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Abstract.

Intertidal mudflats are ecologically important areas, and help to protect the
coastline from erosion by dissipating wave action. Physical changes in the environment
due to global warming, such as sea level rise, increased carbon dioxide and storm

frequency could significantly affect biological processes on mudflats. Measuring the

stability of intertidal mudflats is vital for understanding and monitoring how these areas

are likely to react to change.
The cohesive strength meter (CSM) erosion device was calibrated to an equivalent

bed shear stress, and an in situ intercomparison of four erosion devices including the
CSM was made in the Humber estuary. The influence of benthic organisms in

mediating intertidal sediment processes has become increasingly clear. The

microphtyobenthos are particularly important, as primary producers and due to their
influence on sediment stability. Diatoms are often the most numerous

microphytobenthos on intertidal mudflats. They have been shown to significantly alter
not only the sediment stability, but also the sediment properties, such as water content

and alter sediment dynamics by trapping fine-grained sediment.
Diatoms secrete extracellular polymeric substances (EPS) during migration and

movement over the sediment surface. EPS was shown to increase sediment stability
even at relatively low concentrations. However, these organisms are patchy, studies in
different estuaries highlighted the importance of this biological patchiness as a

controlling factor in spatial and temporal variation in sediment stability and properties.
Sediment stability was shown to vary greatly on the cm scale, whilst sediment
biochemical properties vary on the vertical micro-scale. Micro-scale analysis of
biochemical sediment properties was shown to be superior to meso-scale analysis,

revealing relationships missed using the coarser techniques.
The erosion of a sediment bed was followed into the water column by

measurement of not only the suspended sediment concentration but also selected

biological markers. A new technique was developed for viewing sediment floes using
low temperature electron microscopy. Finally, the interplay between biological and

physical processes and their relative importance in sedimentary processes are discussed.
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Chapter 1: Introduction.

1 Introduction.

I have six honest serving men, they taught me all I know. Their names are

What and Why and When and How and Where and Who.

Rudyard Kipling

1



Chapter 1: Introduction

1.1 Introduction.

Intertidal sand and mudflats fringe many of the world's coastlines and protect

them from inundation and erosion by dissipating wave energy (Black et al. 1998, Dyer

1998). Intertidal mudflats are also one of the most productive natural ecosystems, with a

gross primary productivity equal to many terrestrial systems (Black et al. 1998). Whilst
intertidal mudflats can be found in many environments, including coasts exposed to

considerable wave effects (Dyer 1998), they are more commonly located in sheltered
areas such as estuaries.

An estuary can be defined as "a semi-enclosed coastal body ofwater, with a free
connection to the open sea and within which seawater is measurably diluted with fresh
water derivedfrom land drainage" (Pritchard 1967). There are a number of reasons for

studying estuarine processes (Black et al. 1998). Estuaries are the sites for a variety of
human activities including: habitation, industry, recreation, waste disposal,

transportation, fishing and aquaculture. They are also ecologically important, for

example, as feeding areas for migrating birds and juvenile fish.
Human activity, such as the building ofjetties, bridges, breakwaters and harbours

have significant effects on the estuarine environment, disrupting the natural pattern of
erosion and deposition (Bearman 1994). This can have potentially disastrous

consequences for the adjacent coastline and/or the structures themselves. Estuaries often
accumulate effluent and pollutants. The clay particles in muddy sediments have a

charged surface, which binds and adsorbs heavy metals and other pollutants such as

radionuclides (Rainey et al. 1998). This contaminated sediment is a potential danger to

the environment (Spork et al. 1994) as human activity and storms may cause erosion of
this sediment and the associated toxins are suspended again, with the potential to re¬

enter the food chain. Thus, the intertidal flats within estuaries can act as a source and

sink of pollutants, as the sediment is eroded or deposited.
It is likely that global warming will exacerbate the already considerable problems

of coastal erosion, due to the effects of sea level rise and increased storm frequency

(Watson et al. 1996). With an increasing risk of flooding to cities and farmland there is
an urgent need for detailed knowledge of intertidal processes to help predict the likely

changes to the system. This knowledge can then be applied to developing a coherent

management strategy to deal with coastal areas. For example, the development of

2



Chapter 1: Introduction

managed retreat schemes using natural biological systems such as sand dunes and

saltmarsh/mudflats has been proposed as an alternative to hard engineering options in
some areas. The general applicability of these schemes under scenarios of global change
is unknown.

1.2 Physical processes and properties of sediment.

1.2.1 Sediment stability.

For the purposes of this thesis, "sediment stability" is a catchall term indicating
how resistant to erosion sediment is, incorporating the erosion threshold and erosion
rate. An in-depth knowledge of sediment stability, and how intertidal sediments react to

an erosional force, is ofvital importance in predicting the consequences of change to the
estuarine system. Over the long term, estuaries are generally depositional environments,

however, considerable reworking of sediment occurs and deposition in one area of an

estuarine system is often accompanied by erosion in another (Anderson et al. 1981).
Sediment stability may be considered one of the primary variables in the estuarine

system. It is arguably the most important parameter in determining how estuarine
mudflats behave, primarily due to its control over the erosion, transport, deposition and
consolidation cycle (ETDC). Unfortunately, it is very difficult to predict the stability of

muddy intertidal sediments from one or more easily measurable parameters, such as

water content or grain size. Thus, sediment stability has to be measured directly.
Sediments are usually classified according to their grain size using the

Wentworth-Udden scale (Leeder 1982). Naturally occurring sediments are made up of a

variety of different sized grains and can be broadly classified as being cohesive (more
than 5-10% fines) or non-cohesive (less than 5-10% fines). The processes of erosion,

transport, deposition and consolidation (ETDC) are well understood for non-cohesive

sediments, which behave in a relatively predictable manner (Miller et al. 1977, Soulsby
and Whitehouse 1997). Estuarine sediments tend to be cohesive, with a high proportion
of fine grained sediment particles (usually clay minerals). This makes the ETDC of
these sediments difficult to predict, as the properties and behaviour of cohesive
sediments are dependent upon a multitude of factors. The visco-elastic nature of
cohesive sediment means that any deformation of the bed is essentially irreversible

3



Chapter 1: Introduction.

(Mitchell, 1976). It is therefore important when studying intertidal sediments to keep
disturbance to a minimum. Thus, in situ measurements are preferable, because
disturbance of the sediment is minimised.

1.2,2 Sediment stability and erosion.

As the velocity of water flowing over a bed of sediment increases, a threshold

velocity is eventually reached where any additional increase will cause particles to be
moved from the bed and be transported. The shear stress slightly less than that

necessary to initiate motion is known as the "threshold" condition (Shields 1936, Miller
et al. 1977). A slight increase in velocity or fluid stress above this point will cause a

small degree of sediment transport or "incipient erosion". In practice, the threshold
condition is rarely used, as it cannot be measured directly. In effect, erosion
measurements usually record some form of incipient motion of sediment particles

(Amos et al. 1993).
Natural sediments are highly variable both spatially and temporally in their

resistance to an erosive stress. Many natural cohesive sediments have a surface layer of
unconsolidated sediment particles, which are eroded as soon as they are subjected to an

erosive stress. In theory this means there is often limited erosion at all shear stresses

above zero, and some workers consider there to be no actual threshold for erosion

(Lavelle and Mofjeld 1987). Therefore, the stability of a sediment is often taken as the

point at which significant erosion occurs. This is rather confusingly referred to as the
"erosion threshold" in contrast to the threshold of Miller et al. (1977).

The definition of significant erosion varies with the worker; erosion device and
the sediment being investigated (Sutherland et al. 1998). The erosion threshold can be

defined in a variety of ways, such as bed shear stress (x0) and shear velocity (U*). For

the purposes of this thesis, the erosion threshold is defined as the resistance of sediment
to an erosive force and is represented by the bed shear stress at which significant

erosion occurs, the "critical bed shear stress" (Tocnt Ntrf ). The criterion for significant
erosion is defined individually for different erosion devices (see Chapter 2 Materials
and Methods) and discussed in depth in Chapters 3, 6 and 7.

Describing the threshold is vital to an understanding of sediment erosion and

transport (Miller et al. 1977). Knowledge about the threshold conditions for different

4



Chapter 1 Introduction.

sediments can be used to make predictions about the behaviour of a sediment. Extensive
studies have been made by engineers, sedimentologists, geomorphologists,

oceanographers and, more recently, biologists, into different aspects of sediment
threshold conditions. However, it is increasingly recognised that the rate at which
erosion occurs (erosion rate) is also very important (Sutherland 1996, Sutherland et al.

1998).

The erosive behaviour of cohesive sediments has been divided into two types

(Amos et al. 1992b). Type I (a and b) is surface erosion and Type II mass or bulk
erosion. Type I erosion is characterised by asymptotically decreasing erosion with time.

Type I a is a surface phenomenon associated with erosion of organic pellets formed by

Corophium volutator, and was found in regions of high benthic activity only. Type I b
erosion occurred by the rip-up of clasts and aggregates up to 7 mm in diameter. The rate

of erosion decreases asymptotically with time as the bed is eroded, due to an increase in
the consolidation and stability of the sediment with depth. Type II erosion is caused by
weaknesses in the bed, which subsequently fail during erosion, resulting in the removal

of significant quantities of sediment from the bed (Partheniades 1965). A variety of
factors affect cohesive sediment stability, they can be divided into physical and

biological effects and are discussed below.

1.2.3 Physical effects on cohesive sediment stability.

As the size of a sediment grain decreases, the surface area to volume ratio
increases and the effect of the submerged mass of the grains is outweighed by the
attractive forces between the grains surfaces. These attractive forces make the grain
behave in a cohesive fashion, and start to become significant as the grain size drops
below 100 pm (Postma 1967). The attractive forces between cohesive grains are closely
related to their electrochemical composition and environment. Any parameter that
affects the electrical conductivity of the medium between grains can also affect the

magnitude of the inter-granular bonding.
The resistance of abiotic fine-grained cohesive sediment to erosion is directly

related to geotechnical properties: water content, viscosity and bulk density (Amos et al.

1988). Stability of abiotic cohesive sediments is primarily determined by compaction.

Compaction increases the stability of a cohesive bed by bringing the sediment particles

5



Chapter 1: Introduction.

closer together, increasing the effect of cohesive attractive forces, such as hydrogen

bonding. Water content is related to compaction; as compaction increases, water content

decreases. In natural sediments, however, high stability is not always related to low
water content and high bulk density. Amos et al. (1988) found high shear strength

during periods of high deposition and high water content and decreasing bulk density.
This apparent anomaly could be explained by the action of stabilising biota.

The salinity of the pore water in sediments can affect their stability. As the water

surrounding cohesive sediment particles becomes saline, increase in the concentration
of positive ions in the water decreases coulombic force (created by the ionic double

layer surrounding cohesive sediment particles). This enables particles to come into close
contact with each other due to random collisions, where secondary molecular attractive

forces (Van der Waals forces) dominate, leading to coagulation of colliding particles

(flocculation). This effect is influenced by the type of ions in solution.
Anderson and Howell (1984) found that local evaporation accounted for 61% of

the upper intertidal surface salinity. Daily changes in surface pore water salinities
therefore follow local evaporation rates. However, only 37% of the decrease in pore

water content was attributed to evaporative processes. Water content is primarily
controlled by permeability and drainage, reflecting the basic texture of the sediment
rather than the local environmental conditions. In estuaries, the upper intertidal area has

higher pore water salinity than the lower, reflecting the longer exposure time (Anderson
and Howell 1984). Sediment pore water salinity and water content also vary seasonally.
Pore water salinity is affected by changes in precipitation, runoff and evaporation,
whilst water content is affected by erosion, deposition and compaction.

Amos et al. (1993) found that critical bed shear stress increased during tidal

exposure, but this increase was quickly eliminated during subsequent inundation.

However, there is evidence of temporal changes in intertidal sediment bulk properties
and shear strength due to atmospheric effects during exposure, which are apparently
insensitive to hydrodynamic processes during subsequent inundation (Amos et al.

1988). This suggests that the different factors that affect sediment stability do so in two

ways; either in a transient, reversible manner, or a more permanent manner.

The type and amount of cohesive material in natural sediments has a major effect
on stability, and changes the mode of erosion and bedform structure. Increasing the

proportion of cohesive material in a sediment increases the critical shear stress; even a

6
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small quantity of cohesive material can have a significant effect (Panagiotopoulos et al.

1997). Different clay minerals posses different properties, for example illite is

especially effective in creating cohesion. Thus, the erosion threshold and rate is
influenced by the type and proportion of cohesive material. These purely physical
controls on sediment characteristics have the potential to be affected by biological
action.

1.3 Biological influence.

The myriad of factors that control the nature and behaviour of estuarine sediments
interact in a complex fashion. In past studies, the intertidal environment was viewed as

one where the interplay between physical forces and the abiotic properties of the
substratum controlled the behaviour of the system. Unfortunately, predictions based

purely on physical parameters were insufficient to explain the behaviour of natural
sediments (for example Manzenrieder 1983, Grant and Gust 1987). The biota found in
intertidal sediments alters the properties and behaviour of these sediments. Biotic

activity can have a significant effect on sediment stability (Paterson 1994a). Since
almost all natural sediments support microbial growth, biological processes can have a

substantial effect upon sediment properties and the ETDC cycle within estuaries

(Underwood and Paterson 1993).

1.3,1 Biogenic stabilisation.

A simple definition of biogenic stabilisation is "a decrease in sediment erodibility
caused directly or indirectly by biological action" (Paterson and Daborn 1991). The

degree of stabilisation can be expressed using the biostabilisation index of
Manzenrieder (1983), which is the biotic stability divided by the abiotic stability. Whilst

physical compaction is important in abiotic cohesive sediment stability, in a laboratory

system three months of compaction had little effect compared to epipelic diatom
stabilisation after 24 hours (Paterson 1989). Biological action may increase the erosion
threshold of sediments above abiotic controls by 25-770% (Paterson and Daborn 1991).
There are a variety of mechanisms of biogenic stabilisation (Paterson 1994a, 1997,
Heinzelmann and Wallisch 1991 and Yallop et al. 1994). Adhesive extracellular
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Chapter 1 Introduction

polymeric substances (EPS) are secreted in one form or another by most intertidal

organisms, and can be considered as the single most important biological stabilising
factor. Paterson (1994a) divided the mechanisms of biogenic stabilisation into flow

effects, network effects, boundary layer effects, cohesive effects and matrix effects.

1. Flow effects: Although not strictly a mechanism of stabilisation per se, reduction of
the flow can have a significant influence on sediment erosion. Stabilisation is caused

by alteration of the flow field above the bed reducing the shear stress acting on the
sediment bed. Examples include sea grasses, animal tubes and algae such as

Vaucheria, which forms a carpet-like mat close to the sediment surface.
2. Network effects: Many bacteria, algae and fungi are filamentous. These filaments

ramify through the sediment, holding sediment particles together, significantly

increasing the sediment stability. Examples include the green algae Enteromorpha
and Vaucheria, and many species of cyanobacteria and fungi.

3. Boundary layer effects: The roughness of the bed affects the shear stress at the
sediment/water boundary. A reduction in the roughness reduces the shear stress for a

given flow. This can be achieved in a number of ways, but the most common are

resculpting of the surface by organisms, the formation of a smooth mucilaginous

biofilm, or the in-filling of the surface pore space between sediment grains by an

EPS matrix.

4. Cohesive effects: The "cohesive" effect appears to be the most common biotic effect
on sediment transport; adhesive extracellular polymeric substances (EPS), secreted

by organisms, coats the sediment particles and sticks them together, increasing

stability.
5. Matrix effects: Binding by EPS is most effective when there is enough material to

form a distinct matrix among the surface sediment particles. This matrix imparts a

significant cohesiveness to the sediment, and can be sufficient to make non-cohesive
sediments behave in a cohesive manner (Yallop et al. 1994).

Within a natural system, it is likely that there will be more than one stabilising
mechanism operating at any one time. As may be expected, stabilisation is as patchy
and temporal as the stabilising organism. Grant et al. (1986) considered stabilisation to

be highly patchy over small areas of a few cm, and to depend greatly upon the
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prevailing conditions. In addition, the effects of an organism may be dual, bioturbation

(sediment reworking by organisms) may decrease sediment stability and mucilage
secretions increase the sediment stability.

1.3.2 Biota that influence sediment stability.

A number of intertidal organisms have been shown to alter sediment properties
and affect sediment stability. Many organisms have been shown to increase sediment

stability (Heinzelmann and Wallisch 1991 and Manzenrieder 1983) including bacteria

(Grant and Gust 1987, Dade et al. 1990, Meadows et al. 1994), fungi (Meadows et al.

1994), infauna (Meadows et al. 1990 and Meadows and Tait 1989) and diatoms (Grant
et al. 1986, Paterson 1989, 1990, 1994a+b and 1997, Paterson and Daborn 1991,

Daborn et al. 1993, Madsen et al. 1993, Underwood and Paterson 1993 and Yallop et

al. 1994).

1.3.2.1 Infauna.

Most of the work on the effects of infauna on sediment stability have been done
on macrofauna such as Corophium volutator and Nereis diversicolor due to the
difficulties in studying meiofauna. Secretion of EPS by C. volutator and N. diversicolor
stabilised sediment by increasing the shear strength and decreasing the sedimentation of

suspended particles (Meadows and Tait 1989, Meadows et al. 1990). The secretions
consist of 1-2 gm diameter threads which bind the sediment particles together. C.
volutator can increase the critical bed shear stress of a sediment by up to 180% and
Nereis by 80% (Meadows and Tait 1989).

Permeability decreases with increasing density of C. volutator, and increases with

increasing density of Nereis. Water content decreases as the density of both species
increases. This indicates that the stabilising effects of these organisms may be partly
due to compaction of the sediment (Meadows and Tait 1989). Nereis burrows may

change the permeability of clay to the equivalent of coarse sand; this will affect the
sediments physical properties and stability. Bioturbation may be of great importance to

sediment redox potentials, the effects of pollutants, pore water chemistry, the diffusive

9



Chapter 1: Introduction.

permeability of ions in the sediment, and the exchange of chemicals across the
sediment-water interface.

1.3.2.2 Bacteria.

Bacteria increase sediment stability by the production of EPS and, in filamentous

forms, by network effects. Dade et al. (1990) found that 100 nmol of bacterial EPS per

gram of dry sediment doubled the flow velocity required for initiation of transport of
otherwise non-cohesive quartz sand. This result also supports the theory that EPS is

responsible for the stabilisation created by bacteria and diatoms.
Grant and Gust (1987) found that sediment stability was influenced by the

presence of bacteria. Even visually "clear" areas of natural sediment had an erosion
threshold 25% higher than sterile sediment. Sediment stability was positively correlated
with bacterio-chlorophyll a. Sediment transport rates were reduced by an order of

magnitude compared with sterile sediments, indicating the bacteria or their products
were reducing the erosion rate.

1.4 The influence of diatoms.

Diatoms (Bacillariophyceae) occur in a variety of habitats, and are often the most

abundant photosynthetic organism in marine environments. They are important

components of aquatic and intertidal food webs, across a wide range of pH, nutrient and

physical conditions (Hoagland et al. 1993). Diatoms are microscopic unicellular non-

flagellate algae; having delicately sculptured silica cell walls, or frustules, which are

divided into two overlapping halves, or valves (Figure 1.1). They first appeared around

150Ma, in the late Jurassic, and became diverse about lOOMa in the mid Cretaceous

(Krumbein et al. 1994). The cell walls are extremely resistant and form deep deposits of
diatomaceous earth, or kieselguhr, in lake and ocean beds. Many species secrete copious

quantities of extracellular polymeric substances (EPS), consisting mainly of

polysaccharides, in the form of stalks, tubes, apical pads, adhering films, fibrils and cell

coatings (Hoagland et al. 1993, Figure 1.2).
On intertidal flats, benthic diatoms are usually the most significant primary

producers; they can be broadly divided into epipelic and episammic forms. Episammic
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Figure 1.1 Light microscope images of benthic diatoms, showing

green/brown pigments in chloroplasts and the silica cell wall. Top four

images show epipelic diatoms from the Eden estuary including
Naviculoids and Cylindroytheca (top, magnification x25), Amphora

(middle left, magnification x40) and Pleurosigma (middle right,

magnification x40). The bottom two images are from samples collected by
the author from Konigshafen, Sylt, Germany; show the tube-forming
diatom Berkeleya (left magnification xlO, right magnification x25). All

photos taken by C. Honeywill.



 



Figure 1.2 LTSEM of diatom EPS, A) diatom secreting EPS (centre)
surrounded by sheets of EPS, note striated nature of EPS. Scale bar = 1

jxm. B) close up of EPS showing the striations and its sheet like structure.

Scale bar =10 jam. This EPS remains in the sediment, where it binds

particles together, increasing sediment stability.
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forms attach themselves to sediment grains with EPS, whilst epipelic forms move

through and over the sediment by secreting EPS (Edgar and Pickett-Heaps 1984). The

stabilising effect of diatoms is due to the secretion of these extracellular polymeric
substances (Various references in Krumbein et al. 1994, Black et al. 1998 Taylor 1998).

As most diatom activity occurs in the top 2 mm of a sediment (Paterson 1986b),
and the initial erosion of a sediment is largely determined by the stability of the surface

layer, it is the sediment surface that requires close investigation. It is therefore necessary

to sample the top 2 mm of sediment when measuring sediment properties to investigate
the influence of diatoms.

1.4,1 Extracellular polymeric substances (EPS).

The various long chain molecules produced by microbial metabolism and then
secreted have been described as extracellular polymeric substances (EPS). Diatom EPS

performs a variety of functions depending upon the species (Hoagland et al. 1993 and
Decho 1990), the most common are:

1. Motility: movement of diatoms involves secretion of EPS from the raphe. The

primary function of motion is to maintain the cell in a suitable environment.
2. Sessile adhesion: diatoms produce a variety of mucilaginous structures for cell

attachment.

3. Habitat stabilisation: sediment binding has been demonstrated in marine and

freshwater habitats.

4. Desiccation avoidance: EPS (mucous) prevents desiccation in a variety of

organisms, by stabilising water, reducing evaporation rates. It may perform the same

function in diatoms.

5. Toxin resistance: EPS may bind to toxins such as heavy metals, immobilising them
and preventing them from entering the cell.

It may be expected that the amount of EPS secreted by a diatom will determine its

ability to stabilise sediment. Holland et al. (1974) demonstrated that diatoms which
secrete large amounts of EPS are effective sediment stabilisers, whilst those that secrete

little or no EPS are ineffective sediment stabilisers. Species that secrete large amounts

11
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of EPS include Cylindrotheca closterium, Hantzschia amphioxys and Navicula directa.

However, relatively little is known about how the production rates of EPS vary between

species, and how it changes in response to external factors. It has been shown that
colloidal carbohydrate concentration (a measure of EPS) is correlated with the motile

epipelic and not episammic diatom biomass (Underwood et al. 1995).

Epipelic diatoms secrete copious quantities of EPS; whilst the exact method of
locomotion is unknown, EPS seems to play a vital role. EPS secreted for movement

remains attached to the substratum (Edgar and Pickett-Heaps 1984). It has been

suggested that vertical migration is an adaptation to the dynamic nature of the sediments
diatoms inhabit, and the regular variation in illumination found in intertidal areas

(Paterson 1986a, Figure 1.3). Diatoms migrate below the sediment surface during

inundation, possibly to avoid being removed from the sediment surface (Hay et al.

1993), and do not surface at night, probably due to low light intensities. Light appears to

be one of the controlling factors in diatom migration; and different diatoms have
different thresholds triggering their movement. In a laboratory experiment there was a

rapid increase in diatom numbers at the sediment surface when photon flux densities
increased above 0.5 pE m^s-1 (Paterson 1986a). The numbers of diatoms at the
sediment surface declined before the return of the tide, twenty minutes after immersion
most of the diatoms had gone.

The movement of diatoms leaves transient "pores" in the sediment surface, which

may transiently alter the surface porosity and permeability (Taylor 1998). Diatom

migration is not universal and observations suggest that diatom migration does not

always occur. Laboratory cultures of diatoms often show no migratory response,

observations in the Ems Dollard estuary (Chapter 5) suggest that field populations do
not always migrate below the sediment surface in response to the incoming tide. The
absence of migration does not mean the diatoms are not moving. Low temperature

scanning electron micrographs of the biofilm surface from the Ems Dollard (Chapter 5)

suggest that diatoms are moving within the biofilm. This may be some form of biofilm
recirculation, which may be a response to prevent photoinhibition and nutrient
limitation. It has been shown that different diatoms move at different rates (Hay et al.

1993) and it is possible that different species also migrate in response to different
stimuli or magnitude of stimuli.

12
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1.3 Conceptual diagram of diatom migration. Diatoms migrate to the sediment surface
as the tides goes out, and migrate below the surface before the tide returns. Migration
occurs during the day, in response to increasing light levels as the tide goes out. Arrows
show direction of migration. Paterson (1986) showed diatoms migrated to a depth of

approximately 1.6 mm. As diatom movement is facilitated by EPS secretion, this migration
results in EPS trails concentrated in the top 2 mm of the sediment. During exposure, EPS
becomes concentrated at the sediment surface (Taylor 1998).
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Diatoms can significantly increase the stability of sediment over a tidal cycle, as

they migrate to the surface. This increase in sediment stability occurs some time after
the diatoms have appeared on the surface (Paterson 1989). This may reflect the period

required for the diatoms to produce sufficient mucilage to form an extracellular matrix.

Alternatively, the EPS may have a physio-chemical effect upon sediment stability,
which is not instantaneous.

1.4.2 Diatom ecology and biofilms.

The numbers of diatoms growing on a sediment surface can be so large that
extensive biofilms, or mats, are formed (Figure 1.4 and 1.5). Estuarine diatom

communities are extensive, and films of benthic diatoms have been observed over both

muddy and sandy sediments. Even before a mat is visible, microbial colonisation can

affect the microstructure and critical bed shear stress of the sediments on which they

grow (Paterson 1994a).
Microbial mats can be found in marine intertidal flats, hypersaline coastal

lagoons, alkaline lakes and hot springs. Their development is influenced by: the grain
size of the substratum, capillary attraction of water, penetration of light, erosion rate and

grazing pressure (Neu 1994). The presence of a microbial mat changes the sediment-
water interface, altering permeability, porosity and exchange of water and gas. The mat

also traps and binds sediment particles and other organisms (Underwood and Paterson

1993).
There are a variety of definitions that have been given to the term "biofilm". The

following are taken from Neu (1994):

1. A biofilm is a collection of micro-organisms and their extracellular products bound
to a solid surface.

2. A biofilm is a surface accumulation of micro-organisms, frequently characterised by

large amounts of organic polymer of microbial origin that bind cells and other

organic and inorganic materials together and to the substratum.
3. A biofilm can be regarded as microbially-stabilised water.

13



Figure 1.4 A natural biofilm from the Ems Dollard estuary The

Netherlands, A) photo of the intertidal mudflat, green-brown areas are

biofilm and brown areas are visually bare sediment. Note the small-scale

spatial variation in the extent of the biofilm. (Camera lens cap for scale,

image supplied by B. de Winder). B) LTSEM of the biofilm showing the
microscale sediment structure, the biofilm forms a distinct layer (or skin)
on the sediment surface. Note strands of EPS binding the sediment

particles together; a thick EPS strand extends from the bottom centre

upwards indicating the route of a diatom migration. Scale bar = 10 pm.



 



1.5 A red/green false colour aerial of the Sylt-Romo Bight showing distribution of diatoms

(green brown colour). Note the difference in colour between the white exposed sand beach (top

left), and the muddier areas behind the islands, where green/brown areas of algae are visible.

(Image courtesy of GKSS research centre Germany).
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The latter definition highlights the possibility that biofilms may contain as much

as 99% water. Hydration can be very important to the stabilising effects of a biofilm.
The presence of a diatom mat reduces both evaporation and permeability; this may have
an important effect on the sediment stability. If diatom EPS decreases evaporation and

permeability, this will maintain a high water content in the sediment surface reducing
the effects of desiccation. It has been suggested that desiccation of EPS may increase its

binding properties (Paterson 1990), whilst severe desiccation may reduce EPS binding

properties (Tolhurst 1995). Yet, in an in situ experiment Yallop et al. (1994) found no

significant difference between submerged sediment and exposed sediment. This

variability in results indicates the complex interaction between water content and
sediment stability and the difficulty in separating biological and physical effects.

In laboratory cultures, a decrease in bioturbation and a reduction in diatom

migration result in a concentration of diatom activity and thus mucilage on the surface
of the sediment. This may have an artificial influence in laboratory studies of biogenic
stabilisation. It is therefore essential to mimic natural conditions as closely as possible.
In situ measurements of EPS are required to understand the processes of biogenic
stabilisation and microbial ecology of intertidal sediments (Underwood et al. 1995,

Taylor 1998, and Taylor and Paterson 1998).

1,5 Sediment / biota interaction.

Intertidal mudflats are primarily depositional environments, but undergo

significant periods of erosion. Erosion in winter is balanced by deposition in spring

(Anderson et al. 1981). Increases in erosion in winter are only partly explained by
increased wave and storm activity, it has been suggested that there is a decrease in

stabilising biological activity (Frostick and McCave 1979). Over a year, tidal flats
maintain a sediment volume equilibrium, areas of erosion become areas of deposition,
so a net balance is usually maintained. This may be linked to biological activity, since

recently exposed sediments provide nutrients for growth, which may enhance

deposition. Biocide treatments have shown that the removal of biota and organic matter

can destabilise otherwise stable sediment (De Boer 1981). Black (1994) investigated the

effects of various biocide treatments on sediment stability, he found that the erosion rate

increased following biocide treatment, indicating the importance of the biota in
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stabilising the sediment. De Boer (1981) suggested the protection of a sediment surface

by biota might increase the time lag of response of the bed configuration to non-steady
state hydraulic conditions. In effect a reduction in the erosion rate and some protection

against episodic events. As it is impossible to remove biota from a whole estuary, it is
difficult to determine the net effects of biota on estuary-wide sediment dynamics.

Benthic animal population densities and their combined filtration rates support

biodeposition as a major cause of sediment accumulation (Anderson et al. 1981, Davey

1998). However, the influence of biota is variable, and biological action can destabilise
sediment. Many animals have been considered to destabilise sediment by bioturbation.
Predation of stabilising biota would reduce their numbers and influence on sediment

stability, for example the predation of diatoms by C. volutator could reduce sediment

stability, as diatoms are more effective sediment stabilisers than C. volutator.

Furthermore, organisms such as diatoms, which have traditionally been viewed as

sediment stabilisers, have also been shown to destabilise sediments under certain

conditions (Sutherland 1996).
Thus determining the effects of biological activity is difficult, as the same species

may have a different effect on the sediment depending upon the prevailing conditions.
Whether biological activity results in a net stabilising or destabilising effect depends

upon the type and numbers of organisms present and how they interact with each other

(e.g. predator/prey interactions).

1.6 Historical and current research.

Huxley (1868, cited in Krumbein et al. 1994) noted the presence of EPS and
microbiota biofilms on the ocean bottom. However, it was not until much later that

Holland et al. (1974) experimentally considered the possible influence of diatoms on

sediment stability. The development of field equipment enabled measurements of
sediment stability to be made in situ. These studies showed that data collected in situ

differed from laboratory tests. These differences were attributed to disturbance, which

had a significant effect upon the sediment properties. These results highlighted the

importance of taking in situ measurements and provided the impetus for the

development of a variety of devices and techniques for the direct measurement of
sediment properties in situ. These include erosion devices, such as Microcosm (Gust
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1991), SedErode (Williamson and Ockenden 1996) and CSM (Paterson 1989, Tolhurst
et al. 1999); and techniques such as microelectrodes, FMS (Fluorescence Monitoring

System) and the Cryolander (Wiltshire et al. 1997). This equipment has enabled the

properties and processes of intertidal sediments to be investigated on a scale that was

previously impossible.

Recently there has been a move towards greater collaboration between geologists,

biologists and chemists working on intertidal sediments. This has sometimes taken the
form of large multidisciplinary projects such as LISP (Black et al. 1998), thus enabling
individual areas of expertise to be combined. Such collaboration is essential if the

complex processes controlling estuarine systems are to be fully understood.

