0.051
BoxE _field sandy BSA| 0.191 11 0.200" 0.883 11 0.113
Field silty BSA
BoxA_field silty BSA | 0.163 | 41 0.008 | 0.924 41 0.009
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BoxB_ field silty BSA | 0.181 11 0.200* 0.857 11 0.052
BoxC_ field silty BSA | 0.180 11 0.200* 0.858 11 0.055
BoxD_ field silty BSA | 0.191 11 0.200* 0.856 11 0.051
BoxE _field silty BSA | 0.191 11 0.200* 0.883 11 0.113

Table C2.6 Normality tests for the velocities of field sandy and silty BSA after normal
transformation.

Tests of Normality after normal transformation
Kolmogorov-Smirnova Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Field sandy BSA
BoxA field sandy BSA| 0.248 91 0.056 0.877 11 0.096
BoxB_ field sandy BSA| 0.169 11 0.200 0.919 11 0.313
BoxC_ field sandy BSA| 0.165 11 0.200 0.919 11 0.313
BoxD field sandy BSA| 0.149 11 0.200 0.924 11 0.349
BoxE field sandy BSA| 0.179 11 0.200 0.917 11 0.298
Field silty BSA
BoxA_field silty BSA | 0.147 41 0.025 0.956 41 0.111
BoxB_ field silty BSA | 0.159 16 0.200 0.933 16 0.272
BoxC field silty BSA | 0.154 16 0.200 0.950 16 0.489
BoxD_field silty BSA | 00.130 16 0.200 0.954 16 0.559
BoxE field silty BSA | .155 16 0.200 0.934 16 0.285

C2.2.2 Mean comparisons

Nonparametric Kruskal-Wallis tests were performed to compare the mean velocity
differences for both field sandy and silty BSA, when the data were not converted (Table
C2.7). After normal transformation, ANOVA testes were also conducted for the mean
velocity comparison (Table C2.8). Nonparametric Kruskal-Wallis and ANOVA tests
present consistent results that there are significant differences among the five velocity
datasets for both field sandy and silty BSA.

Table C2.7 Nonparametric tests for mean velocity differences among the five velocity
datasets (for unconverted data).

Kruskal-Wallis test
Field sandy BSA
Kruskal-Wallis H 69.121
Asymp. Sig. 0.000
Field silty BSA
Kruskal-Wallis H 47.177
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‘ Asymp. Sig.

0.000

Table C2.8 ANOVA tests for mean velocity comparisons among the five velocity

datasets (after normal transformation).

ANOVA
Field sandy BSA
Sum of Squares df Mean Square F Sig.
Between Groups 68.035 4 17.009 70.288 0.000
Within Groups 31.458 130 0.242
Total 99.493 134
Field silty BSA
Sum of Squares df Mean Square F Sig.
Between Groups 42.996 4 10.749 26.541 0.000
Within Groups 40.499 100 0.405
Total 83.495 104

To further compare between the experimentally-tested and theoretically-estimated
velocities, similar to Table C2.7 and C2.8, two methods, non-parametric Mann-
Whitney for the raw velocities of non-normal distribution (Table C2.9) and Bonferroni
method of ANOVA tests for the converted velocities of normal distribution (after
normal transformation, Table C2.9), were conducted. These two methods derived
consistent results. In particular, the velocities of field silty BSA in Box B-C are
significantly different from the tested velocities in Box A (p < 0.05), while the
differences become diminished after the consideration of the effects of pore water for
the velocities in Box D and E (p > 0.05). Field sandy BSA, only when both the effects
of pore water and form drag are accounted for in Box E, the differences from the tested
velocities become diminished (p > 0.05).

Table C2.9 Statistical
theoretically-estimated velocities for field silty and sandy BSA.

comparisons between the experimentally-tested and

Experimentally- . . Statistical comparisons
Estimated velocities

tested velocities

X; X +£SD(n) Mann- | ANOVA
Whitney U | (Bonferr
test -oni test) Statistical
difference
p value p value

Field silty BSA
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Box A Box B 23.83; <0.05 <0.05 Significant
5.55; 25.07£15.97 (16) difference
5.60+2.34 (41) | Box C 25.33; <0.05 <0.05 Significant
27.87+17.93 (16) difference

Box D 7.63 0.12 1.00 No significant
8.40 £5.80 (16) difference

Box E 5.37 0.67 1.00 No significant
5.29+£2.82 (16) difference

Field sandy BSA

Box A Box B 90.30; <0.05 <0.05 Significant
15.0; 98.34 +£44.08 (11 difference
15.24+8.38 (91) | Box C 89.21; <0.05 <0.05 Significant
96.74 +£43.28 (11) difference
Box D 28.32; <0.05 <0.05 Significant
34.86 £ 17.51 (11) difference

Box E 15.57, 0.35 1.00 No significant
16.56 £5.37 (11) difference

C2.3 Drag comparisons between field sandy and silty BSA
C2.3.1 Normality test

Normality tests of the biotic and abiotic drag of field silty and sandy BSA are listed in
Table C2.10. Both biotic and abiotic drag of field sandy BSA apply to normal
distribution, while the abiotic drag of field silty BSA does not apply to normal
distribution. Normal transformation was applied to biotic and abiotic drag of field silty
BSA, by computing the e-base logarithm value of the variables. Normality tests in Table
C2.11 confirmed the normal transformation is successful.

Table C2.10 Normality tests for the distribution of abiotic and biotic drag for field silty
and sandy BSA (raw data).