Deconstructing the estuarine system enables detailed investigations of individual

processes to be made. This information can then be reconstructed to create improved
models of the system, assisting in the management of these important areas.

Microbial communities and microbial processes within sedimentary systems have
considerable control over the structure, stability and morphology of sediments.
Sediments may "grow" as a biosedimentary unit, rather than being deposited according
to Stokes law (Wachendorfer et al. 1994).

1.7 Conclusion.

Sediments may become measurably more stable through the action of microbial
metabolism and other biological processes. It is possible that the depositional nature of
the estuarine environment is significantly enhanced by the influence of biota such as

diatoms. However, few attempts have been made to study the mechanism of this

stabilisation, as the examination of the natural biotic effects on sediment erosion has

been hindered by the difficulty in taking accurate in situ measurements of sediment

stability. The interaction of intertidal parameters and processes makes the ETDC of
cohesive flats complex and unpredictable (Figure 1.6).

1.8 Objectives/Aims.

Collaboration with other scientists and research groups from three different

European projects enabled studies to be undertaken both in the UK and in Europe that
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would otherwise be impossible (see acknowledgements). However, this resulted in the
absence of a single definite theme to the work, and certain areas were not explored in as

great a depth as the author would have liked.
There were a number of objectives to this work:

• To carry out laboratory experiments to measure biostabilisation.
• To carry out field measurements to measure biostabilisation.
• To compare erosion devices in terms of their operation and data interpretation.
• To improve and calibrate the CSM system (Paterson 1989).
• To investigate physical/biological processes and interactions with a view to

developing a greater understanding of intertidal mudflats.
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Figure 1.6 Simplified flow diagram showing the major processes that
affect intertidal sediment properties and behaviour. The relative

importance of the different processes will vary seasonally and between
estuaries. Both the physical and biological processes vary temporally and

spatially, making prediction of sediment properties and processes in
estuaries difficult.
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2 Materials and Methods.

Once you start a person thinking, there is no telling where they will go.

Paulo Freine
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2.1 Introduction.

The equipment and techniques that have been developed and used in this work are

described. They are broadly divided into: devices used to measure sediment stability,

cryo-techniques, carbohydrate assays and sediment preparation.

2.1.1 Devices for measuring sediment stability.

An assortment of devices to measure sediment stability exists (Black and Paterson

1997). They range from large fixed laboratory flumes, to small portable devices such as

the Cohesive Strength Meter (CSM). The devices used to investigate sediment stability
can be divided into two broad groups, flumes and miscellaneous devices. Flumes are of
two basic types: annular flumes and linear flumes. Until recently the majority of
sediment stability studies used flumes, however, several alternative devices have now

been developed. These miscellaneous devices are usually smaller than the flumes,
designed for use in situ, concentrating on portability, speed and ease of use. These

improvements have only been possible with recent advances in computing and
electronic technology. These devices are often developed to meet specific research

requirements, and are replacing the larger flumes for in situ field studies of sediment
stability. Brief descriptions of the erosion devices used in this study to determine
sediment stability are given below.

2.1.2 The Cohesive Strength Meter (CSM).

The CSM is an in situ device for measuring the critical erosion of exposed
intertidal sediments. The CSM device has undergone substantial modification since its

original conception in 1989 (Figure 2.1, Paterson 1989, George 1995, Tolhurst et al.

1999). The latest version (CSM Mk III) is fully automatic; with computer control of

pressure settings, pulse duration and interval. Data are recorded directly to an onboard
CPU (central processing unit) and downloaded to a computer for analysis. A brief

description of the CSM Mk III is given here, a more detailed description of this

improved CSM is given in Chapter 3.
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Figure 2.1 The development of the CSM over the last ten years. The
first prototype CSM used a large solenoid from a Lancaster aeroplane (A),
which was replaced with a smaller one improving portability (B/C). The
air supply was originally from a pressurised canister, and data recorded on

a data logger (B). The latest CSM uses a diving cylinder to provide the

pressure for the jet, it is computer controlled and fully automatic (D). The
data is stored in a dedicated onboard memory.
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The CSM utilises a vertical jet of water to erode the sediment surface (Paterson

1989). It consists of a water filled chamber 30 mm in diameter that is pushed into the
sediment. The jet of water is directed downwards from a vertical nozzle in the chamber.

The velocity of the jet is increased systematically through each experiment. Bed erosion
is inferred from the drop in the transmission of infrared light across the chamber caused

by the suspension of sediment.
The erosive jet maintains a well-defined core region to the bed so erosion occurs

over a small area, which enables the device to detect small-scale spatial variations in

stability. The rapidity of deployment and the short time required for a stability
measurement to be taken make the CSM ideal for measuring spatial and temporal
variations in sediment stability. A protocol for using the CSM is given in the appendix.

2.1.3 Gust Microcosm System,

A limitation of many devices is that the instantaneous variation in velocity, the
turbulent intensity spectrum, is very different to that of the natural environment. The
Microcosm system was designed to address this (Gust 1991). The device generates a

spatially homogenous wall shearing stress, by controlling two parameters

simultaneously: 1) the rotational speed of a stirring disc, 2) the volume of metered,
recirculated water sucked through the rotating axis. Gust and Muller (1997) tested a

number of erosion devices. They found that for laboratory simulations of erosion

processes, as well as field applications, the Microcosm had the most suitable calibration
characteristics (at bottom shear stresses of less than 1 Nm"2). These were a spatially

homogenous bottom stress, a fine flow structure that has a variance similar to that of
natural flows, simple and stable operational mode and reproducible performance.

The device (Figure 2.2) consists of a circular test chamber 30 cm in diameter, with
a removable lid housing the stirring disc and water input and output. This enables a

single lid to be used with a number of chambers. The device is small enough to be

deployed in the field. The disc (20 cm diameter) has a 5 cm skirt and is positioned 7.5
cm above the sediment bed. The disc is rotated by a 30V motor powered by a 30V

battery pack in the field or from a mains adapter in the laboratory. A 12V pump draws
water from the chamber through the central rotating axis via 10 mm clear plastic tubing
and returns it to the top of the chamber. The fluid recirculation path enables the
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Figure 2.2 The Gust Microcosm system: A) Test chamber with rotating disc. B)
30 volt disc motor and central core through which water is drawn. C) Sediment trap.

D) 12 volt pump which draws water through the central core. E) Flow meter to

measure and regulate flow. F) Power source. Arrows indicate direction of

recirculating water flow.
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inclusion of additional measurement and processing units, for example, to control and
monitor the amount of suspended material retained in the eroding fluid. The system

used in this study included a flowmeter with a valve to alter the flow rate (as control of
the flow rate by varying the voltage was found to be inaccurate).

A circular hole in the lid enables measurements to be taken directly inside the

chamber. Water samples can be taken from the chamber, allowing the measurement of

suspended particulate matter (SPM), carbohydrate concentration, chlorophyll a and

salinity. A three-way adapter on the tubing, sited after the pump, allows water samples
to be collected from the water pumped from the chamber. Sediment traps and other
devices can also be connected to the tubing.

The stress over the bed in the chamber is determined by the discharge rate from
the pump, and the rpm of the plate. This device was calibrated for a series of pumping
rates and rpm necessary to achieve a series of U* values, using constant temperature

anemometry.

The Microcosm system can be used to study the erosion and deposition of
sediments. Like the CSM, the eroding force is increased in a stepwise manner.

However, unlike the CSM, the eroding force is maintained throughout the experiment,
with each step lasting for a given period, usually 10 minutes. The concentration of

suspended particulate matter (SPM) is measured using a nephelometer. The

nephelometer is calibrated in the laboratory with sediment taken from the sampling
area. The SPM time series can be used to calculate erosion rate, settling velocity and an

average effective grain diameter (Black 1991). The calculations for these are outlined

below, and examples of some of the data generated are given in Figures 2.3 and 2.4.

Time averaged erosion rate (s).

The change in suspended particulate matter (SPM) as erosion progresses enables
erosion rates to be calculated, determining the amount of sediment eroded in terms of
area and time. The SPM is measured directly by water samples collected from the
Microcosm chamber and indirectly by a nephelometer that is calibrated to these SPM

samples. In the Microcosm the erosion rate can be calculated for each erosion step,

giving a time averaged erosion rate over ten minutes.
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Figure 2.3 Example microcosm data from the PROMAT 1996 Eden

estuary field campaign, time series of suspended particulate matter (SPM

mg L"1). Runs A and B from Eden site 1, a smooth sediment surface

showing low amounts of erosion. Runs C, D and E are from the
bioturbated site 2 and exhibit approximately twice as much erosion as site
1. The deposition of sediment was monitored in runs D and E by taking

nephelometer readings after the device had been switched off. The

presence of burrows in the sediment increases near bed turbulence, and act

as nuclei for erosion.



 



Figure 2.4 Microcosm instantaneous erosion rate (kg m"2 s"1) data from
the PROMAT 1996 Eden estuary field campaign. Erosion rates are low for
runs A and B, and higher in the bioturbated sites C, D and E. Whilst the
two sites have similar critical erosion thresholds more material is eroded

from the bioturbated site.
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e = 1 x SPM2 - SPM] Equation 2.1
A t2 - ti

Where:

s = time averaged erosion rate (kg m"2 s"1)
A = area (m )
SPM = suspended particulate matter (kg l'1)
t = time (seconds)

Instantaneous erosion rate s°.

Instantaneous erosion rate is calculated using the same method as above, but the
time interval over which the erosion rate is calculated is much shorter, usually 30-60
seconds. Calculated in this way there would be 10-20 instantaneous erosion rates in a

given erosion step. When calculating the instantaneous erosion rate the time interval is
chosen so that the SPM concentration at t2 is always greater than that at ti (the

integration period exceeds the noise in the system). This is not the case over very short
time scales due to turbulent fluctuations in the SPM and over longer time scales if there
is deposition.

Peak erosion rate Sp.

The peak erosion rate is the highest instantaneous erosion rate. For asymptotic

(exponentially decaying) erosion, the maximum instantaneous erosion rate occurs

within 1-2 minutes of an increase in shear stress. Peak erosion rate is a useful diagnostic

parameter, but it is related to the bed shear stress in an unpredictable manner (Black

1991).

Deposition.

After an erosion run has been completed, nephelometer readings can be taken to

investigate deposition rates. When sediment has a narrow grain size distribution, settling
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will result in an exponential decay of SPM concentration with time. If the deposition
curve is truly exponential, a plot of In SPM against time will be linear. This can be used

to calculate the mean particle-settling rate. If the sediment has a wide grain size

distribution, the plot will not be an exponential decay, however, it is still possible to use

parts of the curve to calculate settling rate using linear regression (Black 1991).

2.1.4 The Armfield Flume.

An 8m tilting flume, with a sediment loop was used for conducting laboratory

experiments, and to visualise sediment dynamics under unidirectional flows (Figure

2.5). A false floor enables sediment cores taken from the field to be fitted into place
with their surface flush with the bottom of the channel. An insert was made so that 9cm

diameter plastic petri dishes could be placed in the flume. Flow velocity is controlled by
a valve and water depth by a weir at the flow exit. Water temperature is measured using
a thermometer attached to the inside of the flume.

To allow the boundary layer to become settled the flume is switched on and left

running for 10 minutes. The flow rate is turned down and the test sediment is placed

carefully in the flume to avoid disturbing the sediment surface. During experiments, the
water depth in the flume was kept constant (15 cm) by raising or lowering the weir. The
flow is then gradually increased until erosion occurs, in this case visible movement of
sediment particles. The bed shear stress was then determined by the law of the wall, by

taking a velocity profile (Sternberg 1972, Bearman 1994).

2.1.4.1 Flow Analysis.

The erosion of sediment is determined largely by the force that the flow is able to

exert on the bed. Boundary shear stress (force/unit area parallel to the bed) is a function
of depth, slope, the nature of the fluid and, indirectly, the velocity of the flow (Bearman

1994). Calculation of boundary shear stress is complex, depending upon the Reynolds

number, the frictional characteristics of the bed, and the shape of the flow velocity

profile close to the bed. The most common parameters for defining the force at which
erosion is initiated are critical shear velocity (U*crit) and critical bed shear stress (x0cnt).
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Frictional drag between the water and the sediment bed slows water flow near the

bed, this area is known as the boundary layer. It is defined as the area where the velocity
of the flow is less than 99% that of the free stream velocity. Within the boundary layer,
there is a velocity gradient. A graph of height above the bed against flow velocity gives
the velocity profile for the flow (Figure 2.6A). To obtain a stable bottom boundary

layer, and avoid the effects of the side-wall boundary layer on the flow, a flume must

have a width >7 d (d= water depth) and a length >50 d. Unfortunately, the flume
available does not meet these requirements (indeed many do not), which makes
characterisation of the flow essential, as the bottom boundary layer would not be at its

equilibrium thickness (Nowell and Jumars, 1984). Characterisation of the flow in the
flume has been undertaken by Tolhurst (1995). A Nixon flometer with probe was used
to determine the flow velocity in the flume.

2.1.4.2 The Nixon flometer.

The Nixon flometer is only capable of measuring the downstream flow velocity

limiting its usefulness. The probe consists of a five bladed rotor mounted on a stainless
steel spindle. The probe is attached to the end of a stainless steel tube containing an

insulated gold wire. The wire terminates 0.1 mm from the rotor and is connected to an

electronic measuring unit via a co-axial cable. When the rotor is immersed in a fluid, the

passage of the rotor blades past the gold wire slightly varies the measurable impedance
between the tip and tube. This variation is used to obtain a current signal (Hz)

proportional to the velocity. A calibration chart provided by the manufacturer enables
conversion of the probes Hz output into a velocity (cm s"1). To facilitate the conversion,
the equation of the slope of the line was calculated by linear regression, and used to

convert from Hz to cm s"1.

Conversion equation:

velocity (cm s"1) = 5.8 + (0.52 x Hz reading) Equation 2.2

For each test run, velocity profiles are taken above the test section, the first

reading is taken 0.75 cm above the bed. Due to the size of the probe this is the closest to
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Figure 2.6 A: An example velocity profile, showing the retardation of
the flow near to the bed. B: An example log velocity plot, showing the log
linear nature of the boundary layer velocity. A linear regression fitted to

this part of the graph gives the inverse gradient, from which the shear
stress can be calculated. The lowest point is ignored for the regression as

the floprobe cannot accurately resolve the velocity close to the bed, due to

its size.
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the bed a reading can be made. Measurements of height above the bed are taken from
the bed to the centre of the probe. Readings are taken at either 0.5 or 1 cm intervals,

depending upon the boundary layer thickness. Three readings from the flometer are

taken at each height, at ten second intervals. To avoid disrupting the sediment, the probe
is kept away from the test section whilst the flow velocity in the flume is increased, and

only lowered into position when a velocity profile is taken.
The flometer averages the velocity over the height of the plastic impeller (1.5 cm)

and over ten seconds; this prevents it from measuring the flow velocity near to the bed

accurately. This makes the flometer rather unsuited to measuring the boundary layer.

2.1.4.3 Calculating the bed shear stress from the velocity profile.

The velocity profiles generated by the flometer are used to calculate the bed shear
stress by the following method. Calculation of bed shear stress can be complex and

potentially inaccurate (Gross and Nowell 1983), however, the Karman-Prandtl method

(Sternberg 1972) has been used extensively. The shear stress at the bed (tQ) is related to

the rate of change of velocity over the velocity profile (du/dz). In the lower part of the
turbulent boundary layer, the rate of increase of velocity with height above a bed

decreases logarithmically. If height is plotted using a log scale then this part of the

velocity profile appears as a straight line, it is log linear (Figure 2.6B). The velocity

gradient (dw/dz) can be easily determined from this plot by linear regression. This is the
inverse gradient of the graph that is being measured. Conventionally, when plotting a

graph, the variable that can be fixed is plotted on the x-axis and the variable that is to be
measured is plotted on the y-axis. Normally height above the bed would be plotted on

the horizontal axis because the positions of the current meters can be fixed, and velocity
on the vertical axis because this is what will be measured. In this case du/dz would be

the gradient of the graph, however, it is visually more intuitive to plot the data the other

way round, so it is the inverse gradient that is determined from the log linear plot.

Calculation of U*:

U« = du Equation 2.3

k dlogz

25



Chapter 2: Materials and Methods

Where:

U* = Shear velocity (m s"1).
k = Von Karman's constant (when depth scale is in logio = 5.75).
du = change in velocity.

dlogz = change in log height above the bed.

As the log linear plots with height on the y-axis give the inverse gradient,

equation 2.3 can be rearranged to give:

U* = inverse k / inverse gradient Equation 2.4

Where:

inverse k = 0.174.

U* = Shear velocity (m s"1).

U* is related to the shear stress at the bed by the quadratic stress law:

U* = (t0/p)°5 Equation 2.5

This can be rearranged to give:

x0 = U*2 x p Equation 2.6

Where

to = Shear stress (Nm~2)
p = Density of the water (fresh water = 1000kg m~3)

2.2 Crvotechniques.

Analysis of sediment properties is important in the determination of erosion
behaviour. Of particular importance are, grain size, mineral composition, water content

and carbohydrate content. The freezing of sediments, using specialised techniques,
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allows sediment properties to be investigated on a micro-scale whilst preventing
distortion and degradation of biological constituents. Being able to preserve the micro-
structure of the sediment is vital when studying diatoms which are largely confined to

the top 2mm of sediment.

22.1 Low Temperature Scanning Electron Microscopy (LTSEM).

Preparation of material for ambient scanning electron microscopy techniques
leads to the distortion and collapse of hydrated materials. Low-temperature scanning
electron microscopy (LTSEM) techniques avoid the removal of water, revealing the

morphological detail of delicate specimens. This is of particular importance in moist
sediment where water is of structural importance (Paterson 1986a and 1995). LTSEM
can reveal the microstructure of biofilms and the surface sediment layers, even in

sediments with a high water content.

Samples can be taken in situ using freezing techniques, without being disturbed,
so the relationship between mineral grains, organic matter and the biota can be studied.
LTSEM has shown that diatoms are generally limited to the top 2 mm of the sediment.
Diatoms are found at a greater depth but this is due to bioturbation and sediment

deposition (Paterson 1986b). The influence of biofilm development on the sediment
fabric can be considerable. LTSEM can provide useful information on the effects of

micro-organisms on sediment micro-structure, and has been used to show the

biosedimentary nature of many natural sediments (Westall and Rince 1994). Sediment

samples frozen for LTSEM are fractured so the sedimentary structures can be viewed
with depth, in addition to examination of the surface detail. No treatment of the sample
is necessary prior to mounting the sample in the SEM. Partial freeze drying (heat

etching) to remove excess water can be carried out on the microscope stage. Sputter

coating in a conductive coating (usually gold) is used to improve the image resolution

(Beckett and Read 1986).

Samples for LTSEM are collected either by an aluminium foil stub or by

Cryolander. Foil stubs are taken using thick aluminium foil to remove a piece of the
sediment surface; this is immediately frozen in liquid nitrogen and stored frozen for

later use. The Cryolander method of sediment sampling is described below.
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2.2.2 The Cryolander method of sediment sampling.

It has become increasingly apparent that the microphytobenthos and other micro¬

organisms that inhabit the surface few millimetres of intertidal sediments can have a

significant effect upon these sediments. Whilst this effect may extend over a few

centimetres, significant changes in sediment properties can occur over a few
micrometers (Taylor and Paterson 1998). It is useful to be able to determine the vertical
micro-distribution of organisms, and chemical and physical properties in the upper

millimetres of intertidal sediments. It is therefore necessary to be able to sample
intertidal sediments on the millimetre scale without disturbance of the sediment fabric

on the micrometer scale.

A common method for sampling the upper millimetres of intertidal sediments is
the syringe coring method. However, this method is unsuitable for maintaining the
micro-scale structure of the sediment, and due to the cohesive nature of mud, horizontal

sectioning on a micrometer scale is difficult. Rapid freezing, using liquid nitrogen,
maintains sediment structure (Wiltshire et al. 1997). It is relatively easy to section the

sediment on a micrometer scale whilst maintaining structural integrity using a freezing
microtome. Unfortunately, it is difficult to freeze sediments without distortion. Rutledge
and Fleeger (1988) have shown that it is not possible to freeze wet sediment contained
in a core without disturbing its structure. Even when rapid freezing techniques are used,

distortion occurs. Other techniques used to sample sediments are also unsuitable for

analysis of sediment properties on the micrometer scale. The lack of a suitable sampling
method led Wiltshire et al. (1997) to develop the Cryolander for fine-scale in situ

sampling of intertidal surface sediments.
The following description of the Cryolander is taken from Wiltshire et al. (1997).

The Cryolander (Figure 2.7) is constructed from a brass tube (wall thickness 1 mm) 50
mm in diameter and 80 mm in height. A nylon mesh plate (pore size 60 pm) is placed
inside the brass tube 50 mm from the base. This supports a layer of absorbent cotton

wool. A small vent (diameter 7 mm) is located 32 mm above the base of the cylinder.
The device has three support struts with flattened feet to prevent it sinking into
unconsolidated sediment.

Wiltshire et al. (1997) tested the Cryolander method using LTSEM and light

microscopy to determine the degree of distortion caused by the process. They found that
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there was no visible distortion of the cryolanded sample on a pm-mm scale in both the

horizontal and vertical plane. In tests on the suitability of Cryolander techniques for the

preservation of surface algal assemblages, even delicate euglenid cells remained intact.

Thus, the Cryolander is ideally suited as a sampling method for investigating the micro-
scale properties of intertidal sediments.

2.2.2.1 Use ofthe Cryolander.

The Cryolander is placed on the sediment surface. A small amount of liquid

nitrogen is gently poured onto the cotton wool. The liquid nitrogen vaporises, sinks

through the gauze and collects on the sediment surface. Depending upon the sediment
this step may need to be repeated a few times, eventually the sediment surface freezes.

Liquid nitrogen can then be poured onto the sediment surface without causing physical
distortion. The nylon mesh plate disperses the liquid nitrogen spreading the flow evenly
over the sediment surface, where it continues to freeze the sediment. Once a frozen rim

of sediment about 2-3 mm wide has formed around the Cryolander, the sediment will be

frozen to a depth of approximately 2 cm. The Cryolander is then removed from the
sediment bringing a disc of frozen sediment with it. The sediment disc is removed from
the Cryolander and stored in liquid nitrogen.

The Cryolander sample is cut to the necessary size whilst still frozen using a

lapidary saw (M.L. Beach Products) and then sectioned using a Leitz Kryomat 1703

freezing microtome at a temperature of -40°C.

2.2.2.2 The mini-Cryolander method.

The Cryolander method was easily modified for use on sandy sediments in the

laboratory. "Mini" Cryolander were made by cutting 2 cm from the top of 20 ml

syringes. A piece of cotton wool is carefully placed in the top of the mini-Cryolander
and it is then placed carefully on the sediment surface. Liquid nitrogen is then poured
onto the cotton wool where it seeps through and vaporises, freezing the sediment
surface. Once the sediment surface is frozen, the mini-Cryolander is lifted from the

sediment with the frozen block of sediment attached. This sediment block is gently
removed from the Cryolander with the syringe plunger, and is stored in liquid nitrogen.
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Due to their small size, a number of samples can be taken from a 90 mm petri dish,
whilst still allowing a CSM measurement to be taken.

It is harder to section sandy sediments on a freezing microtome, since they have a

tendency to fracture. To prevent this, sectioning is done slowly in 250 pm thick sections
at -5°C (compared to -40°C for muddy sediments). The thickness of section should be at

least that of the average grain size, otherwise the blade is sectioning the sand grains,
which results in the fracturing of the block. Sectioning at -5°C makes the block softer
and easier to cut. The sediment is removed from the microtome blade using a paintbrush

dampened with distilled water, and placed directly into an eppendorf tube containing
400 pi of distilled water. The sample is now ready for analysis of biochemical
constituents.

2.3 Carbohydrate Assays.

The biota inhabiting intertidal sediments secrete a variety of extracellular

polymeric substances (EPS), consisting mostly of polysaccharides (Hoagland et al.

1993). These substances can affect sediment properties such as water content, stability
and the flocculation of sediment from the water column. Organic matter acts as a

catalyst in the flocculation process (Eisma et al. 1982, Decho 1990). The presence of

complex carbohydrates in concentrations between 0.0005-1 g L"1 can increase the size
and fall velocity of floes by up to 25%, and the tensile strength of clay minerals (Chenu
and Guerif 1991). Therefore, it is very important to measure the amount of EPS in
sediments and the water column as EPS can significantly alter the properties and
behaviour of sediments.

The Dubois assay (Dubois et al. 1956) has been used extensively to measure

carbohydrates, and modified for specific investigations (Underwood et al. 1995, Taylor
and Paterson 1998 and Taylor et al. 1999). The carbohydrate analyses used in this thesis
are modified from Taylor (1998) and the INTRMUD project Protocols (INTRMUD

1998). It should be noted that the colloidal carbohydrate assay is not specific, and will
detect all carbohydrates within the range of the assay, including intracellular and
extracellular carbohydrates (Underwood et al. 1995).

30



Chapter 2: Materials and Methods

2.3.1 Analysis of the colloidal carbohydrate faction.

1. The sediment sample is placed in a pre-weighed eppendorf tube with 600 pi of
distilled water, and weighed.

2. The tube is vortexed and left for 10 minutes, then centrifuged at 2500 rpm for 15

minutes.

3. Remove 400 pi of the supernatant and place it in an acid cleaned boiling tube.
4. Add 400 pi of 5% phenol solution and immediately add 2 ml of concentrated

sulphuric acid directly onto the solution surface (not down the side of the tube) and
vortex. Care should be taken as the addition of the acid results in a vigorous
exothermic reaction and should be carried out in a fume hood. The exothermic

reaction leads to the development of a straw colour if carbohydrates are present.

5. Leave for 35 minutes for the colour to develop.
6. Decant into cuvettes and measure absorbencies (Cecil 3000 scanning

spectrophotometer) at 485 ran. Distilled water and assay reagents are used to form a

baseline.

The absorbance value is converted to concentration (pg glucose equivalents ml"1)
by using a standard curve. The resulting value multiplied by the proportion of total
extraction solution volume to the volume used for the assay (e.g. if 400 pi of sample is

taken from a total volume of extraction solution of 600 pi this value will be 1.5). This

value is then divided by the dry weight of the sediment pellet to obtain the amount of
colloidal carbohydrate expressed as mass of glucose equivalents per mass of dry
sediment (pg mg"1).

2.3.2 Analysis of EPS in a water sample.

The EPS assay was used to investigate the amount of EPS in water samples
collected from the Microcosm System. Water samples were collected at each shear
stress step to determine the SPM directly. The filtered water was then used to measure

the amount of EPS contained in the eroding fluid. This assay detects the polymeric

polysaccharide molecules in the colloidal fraction; the polymeric fraction makes up

about 25% of the colloidal carbohydrate material (Underwood et al. 1995).
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1. Water samples are collected from the Microcosm chamber by a syringe. The

samples are filtered to calculate the suspended particulate matter, and the filtrate
retained for analysis of EPS.

2. Remove 3 ml of the filtrate and place it in a large centrifuge tube.
3. Add 7 ml of cold (2-4°C) 100% ethanol, for a final concentration of 70% ethanol,

cover and refrigerate (4°C) overnight.
4. Centrifuge at 2500 rpm for 20 minutes.
5. The supernatant is discarded, and the pellet resuspended in 1 ml distilled water.

6. Add 0.5 ml of 5% phenol solution and immediately add 2.5 ml of concentrated

sulphuric acid directly onto the solution surface and vortex.

7. Leave for 35 minutes for the colour to develop.
8. Decant into cuvettes and measure absorbencies at 485 nm. Distilled water and assay

reagents are used to form a baseline.

The absorbance value is converted to a concentration (pg of glucose equivalents

ml"1) by using a standard curve. The resulting value can then be expressed as a

concentration of EPS per ml of water sample, by dividing by the original volume, in this
case 3 ml.

2.4 Sediment preparation and physical properties.

2.4.1 Abiotic sediment preparation.

Abiotic sediments were required for some laboratory experiments. Natural
sediments were treated to remove biological constituents. Beach sand was collected
from the East Sands beach at St. Andrews. This sediment was wet sieved through a 63

pm sieve to remove fines then cleaned with a 30% solution of hydrogen peroxide

(H2O2) to remove organic material. The sediment was left overnight in a well-ventilated

place and then washed in distilled water to remove any excess H2O2. The sand was dried
in an oven at 100°C overnight and then sieved using Endecotts sieves to obtain different
size factions. The different size factions were then placed in plastic bags for storage.
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Muddy sediments collected from the Eden estuary were sieved through a 1 mm

sieve to remove larger organisms, shells and other debris. The mud was cleaned using
30% hydrogen peroxide. Following digestion, the sediment was allowed to settle.
Excess water was poured away and the remaining sediment put in an oven to dry. The

dry sediment was powdered and stored in sealed containers until required.

2.4.2 Culturing.

For a variety of experiments, diatom biofilms, cultured under controllable

laboratory conditions, were required. The diatoms were either grown on sediment

prepared as outlined above, or on natural sediments collected from the Eden estuary.

The natural sediments were wet sieved to remove larger organisms, shells and other
debris before use.

The sediments were put into 90 mm plastic petri dishes or plastic lunch boxes.
Holes were drilled in the bottom of the containers and covered in plankton netting to

allow water to drain away. The muddy sediments were tapped lightly to level the

surface, whilst the sandy sediments were levelled with a straight edge. This levelling is

important for erosion studies, as sediment topography influences turbulence and hence
the critical bed shear stress. A flat bed is also one of the conditions for comparison to

the Shields curve.

The containers of sediment were then placed in illuminated culture tanks which

receive a through flow supply of fresh seawater. The seawater contains diatoms that
settle on the sediment surface and grow to form a biofilm. The natural, uncleaned
sediments already contained diatoms, which would migrate to the surface to form a

biofilm. The uncleaned sediment treatment is broadly representative of natural

populations, whilst the cleaned sediment of new colonisation of freshly exposed
sediment

2.4.3 Water content.

Water content is a primary variable in determining the critical bed shear stress of

muddy sediments. The sediment water content (W%) is calculated by the following
formula:

33



Chapter 2: Materials and Methods

W% = (Wt wet - Wt dry) / Wt wet * 100 Equation 2.7

Where:

Wt wet= The wet weight of the sediment.
Wt dry = The dry weight of the sediment.

No correction was made for salt content.

2,4.4 Particle size analysis.

Sediment for particle size analysis was taken either from Cryolander off-cuts or

from surface scrapes from the field site. The following method is after Black (pers.

comm.). A sediment slurry was prepared by adding water to 2-3 g of sediment in a ratio
if 10:1. The slurry was cleaned by adding 25ml of 30% v/v hydrogen peroxide (H2O2),
which removes organic material. The mixture was gently heated until approximately
half the hydrogen peroxide had evaporated then 25 ml of water was added and the

evaporation was repeated. When cool, three drops of 0.1% w/v Calgon (sodium

hexametaphosphate) was added to de-flocculate the solution. Two ml of the prepared
sediment slurry was sonicated for 30 s to break up any remaining flocks and then

analysed using a Coulter Laser Particle Sizer LSI00. This provides a spectrum of

particle diameters by volume and calculates particle size statistics including mean and
modal diameter.

2.5 Field sites.

International collaboration with European scientists enabled the author to

undertake fieldwork in five different estuaries throughout Europe (Figure 2.8). These
estuaries provided a contrasting set of sites in which sediment dynamics and properties
could be measured. Site B, the Eden estuary, was the local field site, for sample
collection.
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Figure 2.8 Map of western Europe, showing the field sites marked by
red boxes. A: Humber estuary, England. B: Eden estuary, Scotland. C:
Ems Dollard estuary, Netherlands. D: Baie de Marennes-Oleron estuary,

France. E: Sylt-Romo Bight, Germany (no inset map).
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2.5.1 The Humber estuary, England.

Field studies in the macro-tidal Humber estuary were carried out on the Skeffling
mudflats. The Skeffling mudflats are about 4 km wide, with a 1:1000 slope and a height
difference of about 6 m from the high to low water marks. A shore-normal ridge/runnel

system of bedforms develops seaward, covering a large proportion of the mudflats

(Dyer 1998). There are also a number of large drainage channels, which may be

important in sediment exchange over the mudflats. The seaward 1.5 km of this region

comprises fine, non-cohesive sands, moving inshore the sediment becomes

progressively finer, until at the marsh edge sand grains are rarely present. Investigations
were limited to the mudflat areas.

2.5.2 The Eden estuary, Scotland.

The macro-tidal Eden estuary is a small estuary located between St. Andrews and

the Firth of Tay. The total area of the estuary is 8 km and the majority of this area is

exposed at low water with the exception of the narrow channel of the river Eden. The
maximum height of water above the central channel does not exceed 5 m. The presence

of a sand bar across the mouth of the estuary reduces the effects of waves and the

hydrodynamics are dominated by tidal currents. The outer estuary consists of extensive

sandy flats, whilst the study area on the inner north shore of the estuary is muddy. Apart
from a couple of small drainage channels near the study site, the flat is relatively
smooth with no large bedforms.

2.5.3 Ems Pollard estuary, Netherlands.

Field studies in the meso-tidal Ems Dollard estuary were carried out in the upper

reaches of the Dollard on the Heringsplaat. The Heringsplaat mudflats are about 5km

wide, 85% of the Dollard consists of tidal flats along the main tidal channel Het Groote

Gat. The surface of the flats is quite smooth and uniform. The largest regular bedforms
are small wave ripples and dewatering channels are present on the lower parts of the
flats. In the study area muddy sediments extended to the channel edge.
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2.5.4 Baie de Marennes-Oleron. France.

The macro-tidal Baie de Marennes-Oleron is situated on the Atlantic coast of

France. The area of the bay is 170 km and 60% of this area is intertidal mudflats.
Considerable areas of the flat are covered in a shore-normal ridge runnel system. There
are also a number of large drainage channels, which may be important in sediment

exchange over the mudflats. The sediments consisted of fine mud and were

unconsolidated; the author often sank up to his waist.

2.5.5 Sylt-Romo Bight. Germany.

Field studies were carried out on the eastern side of the island of Sylt in the meso-

tidal Sylt-Romo Bight, a semi-enclosed back-barrier lagoon of the North Frisian

Wadden Sea. The tidal basin comprises an area of 400 km2, of which 33% is intertidal.

Sandy flats dominate, with mudflats and salt marshes covering less than 10 km2. The
tides are semidiurnal and the mean range is 2 m. The sampling site was on fine mud
areas at the Konigshafen.
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3 The Cohesive Strength Meter (CSM).

In the beginners mind there are manypossibilities; in the experts mind
there are few.

Shunryu Suzuki

37



Chapter 3. The Cohesive Strength Meter (CSMY

3.1 Introduction.

Sediment stability is a primary variable in understanding the dynamics of the
estuarine ecosystem. The erosion of sediments is a ubiquitous phenomenon in estuarine
environments. Sediment erosion begins once a critical value of bed shear stress (x0crit
Nm ) is reached by the eroding fluid. The critical bed shear stress is an important

parameter in sediment transport mechanics. Below Tocrit, little or no erosion occurs,

whereas once exceeded significant erosion occurs (Teisson et al. 1993). Sediment

stability is also an important variable in numerical models of cohesive sediment

transport, as it parameterises the bottom boundary condition (Dyke 1996). The erosion
behaviour of non-cohesive sediments has been investigated using laboratory flumes.

Despite the problems encountered in defining what actually constitutes erosion, non-

cohesive sediment behaviour can be predicted from a few easily measurable parameters,

such as grain size and density. In contrast, it is presently not possible to predict the
critical bed shear stress of cohesive sediments from one or more easily measurable

parameters (Dade et al. 1992). The factors that contribute to the Tocrit of cohesive

sediments are numerous, interact in a complex manner, and remain poorly understood

(Amos 1995, Paterson 1997). To further complicate matters, almost all natural sediment
contains biota that can affect sediment properties and behaviour. Furthermore, the
visco-elastic properties of estuarine mud, means that disturbance of the sediment, for

example by transport to a laboratory, can significantly alter the sediment properties and
hence the stability. Thus the stability of estuarine sediments cannot, at present, be
determined indirectly and must be measured directly by in situ measurement programs.

The importance of taking in situ measurements led Paterson (1989) to develop an

erosion device known as a Cohesive Strength Meter (CSM). This instrument determined
the stability of intertidal mudflat and marsh sediments in a semi-quantitative fashion.
The CSM fires a perpendicular jet of water at the sediment surface in short pulses. By

sequentially increasing the force of the jet, the point of incipient scour can be identified.
This is determined by the reduction of light transmission across the test chamber as the
bed fails.

This chapter describes the development and calibration of an improved CSM

system for use subaerially on both cohesive and non-cohesive sediments. Improvements
to the device and to the software are outlined. To express CSM jet pressure as an
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equivalent horizontal bed shear stress or other analogous variables (e.g. the flow at 1 m

above the bed) an empirical calibration of jet pressure with the grain suspension
criterion for sands (Bagnold 1966) was undertaken. Visual observations of the erosion
of cohesive and non-cohesive sediments and a preliminary study into the effects of

pulse duration on erosion threshold were made. Example data from in situ field trials on

mudflat sediments in Sylt, Germany are also presented (Tolhurst et al. in press b).

3.2 Development of the CSM.

3.2.1 The prototype Cohesive Strength Meter Mkll.

Black and Baker (Tolhurst et al. 1999) redesigned the original CSM of Paterson

(1989). Use of this prototype device (CSM Mkll) indicated a variety of improvements
that were incorporated into the CSM Mklll. The CSM Mkll and Mklll are very similar
in their construction; the main difference is in the data logging. The CSM Mk II used a

squirrel data logger, logging at 1 Hz, whilst the Mk III has a dedicated memory which

logs data at 10 Hz and enables direct downloading of data from the CSM to a computer.

Therefore, the constructional details for the CSM Mklll, given below, are also broadly
true for the CSM Mkll.

3.2.2 Details of the CSM Mklll.

Details of the new Cohesive Strength Meter are shown in Figure 3.1a/b and 3.2.
The component parts of the CSM include a pneumatic and hydraulic pipe system plus

controls; a computer with associated electronics, internal data logging facilities, the
sensor head chamber fitted with infra-red optics, and a mains supply adapter/charging
unit. The portable supply of compressed air is provided by a three-litre diving tank

pressurised to 21000 kPa (fully charged). Weighing 13 kg, the entire unit is contained in
a durable, waterproof case, (dimensions 65 x 30 x 20 cm).

Tank pressure is regulated down to 240 kPa by a standard diving first stage

regulator and a second, smaller regulator. This smaller regulator is connected to a

pressure bottle (A on Figure 3.1a, maximum loading 400 kPa) via an inlet solenoid

(pipe bore 1.59 mm). This bottle provides the necessary pressure head of air used during
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Figure 3.2 The cohesive strength meter (CSM) erosion device. Top:
Removed from carry case, Key DP digital pad, AS air supply, WB water

bottle, TC test chamber. Bottom: The CSM deployed in the Severn estuary

in situ (photo supplied by S. Shayler).
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a test. An electronic pressure sensor and a second, venting, solenoid is also connected to

this bottle. A second pressure bottle acts as the water reservoir (B on Figure 3.1a),
which is filled with water with a salinity equal to that at the field site. This bottle is

connected via a third solenoid to the brass jet (1 mm internal diameter) mounted in the
test chamber. An analogue pressure gauge measures the air pressure in the system. An

in-line 90 pm filter ensures a reasonably clear water supply to both the release solenoid
and the jet.

The test-chamber consists of two concentrically located plastic cylinders (internal
diameter 2.9 cm, external diameter 5.60 cm, Figure 3.1a) and encompasses a sediment
area of 6.6 cm2. The test chamber houses the centrally mounted brass jet and the
infrared transmitter and receiver diodes. The test chamber is carefully placed on to the
sediment surface so that it is flush with the sediment surface and filled with water via a

tube set within the chamber wall.

The infrared optics consist of two diametrically opposed, infrared diodes mounted
1 cm above the sediment/water interface. The light transmitter (Tx on Figure 3.1b)
emits light at a wavelength of 940 nm, which is detected by a spectrally matched
receiver with an integral daylight cut off filter (Rx on Figure 3.1b). Due to the alteration
of the optical properties when submerged, both transmitter and receiver diodes are fitted
with transparent flat-faced covers. The transmission value is normalised by the software
to give a value between 0-100, where 100 represents the highest transmission value

during the experiment and 0 no light reaching the receiver. A note can be made of the

starting transmission before normalisation to determine the amount of sediment in

suspension at the beginning of the experiment.

3.2.2.1 Computer and associated electronics.

A dedicated onboard computer and associated electronics within the CSM permit
full automation of the test procedure. Test chamber output is logged directly to memory

by a 14-bit ADC (analogue to digital converter) with a 40 ms sampling time,

eliminating 50Hz and 100Hz interference signals. Data is stored within an internal

memory capable of storing approximately 64,000 readings. Pressure measurement is
accurate to within 0.17 kPa, and measurement of test chamber output is accurate to

within 0.1% of full-scale output. Screened twisted pair (STP) cable is used for all
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analogue electrical signals to minimise electrical noise. Signal conditioning is applied to

both test chamber and pressure sensor outputs. Electrical power is provided by a

rechargeable 12 volt Ni-Cad battery pack. The user interface consists of a rubber-
encased keypad and an alphanumeric LCD display. An RS232 plug facilitates

downloading to an external computer.

3.2.2.2 Test details andprocedures.

A number of programmable variables are used to define an erosion test. They are:

1. Pressure increment between water pulses.
2. Maximum required pressure (the test stops when this is reached).
3. Duration of water pulse.
4. Logging frequency of test chamber output after each jet pulse.

Currently, 38 different erosion tests are stored in the memory of the CSM (19
"Sand" tests and 19 "Mud" tests), the required test is selected using the keypad. A flow

diagram outlines the series of steps activated during a typical test (Figure 3.3).
Air pressure is the primary variable that governs the force of the water jet.

Accurate control of pressure, particularly for each sequential pulse increase of an

erosion test, is therefore extremely important. Pressure is brought initially to within 6.9
kPa of the desired pressure. Thereafter, the inlet solenoid is opened over very short
duration (10 mS), corresponding to increases in pressure of 0.17 kPa, until the set

pressure is attained. Should the measured pressure exceed the desired pressure by > 0.69
kPa, the system vents automatically to reduce the pressure to the required level.

3.2.3 The vertical iet technique.

The use of vertical water jets as erosion devices in sedimentary research is not

new but is comparatively rare. Dunn (1959) used a vertically impinging submerged
water jet to determine the cohesive strength of stream channel sediments in a laboratory

study. Subsequent notable studies include Moore and Masch, (1962) and Sutherland

(1966, 1967). Furthermore, numerous researchers have studied various applied aspects
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of vertical water jets, although these were largely unrelated to sediment transport

phenomena (Looney and Walsh 1984). These include the examination of flow patterns

issuing from vertical pipes and outlets (Blaisdell and Anderson 1988), the use of
vertical jets to clean bottom sediments for fish spawning (Mih and Kabir 1983) and
their use to deliberately wash away silted seabed areas (Aderibigbe and Rajaratnam

1996). The flow characteristics of confined; impinging jets is therefore reasonably well
understood. A major criticism of many erosion devices (including the CSM), is the lack
of similarity of the instrument hydrodynamics to flow structures and shear stresses

found within natural flow boundary layers (e.g. Gust and Muller 1997), although some

of these comments are unsupported by data. Thus, whilst the CSM instrument is useful
and versatile as an ordinal device which is appropriate for studying trends in the critical
bed shear stress of exposed sediments, determining the critical erosion stress in terms of
a tangential shear stress is difficult (Hollick 1976). An empirical calibration to an

equivalent shear stress would greatly improve the usefulness of the CSM device,

enabling comparisons to be made to other devices and previous data. The ability to

compare data between different devices and sites is essential given the recent moves in
estuarine research towards characterising estuarine morphology (Soulsby 1997).

3.3 Laboratory calibration of the CSM MklL

To calibrate the CSM MKII, samples of non-cohesive quartz sand were obtained
from a natural beach front at Sandy Cove, Canada. The sand was cleaned using a

hydrogen peroxide solution (20%), to eliminate microbial contamination. It was sieved
to provide a particle size range 2000pm, 1180pm, 1000pm, 500pm, 425pm, 250pm,

212pm, and 150pm, using Endecott™ brass sieves. Detailed size spectra were obtained
for each sediment range using a Coulter Laser Particle Sizer, and median particle size
values are summarised (Table 3.1). The sieved sands were placed in 6 cm diameter

plastic petri dishes, and the surface levelled with a straight edge. These petri dishes were

submerged in a tank of distilled water, and the CSM test chamber was carefully placed
with the base of the chamber flush with the sediment surface. The following settings
were used: jet pulse 1 second duration, pressure started at zero kPa, incrementing by
2.07 kPa per pulse up to a maximum pressure of 82.7 kPa. This is one of the pre¬

programmed erosion tests stored in the CSM, and is referred to as "Mud 7". Data was
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logged using a squirrel data logger, the transmission from the CSM was logged at 1 Hz
for 30 seconds.

Analysis of the data showed that the prototype CSM was unsuited for measuring
erosion in sands. Erosion in all versions of the CSM is measured by a sensor that detects
the drop in transmission of infrared light across the chamber. This is located near the
bottom of the chamber, 1cm above the sediment surface. For an erosion event to be

detected, sediment particles must be moved up into the water column at least high

enough to block the light path. This arrangement is suitable for cohesive sediments, but

problems were encountered with non-cohesive sediments. Cohesive sediments tend to

be entrained as soon as erosion occurs and will stay in suspension after the erosive force
has been removed due to their small size and relatively low settling velocity. Non-
cohesive sediments, however, behave differently; incipient motion and entrainment are

different stages in the erosive process, and the sediment grains drop out of suspension

rapidly. Detecting erosion in non-cohesive sediments is therefore more difficult. The
CSM is only capable of detecting entrained sediment particles not those moving across

the sediment bed. Sands require high shear stresses for entrainment to occur, they also

require continued application of this force to keep them in suspension and as soon as the
force is removed, they settle rapidly.

Table 3.1 The different grain sizes of sediment used in this study and the critical

pressures for suspension of these sediments.

Sieve size urn Grain size um Mean kPa s.e. N

2000-1180 1560 199.96 6.90 4

1180-1000 1380 106.18 5.16 5

1000-500 840 31.76 0.65 16

500-425 585 26.26 1.02 12

425-250 380 16.09 2.55 12

250-212 275 6.52 0.86 11

212-150 215 5.06 0.59 12

150-125 150 4.83 0.84 5

The CSM Mkll used a squirrel data logger (maximum logging rate of 1 Hz) to

collect data from the infrared diode. With a 0.3 second pulse duration, an erosion event

in sands was often complete in less than a second, so most of the changes in
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transmission over an erosion event were not detected by the logger. This resulted in

considerable variation in the values of transmission recorded by the logger, as it was

down to luck if an erosion event was detected. Using a 1 second pulse duration did not

improve the resolution. It was clear that the CSM Mkll could not measure the critical
threshold for motion of sands or accurately detect the entrainment threshold. It should
be noted that this problem had not been encountered before, as the CSM had been used

exclusively on cohesive sediments.
It had been planned from the outset to add a CPU to the prototype CSM so that

data could be downloaded directly from the CSM to a computer spreadsheet. It was

realised that the CPU could log data faster than the squirrel logger, enabling the changes
in transmission to be followed more closely. The need to be able to log the CSM output

at a greater rate catalysed the development of the CSM Mklll with its own internal

memory. Development of this CSM allowed further improvements to be made to the
CSM. The new CPU featured a socket for connection to a computer and software to

allow data to be directly downloaded into a spreadsheet. Other improvements included a

battery charger with mains adapter to allow extended laboratory work, and a larger
water reservoir.

The CSM MKIII CPU logs data at 10 Hz enabling it to detect erosion in sands;
this led to the development of the "Sand" tests. The period of logging was reduced to

three seconds for the Sand tests, since the erosion event is usually over in less than two

seconds. Identifying the two different groups of test settings "Mud" and "Sand" is a

misnomer since both can be used on any sediment, and the Sand tests became the

standard tests used for most data collection. Even with the data being logged at 10 Hz, it
was found that a 1 second pulse (test Sand 7) was more suitable than a 0.3 second pulse

(test Sand 3) for eroding sands (Table 3.2).

Table 3.2 Comparison of the Sand 1 and Sand 7 tests, the Sand 7 test gives a more

reliable measure of stability (compare the standard error).

Test Grain size kPa mean s.e.

Sand 1 250-212 2.1 14.5 4.1 14.5 16.5 - - 10.34 3.00

<212 4.1 6.2 2.1 10.3 4.1 - - 5.38 1.40
Sand 7 250-212 4.1 2.1 4.1 6.2 4.1 4.1 4.1 4.14 0.45

<212 4.1 2.1 4.1 2.1 4.1 4.1 4.1 3.55 0.38
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3.4 Laboratory calibration of the CSM MkllL

The calibration procedure was repeated using the improved CSM device. Samples
of quartz sand were prepared as outlined above. The following settings were used for

grain sizes up to 1 mm: jet pulse 1 s, pressure started at zero kPa, incrementing by 2.07
kPa per pulse up to a maximum pressure of 82.7 kPa. For grain sizes above 1mm, the

following settings were used: jet pulse 1 s, pressure started at zero kPa, incrementing by
3.45 kPa per pulse up to 34.5 kPa, then incrementing by 6.9 kPa per pulse, up to a

maximum pressure of 207 kPa. These are two of the pre-programmed erosion tests

stored in the CSM, referred to as "Sand 7" and "Sand 9" respectively. The change in
transmission was logged at 10 Hz for 3 seconds.

For each test run, the lowest value of transmission during the first 1.2 seconds for
each pressure step was determined and plotted to produce an erosion profile (Figure

3.4). The erosion profile usually has three parts: A) an initial horizontal profile where
the transmission values are near or at 100%; B) a slope representing the drop in
transmission of light across the chamber as erosion occurs and; C) an asymptotic region
where transmission values approach zero as pulse pressure increases. These profiles

vary depending upon the properties of the sediment. The middle segment (Part 2) of the
erosion profile can be used as an index of erosion rate, since it represents the sediment
flux into the water column in relation to increasing bed stress. Linear regression

analysis can be used to determine the slope of this segment, which is referred to here as

the suspension index (Si). A steep gradient is therefore indicative of rapid erosion,
whilst a shallow gradient is typical of more gradual erosion (Figure 3.5). It should be
noted that S; values from tests with different pressure step increments give different
values of Si and are therefore not comparable (Figure 3.5).

Critical erosion threshold was defined as the pressure step at which transmission

dropped below 90%. The replicate critical eroding pressures for each sand tested are

given (Figure 3.6). Calculated average critical eroding pressures and associated standard
errors are given in Table 3.1. The data indicate that there is a non-linear relationship
between critical pulse pressure (velocity) and grain size. Investigations on finer grained
sands collected from St Andrews beach by S. Mather indicate that the erosion threshold

of sands below 200 pm in size (Table 3.3) were similar. This agrees with published data
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Figure 3.5 The S; value is the slope of a linear regression fitted to a

section of part B of the erosion profile. It is a measure of the rate at which
the transmission drops. The lower the value the slower the sediment is

eroding. The value obtained is affected by the units of the axis, so these
should always be in transmission (%) for the Y axis, and pressure (kPa) for
the X axis. The number of pressure steps also affects the value, so data
from runs using different pressure steps are not directly comparable. The

Si values for different erosion profiles for Sand 7 and Sand 9 are given, the

larger the S; value the more rapidly material is eroded (i.e. the erosion rate

is higher). This provides a quick way of obtaining a semi-quantitative
measure of the erosion rate.
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where the change in the critical erosion threshold is small for quartz sands in this size

range (Miller et al 1977).

Table 3.3 The critical suspension pressures for sands with a grain size less than 200 pm.

The small difference between the erosion thresholds of these sediments is not accurately
resolvable with the CSM. The lower limit of resolution with the CSM for non-cohesive

sediments is around 200 pm.

Grain size Critical eroding pressure (kPa) Mean s.e.

195 6.21 4.14 6.21 6.21 6.21 6.21 5.9 0.3

150 8.27 4.14 4.14 6.21 8.27 6.21 6.2 0.8

100 2.07 2.07 8.27 6.21 8.27 6.21 5.5 1.2

3.4.1 The relationship between transmission and erosion.

An operational definition of the critical erosion threshold as a drop in transmission
below 90% was selected after consideration of several CSM data sets. A drop below
95% was examined, but there was a risk of error due to natural variation and noise. A

drop below 80% or 70% could also be used but these clearly missed the erosion
threshold. Thus, a drop below 90% transmission was chosen as a repeatable indicator of
the erosion threshold. Further studies into the erosion threshold for natural sediments

are discussed in Chapter 6. These include calibration of the transmission values to

suspended particulate matter.

3.4.2 Visual observations of erosion and the jet characteristics.

The visual characteristics of the jet were investigated using a video camera. A

glass chamber was fitted to the CSM jet nozzle instead of the usual opaque chamber. A

solution of potassium permanganate was used to visualise the flow patterns of the jet. A

more detailed investigation was also carried out by Shayler (1999), using a video
camera and subsequent computer analysis of the video images. A non-porous plastic
base was used to imitate a sediment surface and to confine the jet as for a normal test

deployment (Figure 3.7).
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Figure 3.7 Images of the jet generated by the CSM device, Al: at jet

pressures below 10 kPa the core region of the jet extends to the bed, A2:
deflection of the jet at the bed creates a recirculation cell. B and C: as the

jet pressure increases above 10 kPa, a turbulent cone extends upwards
from the bed to the nozzle. D: at a pressure of 19 kPa, the cone extends
from the bed to the nozzle, and is characterised by a constant angle of

dispersion of 13° from the vertical. (Images captured from video by S.

Shayler). E: an erosion pit generated on natural sediment in situ on the

Skeffling mudflats, Humber estuary. The size of the erosion pit is
determined by the sediment properties. Scale bar equals 3cm. (Photo

supplied by K. Black).
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Observation of the VCR frames show that the nature of the jet changes with

increasing pulse pressure. Below a jet pressure of 10 kPa, the jet retains the dimensions
of the brass tube from the exit nozzle to the base (Figure 3.7A 1), exhibiting undisturbed
streamline flow which is known as the core region. When the jet impinges on the bed, it
is deflected radially forming a turbulent recirculation cell (Figure 3.7A 2). Above 10

kPa, turbulence within the jet leads to the formation of an axisymmetric turbulent cone

above the bed (Figure 3.7B). As the pulse pressure increases, the cone extends upwards
from the bed to the jet nozzle (Figure 3.7 B and C), until 19 kPa when the cone extends
from the bed to the nozzle (Figure 3.7D). Once fully developed, the cone was

distinguished by a constant 13° angle of dispersion from the vertical down to the bed.
Visual estimates of the suspension process were obtained using the transparent

chamber and video camera. The protocol and settings were retained and the suspension
threshold was determined visually. The images show that sand grains are deflected

upward and outward by the flow, forming a miniature recirculation cell and erosion pit.
These observations have been corroborated by other workers (see Aderibigbe and

Rajaratnam 1996). Visual estimates of the motion and suspension threshold pressures

are given in Table 3.4.

Table 3.4 Comparison of the visual data, and critical bed shear stress as calculated

using this calibration and data from the literature (Miller et al. 1977).

Grain size

(pm)
Shields threshold for

motion (Nm"2)
Visual threshold from

CSM (kPa)
CSM visual threshold

using our calibration
equation 3.4 (Nm"2)

585 0.3 0.3 0.19

840 0.4 0.6 0.38

1360 0.7 0.9 0.57

This investigation illustrated two aspects of the mechanics of non-cohesive
sediment behaviour in the chamber:

1. Incipient motion occurred at 2.1 kPa (minimum pressure setting) for all grain sizes
below 425-500pm.
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2. The CSM measured a significant drop in transmission as soon as material was

entrained to the height of the optical path.

Observations with cohesive sediments show floes are initially loosened by the jet
and then entrained by the turbulent recirculation cell. Unlike non-cohesive sediments,

the jet progressively drills a hole in the mud, indicating that a well-defined core region
extends to the bed. This is typical of situations where jets are relatively close to a

boundary (Ashforth-Frost et al. 1997). Photographs of the erosion pit produced on

natural mudflat sediments confirm that a confined erosion pit is produced in cohesive
sediments (Figure 3.7E).

Erosion of sediments by the CSM instrument is therefore a function of both
normal and tangential shear stresses, and pressure release due to the pulsing jet. Whilst
the relative importance of these forces has yet to be established, intuitively it is the
normal shear stress and pressure release that loosens the sediment particles and the

tangential shear stress that entrains them.

3.4,3 Calibration of the critical eroding pressures to an equivalent bed shear stress.

Visual observations revealed that incipient motion of sand grains is not detected

by the CSM, since the optical path is located 1 cm above the sediment surface. It is not

until the sediment grains are suspended to this height that a drop in transmission is
detected. An empirical correlation of the measured critical jet pressures against the
critical shear stress curve for the incipient motion of sands is therefore not appropriate
for calibrating the CSM (Miller et al. 1977). The critical values of kPa were therefore
calibrated against the equation of Bagnold (1966) as modified by McCave (1971)

describing the suspension of sands (Equation 3.1).

0 > C V2 Equation 3.1

gD

Where:

0 = the Shield's criterion for the suspension of particles.
C = a constant (0.19).
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V = the settling velocity for a grain of diameter D (ms"1).
g = the acceleration due to gravity (9.81ms"1 s"1).
D = the grain diameter (m).

Settling velocities for the sands were taken from Gibbs et al. (1971) the values

were corrected to take into account the angular shape of natural sand grains using the
conversion equation of Baba and Komar (1981) (Equation 3.2).

wra = 0.977 ws°913 Equation 3.2

Where:

wm = the measured settling velocity of natural quartz sand grains (cm s"1).
ws = the settling velocity of a quartz sphere (cm s"1).

Equations 3.1 and 3.2 were used to calculate expected values of the Shield's
criterion (0) for the suspension threshold of the experimental sands. The equivalent
horizontal bed shear stress that generates sediment suspension, (tg Nm" ) can be derived

from 0 via equation 3.3:

0 = T° Equation 3.3

(ps-pw)gD

Where

ps = the sediment particle density (kg m")

pw = the density of water (kg m").

This is rearranged to give:

x0 = 0 (ps-Pw)gD Equation 3.4

The relation of the threshold jet pressures for suspension of grains (kPa) against
the calculated equivalent horizontal bed shear stresses for suspension for each grain size
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was calculated (Figure 3.8). Equation 3.5 describes the optimum best-fit curve to this
data.

t0 = y0+ A1 * [l-exp(-x/tl)] + A2 * [l-exp(-x/t2)] Equation 3.5

Where:

x0 = bed shear stress (Nm" ).

yG = zero.

x = eroding pressure (kPa).
Al = a constant (67).
A2 = a constant (-195).
tl = a constant (310).
t2 = a constant (1623).

This equation permits expression of eroding pressure (kPa) in terms of an

equivalent horizontal shear stress (Nm'2). The horizontal shear stress can be converted
to shear velocity (U») by equation 3.6. Values of equivalent shear stress (Nm"2) and
shear velocity (U* cms"1) for given CSM pressures are summarised in Table 3.5.

U* = (x0 / p )°5 Equation 3.6

Where:

U* = shear velocity (m s"1).
p = density of water (fresh 1000 kg m"3).
t0 = shear stress (Nm").

A similar empirical analysis has been applied to relate the visual CSM data of

incipient motion of sands to data in the literature (Fig. 7 Miller et al. 1977) and the
calibration described above (Table 3.4). Thus, the visual observations can be used to

corroborate the pressure-bed shear stress data collected by the CSM instrument. For

example, for a grain size of 840 pm, the threshold bed shear stress determined from
Miller et al. (1977) is 0.4 Nm"2. The visual critical jet pressure for incipient motion for a

grain size of 840 pirn is 4.1 kPa, using equation 3.5; an eroding pressure of 4.1 kPa is
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equivalent to a horizontal bed shear stress of 0.38 Nm"2. This implies that the calibration

(Equation 3.5) is internally consistent.

Table 3.5 The conversion of eroding pressure (kPa) into critical bed shear stress (Nm"2)
and shear velocity (U*), using this calibration. A) Pressure incrementing by 2.1 kPa
each step. B) Pressure incrementing by 3.45 kPa each step.

A

kPa Nm"2 u. kPa Nm"2 u.

2.07 0.19 1.39 43.44 3.56 5.96

4.14 0.39 1.97 45.51 3.70 6.08

6.21 0.58 2.40 47.58 3.84 6.20

8.27 0.76 2.76 49.64 3.98 6.31

10.34 0.95 3.08 51.71 4.12 6.42

12.41 1.13 3.36 53.78 4.25 6.52

14.48 1.31 3.61 55.85 4.38 6.62

16.55 1.48 3.85 57.92 4.51 6.72

18.62 1.66 4.07 59.99 4.64 6.81

20.69 1.83 4.28 62.06 4.76 6.90

22.75 2.00 4.47 64.12 4.89 6.99

24.82 2.16 4.65 66.19 5.01 7.08

26.89 2.33 4.83 68.26 5.13 7.16

28.96 2.49 4.99 70.33 5.25 7.24

31.03 2.65 5.15 72.40 5.36 7.32

33.10 2.81 5.30 74.47 5.47 7.40

35.16 2.96 5.44 76.53 5.59 7.47

37.23 3.11 5.58 78.60 5.69 7.55

39.30 3.26 5.71 80.67 5.80 7.62

41.37 3.41 5.84 82.74 5.91 7.69
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B

kPa Nnf2 u. kPa Nnf2 u.

3.45 0.32 1.80 106.87 6.99 8.36

6.90 0.64 2.53 110.32 7.12 8.44

10.34 0.95 3.08 113.77 7.25 8.52

13.79 1.25 3.53 117.22 7.38 8.59

17.24 1.54 3.93 120.66 7.50 8.66

20.69 1.83 4.28 124.11 7.61 8.72

24.13 2.11 4.59 127.56 7.72 8.79

27.58 2.38 4.88 131.01 7.83 8.85

31.03 2.65 5.15 134.45 7.93 8.90

34.48 2.91 5.39 137.90 8.02 8.96

37.92 3.16 5.62 141.35 8.12 9.01

41.37 3.41 5.84 144.80 8.20 9.06

44.82 3.65 6.04 148.24 8.29 9.10

48.27 3.89 6.23 151.69 8.37 9.15

51.71 4.12 6.42 155.14 8.44 9.19

55.16 4.34 6.59 158.59 8.51 9.22

58.61 4.55 6.75 162.03 8.58 9.26

62.06 4.76 6.90 165.48 8.64 9.29

65.50 4.97 7.05 168.93 8.70 9.33

68.95 5.17 7.19 172.38 8.75 9.35

72.40 5.36 7.32 175.82 8.80 9.38

75.85 5.55 7.45 179.27 8.85 9.41

79.29 5.73 7.57 182.72 8.89 9.43

82.74 5.91 7.69 186.17 8.93 9.45

86.19 6.08 7.80 189.61 8.96 9.47

89.64 6.24 7.90 193.06 8.99 9.48

93.08 6.40 8.00 196.51 9.02 9.50

96.53 6.56 8.10 199.96 9.05 9.51

99.98 6.71 8.19 203.40 9.07 9.52

103.43 6.85 8.28 206.85 9.08 9.53

3 .4.4 Investigation into the comparability of tests with different pulse duration.

Most of the field data collected with the CSM was taken before completion of the
calibration. Sand 3 (0.3 second pulse duration) was used as the standard test setting. It
was found that an accurate calibration using sand could only be achieved by using tests
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Sand 7/9 (1.0 second pulse duration), however, Sand 3 was still used for experimental
work to allow comparison of results. This was clearly unsatisfactory. The EPS

experiment (Chapter 4) was the ideal opportunity to determine whether the sand 7/9
calibration could be used for Sand 3. It was known that increasing EPS concentrations
increased the erosion threshold and decreased the erosion rate of sediments. A detailed

investigation into this process was undertaken (Chapter 4). Accompanying this

investigation, CSM measurements were taken using both Sand 3 and Sand 7/9 test

settings. Comparison of this data would determine if it were possible to convert the
Sand 7/9 calibration to the Sand 3 data.