Tests of Normality (raw data)
Kolmogorov-Smirnov Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Cpy_Field silty BSA | 0.172 16 0.200 0.896 16 0.069
Cps_Field silty BSA | 0.304 16 0.000 0.747 16 0.001
Cpy_Field sandy BSA | 0.232 11 0.100 0.880 11 0.103
Cps Field sandy BSA| 0.219 11 0.147 0.920 11 0.322

Table C2.11 Normality tests for the distribution of abiotic and biotic drag for field silty
and sandy BSA (converted data after normal transformation).

158



Appendix C Statistical analysis

Tests of Normality (converted data)

Kolmogorov-Smirnov Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Cpy_Field silty BSA 0.179 16 0.183 0.945 16 0.414
Cps_Field silty BSA 0.227 16 0.027 0.893 16 0.063

C2.3.2 Mean comparison

As field sandy BSA apply to normal distribution, paired-samples T tests are applied to
compare between the biotic and abiotic drag for field sandy BSA.

For field silty BSA, two methods were applied for comparisons, nonparametric
Wilcoxon for the unconverted velocities and paired-samples T test for the converted
velocities. The statistical results are listed in Table C2.12. There are no significant
differences between the biotic and abiotic drag for both field silty and sandy BSA.

Table C2.12 Statistical results of the comparisons between abiotic and biotic drag for
field silty and sandy BSA.

Paired Samples Test for the field sandy BSA and converted field silty BSA
Paired Differences
Std. Std. Error
Mean |Deviation] Mean t df Sig. (2-tailed)

Cps_field sandy BSA - 0.400 1.545 0.466 0.858 | 10 0.411

Cps_field sandy BSA

Cps_field silty BSA -0.220 0.712 0.178 15 0.235

(converted) - Cpy_field silty
BSA (converted)
Wilcoxon test for unconverted field silty BSA
Z Asymp. Sig. (2-tailed)

Cps_silty-Cps_silty BSA -0.621 0.35

C2.4 Regression analysis of the predictive relationships in Chapter 5.

C2.4.1 Critical Shields parameter, Hmm, and aggregate dimensionless diameter,

D. .

Table C2.13 Regression analysis for the relationship between Critical Shields

parameter, 0 ,, and aggregate dimensionless diameter, D*y A

Coefficients
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Unstandardized Coefficients

B Std. Error t Sig.
In(D,,) -1.191 0.044 -26.876 0.000
Constant 16.741 1.029 16.276 0.000
Model Summary
R R Square Adjusted R Square Std. Error of the Estimate
0.951 0.905 0.904 0.305
ANOVA
Sum of Squares df Mean Square F Sig.
Regression 67.237 1 67.237 722.307 0.000
Residual 7.075 76 0.093
Total 74.312 77
Equation 002 =16.7D.,%, R2=0.90, p < 0.05

C2.4.2 Critical Shields parameter,

0

Cl

ia» and aggregate Reynolds number, Re,

Table C2.14 Regression analysis for the relationship between Critical Shields

parameter, @ ,, and aggregate Reynolds number, Re, .
Coefficients
Unstandardized Coefficients
B Std. Error t Sig.
In(Re,) -1.172 0.078 -15.082 0.000
Constant 75.149 14.894 5.046 0.000
Model Summary
R R Square Adjusted R Square Std. Error of the Estimate
0.866 0.750 0.746 0.495
ANOVA
Sum of Squares df Mean Square F Sig.
Regression 55.701 1 55.701 227.455 0.000
Residual 18.611 76 0.245
Total 74.312 77
Equation O = 75.1R€A71'2 ,R?=0.75,p<0.05

C2.4.3 Adjusted biotic drag ratio, 7(1-¢,)1-¢), and aggregate dimensionless

diameter, D.,
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Table C2.15 Regression analysis for the relationship between adjusted biotic drag ratio,

77(1—(/?5)(1—8) , and aggregate Reynolds number, D. .-

Coefficients
Unstandardized Coefficients
B Std. Error t Sig.
In( D*'A) 2.114 0.123 -15.082 0.000
Constant 0.0004 0.000 5.046 0.000
Model Summary
R R Square Adjusted R Square Std. Error of the Estimate
.895 0.801 0.798 0.763
ANOVA
Sum of Squares df Mean Square F Sig.
Regression 171.393 1 171.393 294.099 0.000
Residual 42.542 73 0.583
Total 213.935 74
Equation n(l—@,)(1—&) =0.0004D,,>*, R?=0.80, p < 0.05

C2.4.4 Adjusted biotic drag ratio, 7(1-¢,)1-¢), and aggregate Reynolds

number, Re,

Table C2.15 Regression analysis for the relationship between adjusted biotic drag ratio,

77(1—§05)(1—€) , and aggregate Reynolds number, re, .

Coefficients
Unstandardized Coefficients
B Std. Error t Sig.
Re, 0.0025 0.000 -15.082 0.000
Constant 0.000 0.002 5.046 0.000
Model Summary
R R Square Adjusted R Square Std. Error of the Estimate
0.895 0.691 0.477 0.470
ANOVA
Sum of Squares df Mean Square F Sig.
Regression 0.012 1 0.012 66.668 0.000
Residual 0.013 73 0.000
Total 0.025 74
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Equation n(l—@,)(1—&) =0.0025Re, , R?=0.69, p < 0.05
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Appendix D Micro-CT images of 3D BSA matrices

3-4 BSA samples from each type are selected as examples to illustrate the 3D matrices.

Clay BSA
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Fluff BSA
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Mat BSA
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Field silty BSA
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Field sandy BSA
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