Whilst not strictly part of the CSM calibration, the CSM results from the added
EPS experiment are summarised here, as they validate the use of the calibration. The
data show that as the concentration of EPS increases so does the stability (Figure 3 .9).
Of vital importance to this chapter, the data clearly show that the three different tests

used (sand 3, 7 and 9) generate very similar results. The thresholds are very similar,

differing by less than one pressure step. This is very important, as it means that the
CSM calibration is applicable to the three tests used (sand 3, 7 and 9).

3.5 Example field data.

The CSM has been used in a variety of estuaries in Britain and Europe. Some

example data from the Konigshafen (Sylt, Germany) are given in Figure 3.10 and Table
3.6. Measurements were taken from areas with a visible diatom biofilm and without a

visible diatom biofilm, using the same CSM settings as for the calibration (Sand 9).
Values of the equivalent horizontal bed shear stress calculated using Equation 3.5 for

7 7
these two areas are 2.31 Nm" and 0.37 Nm", respectively, giving a biostabilisation
index of 6.2 (Manzenrieder 1983). The areas with a biofilm are significantly more stable
than those without a biofilm. The area covered with a biofilm has a mean suspension
index (S;) of 1.7 in comparison to 6.7 for the area devoid of a biofilm, areas without a

biofilm fail more rapidly than those with a biofilm.
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Table 3.6 Example field data from the Konigshafen (Sylt, Germany) showing the
difference in stability between areas with and without a diatom biofilm.

Critical erosion bed shear stress Nm'2 mean s.e.

Biofilm 3.3 2.8 1.8 2.1 1.5 2.3 0.33

No biofilm 0.3 0.3 0.6 0.3 0.3 0.3 0.37 0.05

3.6 Discussion.

The potential of a submerged jet device to measure the critical bed shear stress of
sediments has been recognised for almost 40 years (Dunn 1959, Moore and Masch

1962). However, Hollick (1976) encountered difficulty in calibrating his submerged jet

device, but concluded, "the submerged water jet appears to have potential for routine

laboratory measurement of the erosion characteristics of cohesive soils if suitably
calibrated". Paterson (1989) showed that the pulse pressure is directly related to the jet

velocity and used this to provide a comparative measure of stress without clear
calibration. In this study the vertical jet was calibrated to an equivalent critical bed shear

stress, whilst the erosion rate was determined in a semi-quantitative fashion (the

suspension index). The maximum particle size the instrument can entrain into

suspension is approximately 1.5 mm, with an equivalent horizontal bed stress of 9.05
Nm"2. Below a particle size of c. 200 pm there was no detectable difference in

suspension. This is not surprising as the difference in threshold shear stress across the

range 200 pm - 100 pm is -0.05 Nm"2 (Miller et al. 1977). Therefore, at the lower end
of the size spectrum for non-cohesive particles, it is likely that operational uncertainties

during erosion tests (e.g. re-locating jet head precisely at same height above the bed and
natural variation in erosion response) may dominate and obscure real differences in the
critical shear stress.

The calibration and visual data were compared to published data on the critical
bed shear stress for incipient motion (Table 3.4). Variation is within the range found by
Miller et al. (1977). The variation in the published literature is due to differences in the
definition of the threshold condition and potential user bias, and turbulence producing
natural irregularities. Random turbulence introduces a chaotic element into flume

experiments. User bias is not encountered with the CSM, as the transmission
measurements are taken entirely automatically, there is no operator choice in
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determining erosion. Detailed analysis of the turbulence in the CSM has yet to be made,
however the CSM jet may share some characteristics of a turbulent burst in a natural

flow. Vertical water jets are considered by many to be dynamically dissimilar to the

near-bed flow in natural boundary layers primarily because they impart a high stress

normal to the boundary, whereas natural flows impart a predominantly tangential stress.

There is an increasing body of experimental work in both natural and laboratory flows

(e.g. Clifford et al. 1993) that indicates the key instances of sediment suspension in
horizontal flow appears to be correlated with inrushes of high velocity fluid (termed

sweeps) moving downwards towards the bed associated with moving eddy structures

(e.g. Best, 1992; 1993). As early as the 1960's Sutherland (1966, 1967) proposed that

suspension of natural sediments by a turbulent eddy and by a jet might be through a

similar mechanism. He made extensive observations, using coloured dye, to establish
the links between grain and fluid motions of sand suspension under steady horizontal
and pulsating jet flows. There was little follow up from this work with pulsating jets, in

spite of later interest in the transport characteristics of a variety of sediments (e.g. Miller
et al. 1977; Prager et al. 1996). Whilst it is not suggested that the stress generated by the
CSM is necessarily the same as that generated by horizontal shearing, the use of vertical

jets like the CSM may have a stronger natural basis in flow dynamics than was

previously thought. The challenge now is to establish the degree of similarity of the

sweep events to the characteristics of impinging jets, and perhaps design a CSM that
mimics natural sweep events.

Whilst the CSM can be used on non-cohesive sediments it was designed to be
used on mixed, cohesive intertidal sediments. The shear stresses generated over tidal
flats can vary widely. Calculations of natural shear stresses in the Humber estuary

generated by a combination of tides and waves during a relatively calm period were in
the range of 0-1 Nm (Christie and Dyer 1998). Whilst Amos (1995) measured natural
shear stresses of up to 4 Nm on mixed intertidal flats in the Wash and Bay of Fundy.
The CSM can generate a wide range of equivalent bed shear stresses (0.2-9.0 Nm"2),
enabling it to generate the range of shear stresses found naturally in intertidal areas, and
erode sediments beyond the range of many other erosion devices.

The visually acquired data showed that the CSM was only detecting the

suspension threshold of non-cohesive sediment but the erosion and suspension threshold
of cohesive sediment. This is because non-cohesive sediment usually undergoes a
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period of bedload transport before suspension, whereas cohesive sediments are usually

suspended after erosion. The CSM can follow the changes in transmission over a jet

pulse as the floes are suspended, recirculated and begin to settle, due to its rapid logging
rate. Visual observations have shown that the device is very sensitive, only a few floes
of cohesive sediment eroded into the chamber result in a significant drop in the
transmission readings. When the transmission values stay above approximately 95%
there is no erosion and when the transmission drops below 90%, erosion has started.

The calibration of the CSM device to an equivalent horizontal bed shear stress

enables comparison with data collected by other erosion devices. The full automation of
the test procedure significantly reduces the time required for a test run (5-10 minutes

depending upon the test used and the stability of the sediment). Combined with the
small area over which the CSM measures erosion, it enables measurements of intertidal

sediment stability to be taken that were previously impossible. For example, Paterson

(1989) has shown temporal changes in stability over the course of a few hours and

Shayler (1999) has shown spatial variation in the critical bed shear stress between ripple
crests and troughs on intertidal mudflats (Humber estuary, UK). These studies show the
CSM is ideally suited to measuring small-scale spatial and temporal variation of the
critical bed shear stress of sediments in situ.

3.7 Field trials.

The field data shows that the areas with a biofilm are significantly more stable
than those without a biofilm. These differences occur over an area of a few centimetres

and could not be detected by devices that integrate the stability over a large area. The

slope of the erosion profile has been used as a relative, semi-quantitative measure of the
erosion rate, the suspension index (Si). Suspension indices were quite variable,

especially in areas with a biofilm. On reflection, this variability is unsurprising. On the
small scale over which the CSM operates, mudflats are heterogenous; shell fragments,
faecal pellets, burrows, microtopography, different sediment types, organic matter,

biofilms and other organisms all influence the pattern of stability (Ruddy et al. 1998 I
and II). These factors, combined with small-scale variations in consolidation, mean that

a high variation in the erosion profiles is to be expected. Measuring intertidal sediment

properties on a scale relevant to intertidal organisms is of vital importance in
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understanding and modelling intertidal systems (Ruddy et al. 1998 I and II). It is

encouraging that despite the variation in the erosion profiles, the critical bed shear
stresses agree with results from the EROMES erosion device (Tolhurst et al. in press b).

Many other erosion devices do not detect this variation, as they integrate the critical bed
shear stress, and erosion rate, over a much larger area. The CSM is therefore capable of

detecting spatial variation in the erosion characteristics of intertidal sediments not

possible with other devices.

3.8 Conclusion,

The CSM has a number of advantages over traditional erosion devices, making it

ideally suited to taking in situ measurements of stability on a scale and at a rate

previously unachievable.

Advantages:
1. Sensitivity- computer controlled infra red optics make the device highly sensitive to

the small changes in transmission accompanying incipient erosion.
2. Portable- the device can be carried by one person, and requires only one operator.

3. Rapid deployment and short test duration- allows both spatial and temporal
measurements to be taken on a scale that is impossible with any other device and

more appropriate to the erosion process.

4. The device generates a wider range of equivalent bed shear stresses than most other

devices, enabling it to be used on a variety of sediment types, including salt

marshes, biostabilised areas and desiccated sediments.

Disadvantages:
1. Unnatural flow structure- the flow is arguably dissimilar to that of a natural flow,

although this is true for most erosion devices.
2. The CSM cannot yet be deployed underwater.

Whilst the CSM has many advantages over more traditional devices, it does not

preclude their use, but complements it. The CSM may be considered a workhorse
device allowing large amounts of data to be collected very quickly, indicating important
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areas where more intensive investigation would be beneficial. As many traditional
devices require considerable time and effort to deploy, this would help to prevent

wasted effort.
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4 The influence of EPS and biofilms on sediment

properties.

There are three kinds oflies: lies, damned lies and statistics.

Benjamin Disraeli

59



Chapter 4: The influence of EPS and diatom biofilms on sediment properties

4.1 Introduction.

The importance of microbiota in intertidal sediment dynamics is well-documented

(see Paterson 1994a and 1997 for reviews). Despite this, the mechanisms of these

effects are poorly understood. This chapter describes a series of laboratory

manipulations quantifying the influence of biofilms on sediment properties and

processes, and a new technique for visualising eroded floes.
The effects of extracellular polymeric substances (EPS) on sediment stability were

determined by adding an artificial EPS to sediment cleaned with hydrogen peroxide,
and measuring the stability with the Microcosm and CSM erosion devices. The effects
of exposure on biofilm stability were determined by measuring sediment stability after

allowing sediment to drain for different times, using the CSM and a laboratory flume.
Measurements of water content and colloidal carbohydrate were also taken. The

development of a diatom biofilm was followed in a laboratory culture over a 45 day

period, by measuring, colloidal carbohydrate content, chlorophyll a content, water

content, bulk density and sediment stability with the CSM. These data were supported

by a LTSEM study of the changes in sediment microstructure. Finally, a methodology
for visualising eroded floes was devised and preliminary images are presented.

4.2 The influence of EPS on sediment stability.

The importance of EPS in the erosion and deposition of intertidal sediments has
been highlighted in Chapter 1. EPS is generally considered the substance responsible for
the stabilising effect generated by many intertidal organisms. It acts by forming an

elastic matrix between sediment grains (Figure 4.1) and by altering the physio-chemical

properties of cohesive sediments. EPS in the water column promotes flocculation and
hence deposition (Decho 1990). A number of field studies have shown a positive

relationship between EPS and stability, however as there are no abiotic intertidal
sediments there are no control sediments to which these data can be compared. The
influence of EPS is therefore difficult to determine as many other factors, such as bulk

density, bioturbation, water contents and exposure may be influencing the stability.

Knowledge of the influence of EPS on the erosion characteristics of cohesive
sediments and the magnitude of this effect would be useful. It would be the first step in
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Figure 4.1 LTSEM of EPS in natural sediments from the Ems Dollard
estuary. A: Fracture face showing thick strands of EPS associated with a

diatom biofilm. These strands bind the sediment together increasing the

elasticity of the sediment so it recovers after physical deformation with a

finger. Sediments without a biofilm are more plastic. Scale bar = 10 pm.

B: Fracture face showing that at a few millimetres depth, thin strands of
EPS connect the sediment grains. Scale bar = 10 pm.
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determining the effects of typical intertidal biota on sediment stability in terms of EPS

production. With this in mind, a laboratory experiment was devised to determine the
influence of EPS on erosion threshold and erosion rate of cleaned intertidal cohesive

sediment. Cleaning the sediment was far from ideal, due to the disruption of the physio-
chemical sediment structure, but it was the best available method of getting a control

group.

4.2.1 Materials and Methods.

The Microcosm system was used in this study since both the erosion threshold
and erosion rate can be measured. The Microcosm also has a finer range of shear stress

steps than the CSM enabling accurate discrimination of the erosion threshold. CSM
measurements were also made to increase the amount of replication, and provide a

wider range of bed shear stresses.

Cohesive sediment was collected from the Eden estuary, sieved and cleaned by

adding a solution of hydrogen peroxide as described in Chapter 2. Varying amounts of
an commercial bacteria EPS (Xanthan gum) were added to 350 ml of distilled water and
mixed thoroughly with a magnetic stirrer. When it was thoroughly dissolved the EPS
solution was added to 650 g of the cleaned sediment, to give a final water content of
35%. This was mixed manually and then with an electric mixer, to distribute the EPS

throughout the sediment.
The sediment was left to stand for half an hour after mixing then re-mixed before

use. As the measurements were made immediately, no consolidation of the sediment

occurred. The sediment was poured directly into the Microcosm chamber and levelled
to obtain a flat surface, with a specially built straight edge. For the CSM runs, the
sediment was poured into 5 cm plastic petri dishes and levelled by tapping gently. A
smooth level surface is essential; any irregularities act as nuclei for erosion as they
increase bed roughness and generate turbulence which increases the stress on the bed.

Cryolander sediment samples were also taken to observe the sediment structure using
LTSEM. This experiment was designed to mimic natural concentrations of EPS; field
data shows that a colloidal carbohydrate content of 10 g kg"1 was at the upper range of
natural contents. The following concentrations of EPS were used; zero as a control,
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1.25, 2, 5, and 10 g kg"1. This experiment was also a test bed for the development of the
floe sampling technique, described in section 4.5.

4.2.2 Results.

4.2.2.1 The Microcosm.

Three repetitions were made for each Microcosm run. As EPS concentration

increased, so did the erosion threshold (Table 4.1). At an artificial EPS concentration of
1.25 g kg"1, there was erosion in all three runs, at 2 g kg"1 erosion occurred in only one

run and by 5 g kg"1 there was no erosion (Figure 4.2). The stability of the sediment with
added artificial EPS was higher than that without. The erosion rates were measured with
the Microcosm for each of the four treatments (Figure 4.3). The Microcosm settings
used in this study resulted in a maximum erosion shear velocity (U») of 1.73 cm s"1
which was insufficient to induce erosion in sediment with more than 2 g kg"1 of added
EPS. It should be noted that the Microcosm is capable of generating higher shear
stresses.

Table 4.1. Microcosm added EPS thresholds.

Threshold U* (cm s"1)
EPS (g kg"1) a b c

0 1.46 1.51 1.51
1.25 1.73 1.73 1.64

2 no erosion 1.73 no erosion
5 no erosion no erosion no erosion

4.2.2.2 TheCSM.

For the CSM studies, replicate measurements were made with Sand 9, Sand 7 and
Sand 3 test settings. The erosion threshold generally increased with increasing EPS
content (Table 4.2). The relationship between eroding pressure and EPS content was

approximately linear; however, an exponential growth function gave a better fit to the
data (Figures 4.4A and B).
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Figure 4.4 A: The erosion thresholds of cleaned cohesive sediment
with different concentrations of EPS, measured with the CSM using three
different test settings (Sand 3, 7 and 9). Best fit curves (dotted lines) using
the exponential growth model. It is unknown whether this relationship
would hold at higher concentrations of EPS. Error bars are standard error,

n = 5. B: Average of the three tests erosion thresholds for different
concentrations of EPS. Both a linear regression (blue line) and exponential
model (red dotted line) are fitted to the data.
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The most significant effect of increasing EPS content was not on the thresholds,
but on the erosion profiles (Figure 4.5). The S, values (relative measure of erosion rate)
decreased with increasing EPS content (Figure 4.6) showing that EPS concentration
affects the erosion rate. (Note that the Sand 3/9 S, values are not directly comparable to

the Sand 7 S; values due to the different pressure step increments, see Chapter 3).

Table 4.2. The erosion thresholds and Si values for the added artificial EPS experiment.

Averajge threshold (Nm2) s,

eps (g kg"1) s3 s9 s7 average se s3 s9 s7

0 0.64 0.43 0.58 0.55 0.06 11.96 12.85 23.85

1.25 0.64 0.64 0.73 0.67 0,03 7.86 8.32 8.98

2 0.85 0.64 0.70 0.73 0.06 4.84 5.39 6.77

5 1.25 1.00 1.18 1.14 0.07 2.22 2.72 3.24

10 2.15 1.87 2.03 2.02 0.08 1.21 0.75 1.39

4.2.2.3 The LTSEM images.

The LTSEM images reveal the microstructure of the sediment fabric (Figures 4.7-

4.9). The control and 1.25 g kg"1 treatments have a similar structure, although there

appears to be more "free" water in the control in the form of interstitial water (Figure

4.7). The 2 g kg"1 treatment appears considerably more dense and some small strands of
EPS are visible between the grains, yet the 5 g kg"1 treatment appears less dense (Figure

4.8). The 10 g kg"1 treatment appears denser, but not as dense as the 2 g kg"1 treatment

and some strands of EPS are visible (Figure 4.9).

4,2,3 Discussion.

The addition of an artificial EPS to cleaned sediment significantly increases the

critical erosion threshold as measured by the Microcosm, even at low EPS content

(Table 4.1). Whilst the CSM data displays an increase in stability with increasing EPS

content, the increase in critical erosion threshold at low EPS contents is not accurately
resolvable with the CSM (Figure 4.4), probably due to the relatively large increase in

eroding stress with each pressure step. At higher EPS contents, the Microcosm system

did not generate enough stress to cause erosion (Table 4.1), whilst the CSM was easily

63



Figure 4.5 CSM erosion profiles for different concentrations of
artificial EPS, tests Sand 3, 7 and 9. As EPS concentration increases, so

does the erosion threshold. More significantly, the slope of the erosion

profile changes, showing that as EPS concentration increases, the erosion
rate decreases. The erosion profile of the controls is similar to erosion

profiles from natural sediments without a biofilm. The profiles from an

EPS concentration of 5 and 10 g kg-1 are similar to erosion profiles from
areas with a biofilm (Chapters 3, 5 and 6). This suggests that EPS is of

primary importance in the differences in sediment stability between areas

with and without a biofilm.
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Figure 4.7 LTSEM images of cleaned natural cohesive sediment with

varying concentrations of artificial EPS. A: fracture face of the control
sediment, note air bubble top centre, vertical lines are caused by
fluctuations in the electron beam. Scale bar =100 pm. B: detail of the

control sediment, note patches of ice between the sediment grains. Scale
bar = 10 pm. C: fracture face of the 1.25 g kg"1 treatment, the structure is
similar to that of the control. Scale bar = 100 pm. D: detail of the 1.25 g

kg"1 treatment reveals there is less water (ice) in the sediment. Scale bar =

10 pm.



 



Figure 4.8 LTSEM images of cleaned natural cohesive sediment with

varying concentrations of artificial EPS. A: fracture face of the 2 g kg"1
treatment, the structure is denser than the previous two treatments. Scale

bar = 100 pm. B: detail of the 2 g kg"1 treatment shows the dense nature of
the sediment. Close observation reveals tiny strands of EPS between some

sediment particles. Scale bar =10 jam. C: fracture face of the 5 g kg"1
treatment, this treatment seems to be less dense than the 2 g kg"1 treatment.

Scale bar =100 pm. D: detail of the 5 g kg"1 treatment shows the nature of

the sediment. Scale bar = 10 pm.



 



Figure 4.9 LTSEM images of cleaned natural cohesive sediment with

varying concentrations of artificial EPS. A: fracture face of the 10 g kg"1
treatment, the structure is similar to the 5 g kg"1 treatment. Scale bar = 100

pm. B: detail of the 10 g kg"1 treatment shows the dense nature of the

sediment, and reveals some strands of EPS between some of the sediment

particles (top centre). Scale bar =10 pm.
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capable of eroding this more stable sediment (Table 4.2). Increasing the number of

pressure steps between 0-2.0 PSI would allow the CSM to accurately resolve the
erosion of less stable sediments. Extending the Microcosm settings to greater disc rpm

is a simple matter of extrapolating the calibration (Gust pers comm.).
It is clear from the CSM results (Table 4.2) that increasing the amount of EPS in a

cohesive sediment increases the critical erosion threshold of the sediment (the sediment
is more stable). This increase is approximately linear, but an exponential growth model
fits the data better (Figures 4.4A and B). It is unknown whether this relationship would
still hold at higher EPS concentrations. It seems unlikely that the stability would
continue to increase exponentially with increasing EPS concentration, but this remains

unproven, and relatively unimportant as concentrations of EPS in the field rarely exceed
the maximum concentration used in this experiment. The increase in erosion threshold
was relatively large; the average threshold was 0.55 Nm2 for the controls and 2.02 Nm2
for 10 g kg"1 of EPS. More striking is the effect EPS has on the erosion profiles and S,
values generated by the CSM. The erosion profile becomes progressively flatter, as EPS
concentration increases (Figure 4.5), meaning less sediment is suspended at each

pressure step. Thus as the EPS concentration increases the S, (relative erosion rate)
decreases (Table 4.2). Interestingly, the profiles from the control and low concentrations
of EPS (1.25 and 2 g kg"1) are similar to those generated on sediments with little or no

diatoms. Profiles from high concentrations of artificial EPS are similar to those from
sediments with diatom biofilms (see for example section 4.4).

The similarity between the erosion profiles of biofilm areas and cleaned sediment
with a high concentration of artificial EPS supports the contention that EPS is

responsible for the stabilising effects of many organisms. The reduction in erosion rate

caused by EPS will have significant effects upon the ETDC cycle. This is especially
true in areas where the erosion threshold is regularly exceeded, as the total mass of
sediment eroded will be reduced.

The LTSEM images do not show very clear differences between the treatments,

although there appears to be a reduction in the free water in the pore spaces. The lack of
visible EPS strands between the sediment particles may indicate that the EPS has
adsorbed onto the clay particles in a physio-chemical fashion rather than forming

physical connections between the grains. This would alter the surface properties of the
sediment particles and increase stability by strengthening inter-particle bonding forces.
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This seems especially likely as the sediment was cleaned with hydrogen peroxide to

remove organic matter.

4.3 The effects of exposure upon the stability of a diatom biofilm.

4.3.1 Introduction.

Water content has a significant effect upon the stability of cohesive intertidal

sediments, as water content decreases, stability increases (Amos et al. 1988). However,
the effects of decreasing water content upon the stability of a diatom biofilm are

unknown. Increases in sediment stability have been measured over a tidal cycle. It has
been suggested that this was due to drying of EPS in a biofilm during tidal exposure

(Paterson 1989). The aim of this investigation was to determine the effects of drying on

the stability of a diatom biofilm. Two studies were conducted the first, using a linear

flume, measured stability and water content. The second, using the CSM, measured

stability, water contents, carbohydrate content and bulk density. Changing the water

content of cohesive sediment changes its stability; to avoid this the diatom biofilm was

cultured on non-cohesive, cleaned sand. This would allow determination of the effects

of exposure on the biofilm, without extraneous effects.

4.3.2 Flume investigation: methods.

Sand was collected from a convenient local site, the East Sands St. Andrews and

prepared as described in Chapter 2. A sieve size of 250 and 500 pm was used. The petri
dishes of sediment were left for 1 month in the culture tanks, in this time a thick diatom

biofilm formed, the surface of which became blistered with oxygen bubbles. Large parts

of the biofilm lifted away from the sediment surface taking the surface sand grains with
it. The remaining sediment contained many trapped bubbles, probably oxygen generated
from photosynthesis in the biofilm.

To simulate the effects of exposure, the dishes were removed from the tanks and
left to drain on the lab bench (the petri dishes had holes cut into the bottom to allow the
water to drain out). Four different draining times were used, 1, 2, and 4 hours, and an

undrained control. Sediment stability was measured using the flume tank (Chapter 2).
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Five replicate erosion runs were made for each treatment; the erosion threshold was

taken as the point when sustained removal of sediment occurred (determined by the
author visually). Sediment cores (1cm depth) were taken to determine water content.

4,3,3 Flume investigation: Results.

When the dishes were placed in the flume, great care was taken not to disturb the
sediment. Despite this, in all dishes except for the controls, some surface sediment was

removed. This process, termed slaking, is the removal of the surface sediment due to

surface tension. Slaking seemed to vary with exposure time, there was no slaking in the
controls but it occurred after 1 and 2 hours exposure, by 4 hours there seemed to be less

slaking. Unfortunately, no measurements of the amount of material lost were made, so

these are only qualitative observations. The difference in slaking response indicates that
even short periods of exposure can alter the behaviour of the sediment surface.

Sediment stability in the controls was highly variable ranging from 0.12 to 0.5
Nm"2 (Figure 4.10). Published thresholds for this size range are around 0.25 Nm"2
(Miller et al. 1977), so the diatom biofilm had both stabilised and destabilised the

sediment. There was less variation in the critical bed shear stresses for the three drained

treatments.

Table 4.3 summary of the effects of exposure time on water content.

Exposure time water contents

Flume se CSM method 1 se CSM method 2 se

0 15.5 0.2 25.0 0.4 29.6 2.1
1 14.7 0.3 25.1 0.7 29.1 1.9
2 14.4 0.5 - - - -

3 - - 24.2 0.8 29.0 1.4
4 12.5 0.4 - - - -

6 - - 16.5 1.5 22.7 1.7

Water contents of all treatments varied by less than 5%, after 4 hours of exposure

there was a small significant decrease in water content (Kruskall Wallis on mini-

Cryolander core data, p < 0.005) (Table 4.3). Measurement of the erosion threshold
revealed that there was no significant effect of water content on erosion threshold

(Figure 4.10), although there was a change in the type of erosion. In the controls,
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erosion was by peeling back of the diatom biofilm and removal of clumps of sediment
bound together by EPS. As the exposure time increased, there was less peeling, and the
eroded clumps became smaller; after four hours exposure, erosion was as small clumps
and individual grains. The biofilm had lost its cohesion.

4.3.4 CSM investigation: methods.

The effects of exposure were investigated further with the CSM Mkll. The change
in water content was relatively small after 4 hours exposure in the flume investigation,
so longer exposure times were used in this investigation. Four different draining times
were used, 1, 3, 6 hours, and an undrained control. There were 5 replicates for each of
the exposure times, and 6 replicates for the control. The petri dishes were left in the
culture tanks for 17 days, approximately half the time for the previous investigation,

despite the shorter culture time blistering of the biofilm still occurred. Three sediment

samples were taken from each dish by the mini-Cryolander method, just before stability
was determined, for the analysis of water content, carbohydrate contents and LTSEM.
The dish was then placed in a tank of seawater and stability determined with the CSM

Mkll using test Mud 8.
The mini-Cryolander samples were sectioned on a freezing microtome and a

Dubois assay was carried out on the top 2 mm of the sediment. Water contents were

determined in two ways, method 1 used a whole mini-Cryolander, whilst method 2 was

determined as part of the carbohydrate analysis determining the water content to a depth
of 2mm.

4.3.5 CSM investigation: Results.

The petri dishes were placed in a tank of seawater before the CSM could be used,
and as for the previous investigation, this led to slaking in all treatments except for the
control. Water contents calculated from the cores and carbohydrate assay slices for the
different exposure times are summarised in Table 4.3. The decrease in water content

after 3 hours was small, with a significant loss of water only occurring after six hours

exposure (Kruskall Wallis on mini-Cryolander core data, p < 0.01). Sediment stability
in the control dishes was again more variable than the other treatments (Figure 4.11).
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Figure 4.11 The effects of water content on stability measured with the
CSM. Top: water contents calculated from a 2mm section from a mini-

Cryolander. Bottom: water contents calculated from a complete mini-

Cryolander core. The 2mm section has a higher water content than the

complete core, this would be expected, as biofilms can be as much as 99%
water and the 2 mm section contains a high proportion of biofilm. The
water contents from the 1 cm core after 6 hours exposure are less than the
other treatments. The water contents from the 2 mm section are similar to

the other treatments. This indicates that the biofilm retards water loss from

the sediment surface, but the effect is limited to the surface, and does not

prevent draining of the sediment below.
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The relationship between sediment stability and water content varied depending upon

the method by which water content was determined. The core calculated water contents

showed no effect of water content on stability, for the water contents calculated from

mini-Cryolander sections there was a slight upward trend in the stability with

decreasing water content (Figure 4.11). The carbohydrate concentration and bulk

density did not influence sediment stability (Figure 4.12), and there was no relationship
between carbohydrate concentration and water content. A summary of the results is

given in Table 4.4.

Table 4.4. The effect of exposure on sediment properties CSM experiment.

Exposure time
(hours)

Stability
(kPa)

Carbohydrate
(pg/mg)

water content % Bulk density
(g/cm3)1 2

0 17.2 1.03 26.1 33.1 1.54
0 51.7 0.99 25.0 23.6 1.37
0 24.1 0.75 24.9 32.3 1.43
0 17.2 1.51 24.8 33.5 0.75
0 13.8 1.06 23.4 32.6 1.40
0 34.5 0.43 25.9 22.3 1.60
1 13.8 0.91 25.3 28.0 1.47
1 17.2 0.55 23.4 23.6 1.47
1 20.7 0.80 23.8 34.0 1.03
1 27.6 0.09 26.3 26.8 1.22
1 44.8 1.09 26.9 33.0 1.04
3 24.1 0.51 26.5 30.8 1.64
3 27.6 0.16 22.3 23.8 1.57
3 20.7 0.57 25.4 30.9 1.17
3 20.7 0.43 23.5 28.7 1.54
3 24.1 0.21 23.4 30.6 1.24
6 20.7 0.53 18.3 21.3 1.25
6 24.1 0.88 14.0 21.2 1.46
6 17.2 0.70 19.8 28.2 1.18
6 24.1 1.24 18.3 24.7 1.21
6 34.5 0.75 12.0 18.4 0.91

4,3,6 Discussion of the two exposure experiments.

It was noted that in every group except the control group, the surface layer of
sediment slaked off when a dish was placed in the seawater, despite great care being
taken not to disturb the sediment. This phenomenon has been observed in estuaries. It
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could be a selective pressure for the evolution of diatoms migratory behaviour; any

diatoms on the sediment surface at this time would be removed with the sediment

surface. Migration below the surface would prevent this. Slaking may be important in
sediment transport and nutrient cycles.

There was no significant difference in the erosion thresholds for the different

exposure times (Kruskall Wallis p 0.857 flume, p 0.966 CSM). The stability of the
control dishes in both experiments was the most variable, both the highest and lowest
stabilities were found in this group (Table 4.4 and Figure 4.11). This suggests that a

factor other than water content is important in determining the stability of the diatom
biofilm. The diatom biofilm was blistered, in many dishes the biofilm had started to lift

away from the sediment surface. It would appear that the physical condition of the
diatom biofilm (how old it is, how blistered it is) is an important control on the stability
of the sediment. Observations show that well-developed biofilms erode by peeling back
from the sediment surface, usually from an area of weakness, such as a burrow. This

suggests that the transition zone between the biofilm and the underlying sediment is a

plane of weakness along which failure can occur. No LTSEM images were taken of
these samples, however LTSEM of other biofilms clearly show that diatom biofilms
form a coherent layer partly separated from the underlying sediment (see for example

Figure 5.10a). The presence of oxygen bubbles in the biofilm exacerbates this, as they
seem to accumulate in the transition layer adding buoyancy to the biofilm and pulling it

away from the sediments below. A similar process has been observed in cyano-bacterial

mats, where the upper layers are loosened by gas formation and "float" away with
currents (Cornee et al. 1992).

Draining has little effect upon the water content of the sediment until four hours
have passed (Table 4.3). The fact that there is no significant decrease in water content

after 3 hours of draining suggests that diatom biofilms may be important in reducing
water loss. After 4 hours of draining water contents had decreased significantly (mini-

Cryolander cores, Kruskall Wallis p 0.005 flume experiment, p 0.01 CSM experiment).
The water contents calculated from the Dubois assay sections are higher than those from
the complete cores, probably due to the 2mm Dubois section containing a higher

proportion of biofilm. Draining of water from the sediment will result in lower water

contents; however, the water in biofilms cannot drain away as it is "biologically
stabilised" resulting in higher water contents in the 2mm surface section. There is no
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relationship between water content and colloidal carbohydrate (Figure 4.13), which

might be expected if the colloidal carbohydrate was important in preventing water loss.
Colloidal carbohydrate is often reported as being responsible for the stabilising

effect of diatoms (Section 4.2), however, in this case, stability was not correlated with

carbohydrate concentration (Figure 4.12). One possible explanation for this is that the

dishes with the highest carbohydrate concentrations were also the most blistered due to

the oxygen bubbles, and therefore less stable. This is further evidence that in this study
the condition of the biofilm is the most important factor in determining stability.

In summary, stability seems to be affected by the physical condition of the

biofilm, in particular the degree of blistering. Exposure and subsequent reduction of
water content leads to slaking of the sediment surface, but does not significantly affect
the stability. Slaking may result in significant removal of sediment if it occurs over

large areas of the intertidal.

4.4 The development of a diatom biofilm with time.

4.4.1 Introduction.

It is important to understand both the magnitude and time scale of diatom
influence on sediment properties. The rapidity with which diatoms colonise and
stabilise freshly exposed sediment has implications for the ETDC cycle. If stabilisation
is rapid, then diatoms can have significant effects on sediment properties even in areas

with high erosion/deposition rates as long as grazing pressure is not significant.
This study investigates the development of a diatom biofilm by measurement of

sediment properties. By excluding external factors, such as temperature and macro

organisms, the influence of diatoms on sediment properties can be isolated.

4.4.2 Materials and methods.

4.4.2.1 Sediment preparation.

The experiment described in Section 4.2 indicated that cleaning natural cohesive
sediment with IT2O2 altered the sediment properties. As this study concerned the
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colonisation of natural sediment, it was decided to use uncleaned natural sediment.

Sediment was collected by taking surface skims (0.5 cm depth) from the Eden estuary.

This sediment was sieved through a 1mm sieve to remove macro-organisms and large
debris and placed in a freezer. Freezing sediment has previously been used to kill
sediment biota (Ford 1998). The sediment was left in the freezer for three days, then
removed. The thawed sediment was poured into 9cm plastic petri dishes and levelled by

tapping gently. These dishes were placed in the culture tanks receiving a through flow
of fresh seawater containing diatoms.

4.4.2.2 Measuring sediment properties.

Dishes were selected randomly from the tanks using a dice. Sediment stability
was measured using the CSM, (test Sand 3). Petri dishes were removed from the tanks

and placed in a container filled with seawater. The CSM was carefully lowered onto the
sediment surface and a stability measurement made. After a run, the turbid water was

carefully removed from the CSM chamber and the chamber removed from the sediment.
The sediment in the petri dish was then frozen in liquid nitrogen and stored in a freezer
to allow later analysis of other sediment properties.

Sections of sediment were removed from the frozen samples to be viewed under
LTSEM. Sediment blocks were cut from the samples using a lapidary saw for micro-
scale analysis of colloidal carbohydrate, chlorophyll a, bulk density and water content

using the methods outlined in Chapter 2 (analysis of the latter three was carried out by
M. Consalvey). Colloidal carbohydrate concentration was normalised to mass (jag mg"1)
and volume (jag mm" ), to allow comparison of these two methods.

4,4,3 Results.

4.4.3.1 Sediment stability.

Measurements of stability with the CSM revealed that the erosion threshold
increases with time. Initially this increase was linear but after 5 days slows down, and

stability increased more slowly (Figure 4.14 and Table 4.5). This increase in stability
was accompanied by a decrease in the Si values with time, showing that the erosion rate
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decreases as the biofilm develops (Figure 4.14 and Table 4.5). The erosion profiles
show how the erosion response changes with time (Figure 4.15).

On day 0, sediment floes were removed from the sediment surface by the surface
tension of the water as the dishes were placed in the test container. This did not occur

on day 1, indicating some stabilisation of the sediment surface had occurred. Visual
observation of the sediment indicated that a biofilm was developing by day 3 and by

day 5, this had begun to blister as oxygen bubbles formed in the biofilm. By day 6, the
biofilm was considerably blistered and was being pulled away from the sediment. On

day 7, pieces of biofilm with associated sediment were washed away from the sediment
surface as they were removed from the culture tanks and placed in the test tank, despite

great care being taken not to disturb the sediment, however, the sediment was more

stable than on day 5. After day 7, the blistering appeared to have reached its peak and
no new bubbles formed. By day 13, despite the sediment surface being highly blistered,
none of the biofilm floated away, and sediment stability was greater than on day 7.

Table 4.5. The average erosion thresholds and S, values for the development of a

biofilm with time experiment.

day Nm2 se S; av profile
0 0.51 0.08 9.79

1 0.64 0.00 8.47

3 0.89 0,06 6.44

5 1.13 0.12 6.81

7 1.19 0.11 3.92

13 1.82 0.23 2.31

45 3.42 0.40 0.32

4.4.3.2 Micro-scale analyses of colloidal carbohydrate, chlorophyll a, bulk density
and water content.

Depth profiles show there was an increase in colloidal carbohydrate concentration
at the sediment surface over the course of the experiment (Figure 4.16). An initial
increase on day one was not sustained, with levels dropping on days 3 and 5,

subsequently there was a steady increase from day 7 through to day 45. Chlorophyll a
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Figure 4.16 The change in colloidal carbohydrate depth profiles with
time as the diatom biofilm develops. Colloidal carbohydrate is expressed

by both volume (red line) and mass (black line). There is a general
increase in colloidal carbohydrate at the sediment surface as the biofilm

develops. The peak on day 1 is attributed to bacterial action (see text).
Error bars are standard deviation, n = 3.
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concentrations showed a steady increase in the surface layers with time, whilst

concentrations at a depth of 1750 |um remained low (Figure 4.17). These changes
become conspicuous on day 7. The water contents increase with time, this increase
occurs over the whole 2mm section and is not limited to the sediment surface (Figure

4.18). Again, day 7 is the point where a recognisable change in the depth profiles
occurs. Bulk densities are highly variable, and the depth profiles reveal no clear pattern

(Figure 4.19). Taking the whole 2 mm section, all of the sediment properties measured

(with the exception of bulk density) tend to increase over the course of the experiment

(Figure 4.20).

4.4.3.3 LTSEM imaging ofsediment microstructure.

The low temperature scanning electron microscopy revealed the change in
sediment structure and biofilm development with time. Images from day 0 and day 1
show the typical open "card-house" sediment structure with few diatoms (Figures 4.21 -

4.25). Visual observations of the test dishes on day 3 indicated that a biofilm was

beginning to form, this is supported by LTSEM images from day 3 showing large
numbers of small diatoms (Figure 4.22). This biofilm continues to develop, until by day

45, the biofilm consists of a variety of diatoms (including chain formers) bacteria and

Harpacticoid copepods (Figure 4.25).

4,4.4 Discussion.

The growth of a diatom biofilm on cohesive sediment was accompanied by an

increase in sediment stability (Table 4.5). The observed differences between the

stability of the biofilm and sediment stability are shown by the increasing variability in
the erosion thresholds as measured by the CSM. Similar differences in the erosion
threshold have been measured in a linear flume (Tolhurst 1995) and by Sutherland

(1996). The presence of oxygen bubbles in a biofilm is again linked to destabilisation of
the mat, however, once the bubbles had formed there did not appear to be further
destabilisation. Continued growth of the biofilm seemed to reverse the destabilisation
somewhat. Conversely, the sediment below the biofilm becomes more stable with time,
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Figure 4.17 The change in chlorophyll a depth profiles with time as the
diatom biofilm develops. Chlorophyll a concentration increases in the
surface sediments as the biofilm develops indicating an increasing
biomass. Error bars are standard deviation, n = 3.
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Figure 4.18 The change in water content depth profiles with time as the
diatom biofilm develops. Water content increases with time, this increase
occurs over the whole section and is not limited to the sediment surface.

Error bars are standard deviation, n = 3.
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Figure 4.19 The change in bulk density depth profiles with time as the
diatom biofilm develops. Bulk densities are highly variable, showing no

clear pattern of change with time. The high variation may be due to the

presence of air bubbles within the sediment surface. Error bars are

standard deviation, n = 3.
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Figure 4.20 A summary of the data showing how the measured
parameters (averaged over the 2mm section) change with time. All the
measured sediment properties with the exception of bulk density tend to
increase with time, as the biofilm develops. Error bars are standard

deviation, n = 5 for the stability measurements n = 3 for the other sediment

properties.
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Figure 4.21 LTSEM images showing changes in the sediment
microstructure and biofilm growth with time. A: Fracture face of the
sediment on day 0, circular depressions (next to scale bar) are air bubbles.
Scale bar =100 pm. B: Close up of fracture face showing the sediment

microstructure. Scale bar = 10 pm. C: Fracture face on day I, showing

typical open card house structure. The air bubbles have disappeared. Scale
bar =100 pm. D: The sediment surface on day 1. Scale bar =100 pm.
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Figure 4.22 LTSEM images showing changes in the sediment
microstructure and biofilm growth with time. A: Close up of sediment

surface on day 1, one solitary diatom is present. Scale bar = 10 pm. B:
Fracture face of the sediment on day 3, note change in structure from day 0

and 1 (Figure 4.21 A and C). Scale bar = 100 pm. C: The sediment surface
on day 3 has a more open structure than day 1 (Figure 4.21 D). Scale bar =

100 pm. D: A close up of the surface on day3 reveals this surface layer to

be a diatom biofilm, supporting visual observations that a biofilm was

forming at this time. Scale bar = 10 pm.



 



Figure 4.23 LTSEM images showing changes in the sediment
microstructure and biofilm growth with time. A: The sediment surface on

day 5, the biofilm has developed to cover the whole surface, note the
strands of EPS (centre) and the large diatom covered in smaller diatoms

(bottom). Scale bar = 10 pm. B: By this time blistering of the sediment
surface was occurring, close up images show the biofilm lifting away from
the sediment. Scale bar = 10 pm. C: Fracture face of the sediment on day

7. Scale bar =100 pm. D: Close up of the sediment surface on day 7, note

the pitted nature of the surface, and the large amounts of EPS (smooth

areas). Scale bar = 100 pm.



 



Figure 4.24 LTSEM images showing changes in the sediment
microstructure and biofilm growth with time. A: Sediment surface on day
7. The biofilm has peeled away from the sediment (bottom half) to reveal

watery open sediment below. The top half of the sediment is still covered
in a biofilm. Scale bar = 100 pm. B: The sediment surface (top) and
fracture face (bottom) on day 13. The biofilm (top) is floating on watery

sediment with lots of free water (ice, appears as flat grey areas). Scale bar
= 100 pm. C: Close up of sediment surface on day 13, showing large
numbers of diatoms. Scale bar = 10 pm. D: Close up of blistered sediment,

showing the biofilm pulling away from the sediment surface (bottom).
Scale bar = 100 pm.



 



Figure 4.25 A: The sediment surface on day 45, The biofilm (bottom)
has peeled away from the sediment (top) to reveal a network of filaments

just below the biofilm. Scale bar =100 pm. B: Close inspection reveals
these filaments to be cyano-bacteria, and the presence of Harpacticoid

copepods (centre emerging from the biofilm). Thus, by day 45 the biofilm
had become layered with diatoms on the surface and cyano-bacteria below.

Scale bar =100 pm. C: A Harpacticoid copepod on the sediment surface.

Cyano-bacteria cover the sediment to the left, whilst the sediment surface
to the right, revealed by blistering, contains a high proportion of ice. Scale
bar =100 pm. D: Close up of the intact biofilm shows diatoms in EPS.

Scale bar = 10 pm.
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and does not appear to destabilise (except for sediment particles that are incorporated
into the biofilm).

These biofilms were grown under laboratory conditions; their relevance to natural

systems may therefore be limited. The formation of large blistering oxygen bubbles is

relatively rare in temperate estuaries; respiration and bioturbation will disperse oxygen,

preventing bubble formation. However, blistered biofilms have been observed by the
author in the Eden estuary. Under natural conditions any part of the sediment surface
that becomes less stable than the tidal shear stress will be removed by the next tide.
There is a possibility that this destabilising is beneficial to the diatoms. Erosion of parts

of a biofilm would disperse diatoms with the tides, removing them from areas with a

high population density, potentially enabling them to colonise new areas. This erosion
also reveals fresh sediment, which may provide a fresh source of nutrients. Observation
of the biofilms grown in the laboratory showed that fresh areas of sediment revealed by

blistering were rapidly colonised by more diatoms.
It had been expected that colloidal carbohydrate would increase over the course of

the experiment. The high concentrations of carbohydrate on day 1 were unexpected.
There was no significant change in the chlorophyll a (Figure 4.17), which suggests that
increased diatom activity was not responsible, and this is supported by the LTSEM

images. The increase is found in all three samples, so it is unlikely to be due to a freak
concentration of organic matter. The most logical explanation is that the increase was

due to bacterial action. The sediment had been in the freezer, so there would have been

a high proportion of DOM (dead organic matter) in the form of lysed organisms. Some
bacteria are able to survive freezing, so at the beginning of the experiment the
conditions would have been ideal for a rapid increase in bacteria. If this occurred, they
would secrete EPS, leading to an increase in colloidal carbohydrate. If these bacteria
were anaerobic, there would be no increase in carbohydrate at the sediment surface,
which is what was found (Figure 4.16). As the DOM is from a finite source, it would be

expected that the bacteria population would not be sustained and levels of colloidal

carbohydrate would return to a level similar to that at the start. Indeed this is what

happens. After this initial fluctuation, the colloidal carbohydrate concentration increases
as the diatom biofilm develops. Unfortunately, bacteria were not considered during the

experimental conception, so no samples were taken for bacterial analysis
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Unsurprisingly, the chlorophyll a concentration increases as diatom numbers

increase (visual estimate from dishes and LTSEM). Water content tends to increase,

presumably due to biofilm formation. The bulk density is variable in the top 750 jam

and relatively constant below this. It is possible that the surface density is being
influenced by the biofilm, and therefore reflects the highly variable nature of the
biofilm.

Correlation analysis (Pearson product moment) showed that stability was

significantly positively correlated (p < 0.05) with all sediment properties except bulk

density (Table 4.6). Stability was most significantly correlated with time and colloidal

carbohydrate (pg mg"1). If the abiotic properties were controlling the stability, then the
bulk density would be significantly positively correlated with stability, and water

content would be significantly negatively correlated. This shows that biotic activity is

controlling the sediment stability. Water content and colloidal carbohydrate
concentration are significantly positively correlated with time (p < 0.05).

In conclusion, biotic activity significantly alters sediment properties on a time
scale of days. Stability is measurably increased after 1 day, and biotic parameters are

more significant in determining stability than abiotic parameters.

Table 4.6. Correlation of sediment properties, red values are significant.

Stability Chlorophyll Bulk Water Colloidal Colloidal
a density content (mass) (vol)

Stability 1.000

Chlorophyll a 0.781 1.000

Bulk density 0.154 0.159 1.000
Water content 0.700 0.579 0.416 1.000

Colloidal (mass) 0.843 0.541 0.293 0.698 1.000
Colloidal (vol) 0 757 0.477 0.393 0.621 0.981 1.000

Time 0.986 0.673 0.138 0.770 0,886 0.807

4.5 Visualisation of eroded floes using LTSEM.

4,5,1 Introduction.

Erosion of cohesive sediments occurs by the loss of sediment aggregates or floes
from the sediment surface. The ability to determine the size and microstructure of
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sediment floes as they appear in the water column would provide useful information
about the erosion of cohesive sediments. Floes eroded by natural flows and applied
stress in erosion devices could be compared. To achieve this, the floes must be removed
from the eroding fluid, whilst preserving their structure. The following methodology
was developed during fieldwork in the Humber estuary (section 6.3), and the

investigation into the effects of artificial EPS on sediment erosion (section 4.2). The
final methodology was tested during a deployment of the Microcosm system in the
Eden estuary. This enabled floes eroded from natural sediment in situ to be studied.

4,5,2 Materials and Methods.

Rapid freezing of sediments, using liquid nitrogen, has been shown to preserve

their fine scale structure on a micrometer scale (Wiltshire et al. 1997). This method was

applied to the problem of observing sediment floes in three-dimensions.

4.5.2.1 Method 1

Davidson (pers. comm.) developed a simple floc-harvesting device to collect floes
from the water column without distortion. The device consists of a slightly tapering

plastic cylinder (0.5 cm diameter) with a wire handle. The plastic cylinder is lowered
into the flow, so it is filled with water containing floes. It is then rotated through 90°

trapping the water and floes, and carefully removed from the water flow. The sample
was then plunged directly into liquid nitrogen to produce a cylinder of frozen water and
floes.

The frozen sample can be viewed under LTSEM, or by light microscopy. To be
able to view the floes, some of the water has to be removed, which is problematic.
Under the LTSEM, partial freeze drying of the frozen water to reveal the floes loosens
them so that they are unstable under the electron beam. Under the light microscope,

partial melting of the frozen block reveals the floes, but makes focusing difficult. This
method was used during field deployments of the Microcosm in the Humber estuary

July 1997. It proved impossible to obtain repeatable images using this methodology, so

a new approach was attempted.
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4.5.2.2 Method 2

Due to the problems in viewing the floes as they appear in suspension, it was

decided to view them settled on a flat surface. Samples using this methodology were

collected during the investigation into the effects of artificial EPS on sediment stability

(section 4.2). To do this the floes were collected as above, however instead of freezing

immediately the water sample was poured carefully onto a glass microfibre filter

(Whatman GFF). The water was soaked up by the filter paper, leaving the floes resting
on the surface. The filter papers were then frozen in liquid nitrogen to preserve the
structure. The filter papers could then be broken up and viewed under the LTSEM. The
filter paper provides a solid backing for the floes, and they were stable under the
electron beam when partially freeze-dried. Unfortunately, the samples were so thin that
the electron beam passed right through them leading to flaring which obscured the

image. To prevent this, the filter paper was sputter coated with a layer of gold before
use. The layer of gold prevents the sample from flaring, sharpening the image but not

interfering with the absorbency of the filter paper.

The images produced by this method revealed that there were very few floes in

samples collected from the added EPS experiment (Figure 4.26). It was unclear whether
there really were no floes or if the methodology was flawed. Observation of floe

samples under a light microscope indicated that the sediment structure had been

disrupted by treatment with H2O2 and drying. The interparticle bonds had been broken
and the sediment had been reduced down to mostly primary sediment particles.

To determine if this was the case and test the floe sampling method in the field,

samples were taken from a deployment of the Microcosm system in the Eden estuary.

Concurrent Cryolander samples were taken to compare floe images with images of the
undisturbed sediment surface (Figures 4.27 - 4.31)

This method works well and the distortion due to settling seems to be

insignificant. Whilst a final methodology has yet to be developed, the initial results are

encouraging. Recently laser holography has been used to investigate floe structure

(Black et al. in review). It may be that a combination of these two methodologies can

reveal more about floe microstructure.
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Figure 4.26 A: Low power LTSEM of the glass fibre micro-filter used
to collect floes from the added EPS experiment (section 4.2). Scale bar =

100 pm. B: A silt grain with associated floe (right). Scale bar = 10 pm. C:

Close up of floe revealing microstructure. Scale bar =10 pm. D: The
sediment in this experiment had been cleaned and much of the sediment
had been reduced to its primary particles. Here individual sediment

particles and some salt crystals surround a floe. Scale bar = 10 pm.



 



Figure 4.27 A: LTSEM of the sediment surface in the Eden estuary.

Scale bar =100 pm. B and C: Close up of the sediment showing different
diatom species. Scale bar = 10 pm. D: Surface and fracture face, showing
distribution of the diatoms. Scale bar =100 pm.



 



Figure 4.28 A: LTSEM of a fracture face through the sediment, note

large diatoms poking out of sediment (centre right). Scale bar =100 pm.

B: Close up of fracture face showing distribution of diatoms. Scale bar =

10 pm. C: Floes on the surface of a gold coated glass micro-fibre filter.
The silt grain (centre left) has attached diatoms and sediment floe. These
floes were eroded at a shear stress of 1.2 U* (cm s"1). Scale bar = 10 pm.

D: Close up of the silt grain showing the attached floe and diatoms. Scale
bar = 10 pm.



 



Figure 4.29 A: LTSEM of a floe with associated diatoms. Scale bar =

10 jam. B: Close up of floe showing small diatoms and small scale

structure, note the spines and diatom fragment (top left). Scale bar =10

pm. C and D: Floe and diatoms from sample at a shear stress step of 1.31

U*, the diatoms from this sample are larger than those from the previous

sample. The LTSEM images from the Cryolander sample show that these

larger diatoms were below the sediment surface; thus the floe samples
show the progression of the erosion process. Scale bar = 10 pm.



 



Figure 4.30 A,B,C and D: More LTSEM images showing the variety of
diatom species present. Scale bar =10 jam, except B where scale bar =100

pm.
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Figure 4.31 A: Low power LTSEM of the floe sample at a U* of 1.51
cm s"1, the filter paper is almost totally obscured by sediment particles and
floes. Large diatoms that were seen at a depth of approximately 1 mm in
the Cryolander fracture face have been eroded. Scale bar =100 pm. B: The
eroded floes at this stage are larger than earlier floes. Scale bar =100 pm.

C: Close up of a floe showing diatoms within the particle. Scale bar = 10

pm. D: Close up of small diatom on the floe, "frosted" appearance is due

to surface water. Scale bar =10 pm.
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5 The influence of biofilms on in situ sediment

properties.

I keep my eyes on the moon and myfeet muddy.

Anon

78



Chapter 5: The influence of diatom biofilms on in situ sediment properties.

5.1 The Ems Pollard estuary the Netherlands.

5.1.1 Introduction.

A number of studies have shown that diatoms are capable of stabilising sediments

(Paterson 1989, Sutherland 1996) and that this stabilising effect is largely due to the
secretion of EPS (Holland et al. 1974, Chapter 4). However, it is also clear that they

can, under certain conditions, destabilise sediment (de Jonge and van der Bergs 1987,
Sutherland 1998, Chapter 4). Thus, the relationship between sediment properties,
sediment stability and diatom biofilms remain poorly understood.

Epipelic diatom activity is usually limited to the top two millimetres of intertidal
sediments (Paterson 1986b, Hay et al. 1993). If the mechanisms by which diatoms
influence sediment stability are to be understood, it is vital to investigate sediment

properties on a scale relevant to diatom influence. Sediment properties in relation to

diatom activity should therefore be measured on the sub-millimetre scale.

Biogeochemists and microbiologists have studied micro-scale processes in sediments
for years (Revsbech 1989, Stal 1995) whilst sedimentologists have largely ignored
small-scale processes. However, it is becoming clear that small-scale processes can

significantly affect estuarine sediment dynamics (Komman and de Deckere 1998).

Thus, methods for analysing sediment properties on a micrometer scale have been

developed. They include the Cryolander method of sampling sediments (Wiltshire et al.

1997), LTSEM (Paterson 1986a), microsensors (Revsbech 1989) and micro-scale

analysis of carbohydrates and chlorophyll a (Taylor and Paterson 1998). These

techniques and the CSM erosion device allow sediment properties to be investigated in

situ, on a scale previously unachievable.

5.1.2 Field testing of the CSM Mkll and investigation of the effects of a diatom

biofilm on sediment properties in situ in the Ems Pollard Estuary.

The first major field deployment of the CSM Mkll was as part of the Nederlands
Instituut voor Onderzoek der Zee (NIOZ) summer 1996 (25 June to 10 July) sampling

program in the Ems Dollard estuary (Figure 2.8). The focus of the cruise was to

investigate the role of biostabilisation in the erosion and transport of sediment during
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the summer (van Duyl 1996). Eleven scientists took a variety of measurements on the

Heringsplaat (intertidal mudflat), and in the adjacent main channel, Groote Gat (Figure

5.1). The RV Navicula (NIOZ boat) and BOA measuring platform were used as a base
from which the data was collected (Figure 5.2). The CSM was deployed on the first
three days of July, on the Heringsplaat, to monitor the changes in the critical erosion
threshold during intertidal mudflat exposure.

During the sampling period, there were well-developed diatom biofilms in a 120-

150m band along the Groote Gat channel, which provided a focus for the study. The
biofilms were being eroded, but still covered about 60% of the sediment surface. These
areas were raised by a few centimetres above the surrounding areas without a biofilm

(Figure 5.3). The aim of this investigation was to determine the stability of these two

different areas; and compare these measurements to the sediment properties, particularly
colloidal carbohydrate.

5,1.3 Materials and Methods.

5.1.3.1 Stability measurements, the CSMMk II.

This deployment in the Ems Dollard represented only the second field deployment
of the CSM Mk II. As such this deployment was also a field test of the new device, to

identify any problems and areas for improvement and to develop a protocol for its use.

The CSM was still in the final developmental stages; data collection and analysis
methods were still being devised. Data was recorded to an external data logger at 1Hz,

compared to the 10Hz of the CPU in the CSM Mk III (Tolhurst et al. 1999, Chapter 3).

Only the mud tests had been developed at this time, data being logged at 1 Hz for 30
seconds after a pulse. This increased the time required to take a stability measurement to

approximately half an hour. The jet nozzle was set 4cm above the sediment surface in
the CSM Mk II, as opposed to 2cm in the CSM Mklll. This precludes the use of the
CSM calibration given in Chapter 3, and means that the stability data from this

deployment is not comparable to that from later deployments using the CSM Mk III.
The critical eroding pressures are therefore used as a relative measure of sediment

stability.
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Figure 5.1 Map ofEms Dollard site showing the main channel (Groote
Gat) and the mudflat (Heringsplaat).



Figure 5.2 Top: looking across the Heringsplaat to the RV Navicula in
the Groote Gat channel, showing the raised diatom biofilms and pools.
Bottom: the BOA project bridge on the Heringsplaat (geographical co¬

ordinates: 09 28 12. 17 06. 32). Measurements of sediment properties were

made around the bridge. (Photos supplied by B. de Winder and S.

Shayler).



 



Figure 5.3 Top: raised biofilm in the Ems Dollard, note the biofilm is

being eroded, parts of the biofilm are peeling back from the raised edge.
Bottom: close up of sediment surface, showing a worm cast (bottom left),
male Corophium (middle top), female Corophium (middle bottom),

Corophium burrow (next to female) and diatoms (green/brown coloured
sediment surface). (Photos supplied by B. de Winder).
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Seventeen successful deployments of the CSM were made over three days, 9 on

the bioftlm areas, and eight on areas with no visible biofilm.

5.1.3.2 Measurement ofother sediment properties.

Cryolander samples were taken from areas with and without a visible biofilm,
near to the CSM deployment sites, by K. Wiltshire (Wiltshire et al. 1998). These

Cryolander samples were used to investigate a variety of sediment properties including

carbohydrate content, chlorophyll a, water content, and grain size; and to investigate
sediment microstructure using LTSEM.

Colloidal carbohydrate is a proxy measure for diatom EPS (Underwood and
Paterson 1995), so the concentration of colloidal carbohydrate in the surface layers of
the sediment was determined using a Dubois assay (Dubois 1956, Chapter 2). Seventeen
sediment blocks were analysed for their colloidal carbohydrate content. The sediment
blocks were sectioned on a freezing microtome to determine the micro-scale distribution

of carbohydrates, using methods developed by Taylor (1998). Eleven of the blocks were

from an area with a biofilm and six from an area with no visible biofilm.

Micro-scale analysis of chlorophyll a was performed by K. Wiltshire on the

Cryolander samples. Bulk densities were calculated as part of the chlorophyll a

analysis, using the following formula:

Bulk density = Wt wet Equation 5.1
V

Where:

Wt wet = wet mass is grams.

V- volume in cm3.

Low temperature scanning electron microscopy (LTSEM) (Paterson 1995) was

used to visualise sediments from the different areas. In particular, the sediment

microstructure, occurrence of diatoms and the distribution and microstructure of the

EPS in relation to the diatoms was investigated. Spare Cryolander samples were used
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for water content analysis and grain size analysis was performed by K. Black, using the
method described in Chapter 2.

5,1.4 Results.

5.1.4.1 CSMstability measurements.

Measurement of the sediment stability with the CSM revealed that the areas with
a diatom biofilm were more stable than areas without a biofilm (Figure 5.4). The critical

eroding pressures ranged from 13.79 to 41.4 kPa for the areas without a biofilm. For the
areas with a biofilm, the lowest critical eroding pressure was 48.3 kPa and for one

deployment erosion occurred just below the highest eroding pressure of 207 kPa (Table

5.1). The suspension index (Si) values for the two areas were also different; the areas

without a biofilm had higher Si values than areas with a biofilm (Figure 5.5).

Table 5.1 The erosion threshold for areas with and without a visible biofilm.

biofilm no biofilm
run Threshold (kPa) Threshold (kPa)

1 62.055 20.685
2 68.95 27.58
3 65.5025 31.0275
4 48.265 17.2375
5 68.95 24.1325
6 62.055 41.37
7 199.955 41.37
8 117.215 24.1325
9 62.055 -

mean 83.88917 28.44188
se 15.84017 3.175098

5.1.4.2 Colloidal carbohydrate depth profiles.

The micro-scale change in the concentration of colloidal carbohydrate with depth
was different for the two areas (Figure 5.6). For the areas without a biofilm, colloidal

carbohydrate concentration was low and did not change with depth. For the areas with a

biofilm, colloidal carbohydrate concentration was high in the surface 200 pm, and

82



200 150

cd
Oh

<D
V-

3

00 C/2 <L>

o.100
to

c

-5

o

V—

W

50

0

i'1!;! 11 !!

♦

♦

r—
■

4

♦

►♦

♦

♦

A

■

♦

■

▲

A

■

■

A

A

!■

B

A

♦Biofilm ■Nobiofilm Alowwater Ahighwater

0:00:004:48:009:36:0014:24:0019:12:0024:00:0028:48:0033:36:0038:24:0043:12:0048:00:00 Time(hours)

Figure5.4TheinsitustabilityofintertidalsedimentsoverfourtidalcyclesfromtheEmsDollard estuary.StabilityisexpressedasanerodingpressureinkPa;timeismeasuredfromrunoneashourzero.



100
90 80 70 60 50 40 30 20 10

0

■Biofilm(se,n=9,S|=0.4) ANobiofilm(se,n=8,Sj=1.1)
100

Erodingpressure(kPa)

200

5

.5

Erosionprofilesofareaswithandwithoutavisiblediatombiofilm.Theareaswithabiofilmhavehighererosionthresholds andlowerS]valuesthanareaswithoutavisiblebiofilm.



0

200• 400 600 800 1000 1200 1400 1600 1800 5.6Dei

Colloidalcarbohydrate(jagpermgofsediment)
246810

J.IiIiIil_
12 _l

H H W H

Areaswithoutabiofilm,bars=se,n=6 Areaswithabiofilm,bars=se,n=l1
profileofcolloidalcarbohydrateconcentrationfromtheEmsDollardestuary.Areaswithoutabiofilmhaveverylowconcentrationsofcolloidal

tarevirtuallyconstantwithdepth.Areaswithabiofilmhaveahighconcentrationofcolloidalcarbohydrateatthesurface,whichdeclineswith depth.LTSEMimages(5.8-5.11)showthemicrostructureanddistributionofthiscolloidalcarbohydrate.



Chapter 5: The influence of diatom biofilms on in situ sediment properties.

rapidly declined with depth. Carbohydrate concentrations were consistently higher in
areas with a visible biofilm than areas without a visible biofilm.

5.1.4.3 Chlorophyll a depth profile.

In the areas without a biofilm the amount of chlorophyll in the sediment was low

(Figure 5.7 average 16 pg g"1 in the top 200 pm). For the areas with a biofilm, the

chlorophyll a concentrations were very high in the surface 200 pm (average 355 pg g"1),
then dropped rapidly, although they remain higher than areas without a biofilm.

5.1.4.4 LTSEM images.

LTSEM images reveal the microstructure of the sediment, and the distribution of
the diatoms (Figure 5.8-5.11). The LTSEM images show significant differences
between the areas with a visible biofilm and the areas without.

1. Areas with no visible biofilm: Surface images indicated there were some diatoms in
these areas, but they were few and did not form a biofilm. Fracture faces reveal the

typical open "card house" structure of muddy sediments, interspersed with larger
silt and fine sand grains (compare to Paterson 1995).

2. Areas with a visible biofilm: Surface images reveal a mixed assemblage of diatoms

forming a biofilm over the sediment surface that completely obscures the sediment
surface. Strands of EPS are visible and sediment floes are stuck to the biofilm. The

fracture face shows the biofilm forms a distinct layer at the sediment surface

approximately 50 pm thick. The mass of diatoms is bound together with strands of

EPS, which also trap a number of sediment particles. The EPS strands extend down
into the sediment forming a network between the sediment grains.

5.1.4.5 Particle size analysis.

Particle size analysis revealed significant differences in the grain size distribution
of the two areas (Figure 5.12). For the areas without a biofilm, only 20% of the particles
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Figure 5.8 Low temperature scanning electron microscope (LTSEM)

images of the sediment microstructure in the Ems Dollard. A: Surface
view of an area with a visible diatom biofilm, the sediment surface is

completely obscured by diatoms. Scale bar = 10 pm. B: Fracture face and
surface of a diatom biofilm showing the diatoms occur mostly at the
sediment surface. Scale bar = 100 pm. C: Surface view of an area without

a visible diatom biofilm. The surface consists of a loose flocculent layer

overlying water (ice), a few diatoms are visible. Scale bar =10 pm. D:
Fracture face and surface of an area without a visible biofilm. The loose

surface flocculent layer floats on surface water (ice). Scale bar =10 pm.



 



Figure 5.9 LTSEM images of the sediment microstructure in the Ems
Dollard. A: Fracture face of an area without a visible biofilm. There is a

loose surface flocculent layer, just above a thin layer of surface water (ice).
Scale bar = 10 jam. B: Fracture face showing a depositional layer marked

by silt grains. Scale bar =100 jam. C: fracture face showing large silt

grains in the sediment from areas without a visible biofilm. Scale bar =

100 pm. D: A burrow filled with water (ice). Scale bar =100 jam.



 



Figure 5.10 LTSEM images of the sediment microstructure in the Ems
Dollard. A: Fracture face of area with a visible biofilm. The loose surface

flocculent layer is replaced by a diatom biofilm bound together with EPS
strands. Scale bar =10 pm. B: Close up of the biofilm. Scale bar = 10 pm.

C: Close up of the biofilm, showing thick strands of EPS. Scale bar = 10

pm. D: Close up of the thick EPS strands showing its striated nature. This
EPS may be recently secreted "fresher" EPS, whilst the thin strands (B

bottom) represent "older" degraded EPS. Alternatively, the two different

types of EPS may be from different sources. Scale bar = 10 pm.



 



Figure 5.11 LTSEM images of the sediment microstructure in the Ems
Dollard. A: Surface view of a sediment floe (top centre) being

incorporated into the biofilm. Note the thick EPS strands being secreted by
the diatoms as they move onto the grain. Scale bar = 10 pm. B: More

sediment floes being incorporated into the biofilm. Scale bar = 10 pm. C:
Fracture face showing floes attached to the underlying sediment by EPS
strands. Scale bar =10 pm. These three images illustrate how diatom

biofilms can stabilise a loose surface flocculent layer during migration and
movement over the sediment surface. This stabilisation would enhance

deposition and is probably responsible for the changes in bed height and

estuary wide SSC observed by Kornman and de Deckere (1998, see

discussion). D: Close up showing a diatom attached to a silt grain by EPS
strands. Scale bar = 1 pm.
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had a diameter less than 65 pm. For the areas with a biofilm, 70% of the particles had a

diameter less than 65 pm, this sediment was bimodal.

5.1.4.6 Water contents and bulk density.

The areas without a biofilm had an average water content of 56% whilst the areas

with a biofilm had an average water content of 63%. A micro-profile of water content

with depth shows that water contents initially decrease then increase with depth (Figure

5.13a). The bulk density profile (Figure 5.13b) is similar for the two areas, except in the
surface 0.2 mm where the areas with a biofilm have a lower density than those without.
Bulk densities are variable, indicating considerable micro-scale variation in porosity.

5,1,5 Discussion.

Kornman and De Deckere (1998) observed the formation of a diatom bloom on

the Ems Dollard intertidal mudflats beginning at the end ofMarch 1996. They measured
a concurrent increase in carbohydrate and chlorophyll a (although they analysed these
on a mm scale not the micro-scale used in this study). They measured an increase in the
sediment stability, and observed deposition of sediment particles. This biofilm began to

degrade in May, and stability decreased in June. This decrease in stability was attributed
to bioturbation and grazing by C. volutator whose numbers increased from a few
hundred on May 20 to more than 50,000 individuals m"2 on June 28. The biofilms
studied by the author at the beginning of July represented the more stable remnants of
the March bloom.

5.1.5.1 Chlorophyll a, biofilms and LTSEM.

The presence of a diatom biofilm on the intertidal mudflats of the Ems Dollard

estuary had a profound effect upon a variety of the sediment properties. The visual
observation that the intertidal area could be broadly divided into two areas, those with a

well-established biofilm, and those with no visible biofilm was supported by detailed

analysis of selected sediment properties. The micro-scale analysis of chlorophyll a

concentration with depth revealed that areas with a biofilm had a large chlorophyll peak
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in the surface 200 pm of the sediment, and the concentration decreased rapidly with

depth. Areas without a biofilm had little or no chlorophyll a, even at the surface.
LTSEM showed that areas with a diatom biofilm contained large numbers of diatoms in

the top 200 pm that would account for the large chlorophyll a peak. In areas without a

biofilm the chlorophyll a is probably mostly detrital in origin.

5.1.5.2 Sediment stability: Colloidal carbohydrate, sediment and biofdm structure.

The CSM device revealed a measurable difference in sediment stability between
the two areas (Figure 5.4). The biostabilisation index (Manzenrieder 1983) between
areas with and without a biofilm is 2.9. The stability of the intertidal sediments

investigated was highly variable, other workers measuring the stability of this area

around the same time did not find the same variability in sediment stability (Kornman
and De Deckere 1998). This is almost certainly due to the scale on which their

measurements were taken. They used a vertical standing annular flume (ISEF), which
has a test section 0.9 m long and 0.2 m wide. This device integrates sediment stability
over a much larger area than the CSM and takes a few hours for each deployment. It
therefore cannot measure the small-scale spatial and temporal variation found with the
CSM.

Micro sectioning of Cryolander samples and analysis of these sections for

carbohydrate revealed that colloidal carbohydrate concentrations in the surface layers of
the sediment were high. Diatom locomotion is associated with EPS being extruded from
the diatom raphe, where it sticks to the sediment (Edgar and Pickett-FIeaps 1984).
LTSEM revealed thick single strands of material, often closely associated with a single
diatom. These strands were possibly formed by the diatoms migrating through the
sediment leaving a trail of EPS behind, it is proposed that these strands were recently
secreted when the sample was frozen. There was also a mass of branching "threads"

linking both the sediment particles and diatoms. These threads disappeared with depth
and it is proposed that these threads were older residual EPS secreted by diatoms and
other sediment biota. The LTSEM images also indicate that the diatoms are moving
within the biofilm.

The EPS strands connect the sediment grains together, increasing their cohesion.
At the sediment surface, EPS strands also bind the diatoms together possibly preventing
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migration (Yallop et al. 1994), forming them into a coherent protective layer (Figure

5.8). Diatom frustules are stronger than the underlying muddy sediments, and may act

to "armour" the sediment surface. Visual observations indicate that this layer behaves
like a skin over the sediment surface. This skin is elastic and recovers from being gently

pushed with a finger. Areas without a biofilm behaved in a more plastic manner,

deforming under stress. The elastic nature of the biofilm may be a vital component of
the stabilising effect, especially with regards to the oscillating erosive stress generated

by waves. Paterson (1989) observed cohesive sediment vibrating "like a drum skin"
under the pulsating jet of the CSM. Visual observations in the laboratory (Chapter 4)
show a similar skin effect is generated in cleaned sediments to which artificial EPS has
been added. This indicates that it is the EPS rather than the diatoms themselves that

generate this elasticity. Thus, EPS within sediments will increase the elasticity of the
sediment.

5.1.5.3 Water contents.

The water content analysis revealed that biofilm areas had higher water contents

than areas without a biofilm. From this data, it might be expected that biofilm areas

would be less stable than areas without a biofilm, however the opposite was true.

Biofilms have been described as "biologically stabilised water" (Neu 1994), and can be
as much as 99% water. The sediment in biofilm areas had generally lower bulk

densities, indicating it had been more recently deposited than that in areas without a

biofilm and would therefore be less consolidated. These two factors would explain the

higher water contents in biofilm areas.

In abiotic muddy sediments, stability increases with decreasing water content, the
reverse is true for these sediments. The stable biofilm areas had higher water contents

than those without a biofilm. The "extra" water in biofilm areas probably represents

"biological" water (contained in cells) and the "biostabilised" water in the EPS strands
visible under the LTSEM as well as pore water. This would explain why easily
measurable sediment parameters such as water content and bulk density are not good
indicators of sediment stability. In systems with few diatoms, water content can be a

primary control on sediment stability (as water content decreases sediment stability
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increases). In systems with many diatoms, sediment stability is controlled by factors
other than water content (and the water contents and stability can both be high).

Sediment from additional Cryolander samples from the two areas was cleaned
with H202 dried and powdered. This dry sediment was reconstituted to the original
water contents with sea water so the stability of the sediment could be measured after
removal of organic matter. However when reconstituted, the sediment from both areas

was fluid. This suggests that the presence of organic matter in the sediment is very

important to the structure and stability of the sediment. This is supported by data

showing that complex carbohydrates increase the rate of flocculation and the size of
floes (Eisma 1982, Decho 1990). It is unclear whether this loss of structural integrity is

purely due to the removal of organic matter or partly due to alteration of the physical-
chemical nature of the sediment by the H202. The H202 releases H+ ions that react with

sediment particles, removing cations from the mineral surfaces. This may weaken the

interparticle bonds, reducing stability. Energy dispersive x-ray analysis (EDXA) for the
cleaned sediment is different to that from untreated sediment, with high peaks of cations
such as aluminium.

5.1.5.4 Grain size.

It should be noted that the grain size distribution was calculated from

disaggregated, cleaned sediment samples. These have already been shown to bear little
resemblance to natural sediments, where fine sediment particles are usually flocculated
into larger particles (Wheatcroft and Butman 1997 and Chapter 4). The grain size

analysis suggests that the biofilm traps fine grained sediments. C. volutator periodically

empty their burrows of debris, sediment will therefore be removed from areas were the

C. volutator density is highest (areas without a biofilm). Thus, it is possible that fine
sediment is winnowed from areas without a biofilm and deposited in areas with a

biofilm (Daborn 1989).
Some of the EPS secreted by the diatoms will be dissolved and diffuse into the

overlying water column. An increased amount of EPS in the water column should

promote flocculation and deposition. The biofilm itself is sticky, and any particles

deposited on it can become stuck. As sediment floes are deposited on top of the biofilm,

they will shade the diatoms; this should result in the diatoms moving on top of the floes
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incorporating them into the biofilm. As the diatoms move they secrete EPS, this would
bind the sediment particles to the biofilm and underlying sediments. LTSEM shows
sediment particles being incorporated into the biofilm, supporting this theory (Figure

5.11). In this way, a biofilm can encourage deposition and increase the bed level

compared to surrounding areas. This is similar to the process by which stromatolites

"grow", in fact diatoms seem to enhance sediment trapping in modern stromatolites

(Riding 1994). Conversely, sediment deposited on areas without a biofilm is more likely
to be resuspended. This winnowing process would result in the fine grained material

being concentrated in the biofilm areas, leaving coarser grained material in areas

without a biofilm. Another possibility is that erosion occurs in the less stable areas

leaving the biofilm higher than the surrounding sediment. In reality, it is probably a

combination of these processes that results in these areas becoming raised.
Kornman and de Deckere (1998) observed deposition as the biofilm formed,

supporting the theory that the presence of a biofilm enhances deposition, other workers
have observed similar effects (Underwood and Paterson 1993). Local suspended
sediment concentration (SSC) in the Ems Dollard tidal water was dependent upon

erosion on the tidal flat, reductions in SSC accompanied biofilm formation, and
increases in SSC accompanied biofilm degradation. The author observed active erosion
in areas without a biofilm and along the edges of biofilm areas at the beginning of July
when the biofilm was degrading. LTSEM images of the sediment at this time also show
that sediment particles were still being incorporated into the biofilm areas. It is probable
that all the processes outlined above influence grain size, and their relative significance
varies temporally.

5.1.5.5 Corophium volutator.

Large numbers of relict Corophium volutator burrows were found in areas with a

biofilm, buried beneath the surface and filled with sediment. Large numbers of C.
volutator were found on the sediment surface in areas without a biofilm, but few were

found in areas with a biofilm. This is surprising as diatoms are a food source for C.

volutator, and it would be expected that C. volutator would be found in larger numbers
where food was plentiful. It appears that C. volutator is excluded from areas with a high
diatom biomass. One possibility is that the biofilm was so thick and strong that the C.
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volutator were incapable of burrowing through it. It has been shown that C. volutator

have been observed in greater numbers on the sediment surface in wet areas compared
to dry areas, however when the numbers of animals in sediment samples were counted
there are no significant differences between the two areas (Rich Ford pers. comm.).

Thus, there may have been similar numbers of C. volutator in both areas, but more were

visible in the areas without a biofilm.

5.2 Baie de Marennes-OIeron.

5.2.1 Introduction.

The Baie de Marrennes-Oleron is situated on the Atlantic coast of France. The

area of the bay is 170 km , 60% of this area being intertidal mud flats (Guarini et al.

1997). Two days fieldwork was carried out to investigate the small-scale spatial and

temporal variation in sediment stability. Co-workers from SERG investigated other
sediment properties, including carbohydrate and chlorophyll a concentrations and
LTSEM. Two sites were investigated, the upper shore and mid-shore. The mid-shore
site was characterised by diatom biofilms and intermittent shallow pools (Figure 5.14),
whilst the upper-shore site contained large numbers of Macoma balthica, and Hydrobia
ulvae and a ridge runnel system (Figure 5.15).

5.2.2 Material s and Methods,

5.2.2.1 The CSMMk III.

This study was the first field deployment of the CSM Mk III. Like the Ems
Dollard study, this deployment was also a test of the device and the protocols for use

and data analysis. As the stability data collected from the Ems was taken using the CSM
Mk II, direct comparison between the two data sets is not possible (due to different jet

heights and settings). CSM measurements were taken over the course of a tidal

exposure on two days (10 and 11/4/97).
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Figure 5.14 Top: Photograph of the mid-shore site in the Baie de
Marrennes-Oleron, France. Bottom: Close up of sediment surface,

green/brown patches are diatoms, trails are from Hydrobia. (Photographs

supplied by J. Kelly and C. Honeywill).



 



Figure 5.15 Top: Photograph of the upper-shore site in the Baie de

Marrennes-Oleron, France. Bottom: close up of the sediment surface, star

shaped feeding marks created by Macoma balthica, other trails are from

Hydrobia. (Photographs supplied by J. Kelly and C. Honeywill).
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5.2.2.2 Micro-scale analysis ofsediment properties.

Concurrent Cryolander samples were taken next to CSM deployment sites by I.

Taylor. These were analysed for carbohydrate and chlorophyll a (Taylor 1998).
Fractured blocks were used to view the sediment microstructure using LTSEM.

5,2.3 Results.

Thirty-five successful deployments of the CSM were made on the 10/4/97 at the

mid-shore, and twenty-five at the top-shore on 11/4/97. Sediment stability showed a

general increase over the exposure period at both sites (Figure 5.16). The erosion

profiles show that the two sites respond slightly differently to an erosive force (Figure
— 9

5.17). The top-shore site had an average erosion threshold of 1.6 Nm" and a suspension
index of 1.76. The mid-shore site had an average erosion threshold of 1.1 Nm"2 and a

suspension index of 3.6. The top-shore site was more stable than the mid-shore site, and

according to the S, values had a lower relative erosion rate.

Analysis of the Cryolander samples revealed that the mid-shore site had a higher
concentration of colloidal carbohydrate than the top-shore and that concentration
decreased with depth (Taylor 1998). Average colloidal carbohydrate concentration in
the upper 200 pm was 10.7 mg g"1 at the mid-shore and 3.9 mg g"1 at the top-shore.
Colloidal carbohydrate concentrations at the mid-shore site did not vary significantly

during the exposure period, whilst at the top-shore there was a significant increase

(Taylor 1998).

Chlorophyll a concentrations (Taylor 1998) were higher at the mid-shore and
lower at the top-shore. Regression analysis (Taylor 1998) showed that diatom biomass,
as measured by chlorophyll a, was related to the carbohydrate concentration at the mid-
shore site, but not the top-shore.

LTSEM revealed the presence of a surface biofilm of diatoms at the mid-shore,
whilst at the top-shore there were less diatoms (Figure 5.18). Sediment at the mid-shore
was less densely packed than that at the upper-shore, indicating it had been freshly

deposited.
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Figure 5.18 LTSEM images of the sediment microstructure from the
Baie de Marrennes-Oleron, France. A: Fracture face of sediment from the

mid-shore site, showing a loose surface flocculent layer and diatoms

floating on surface water (ice). Scale bar = 10 jum. B: Fracture face of
sediment from the top-shore, this sediment is denser with fewer diatoms.
Scale bar =100 pm. C: Surface view of the mid-shore showing variety of

diatom species. Note sediment floes being trapped in the biofilm. Scale bar
= 10 pm. D: Air bubbles in surface biofilm floating on surface water (ice).
Scale bar = 10 pm. (Images from samples collected by I.Taylor)
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5.2.4 Discussion.

The increase in colloidal carbohydrates over the exposure period at the upper-

shore may be partly due to extracellular secretions from Hydrobia ulvae and Macoma
balthica. H. ulvae feeds by moving along the sediment surface. LTSEM of H. ulvae

tracks has shown they leave furrows in the sediment surface coated with EPS that
remains attached to the sediment surface (Figure 5.19).

It is interesting that the top-shore site was more stable than the mid-shore site. The

top-shore had a low colloidal carbohydrate concentration, and large numbers of

Hydrobia ulvae and Macoma balthica. The mid-shore had a high concentration of
colloidal carbohydrate and a visible biofilm. It would be expected from the biology
therefore that the mid-shore would be more stable than the top-shore but the reverse was

true. One explanation is that the physical processes were dominating the properties.
Sediments at the mid-shore were very recently deposited, and highly unconsolidated,
whilst those at the top shore were more consolidated and subject to longer exposure

periods. Indeed the author sank up to his waist at the mid-shore and only ankle deep at

the top-shore.
That the area with the biofilm and high carbohydrate concentration is less stable

shows that the controls of sediment stability are complex. It is not possible to infer
sediment stability from just carbohydrate concentration as other factors may be more

significant. Whilst both sites showed a general increase in sediment stability over the

exposure period, this was more pronounced at the top-shore. Increases in sediment

stability over a tidal exposure period can be attributed to the secretion of EPS by
diatoms. Indeed, there was an increase in colloidal carbohydrate over the exposure

period; however, the numbers of diatoms are low at the top-shore. Whilst this does not

preclude diatoms as the source of this carbohydrate other organisms are likely to be

contributing to this increase (in this case the Hydrobia ulvae and Macoma balthica). It
seems likely that the physical conditions, including increased draining and dewatering
at the upper-shore contributed to the higher sediment stability. Thus, the physical effects
of exposure may be more important in determining sediment stability at the top-shore

(Amos et al. 1988). However, it should be noted that the high stability at both sites

(over 1 Nm" ) was probably due to biological action. Biological and physical effects
should be considered together and not treated as separate and unrelated.
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Figure 5.19 LTSEM image of a Hydrobia ulvae trail in a silt sediment.
A: fracture face showing U shaped furrow in sediment surface. Scale bar =

100 pm. B: Close up of trail showing EPS coating the surface of the
sediment particles. Scale bar = 100 pm. (Images from samples collected by
P. Friend).
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6 INTRMUD 97 Humber Estuary Field

Campaign.

A law suggests itselfto the effect that the way any data is interpreted is a

function of the way it has been gathered.

J. Hamilton-Paterson
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6.1 Introduction.

At the beginning of July 1997, the European project INTRMUD organised a field

campaign on the Skeffling mudflats in the Humber estuary UK (Figure 2.8). The

Skeffling mudflats are about 5 km wide, with a 1:1000 slope and a height difference of
about 6 m from the high to low water marks (Figure 6.1). A ridge/runnel system of
bedforms develops seaward, covering a large proportion of the mudflats. Only the
extreme upper shore (site A) is relatively flat (Figure 6.2). There are also a number of

large drainage channels, which may be important in sediment exchange over the
mudflats.

The main aim of the INTRMUD experiments was to examine the changes in the
bed and suspended sediment characteristics, both temporally and spatially (these

experiments were termed the "core" experiments). From this, the relationships between
the hydrodynamics, the sediment and the biology were examined (INTRMUD second
annual report). For the core experiment, standardised measurements of a variety of
sediment and water column properties were taken. This work was shared amongst the

participating scientists.
In addition to the core experiments, the author was involved in three

supplementary investigations. An investigation into the threshold for erosion of EPS
and chlorophyll a using the Microcosm system; a comparison and measurement

standardisation of four in situ erosion devices and a study into the effects of a selective

biocide treatment.

6.2 The core experiment: CSM data.

The core experiment involved simultaneous measurement of a number of

biological and physical parameters at four sites across the Skeffling mudflats. Core

experiments on the 4th investigated temporal variation and on the 6th investigated spatial
variation. Stability measurements were taken using three CSM devices at selected sites

by D. Paterson, K. Black, S. Shayler and the author. The stability data was analysed by
the author, and compared to selected sediment properties measured by the INTRMUD
scientists.
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Figure 6.1 Humber estuary field stations aerial photo. The ridge runnel
system at site B is just visible, the larger channel drainage system around
C and D is clearly visible. Scale: the distance from station A to station D is
c. 2180 m (Image supplied by Cambridge Aerofilms).



 



Figure 6.2 Top: view from site A to site B, note the development of a

ridge/runnel system towards site B. Bottom: a well-developed ridge runnel

system, the ridges are approximately 1 m across. (Photos supplied by J.

Kelly).



 



Chapter 6: INTRMUD 97 Humber estuary field campaign.

6.2.1 Materials and methods.

Three CSM MKIII devices were used for the core experiment. Standard

procedures were followed and test Sand 3 was used. Data was collected in sets of six

replicates, although due to experimental vagaries (such as incoming tides!) this was not

always achieved. Replicate measurements were taken on ridges and runnels. Core data
relevant to the stability measurements is summarised here as well, but the reader is
referred to the INTRMUD protocols (1997) and Second Annual Report (1998) for more

detailed information on the methods used to collect this data. Measurements of surface

sediment properties were obtained from syringe cores and Cryolander samples taken at

regular intervals during the exposure period. Where surface bedforms were present,

pairs of samples were taken from an adjacent ridge and runnel. The top cm of these
cores were split into two sections, 0 to 0.5 and 0.5 to 1.0 cm. Cores from the 4th of July
were further sectioned into centimetre increments from 1 to 5 cm depth.

Sediment samples were taken to characterise the fauna at each sampling site by a

research team from NIOO-CEMO (Netherlands Institute of Ecology, Centre for
Estuarine and Coastal Ecology). Three cores with a diameter of 10 cm were taken at

each sampling location, with both ridges and runnels being sampled. The upper 30 cm

of the sediment was sieved through a 0.5 mm mesh sieve and the remnant fixed with

formaldehyde. These samples were analysed for species density and biomass.

6.2.2 Results.

6.2.2.1 CSMstability measurements 4/7/97.

The three CSM Mklll devices were deployed at sites B, C and D on the 4th of

July. Fifty four stability measurements were taken at site B over the exposure period

(Figure 6.3). The ridges were significantly more stable than the runnels (two sample t-
Q

test assuming unequal variances p = 7.1"). There was a general decrease in the stability
of the ridges over the measurement period (Figure 6.4a), however this decrease was not

significant (linear regression r2 = -0.25). There was no significant change in the stability
of the runnels with time (linear regression r = 0.05). It began to rain around 11:00 am

for about half an hour at site B which coincides with low stabilities on both ridges and
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runnels. There are also differences in the erosion profiles of the ridges and runnels

(Figure 6.5). The ridges tend to have slightly shallower erosion profiles, and the S,

values (Table 6.1) of the ridges are significantly lower than the runnels (two sample t-

test assuming unequal variances p = 0.046). However, the erosion profiles of the ridges

during the period of rain are similar to those of the runnels.

Table 6.1 Summary of the CSM data from Hull site B 4/7/97.

Erosion threshold Nm2 Si
Data set ridge se runnel se ridge runnel

1 2.77 0.16 1.63 0.20 1.56 3.55
2 1.82 0.16 1.25 0.13 2.93 2.97
3 2.42 0.16 1.42 0.20 2.52 4.5
4 2.15 0.08 1.66 0.12 3.23 4.74
5 2.01 0.18 3.27

Forty six CSM runs were taken at site C over the exposure period (Figure 6.4b).
The ridges were significantly more stable than the runnels (two sample t-test assuming

unequal variances p = 0.0016). There was no significant change in the stability of the

ridges with time (linear regression r2 = 0.03). There was a general decrease in the

stability of the runnels over the measurement period (Figure 6.4b), (linear regression r2
= -0.85). It began to rain heavily around 11:30 am for about half an hour at site C which

coincides with low stability on the ridges. The erosion profiles of the ridges and runnels
are also different (Figure 6.6). The ridges tend to have shallower erosion profiles, and
the S, values (Table 6.2) of the ridges are significantly lower than the runnels (two

sample t-test assuming unequal variances p = 0.039). However, the erosion profiles of
the ridges during the period of rain were similar to those of the runnels.

Table 6.2 Summary of the CSM data from Hull site C 4/7/97.

Erosion threshold (Nm 2) Si
data set ridge se runnel se ridge runnel

1 1.10 0.07 0.69 0.15 2.97 6.79
2 0.69 0.12 0.64 0.14 6.77 7.77
3 1.75 0.37 0.59 0.10 2.64 6.99
4 0.89 0.23 0.40 0.08 2.90 6.24
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Seventeen CSM runs were taken at site D at the beginning of the exposure period

(Figure 6.4c). A complete data set was not collected, due to equipment failure during
the deployment, so the analysis was limited. The ridges were significantly more stable
than the runnels (two sample t-test assuming unequal variances p = 0.00066). There are

also differences in the erosion profiles of the ridges and runnels (Figure 6.7). The ridges
tend to have shallower erosion profiles, and lower Si values (Table 6.3). In summary,

critical erosion threshold increased towards the shore whilst suspension index (Si)

decreased, and ridges were generally more stable than runnels (Figure 6.4 and Tables

6.1-6.3).

Table 6.3 Summary of the CSM data from Hull site D 4/7/97.

Erosion threshold (Nm 2) s,
data set ridge se runnel se ridge runnel

1 0.80 0.07 0.64 0.00 8.71 10.98
2 0.90 0.05 4.45

6.2.2.2 Measurement ofsediment properties 4/7/97.

Sediment samples were collected using syringe cores and Cryolander over the

exposure period by INTRMUD scientists. These sediment samples were analysed for

carbohydrates, chlorophyll a and water content using the standard INTRMUD methods

by INTRMUD scientists. A summary of some of the results relevant to the sediment

stability measurements is presented here.
The syringe core time series for the four sites suggest that spatial variation in

chlorophyll a and colloidal carbohydrate is greater than temporal variation over a tidal

exposure (Figure 6.8). There is no clear correlation between sediment stability and

chlorophyll a and colloidal carbohydrate as measured by syringe core. Depth profiles of

chlorophyll a and colloidal carbohydrate from the syringe core samples show that for
sites A, B and C chlorophyll a content was highest at the surface and decreased with

depth (Figure 6.9). At site D chlorophyll a concentrations were low and changed little
with depth. Colloidal carbohydrate contents showed less clear trends, but generally
increased with depth (Figure 6.9).
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Figure 6.8 Syringe core time series of colloidal
carbohydrate and chlorophyll a content for all
sites 4/7/97. There are significant differences
between the sites and the ridges and runnels.
Note the scales are different. (Data from J.
Kelly, INTRMUD 2nd Annual Report).
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Figure 6.9 Syringe core depth profile of colloidal carbohydrate and

chlorophyll a content, from sites A, B, C and D 4/7/97. The distribution
differs between sites, note that the colloidal carbohydrate distribution does
not correlate with the chlorophyll a distribution. Chlorophyll a content is

highest at the surface and decreases with depth, whilst the colloidal

carbohydrate shows no clear trends. Colloidal carbohydrates and

chlorophyll a contents are highest at sites A and C. (Data from J. Kelly and
C Honeywill INTRMUD project 2nd Annual Report).
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6.2.2.3 Cryolanders.

Analysis of Cryolander samples taken at the time of maximum low tide give

superior resolution of the surface colloidal carbohydrate and chlorophyll a content

(Figures 6.10 and 6.11). For sites A, B and C chlorophyll a and colloidal carbohydrate
contents tend to be highest at the surface and decrease with depth. At site D colloidal

carbohydrate and chlorophyll a contents are low and change little with depth.

Chlorophyll a and colloidal carbohydrate contents increase towards the shore, and crests

had higher contents than troughs. Therefore, the chlorophyll a and carbohydrate
contents mimic the patterns of sediment stability found with the CSM. Comparison of
the coarse core and Cryolander data shows that the Cryolander resolves the micro-scale
differences in biochemical sediment properties that coarse coring misses (Figure 6.12).
This data was statistically analysed by C. Honeywill.

6.2.2.4 Statistical analysis ofthe syringe core and Cryolander biochemical data.

Cryolander colloidal carbohydrate content

There were very highly significant differences between sites of both pooled (2

mm) Cryolander slices (ANOVA F=30.37, DF=6, P<0.001) and 0.2 mm slices

(ANOVA F=19.10, DF=6, PO.OOl). More specifically (at the P<0.05 level using

Tukey's pairwise comparisons), pooled Cryolander slices had significant differences
between 14 of 21 possible pairs. Notably, site A had more colloidal carbohydrate than
all other sites (although not significantly higher than the crest at site B). Site D (both

trough and crest) had significantly less colloidal carbohydrate than all other sites. There
were no statistically significant differences between crests and troughs at each site

(although all crests had higher colloidal carbohydrate content than the corresponding
site troughs). The same relationships between sites and features were present in the top

0.2 mm of the Cryolander slice, except there were no significant differences between
the crest at sites C and site D.

Cryolander chlorophyll a content

There were very highly significant differences between sites of pooled (2 mm)

Cryolander slices (ANOVA F=52.79, DF=6, PO.OOl) and of surface 0.2 mm slices
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Figure 6.12 A comparison of the Cryolander and coarse core sampling

techniques, showing the distribution of colloidal carbohydrate across the
intertidal flat. The Cryolander data is an average of the whole 2 mm

section, the coarse core data is for the top 5 mm. Error bars are standard

error, n = 3 for the Cryolander. The Cryolander sampling technique reveals

changes in the colloidal carbohydrate content that are missed by the coarse

core, and gives better resolution of surface sediment properties. (Data from
J. Kelly and C. Honeywill INTRMUD project 2nd Annual Report).
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Chapter 6: INTRMUD 97 Humber estuary field campaign.

(ANOVA F=4.054, DF=6, P<0.001). More specifically (at the P<0.05 level using

Tukey's pairwise comparisons), pooled (2 mm) Cryolander slices had significant
differences at the P<0.05 level between 17 of 21 possible pairs. Most notably between
site A and all other site features: between site D trough and all other sites. There were

statistically significant differences between crests and troughs at sites C and D. Similar

relationships between sites and features were found for the top 0.2 mm slice of the

Cryolander.

Syringe core colloidal carbohydrate content

There were very highly significant differences between sites (ANOVA F=9.14,

DF=6, P=0.002). More specifically there were significant difference (at the P<0.05 level

using Tukey's pairwise comparisons) of 4 out of a possible 21 pairs. Most notably the
crest at site C was significantly higher than both D features and the trough at site C

(although site C crest was higher, though not significantly, than all other sites too). Site
A had significantly higher contents than the trough at site D.

Syringe core Chlorophyll a content

There were very highly significant differences between sites (ANOVA F=57.01,

DF=6, P<0.001). More specifically there were significant difference (at the P<0.05 level

using Tukey's pairwise comparisons) of 11 out of a possible 21 pairs. Most notably the
crest at site C was significantly higher than all other sites regardless of features except

site A which was significantly higher than C crest. Site A was significantly higher than
all other sites. All crest were higher than troughs, but only significantly at site C.

Comparison ofcoring techniques
Both the Cryolander and the syringe core results generally show a decrease in

colloidal carbohydrate and chlorophyll a content down shore (except the crest at site C

using the syringe core method, which measured significantly higher contents than most

other sites). There was a significant correlation (Spearman's Rank) between means of 2
mm Cryolander slice and 5 mm syringe core surface of both colloidal carbohydrate
content (r=0.786, n=7, P = 0.036) and chlorophyll a content (r=0.793, n=7, P = 0.033).

There was a significant correlation (Spearman's Rank) between means of
colloidal carbohydrate content and chlorophyll a content using both coring methods
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(r=0.637, n=21, P = 0.002) and a stronger correlation between them when just mean

Cryolander results were used (r=0.959, n=14, PO.OOOl). There was also a significant
correlation (Pearsons) between each paired repetition of syringe cored carbohydrate
content and chlorophyll a contents (r=0.679, n=16, P0.004). When each paired

repetition of Cryolander results were used a very highly significant correlation was

obtained (r=0.892, n=21, PO.OOOl for 2 mm slices and r=0.931, n=21, PO.OOOl for
0.2 mm slices).

6.2.2.5 Water contents.

Water contents were calculated from the syringe cores by Plymouth Marine

Laboratory and the University of Cardiff. At site B, water contents from the ridges

change erratically with depth whilst the runnels tend to show a slight decrease with

depth. There was a significant difference (p = 4.4~6) between the average water content

of the ridges (61%) and the runnels (89%). This supports the stability data, with the
more stable ridges having the lower water content. At site C, there is no clear pattern to

the water content change with depth. There is a significant difference (p = 3.5~5)
between the average water content of the ridges (57%) and the runnels (51%). This does
not agree with the stability data, in this case the more stable ridges have the higher
water contents. At site D, there is no clear pattern to the water content change with

depth. There is a significant difference (p = 0.023) between the average water content of
the ridges (50%) and the runnels (44%). Again this does not agree with the stability
data, and the more stable ridges have the higher water contents.

6.2.2.6 CSMstability measurements 6/7/97.

Twenty CSM measurements were made on ridges and runnels at site C by the
author. The ridges were significantly more stable than the runnels (site C p = 3.0-5). The
erosion profiles (Figure 6.13) show that the runnels erode more rapidly than the ridges,
which results in lower S, values for the ridges (Table 6.4). At site A, the stability of the

ridges and runnels of ripple marks were investigated by S. Shayler, the ripples had a

wavelength of 4 cm and amplitude of 5 mm. The ripple crests were more stable than the
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ripple troughs, mimicking the patterns of stability found on the larger bedforms (Shayler

1999).

Table 6.4 Summary of the CSM data from Hull site C 6/7/97.

Erosion threshold Nm"2 s,
data set ridge se runnel se ridge runnel

site C set 1 1.25 0.13 0.74 0.10 2.81 8.54
site C set 2 1.97 0.12 0.48 0.16 1.84 8.72

6.2.2.7 Measurement ofsediment properties 6/7/9 7.

The upper 1 cm of the syringe cores was cut into two 0.5 cm deep sections, both
of which were analysed for colloidal carbohydrate and chlorophyll a content. Colloidal

carbohydrate and chlorophyll a concentrations tend to be higher in the ridges than the
runnels (Figure 6.14). Both colloidal carbohydrate and chlorophyll a tend to increase
shoreward.

6.2.2.8 Macrobenthos.

Two species, Macoma balthica and Streblospio shrubsolii were found at all
stations. High densities of Oligochaeta were found at sites A and B. Nereis diversicolor
and Retusa alba were the dominant predators at these sites, while Nephtys hombergii
was dominant at sites C and D. The total density and number of species decreased along
the transect from site A to D. The biomass also decreased towards the sea. Biomass was

dominated by three species: Macoma balthica, Nereis diversicolor and Nephtys

hombergii. At stations B, C, and D, the biomass in the runnels was lower than on the

ridges. However the species density in the runnels was both higher (site C) and lower

(sites B and D) than the ridges, suggesting some zoneation due to animal size.

6.2.2.9 Grain size analysis.

Sediment cores were taken using Perspex cores (36 mm diameter), the upper 1 cm

was used for analysis. Samples were freeze-dried and analysed using a Malvern Particle
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Figure 6.14 Coarse core colloidal carbohydrate and chlorophyll a

contents in the sediment surface from all sites 6/7/97. The colloidal

carbohydrate and chlorophyll a contents tend to be higher on the ridges
than the runnels at sites B, C and D; but are very similar at site A. There is
a general increase in colloidal carbohydrate and chlorophyll a contents

shoreward. (Data from the INTRMUD project 2nd Annual Report).
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sizer 3600 E by INTRMUD scientists. No further pre-treatment was applied on the

samples. Grain size decreased shoreward (Table 6.5).

Table 6.5 Grain size analysis for Humber July 97 (data from Cardiff University and

NIOO-CEMO, INTRMUD second annual report 1998).

0-5cm Malvern method (Nioo)
Site % sand % silt %clay Median (pm) <16 pm (%) <63 pm (%)
A 4 63 33 12.5 63.5 97.9

B ridge 11 62 27 13.5 57.8 91.5

B runnel 15 58 27 13.3 59.3 91.9

C ridge 19 47 35 24.9 42.4 74.3

C runnel 38 35 27 22.4 42.2 78.2

D ridge 53 24 23 38.4 39.1 68.5

D runnel 56 30 14 49.7 31.9 59.7

6.2,3 Discussion.

A multiple regression analysis would have indicated the most significant sediment

properties and species for determining sediment stability. Unfortunately, as stability was

not measured at site A and the sediment property measurements were not closely
matched to the stability measurements, the data had to be pooled for the whole tidal

exposure period. This resulted in a replication of six making multiple regression

analysis unsuitable.
Instead the data was correlated (Pearson product moment) to determine which

sediment properties and organisms may be important in determining sediment stability

(Table 6.6). As the n number was relatively low (n = 6) significant correlation was less

likely due to natural heterogeneity (an r-value of 0.811 is significant).

6.2.2.1 Correlation with erosion threshold.

Only Cryolander chlorophyll a was significantly correlated with the erosion
threshold. This suggests that the photosynthetic biomass (essentially diatoms in this

case) is significant in determining sediment stability. It would be expected that this
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Table6.7CorrelationofsedimentpropertiesmeasuredduringtheINTRMUDHumberEstuaryfieldcampaign. Boldvaluesaresignificant.
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would be due to the secretion of EPS (Holland et al. 1974, Chapter 4), but Cryolander
colloidal carbohydrate was not significantly correlated with stability (r = 0.714, n = 6).

The chlorophyll a content determines the photosynthetic biomass, and hence the

potential of the system to produce EPS. Chlorophyll a is relatively immutable compared
to colloidal carbohydrate and therefore less likely to vary temporally. The runnels often
contained surface water, whilst the ridges did not. Removal of colloidal carbohydrate by
dissolution into the surface water may explain why the ridges had higher colloidal

carbohydrate concentrations than the runnels. The chlorophyll a content would not be
affected by this process.

The erosion threshold is determined by the surface sediment properties. Field
observations showed there was loose surface flocculent material in the runnels, and they
remained wet throughout the exposure period. There would therefore be less drying, and
the loose surface floes would remain easily erodable. Chlorophyll a content (diatom

biomass) and erosion threshold were higher on the ridges than runnels. LTSEM images

suggest that diatom migration incorporates loose surface floes into the sediment surface

by binding with EPS (Chapter 5). The ridges, being raised, were also prone to drying
over the exposure period. Therefore, loose floes on the ridges would be incorporated
into the sediment bed, by physical drying effects, and EPS adhesion. EPS in the runnels

would be dissolved into the standing water (Blanchard et al. in review), making the

ridges more stable than the runnels. The hypothesis that water is important in

controlling the biological influence on sediment stability is supported by the observation
that during a period of rain, the erosion profile of the ridges is very similar to that of the
runnels.

Both colloidal carbohydrate and chlorophyll a calculated from the syringe cores

are not correlated with erosion threshold. This is not surprising, as diatoms are rarely
found deeper than 2 mm so measuring their biochemical indicators on a 5 mm scale
results in dilution (Paterson et al. in review). The sediment surface determines the

erosion threshold, if the top 2 mm of sediment is very stable then the sediment will not

erode, the properties of the sediment below are relatively unimportant. The syringe core

method does not provide the necessary resolution to determine the influence of the
surface sediment properties on stability. However, the stability of sediments below the
surface is important in determining the erosion rate.
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6.2.3.2 Correlation with Si values.

The Si values give a relative measure of the erosion rate for the CSM device

(Tolhurst et al. 1999). The S! values were significantly negatively correlated with

Cryolander colloidal carbohydrate and chlorophyll a, indicating that colloidal

carbohydrate is a primary variable controlling the erosion rate. Syringe core

measurements of colloidal carbohydrate were significantly correlated with the Si values

suggesting that the properties of the sediment with depth determine the erosion rate.

Syringe core measurements of chlorophyll a were not correlated with the S; values.
Macoma balthica biomass was significantly negatively correlated with the Si values

suggesting that Macoma balthica may stabilise the sediment.

6.2.3.3 Correlation with water content.

Water content was significantly negatively correlated with median grain size and

significantly positively correlated with the grain size fraction below 16 gm and 63 jam.

Thus as the grain size decreases the water content increases. Cryolander chlorophyll a

and colloidal carbohydrate was significantly positively correlated with water content.

This suggests that the microphytobenthos (mostly diatoms in this case) may be

important in preventing water loss, or that they preferentially select areas of fine grained
sediment. Diatoms have been shown to influence sediment grain size (Kornman and de
Deckere 1998), so the diatom influence on water content may be indirect via altering

grain size distributions. Syringe core, chlorophyll a and colloidal carbohydrate are not

correlated with water content, supporting the contention that this is a surface

phenomenon related to diatoms. Macoma balthica and Nereis diversicolor biomass are

significantly correlated with water content. It is possible that this correlation is because
these organisms tend to be found in finer grained sediments that generally have higher
water contents. Another possibility is that bioturbation increases the porosity and thus
the water content of the sediment. Measurements showed that porosity increased

shoreward, probably due to decreasing grain size and increasing density of
macrobenthos (INTRMUD 2nd Annual Report 1998).
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6.2.3.4 Correlation with grain size.

The median grain size was significantly negatively correlated with Cryolander

colloidal carbohydrate. The <16 and <63 pm fractions were significantly positively
correlated with Cryolander colloidal carbohydrate and the <16 fraction was significantly

positively correlated with chlorophyll a content. This is partly because diatoms tend to

be found in finer grained sediments, but the possibility that EPS helps to stabilise the

sediment, trapping fine grained particles cannot be overlooked (Kornman and de

Deckere 1998).
The biomass of Macoma balthica and Nereis diversicolor macrobenthos were

significantly negatively correlated with the median grain size. The biomass of Macoma
balthica and Nereis diversicolor macrobenthos were significantly positively correlated

with the <16 jam and the <63 pm grain size fraction. These species tend to be found in

areas with a high proportion of fine sediment. Correlation with density (numbers per

m2) of the different species showed a similar pattern as the biomass, but the correlation
was less significant.

6.2.3.5 Correlation with syringe core and Cryolander colloidal carbohydrate and

chlorophyll a content.

As chlorophyll a content is a measure of diatom biomass, and diatom biomass

largely determines colloidal carbohydrate content, these two sediment properties are

considered together. It should be noted that there are other sources of colloidal

carbohydrate than diatoms, whilst chlorophyll a found at depths below 2 mm in muddy
sediments can be classed as photosynthetically inactive biomass.

The syringe cores were analysed to a depth of 5 cm, however only data from the
first section (0-5 mm) was included in the correlation. Syringe core colloidal

carbohydrate content was significantly positively correlated with syringe core

chlorophyll a content. There was no correlation with other sediment properties

including Cryolander colloidal carbohydrate and chlorophyll a content, showing that the
scale on which sediment properties are measured significantly affects the data obtained.

From the Cryolander samples, colloidal carbohydrate in the surface 2 mm is

significantly positively correlated with chlorophyll a in the surface 2 mm. Colloidal
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carbohydrate content was significantly positively correlated with Macoma balthica and
Nereis diversicolor biomass. Chlorophyll a content was significantly positively
correlated with Macoma balthica biomass.

The micro-scale (Cryolander) analysis of chlorophyll a and colloidal carbohydrate

provided superior resolution to the meso-scale (syringe core) analysis (Figure 6.12).
This is primarily due to the effects of distribution, scale and the nature of the two

substances. Micro-scale analysis of chlorophyll a shows it was highest in the surface
200 pm and decreases rapidly with depth. Meso-scale analysis of chlorophyll a reveals
a similar trend. Micro-scale analysis of colloidal carbohydrate content shows that it
tends to correlate with chlorophyll a content. Meso-scale analysis shows that colloidal

carbohydrate content was decoupled from chlorophyll a content at greater depths in the
sediment.

Therefore, in the surface 2 mm the chlorophyll a and colloidal carbohydrate are

closely related, however below this depth the two properties become progressively less
related. This is because colloidal carbohydrate in the top 2 mm is largely produced by

microphytobenthos, below this depth the carbohydrate is produced from other sources

such as fauna. This explains why Cryolander chlorophyll a was a better indicator of

colloidal carbohydrate than syringe core chlorophyll a.

6.2.3.6 The influence ofrain.

The high water content in the runnels was possibly responsible for the lower
content ofcolloidal carbohydrate. The period of rain was accompanied by lower erosion
thresholds on the ridges, but not in the runnels. There was no apparent change in the
colloidal carbohydrate content on the ridges, but as this data was from coarse core

samples the change may not have been detected. It is unclear why the stability
decreased; one possibility is that the surface water reduced the binding effectiveness of
the colloidal carbohydrate. Alternatively, the mechanical impact of the rain drops may

have weakened the sediment, whilst the fresh water would reduce the concentration of

cations, altering the physio-chemical nature of the sediment. After the rain had finished,
the stability of the ridges recovered rapidly, presumably due to draining and drying.

The Si values also show a similar change, the erosion profiles of the ridges at the
time of the rain were very similar to those from the runnels, and after the rain rapidly
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return to their previous shape. This suggests that the rain had a reversible effect on

sediment stability possibly by dilution of colloidal carbohydrate binding or reduction in
cation concentration. Similar results have been found by Paterson during the Canadian
1989 LISP study (Daborn 1989). What is unclear at present is if a similar reduction in

stability occurs during tidal immersion, which would have significant implications for
in situ stability measurements during exposure. Ideally, in situ measurements of
sediment stability should also be made during immersion.

6.2.3.7 The second core experiment 6/7/97.

Only two CSM devices were deployed, and the deployment at site A was not

matched to the sediment analysis, so a correlation analysis was considered

inappropriate. The pattern of ridges being more stable than the runnels during the first
core experiment was repeated during this experiment, the investigation at site A shows
this pattern was independent of bedform size. Average erosion threshold was higher at

site A than C, as were colloidal carbohydrate concentrations. Other relationships were

difficult to determine, due to the limited data set.

6,2,4 Conclusion.

The diatom biomass in the top 2mm seems to be the primary control on sediment

stability. Diatom biofilms are found on the sediment surface and their influence on

sediment properties will decrease with depth. A biofilm acts as a "skin" on the sediment

surface, no erosion can occur until this skin is broken. Visual observation of erosion in

both the field and laboratory show that erosion often starts around areas of weakness in

the biofilm. Once the biofilm has been eroded the sediment below is revealed and its

erosion will be determined by its nature, which is determined increasingly by physical
factors as depth increases.

This explains why meso-scale analysis of colloidal carbohydrate and chlorophyll
a is a poor predictor of erosion threshold, but a better predictor of the S, (erosion rate).
The syringe core measures the sediment properties in the top 5 mm that will partly
determine the erosion rate but are less relevant to the erosion threshold. The surface is

still important in determining the erosion rate, as the rate at which the surface erodes
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determines the rate at which the rest of the sediment can erode. This explains why the
micro-scale analysis also correlates with the erosion rate, as the stability of the sediment
surface is important in determining the erosion rate. It is suggested that measurements

of sediment properties for comparison to sediment stability should be made on the
surface 2mm of the sediment. Measurements below 2 mm may provide information of
relevance to the erosion rate.

The erosion threshold was only correlated with surface diatom biomass as

measured by Cryolander chlorophyll a content, as diatom biomass increased the erosion
threshold increased. The Si values (erosion rate) were correlated with colloidal

carbohydrate content (primarily determined by the biomass of diatoms), as colloidal

carbohydrate content increased, the erosion rate decreased. The erosion rate also
decreased as Macoma balthica biomass increased, suggesting that Macoma balthica
retards erosion. This is in contrast to previous work (Widdows et al. 1998) where
Macoma balthica were found to decrease sediment shear strength, and increase

sediment resuspension. Obviously there is a difference between a correlation and a

causative relationship, so care must be taken. It may be that as Macoma balthica
biomass was correlated with diatom biomass, the diatom stabilising effect was masking
the destabilising effects ofMacoma balthica. It is also possible that there is a difference
between the critical bed shear stress of the sediment (measured by CSM), its shear

strength (measured by a penetrometer), and the influence of organisms in biodeposition
and resuspension. It is theoretically possible for an organism to decrease the stability of
a sediment surface, but also enhance deposition.

The interactions of biotic and abiotic effects upon sediment stability are clearly

complex. That a sediment property is not correlated with stability does not mean it has
no effect upon stability. For example, water content is traditionally considered one of
the most important parameters controlling cohesive sediment stability, yet in this study
water content was not correlated with stability. A possible explanation is that the

presence of diatom biofllms not only increased stability, but also increased the water

content, by reducing evaporation and stabilising water within the biofilm. Elucidating
the interactions between sediment properties is difficult, as a change in one parameter

may not result in a predictable effect. This is because these properties are not isolated,
but interact. Other factors such as temporal variation further complicate matters. This
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explains why it has proved so difficult to find a single sediment property that

consistently predicts sediment stability.

6.3 Chlorophyll a and EPS as markers of erosion.

6,3.1 Introduction.

The problems in defining and determining erosion are discussed in section 6.4. It

has been shown that biofilm components can erode at different shear stresses to the

underlying sediment (Sutherland 1996, Sutherland et al. 1998, Tolhurst 1995, Chapter

4), often before detectable sediment erosion (i.e. an increase in SPM). Micro-scale

analysis of biofilms has shown that they contain higher concentrations of carbohydrates
and chlorophyll a than both the underlying sediments and overlying water.

Measurement of these substances in the water column could help to refine our

understanding of biofilm erosion.
Diatoms contain characteristic marker pigments, such as chlorophyll c and

fucoxanthin giving distinctive pigment fingerprints. These marker compounds have
been used to characterise suspended particulate matter and to monitor its transport

(Wiltshire et al. 1998). Pigment fingerprints determined by HPLC have been used to

study the composition of assemblages of primary producers in suspended matter in

aquatic systems. Rivers and estuaries have been separated into zones using the
characteristics of pigments contained in the suspended matter (Wiltshire & Schroeder

1994). Intertidal sediments are often densely colonised by varied assemblages of

microphytobenthos and attempts have been made to characterise sediments using

pigments from microphytobenthos assemblages (Wiltshire et al. 1998).
It was hypothesised that pigments and EPS could be used as indicators of

sediment erosion, and might reveal more about biofilm erosion than SPM data alone.

Two preliminary investigations were made in the Eden estuary Scotland. The first
conducted by the author and I. Taylor, monitored the concentration of colloidal

carbohydrate during erosion; and the second, conducted by the author and K. Wiltshire,
monitored the concentration of chlorophyll a and other pigments during erosion. The
results from these studies are summarised here, but the reader is referred to Taylor

(1998) and Wiltshire et al. (1998) for more detail. The Humber 97 field campaign
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offered an opportunity to refine and repeat these experiments, combining analysis of
both carbohydrate and chlorophyll a with concurrent measurement of other sediment

properties. The author was assisted by I. Davidson in the field, and pigment analysis
was carried out by C. Honeywill and J. Kelly. Due to operational differences the three

experiments methods and results are presented in separate sections, whilst the data is
discussed as a whole.

6.3.2 Field sites.

The mudflats of the Eden are relatively short (100-300 m) with a few surface

drainage channels running perpendicular to the shore but no developed ridge/runnel

system (Figure 6.15). The sediment at the sample station was composed of a silt/sand
mixture (mean grain size 110 pm) with >30 % < 63 pm and displaying cohesive

properties. The Humber estuary field sites have already been described (section 6.1).

6.3.3 Eden estuary pigment study: Materials and methods.

Sediment erosion was induced using the Microcosm system. Standard deployment

procedures were followed (Chapter 2, Chapter 8), except the Microcosm was deployed

during the outgoing tide and the trapped tidal water used as the erosional medium.
Water samples were collected to calculate suspended particulate matter and measure

pigments. Cryolander samples were taken next to the Microcosm chamber prior to

erosion, and inside the chamber after erosion.

A diatom biofilm was clearly visible covering the sediment surface. After the
Microcosm chamber was filled with water oxygen bubbles were seen to form within the

biofilm, lifting parts of the biofilm and sediment. Pigment analysis for the Eden

deployment was carried out by K. Wiltshire; the experimental procedure and results are

summarised here from Wiltshire et al. (1998).

6.3.3.1 Cryolanders.

The frozen blocks were placed on a freezing microtome and sectioned at 200 pm

intervals. The sediment sections were removed from the microtome blade using a pre-
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Figure 6.15 Aerial photograph of the Eden estuary Scotland. Green
patches are areas covered in Enteromorpha sp. algae, F marks the field
site.
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weighed piece of glass fibre filter paper. This was then re-weighed (wet) and placed in
an opaque pre-weighed vial and freeze dried for 12 hours. Dry weight and water content

were calculated and since the volume of sediment was known (surface area x depth of

slice) it was possible to calculate the approximate wet bulk density of the upper layers
of sediments (Taylor and Paterson 1998). For HPLC analysis, 2 ml of acetone was

added to the sample, and the material re-frozen at -70°C and stored until required for

analysis. A replicate sample block was used to examine the microstructure of the upper

sediment layers using low-temperature scanning electron microscopy (LTSEM).

6.3.3.2 Water samples

Water samples (200 ml) were removed from the Microcosm at the end of each
shear stress step, using a syringe-attachment and dispensed into sample bottles (300 ml).
100-200 ml of the sample was filtered through a glass fibre filter (GFF 0.7 pm) which
was suspended in 2 ml of acetone, in black vials, frozen at -70°C and retained for

pigment analyses.

6.3.3.3 High performance Iiquid chromatography (HPLC)

The water and sediment samples were analysed for pigments using HPLC,

enabling detection of chlorophylls a, b, cl and c2, chlorophyllides, phaeophorbides,

phaeophytins, fucoxanthin, hexanoyl-fucoxanthin, butanoyl- fucoxanthin, diatoxanthin,
lutein, diadinoxanthin, zeaxanthin, violaxanthin, ^-carotene and a-carotene. Chlorophyll
a was expressed as an absolute value calculated against a known Chi a standard while
other pigments (standards not available) were expressed in terms of a ratio against Chi
а. The suspended matter mixtures for analyses were frozen at -70 °C for a minimum of

o

24 h before use. Samples were extracted by sonication at 0 C for 3 min (14 amperes,

ultrasound microtip, Ultrasonics). The extracts were filtered through 0.45 pm cellulose
filters and then injected by autosampler straight into a HPLC system.

б,3,4 Results.
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6.3.4.1 Pigment analysis.

Pigments were measured in the water column above the test bed but they did not

follow the pattern determined from SPM concentration and erosion rate (Figure 6.16 a-

b). The Pearson product moment correlation was calculated but there was no significant
correlation between SPM and chlorophyll a concentration (r - 0.304, p > 0.2). At the

beginning of the experimental run there was a small peak in chlorophyll a and

suspended particulate matter. Visual observations indicate that this initial period of
erosion consisted of the removal of loose surface particles and pieces of the

microphytobenthos biofilm, particularly around the oxygen bubbles in the biofilm. After
this, the chlorophyll concentration was relatively low and constant until a U* of 1.4 cm

s"1 when a pronounced peak in concentration was observed (Figure 6.16 a-b). This
increase in chlorophyll a concentration accompanied a slight increase in the erosion of
material from the sediment bed as determined by a SPM concentration increase of 300

, « «

mg 1" . The ratios of the major pigments to chlorophyll a demonstrated that fucoxanthin

(a marker for diatoms) was the most prominent of the accessory pigments whereas

pheophytin (breakdown product) appeared only as the shear stress increased beyond a

U» of 1.3 cm s*1. The pigments eroded at the beginning of the run were largely
fucoxanthin and chlorophyll a while the pigment diadinoxanthin appeared as a

significant component from above a U* of 1.2 cm s" . The peak in chlorophyll a at 1.4
U* did not show an unusual pigment fingerprint although the relative proportion of the

accessory pigments decreased in relation to chlorophyll a.

6.3.4.2 Post-erosion changes to the bed structure.

The surface content of chlorophyll a within the sediment was reduced by the
erosion event in the Microcosm. The largest difference in content appeared to be in the

upper 800 pm of the sediments. Analysis of additional pigments showed that
fucoxanthin and diadinoxanthin ratios to chlorophyll a were generally higher before the
erosion event. Indeed, diadinoxanthin only appeared at the sediment surface before the
erosion event.

The average density of the 200 pm sediment sections increased over the upper 2
mm from 1.39 before erosion to 1.50 g cm"3 after erosion. The expectation that density
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of the substrata would increase after the erosion of less dense surface material (Taylor
and Paterson, in press) was supported by statistical analysis of the matched sections

(one tailed t-test for matched pairs, P< 0.05). The water contents of the upper sediment

layers were not found to be significantly different after erosion.
Sediment structure was examined using LTSEM. Before the onset of erosion, an

intact biofilm was present on the sediment surface (Figure 6.17a). The surface biofilm
was <10 pm in depth. It was the erosion of this biofilm and associated sediments that

caused an increase in the SPM concentration from 100 to 500 mg T1 and the concurrent

increase in chlorophyll a. After erosion, the surface skin was no longer visible and the

typical open card-house sediment structure extended to the surface (Figure 6.17b).

6,3,5 Eden carbohydrate study: Materials and methods.

Sediment erosion was induced using the Microcosm system. The Microcosm was

deployed using the standard procedure described in Chapter 8. Water samples were

collected to calculate suspended particulate matter and measure carbohydrates. Analysis
of carbohydrates was carried out by I. Taylor. A summary of the experimental

procedure is given here; details are given in Taylor (1998).
Studies from the literature indicated that the amounts of carbohydrate likely to be

found in the water column would be small (Johnson and Sieburth 1977). It was

therefore considered necessary to concentrate the water samples collected from the
Microcosm before analysis of carbohydrates. This was achieved by lyophilisation of 20
ml water samples which were then resuspended in 5ml of distilled water. This was

centrifuged and 200 pi of the supernatant was used for analysis of colloidal

carbohydrate and the remainder used for analysis of particulate carbohydrate (Taylor
1998 and Chapter 2). The lyophilisation procedure proved to be problematic. The large

samples involved took a very long time to freeze dry and the resulting residue largely
consisted of salts.

Taylor (1998) showed that Na CI concentration did not have a significant effect

upon the colloidal carbohydrate assay except at high salt and low carbohydrate
concentrations. Lyophilisation, however, did significantly lower the absorbency of the

samples.
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Figure 6.17 LTSEM images from the Eden estuary mudflat. A: View of
the sediment surface before erosion. The sediment surface has an organic

coating overlying the sediment particles, note diatom in centre of picture.
Scale bar = 100 pm. B: View of the sediment surface after erosion. The

organic surface layer has been removed, revealing the typical open card-
house structure. Scale bar =100 pm.
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6.3.6 Results.

There was a colloidal carbohydrate peak just prior to the onset of erosion, but this
increase was not sustained and there was great variation in the data (Figure 6.18). There
was a general trend of increasing particulate carbohydrate, which followed the increase
in SPM (Figure 6.18).

6.3.7 Humber EPS/chlorophyll a study.

The two studies undertaken in the Eden indicted the possibilities of utilising

carbohydrates and pigments as markers of erosion. A field experiment was planned to

investigate the erosion of pigments, carbohydrates and sediment floes in the Humber

estuary during July 1997. The sediment floe part of the investigation was discussed in
section 4.5. Three deployments of the Microcosm were made at site A 1/7/97, site B

2/7/97 and site C 4/7/97, water samples were collected to determine SPM, chlorophyll a

and EPS concentrations.

6.3.8 Materials and methods.

The preliminary Eden carbohydrate study indicated that lyophilisation of large
water samples was not practical and an alternative procedure was required. The EPS

assay involves dissolving the EPS from sediment in water and precipitating the EPS
molecules from solution using cold ethanol (Chapter 2). The possibility of using this
method to concentrate EPS from the water column was investigated.

It was found that the EPS assay could be scaled up using large water samples. The

only modification was that the large samples required a long time to centrifuge. The
INTRMUD protocols EPS assay procedure requires resuspension of the EPS pellet in 1
ml of distilled water and the Dubois assay is performed directly on this sample. This
does not take into account the size of the pellet which may affect the volume and hence
concentration. Attempts were made to lyophilise the EPS pellet before resuspension to

standardise the concentration. This was achieved relatively easily, as the samples were

small, however resuspending the pellet was not entirely successful. The samples tended
to be cloudy, and this cloudiness remained after the Dubois assay reagents were added.
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The cloudiness affected the spectrophotometric readings resulting in spurious
absorbencies. This may account for the strange results obtained from the preliminary
Eden experiment where samples were lyophilised. Repeating the Dubois assay directly
on lyophilised samples, without resuspending the dry pellet, did not appear to result in
cloudiness. Unfortunately, the carbohydrate concentrations were so high that the

spectrophotometer could not read the absorbancies. The carbohydrates were finally
determined using the standard INTRMUD protocol for EPS analysis, so no freeze

drying was required. This method concentrated the EPS enough to enable detection.
The pigment analysis for the Humber deployments were carried out by J. Kelly

and C. Honeywill, using the standard INTRMUD protocols.

6.3.9 Results.

The results showed that erosion (expressed as an increase in SPM) was

accompanied by an increase in both chlorophyll a and EPS (Figures 6.19, 6.20, 6.21).

The Pearson product moment correlation was calculated for the three sites. At site A,
SPM was most significantly correlated with EPS concentration (r = 0.94, p < 0.001),
then chlorophyll a (r = 0.8, p < 0.002), chlorophyll a was also correlated with EPS (r =

0.876, p < 0.001). At site B, SPM was most significantly correlated with chlorophyll a

(r = 0.977, p < 0.001), then EPS (r = 0.757, p < 0.005), chlorophyll a was also
correlated with EPS (r = 0.854, p < 0.001). At site C, SPM was significantly correlated
with chlorophyll a (r = 0.984, p < 0.001) but not EPS (r = 0.079, p > 0.5), chlorophyll a

was not significantly correlated with EPS (r = 0.086, p > 0.5). Therefore, an increase in
SPM was accompanied by an increase in chlorophyll a at all sites, and EPS at sites A

and B.

6.3.10 Discussion of the Chlorophyll a and EPS as markers of erosion experiments.

Using the Microcosm to mimic natural erosion and deposition, combined with
fine-scale analysis of pigment distribution (Cryolander technique; Wiltshire et al. 1997)
and the EPS assay, it was shown that the erosion of the microalgal layer can be traced
into the water column. These studies have shown that erosion of intertidal sediments is

accompanied by an increase in sediment components (EPS and pigments) in the eroding
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fluid. The amount of increase in these components is ultimately controlled by the

amount of erosion and the amount of material in the sediment to begin with. There will

be no increase in carbohydrates in the water column during erosion if there are no

carbohydrates in the sediment in the first place.
The poor results obtained from the preliminary Eden carbohydrate study (Taylor

1998) are considered to be due to the methodology used, in particular the lyophilisation
and subsequent resuspension, which proved to be consistently unreliable. Later studies

by Taylor (1998), using the EPS precipitation method were undertaken in the spring,
when there was minimal diatom growth. Very low levels of carbohydrate were found,

probably due to low levels of carbohydrate in the sediment itself, rather than any

problems with the experimental procedure.

Algal pigment fingerprint data allows the distinction of different types of

particulate matter on large scales in estuarine water bodies (Wiltshire et al. 1998), but
there have been few studies examining the potential of pigments as indicators of erosion
or sediment transport (see Sutherland 1996 and Sutherland et al. 1998).

The Eden pigment study confirmed laboratory flume studies with diatom cultures

by Sutherland (1996) and Tolhurst (1995) which have suggested that pigments (or
surface biofilms) have a different threshold for erosion than the associated sediments.
This was not found in the Humber study where the three components (SPM, EPS and

pigments) increased steadily with increasing shear stress. This difference in erosive

response was due to the condition of the sediment and nature of the biofilm. The Eden

pigment study was carried out on a clearly visible biofilm. This biofilm was well

developed and contained many small oxygen bubbles which blistered the biofilm and
sediment surface. Blistering of a biofilm has been shown to significantly decrease

stability of the sediment surface (Chapter 4, Tolhurst 1995, Sutherland 1996). Visual
observations during the experiment revealed that initial erosion when the Microcosm
was turned on consisted of the removal of loose surface floes and parts of the biofilm.

Subsequently, biofilm erosion occurred at U* = 1.4 cm s"1, but erosion of the underlying
sediment was limited. The pigment analysis revealed that chlorophyll a concentration
increased at the beginning of the experiment and there was a large peak at a U* of 1.4

cm s". This peak was not accompanied by a large increase in SPM, suggesting the
biofilm had a different erosion threshold to the remaining sediment. This would result in
an increase in biofilm components in the water column, represented by a chlorophyll a
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peak from diatom cells in the biofilm. Subsequent erosion of the underlying sediment
resulted in an increase in SPM. In this case, the sediment has three thresholds, a very

low threshold for the loose surface material, an intermediate threshold for the biofilm

and a higher threshold for the underlying sediment. This supports the findings of
Sutherland (Sutherland 1996 and Sutherland et al. 1998). Therefore, the sediment could

be considered as a number of partially separate units (rather like the icing and marzipan
on a cake) which respond to an erosive force in different ways. This has been observed
in sand stabilised by a diatom biofilm (Tolhurst 1995), where the biofilm had a different
threshold for erosion than the underlying sand. Usually, the biofilm was more stable,

resulting in mass erosion of the sand when the biofilm was eroded. In some cases,

however, blistering of the biofilm resulted in the biofilm being less stable than the sand,
the biofilm would peel back and erode leaving the underlying sediment relatively
undisturbed.

The refined study in the Humber estuary was undertaken during the summer,

when there was considerable biological activity. There was, therefore, more biological
material and a greater potential for these sediment components to be detected. Both

chlorophyll a and EPS were detected in the water column and their concentration was

found to increase over the erosion period. Unlike the preliminary Eden studies, there
was no obvious erosion threshold. All three sediment components (chlorophyll a, EPS

and SPM) increased gradually as the bed shear stress increased. The different response

to an erosive force is attributed to the condition of the sediment. Whilst there was

considerable diatom activity, there was also significant bioturbation, and there was no

clearly visible biofilm. The sediment surface tended to be smooth and there was no

blistering. The chlorophyll a and EPS concentration were closely correlated to the SPM
concentration. This indicates that the lack of a "separate" biofilm unit in the sediment
meant there was no distinct biofilm threshold for erosion. The sediment failed

gradually, as a single coherent unit so there was no definite erosion threshold, and the
increase of sediment components in the water column was directly related to erosion.

An interesting question unanswered by this data is whether the different

components of the sediment erode in different fashions. It is logical to presume that

chlorophyll a erosion would be similar to sediment erosion, in that material (ie

microphytobenthos cells) must be eroded from the sediment surface. Chlorophyll a

might therefore be expected to exhibit some sort of threshold for erosion. Conversely
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carbohydrates are soluble and may therefore be dissolved from the sediment surface at

shear stresses below threshold. Shear stress would still be important, as it would
determine the rate of "flushing" of the sediment and the flux rate of carbohydrate. The
concentration of carbohydrate would depend upon how labile it was. Experiments

measuring the change in concentration of sediment components with time, at shear
stresses below threshold, would determine if this hypothesis were true.

The variation in the erosive behaviour of sediments and biofilms can be

determined only by careful analysis of the water column and the sediment. Techniques
such as Cryolander, HPLC, Dubois assay and LTSEM provide a greater degree of

precision in biosedimentological analysis, enabling the processes of erosion, deposition
and transport to be followed with increased resolution.

6.4 Comparison and measurement standardisation of four in situ

devices.

6,4.1 Introduction.

Predictive modelling of estuarine sediment erosion and transport requires a

description of the erosional properties of the bed. The two main variables of interest are

the critical bed shear stress (tocnt) and the erosion rate (s). A number of different erosion

devices exist to measure the critical bed shear stress of intertidal sediments in situ.

These devices apply different strategies to induce and measure erosion, and the area

over which erosion is integrated varies greatly. In addition, the definition of erosion
threshold differs between workers. This makes comparison of data collected from
different devices very difficult.

The ability to compare values of critical erosion bed shear stress from different
devices is essential. At present, values of critical erosion bed shear stress are often

quoted in the literature without a definition of the criterion used to determine this
threshold. It is also unclear whether the different erosion devices currently in use

measure the same phenomenon. It is clear that some sort of measurement

standardisation for the determination oferosion threshold is long overdue.
The July 1997 EC INTRMUD Humber estuary (UK) investigation had access to

four different types of erosion device, Microcosm system, ISEF (In Situ Erosion
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Flume), SedErode and Cohesive Strength Meter (CSM). These devices were all

deployed simultaneously on the Skeffling intertidal mudflat to allow comparison of the

data generated. The data collected from these deployments was analysed following the
normal procedures for each of the devices, and compared. Then a standardised

procedure of data analysis was devised in an attempt to correct for inherent differences
between the devices and the protocols used for data analysis. This involved comparison
of the suspended particulate matter (SPM) time series for each device, the change in

applied shear stress (x0) and the area over which erosion was integrated (instrument

footprint). The standardised procedure was tested with the raw data collected from each

device. The results from the standardised procedure were then compared with the

normal procedure.

6,4,2 Materials and Methods.

The deployment and data analysis procedures for the Microcosm system and CSM
devices have already been described in Chapters 2, 3 and 4. To allow comparison to

other devices, the CSM attenuation data was calibrated in the laboratory to an SPM
concentration using mud samples collected in the field. The procedure for standardising
data analysis for comparison of the different devices is described later. Brief

descriptions of SedErode and ISEF and deployment and data analysis procedures taken
from Tolhurst et al. (in press a) are given below.

6.4.2.1 SedErode description.

SedErode was developed to measure the bed shear stress of cohesive sediments in

situ. SedErode is the successor to ISIS (Instrument for shear Stress In-Situ) and is a

portable, fully contained instrument for use on intertidal mudflats and natural sites of

cohesive sediment. The basic principle of SedErode is that known shear stresses are

applied to a mud surface and the bed erosion can be monitored by changes in water

column turbidity. Williamson and Ockenden (1996) give a full description of ISIS.
The instrument consists of two units: a bell head unit and a pump and control unit

(Figure 6.22a). The shear stresses applied with SedErode are generated by water flow

through the circular, bell-shaped head, which fits inside a cylindrical Perspex column
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with an annular clearance of 3 mm. The bell head is positioned 5.8 mm above the
sediment surface and water is drawn radially across the test surface, up through the
centre of the bell, and recirculated via a diffuser. A mixing chamber within the

recirculating system thoroughly mixes the eroded sediment suspension and a

nephelometer measures the turbidity of the recirculating water. The volume of the
SedErode recirculating system is approximately 1 litre. The control box contains a

rechargeable battery supply, discharge (i.e. applied shear stress) control, and logging

ports for applied shear stress and turbidity monitoring. During each SedErode test a data

logger records both the reservoir turbidity and the recirculating flow discharge. These
are also noted manually by the operator at regular intervals during a measurement run.

During an erosion test the flow discharge is progressively increased in small steps

until a turbidity jump is observed, which corresponds to material being removed from
the bed surface and mixing into the recirculating volume. At this point, the critical shear
stress for the initiation of erosion is exceeded. Further increases in the applied shear
stress result in further sediment being eroded from the bed surface and confirm that
surface erosion has been initiated.

6.4.2.2 SedErode deployment method.

A 10 cm diameter flat mud surface was selected and a photograph of the site taken

prior to positioning SedErode. The SedErode head unit was then placed into the mud
bed so that the locating tube was pushed into the bed and the unit rested on the

supporting flange. This isolated a 10cm diameter area of mud surface. The SedErode

system was carefully filled with estuary water. The lowest discharge setting was briefly
applied to fill the pipework. The nephelometer turbidity sensor was zeroed, and logging
of discharge and turbidity commenced. The logging interval was 2 seconds. The lowest

discharge setting (i.e. the lowest applied shear stress) was applied for at least 2 minutes
to allow the water within the recirculating system to become fully mixed. This allowed
a baseline turbidity to be established prior to increasing the applied shear stresses and

monitoring the erosion response. The discharge was increased in a controlled
incremental series to apply increasing shear stress steps to the mud surface. Each
SedErode measurement run took about 10-20 minutes to complete.

119



Chapter 6: INTRMUD 97 Humber estuary field campaign.

6.4.2.3 Data analysis.

The nephelometer was post-calibrated at HR Wallingford Ltd against calibration

suspensions made up with surface mud collected from the Skeffling mudflat site A. The

suspensions were in the range 0 to 2000 mg l"1. The raw data was processed via
calibration functions to produce a time series of applied shear stress against SPM

concentration. The applied shear stress (xap) was calculated using the mud temperature
and eroding water salinity, which determines the coefficient A in the relationship:

Tap = A. Q Equation 6.1

Where:

A = coefficient dependent on salinity and temperature

Tap = applied bed shear stress (NnT2)
Q = discharge (L s"1)

The erosion rate was also calculated from the concentration time series based on

the area under the SedErode head of diameter 0.09m and the logging time interval of 2

seconds, and the SedErode recirculating volume of 1 litre.

6.4.2.4 The In Situ Erosion Flume (ISEF).

The In Situ Erosion Flume (ISEF) (Houwing and Van Rijn 1998) is a vertical

standing annular flume (Figure 6.22b). Shear stress on the bed is exerted by an

adjustable unidirectional flow. The measuring section is 0.9 m long and 0.2 m wide.
The total volume of water in the flume is about 100 L.

During a measurement, the bed is subjected to increasing bed shear stresses and
the changes in suspended sediment concentration (SSC) are monitored. Bed shear stress

is only increased after the SSC has become constant; (i.e. sediment is no longer being

eroded). The bed shear stress then equals the bed shear strength (Parchure and Mehta

1985). Thus, shear stress is increased in discrete steps of variable duration.
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Flow velocity in the flume is measured with an Electro Magnetic Flow meter

(EMF) at 0.025 m above the bed. A turbidity sensor monitors the changes in SSC. Both
instruments measure with a frequency of 1 Hz. Water samples (0.5 L) are taken from
the flume before the start of the experiment and with each applied shear stress when the

turbidity (SSC) has become constant, to calibrate the turbidity sensor.

Bed shear stress is calculated from the measured velocity see Houwing and Van

Rijn, (1998). The Nikuradse roughness height (ks) was set to three times a particle
diameter which 90% of the sediment grains were smaller than (3xE>9o). For field site A,

this gives ks = 9x10"5 (m). It is assumed that the grains alone determine the hydraulic

roughness of the bed and the influence of the bed forms on the roughness is not

considered. Sediment samples were taken next to ISEF, parallel to the test section.

Samples were taken with a 3.6 cm diameter core, from which density, water content and

grain size were determined.

6.4.3 Results.

A total of 64 deployments were made by the three CSM devices, 7 by SedErode
and 1 each by ISEF and the Microcosm system. The measurement period lasted 6 hours,

starting at 10:30 and finishing by 16:30. The data collected from the deployments was

analysed by each of the system operators using the normal procedures for each device to

derive the critical erosion thresholds (Figure 6.23). The ISEF and Microcosm devices

give similar values for the critical erosion threshold of 0.19 Nm" and 0.26 Nm

respectively, given that there is no evaluation of error from single deployments. The

SedErode critical erosion thresholds vary around these values. The CSM values are

higher than the other devices, and have the largest range of values (from 0.32 Nm"2 to

1.25 Nm"2). Unlike all other erosion devices, the three CSM devices indicated a general
increase in stability over the exposure period (Figure 6.23).

6.4.3.1 Standardised analysis procedure.

The results from the different devices are normally presented in a variety of
different formats, using different criteria to define the erosion threshold. It was also

unclear what effects, if any, the different deployment lengths and device sizes had upon
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the bed shear stress values. A standardised analysis procedure was proposed to

minimise any operational influences these factors may have on the erosion threshold
and rate (effectively the SPM time series).

The most common method of determining erosion is to measure the SPM of the

eroding fluid, either directly by extraction and filtration of water samples, or indirectly

by sensors (nephelometers, optical backscatter). Often these methods are combined;
intermittent water samples are taken to calibrate the sensors, which measure turbidity

continuously. Both the area over which erosion occurs (often designated the "test

section"), and the volume of eroding water can affect these values of SPM. For

example, for a given volume of water, doubling the test section area would (for a

uniform sediment) approximately double the SPM values. Changing the volume of
water has a similar effect. It is clear that comparison of SPM data (SPM in g l"1) is not

suitable for devices of different volumes. To normalise SPM with respect to device

volume, the SPM values should be expressed as total accumulated mass. This indicates
the total amount of sediment removed from the test section, regardless of the volume.
To allow for comparison between devices that have different sized test sections this
mass should be expressed per square metre by dividing through by surface area, giving
an SPM normalised to area (SPMn). This gives a SPMn content with units of kg m 2,
which unlike SPM should be comparable between different devices. The expression of

SPMn to one square metre is a simplification, the ramifications of which are discussed
in section 6.4.4.

Using the above procedure, the SPM time series data from the different devices
was re-analysed and compared. The SPMn data show that with the exception of ISEF,
the devices produce similar ranges of SPMn values although the shear stresses are

different (Figures 6.24a and b, and 6.25a and b). This is encouraging as it indicates that

regardless of device area, similar amounts of sediment are being eroded in the
determination of stability. ISEF produces higher values of SPMn, but this is due to the

long deployment time.
To allow comparison of the results, a single definition of the erosion threshold is

required. Two critical erosion thresholds were set to test the robustness of the
7 7

procedure, an increase in SPMn of 0.005 kg m" and 0.02 kg m" . Standardising the SPM
measurements alters the value of critical bed shear stresses originally calculated by the

authors, but not the general trends (Figures 6.26a and b).
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The time over which erosion occurs will also affect the SPMn values. The longer
sediment is exposed to an eroding fluid the more sediment will be eroded, unless a true

equilibrium is reached. To remove the effects of time, an erosion rate is calculated,
which normalises to time. The SPMn values can be used to calculate a standardised

erosion rate (sst) using equation 6.3.

est = (SPMn t2 - SPMnti) / (t2 - ti) Equation 6.3

Where:

SPMn = area and volume normalised SPM (kg m")
t = time (seconds)

7 1
The sst has units of kg m" s" , and at first inspection should correct for differences

in the deployment time as the value is expressed per second. The validity of dividing

through by time is considered in the discussion (it is a simplification of the erosion

process that does not allow for temporal changes in the erosion rate).
It was hoped that standardising the erosion rate would allow comparison of the

data generated by the different devices. However, the standardisation procedure merely

highlighted the differences between the devices. Erosion rate plots for the Microcosm
and ISEF are shown in Figures 6.27 a and b. As there were 83 CSM and 7 SedErode

runs, only one example plot is given for each device (Figures 6.28 a and b). If the
erosion rates were comparable, an operational threshold based upon a prescribed erosion
rate could be determined. Whilst both the Microcosm and ISEF devices show similar

erosion rate profiles, the SedErode erosion rate was approximately an order of

magnitude greater, and the CSM device was approximately two orders of magnitude

greater. Thus it was impossible to compare the erosion rates due to the large differences.

6.4.4 Discussion.

6.4.4.1 Scale, the erosion threshold and SPMconcentration.

The threshold condition is defined as the fluid stress just less than that required to

initiate grain motion (Miller et al. 1977). Analysis of erosion in non-cohesive sediments
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often uses a pre-determined threshold criterion that indicates erosion is occurring, for

example, the simultaneous motion of ten or more grains (Yalin 1972). Whilst this is
suitable for non-cohesive sediments where there is a definite threshold it is not

appropriate for cohesive sediments. Cohesive sediment particles are often invisible to
the naked eye, so erosion is normally determined by the accumulation of suspended

particulate matter (SPM) concentration in the eroding fluid. This generates data on the

changes in SPM concentration with time. Arguably, erosion occurs as soon as there is a

statistically significant increase in SPM above background levels (Wainwright 1990). In

practice, natural variation and fluctuations in SPM require some sort of critical
threshold be used. Most workers use a "visual" evaluation of the SPM data to set a

threshold criterion that intuitively fits the data. Often this is accompanied by some sort

of mathematical procedure, such as linear regression, although the points used for the

regression are still chosen by the worker, and are therefore subjective.
Most natural cohesive sediments have a very unstable surface layer of loose

flocculent material that is eroded by very low shear stresses. Experimental observations

by Partheniades (1965) suggests that "for any shear stress applied to a clay surface there
will always be clay particles whose bond to the bed will be small enough to be broken".
This had led some authors to consider there to be no true threshold for the erosion of

cohesive sediments (Lavelle and Mofjeld 1987). It has been observed that cohesive
sediments tend to erode by different modes, Type 1 a+b and Type 2 (Amos et al.

1992b). This suggests that cohesive sediments can have a number of thresholds, in
much the same way as non-cohesive sediments exhibit grain vibration, incipient motion,
bedload and suspension as various steps in the erosion process. Currently only three
different types of cohesive sediment erosion have been identified (Type la, Type lb and

Type 2), however, due to the heterogeneous nature of natural sediments, there can be
more than one threshold for each type of erosion. For example, in Type 2 erosion there

may be different planes of weakness which are likely to fail at different stresses.

Biofilms have been shown to erode at different stresses to the underlying sediment

(Sutherland et al. 1998, Wiltshire et al. 1998). Thus, it might be that sediment fails in
discrete steps as shear stress increases, representing failure of different parts of the bed.
This would manifest itself as variations in the erosion rate with time. Determining the
threshold for erosion becomes much harder when the bed fails in steps as there are a

number of different thresholds any of which could be set as the critical threshold. This
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is why some authors require increases in SPM to be sustained before they consider
erosion has occurred. There are problems with this, small increases in SPM are ignored,
which on the mudflat-wide scale could be very important. The threshold criterion used

will therefore have significant effects upon the understanding of mass transport.

The crux of defining a threshold for erosion revolves around the question " what
constitutes significant erosion?" Scale is very important, as it may appear that

significant erosion has occurred when, in fact, it has not. This is illustrated in Figure
6.29. Clearly, visual interpretation of the data may be misleading. This is a powerful

argument for defining an independent criterion for cohesive sediment erosion similar to

the ten grain threshold used for non-cohesive sediments. Using a set threshold for all

investigations would help comparison of data from different sources. A threshold of
0.001 kg m"2 gives 1 gram of sediment eroded from 1 m2, which may seem rather small;
however over 1 km" this yields 1 tonne of sediment which seems more significant. The

material suspended by adding water to the Microcosm device is equivalent to

approximately 20 tonne km" . The northern shore Humber mudflats cover an area of

approximately 25 km"2, so if this process occurred over the whole mudflat, 500 tonnes

of sediment would be eroded. This represents material eroded from a one off event; if
this erosion was sustained over tidal immersion then even this low erosion rate could

result in significant removal of sediment. Clearly, the definition of threshold will be

influenced by the workers requirements and the scale of processes being investigated.
The requirements of an ecologist will differ to those of an engineer.

The size of the shear stress steps generated by the device may influence the

erosion of the sediment. The CSM test setting used in this investigation (Sand 3) has

relatively large shear stress steps, the Microcosm has small shear stress steps whilst
SedErode and ISEF are intermediate. One effect of large erosion steps is that the
threshold may be missed. This means that where the erosion steps are large, the
calculated erosion threshold may be greater than the actual threshold. The more shear
stress steps there are the more likely it is that the true threshold will be measured.

However, with more shear stress steps it is likely that SPM values will increase

gradually. This makes determining the threshold more difficult, and altering the
threshold criterion will have a more significant effect upon the critical erosion
threshold.
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Figure 6.29 An example of a linear regression fit to determine the
erosion threshold from fabricated SPM data. A: an initial increase in SPM

is followed by slight but steady increase until more rapid failure occurs,

the thick arrow identifies threshold as determined by linear regression.
Thin arrows identify range of points used in regression analysis. B: exactly
the same data set, but the measurement period is extended. A slow steady
increase in SPM is followed by rapid failure. Linear regression gives a

much higher threshold (dotted thick arrow) than the previous example

despite the data being the same. Thin dotted arrows identify points used in

regression analysis. (Note y axis is different scale). C: same data set, but
with the SPM of the water before it was put in the chamber, note the large
increase in SPM from filling the chamber. Where is the threshold now?
This figure highlights how the measurements taken can affect the results
and conclusions. The points used for the regression were chosen

arbitrarily, including or excluding one point can significantly alter the

threshold, by changing the slope of the regression.
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6.4.4.2 Standardising the analysis procedure.

Standardisation of the threshold criterion in this study was achieved by setting a

threshold value of SPMn that, once exceeded, was taken to indicate that erosion had

occurred (in this case two values were used: 0.005 and 0.02 kg m" ). Both values
worked well for the SedErode and CSM devices where the critical SPMn thresholds

agreed with a "visual" determination of threshold. However, for the Microcosm and
ISEF devices the lower pre-determined threshold does not agree well with visual
observation of the threshold.

As far as the device inter-comparison is concerned, expressing the SPM in terms

of area rather than eroding fluid volume was reasonably successful. With the exception
of ISEF the devices generated a similar range of SPMn. Unfortunately, the shear stress

values were not the same, and it is unclear whether this is due to fundamental

differences in the devices or is due to the different calibration procedures. The ISEF
data is similar to the Microcosm data until erosion occurs, when considerably more

material is eroded in ISEF. For ISEF the next shear stress step is not started until the

SPM concentration becomes constant, so higher SPM values would be expected. In all
the other devices, the shear stress step duration is constant, so equilibrium is not always
reached. This could result in the sediment bed behaving in a different manner depending

upon the stress history, due to the visco-elastic nature of the sediment.
These differences produce variation in the results generated by the devices. This

was most apparent when setting a value for the threshold (threshold criteria). A value
that was clearly suitable for one device was not suitable for another. Also changing the
threshold criterion would alter the erosion threshold for one device but not another. For

the CSM's, the critical shear stress of some data sets would be affected by a change in
threshold criterion whilst others were not. This made setting a threshold value

problematic. Despite this, the critical bed shear stress derived by each device changed
little with different threshold criteria, but varied considerably between the devices.

6.4.4.3 Spatial variation.

The data show that as the device test section area decreases, the critical erosion

threshold increases. Site selection and spatial variation in sediment stability might
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explain this phenomenon. Erosion device users tend to select smooth flat areas of
mudflat as free as possible of topographic variation and bed irregularities such as

burrows and worm casts. This is easier to do when the device test section is small, but

with a larger test section it may be impossible to find a suitably large patch of uniform

sediment, so a patch with irregularities is unavoidable. Erosion often begins at the
boundaries of irregularities due to localised turbulence caused by the feature. Operator
bias in site selection has been shown to result in variation in erosion threshold where

devices have different test section areas (Tolhurst et al. in press a). The CSM device
was measuring the stability of smooth/non-bioturbated sediment patches, whilst ISEF
and Microcosm were measuring the stability of rough/bioturbated sediment patches, and
SedErode was measuring between these two extremes. This may also explain why the
increase in sediment stability over the exposure period was only detected by the CSM.
This effect may only be measureable on smooth homogenous sediment, and is not

significant where the sediment is more heterogeneous and is therefore not detected by
devices with a larger test section. Another explanation is that stability also seems to be
related to deployment time, the longer the deployment, the lower the erosion threshold.
This may reflect the visco-elastic nature of the sediment, and biosedimentological

changes due to immersion. For example, evidence suggests that rain during intertidal

exposure decreases the erosion threshold and rate (Dabom 1989, Amos et al. 1993,
Paterson et al. in review and section 6.1). The filling of erosion devices with water may

have a similar effect, reducing stability; the magnitude of this effect may be time

dependent.
Another problem with normalising the SPM data to area is that this assumes there

is uniform erosion over the whole of the test section. This is clearly an

oversimplification. Bed shear stress is rarely uniform over the test section; this can

result in erosion occurring only over part of the test section. To further complicate

matters, cohesive sediments are usually heterogeneous. The presence of burrows, micro-
scale variation in topography, biofilms and faecal pellets will all alter the sediment

stability resulting in non-uniform erosion over the test section. This phenomenon is

unavoidable, and occurs naturally. Photographs of the test sediment before and after
erosion are useful in illustrating the extent and nature of erosion.
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6.4.4.4 The erosion rate.

Where SPMn was used to calculate a standardised erosion rate; the differences

between the devices were exacerbated. ISEF had a peak standardised erosion rate of
j ^ i A ^ A

approximately 2.5 kg m", Microcosm 2.0" kg m", SedErode 2.0" kg m" and CSM
9.0"2 kg m"2 These differences seem to be related to the duration of each erosion step,

although device size may be important as well. ISEF erosion steps are of variable

duration, but are around 40 minutes, the Microcosm erosion steps lasted 10 minutes,
SedErode 1 minute and CSM 1 second. From these results, an order of magnitude

change in the erosion step time gives approximately an order of magnitude change in
the erosion rate. This is not surprising, as the SPMn data was similar, and the erosion
rate is normalised for time. This indicates that the different devices are having a similar
effect upon the sediment bed in terms of eroded sediment, but they do this over very

different time-scales.

Analysis of instantaneous erosion rates show that peak erosion rates tend to occur

within the first minutes of an bed shear stress increase (Figure 6.30). The rate can

fluctuate considerably, even over a period of ten minutes, and the values often exhibit a

downward trend. This would result in higher time averaged erosion rates in devices with
short erosion steps and lower erosion rates in devices with long erosion steps.

Conversely, with short erosion steps, there may be less erosion of material than with

long erosion steps, as the sediment bed has less time to respond to the change in stress.

This is related to the time effect, and may explain why the order of magnitude
differences in the erosion rate between the devices do not exactly mirror the differences
in erosion step time. The CSM measures the initial erosion rate which may explain why
it generates higher erosion rates than the other devices (Figure 6.30).

A further factor is the way in which cohesive sediments erode. Sudden increases
in SPM as sediment floes are eroded from the bed may be missed by turbidity

measuring devices. These particles are not detected until they have been mixed into the

eroding fluid and turbulence within the device has broken them up into smaller

particles. The positioning of the turbidity sensors within the device can also have an

effect. In both the Microcosm and CSM the sensors are located a distance above the

sediment surface and will not detect larger sediment particles that are transported as

bedload.
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Figure 6.30 Instantaneous erosion rates from cleaned homogenous

sediment, measured using the Microcosm (arrows indicate shear stress

increases). There are large fluctuations in the erosion rate over each 10

minute shear stress step. Altering the shear stress step duration will alter
the time averaged erosion rate. Clearly, shear stress step duration has a

significant control upon the SPM concentrations, in this case as the step

duration increases the SPM concentration and hence erosion rate would

decrease.
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On first observation, the CSM erosion rate profiles are confusing. The rate

fluctuates wildly and there are often negative values technically indicative of deposition.
This is entirely due to the nature of the device. All the other devices apply a continuous
shear stress to the bed, whereas the CSM fires pulses of water at the bed, with pauses

between each pulse. This means that there is an opportunity for material to settle out of
the water column. This settling will take place over the whole test chamber, whilst the
erosive pulse is strongest at the centre of the chamber. Therefore, on the next pulse not

all of the settled material is resuspended, resulting in lower SPM concentrations if there
is no further erosion. To exacerbate matters, the chamber volume is only 0.04 I and each

eroding pulse introduces a small volume of fresh water that may dilute the SPM. As the
SPM values normally increase with each pressure step, these effects are relatively small.

This problem is not unique to the CSM, and both the Microcosm and SedErode
have reservoirs and areas over the test section where flow is relatively low. This

provides areas where local sediment deposition can occur, and this phenomenon has
been observed in the Microcosm, where sediment is deposited in the centre of the
chamber forming a cone of sediment. This removal of sediment from the water column
reduces the measured SPM and in certain cases may result in negative erosion rates

indicating deposition. The significance and magnitude of this effect will be directly
related to the size of eroded particles, with larger particles being more likely to be

deposited.

6.4.4.5 Drag reduction.

SPM data for the Microcosm, SedErode and CSM showed that sediment was

suspended merely by filling the devices with water (data was unavailable for ISEF).
This was approximately 0.03 kg m"2 for SedErode and 0.02 kg m"2 for the Microcosm.
As this is a measurable increase in SPM, this could be set as the threshold although the
shear stresses are unknown. This suspension of sediment as the erosion device is filled
with water may have a significant influence on the subsequent erosion. Turbulent saline
flows containing low concentrations of suspended cohesive sediment (<10 g l"1) have
been reported to possess significantly different boundary layer characteristics from clear
water flows, and exhibit drag reduction (Gust 1976, Best and Leeder 1993).

129



Chapter 6: INTRMUD 97 Humber estuary field campaign

Filling the Microcosm chamber with water gives a SPM concentration of 0.2 g l"1,
while a concentration of 0.1 g l"1 of cohesive sediment is sufficient to create drag
reduction (Best and Leeder 1993). Drag reduction may have two effects. The drag
reduction reduces friction at the bed and results in higher erosion thresholds in muddy
saline flows than predicted by experimental data gained from fresh water. This means

that device calibrations derived from using fresh water may not be entirely accurate for

flows with suspended particulate matter. Secondly differences in the starting SPM may

influence later erosion and hence the critical erosion threshold. There may also be
differences between the SPM of the eroding fluid in the erosion device and the SPM of

the tidal current. For example, SPM concentrations and hence drag reduction may be

greater in the natural tidal current, resulting in a higher critical erosion threshold than
that predicted from in situ measurements. However, the significance of these differences
is unknown. It should be noted that drag reduction might be lower in the CSM, as the

eroding pulse is of clean saline water that maintains a core region to the bed (Tolhurst et

al. 1999). Calibrations are usually made with clear water, thus the calculated shear
stresses will be greater than those generated by the same test settings where drag
reduction is occurring. This would result in an overestimate of the shear stress.

6,4,5 Conclusion.

Considerable care should be taken when comparing results from different devices.
The data collected during this study indicate there are some fundamental differences
between the erosion devices, which makes comparison of the data difficult. A number
of possible explanations for these differences are given, but it was not possible to

determine the exact causes. It is worrying that the factors such as device size,

deployment time and drag reduction are largely ignored when considering stability
measurements. The methods used to measure sediment stability define the physics and

influence the results. It is suggested that a thorough review of the techniques used to

determine sediment stability is required, so a standard procedure can be developed. A
number of recommendations can be made in light of this study.

1. SPM data normalised for device area and volume (SPMn) provides a good standard
for comparison of stability data.
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2. Two (or more) thresholds can be used; for example, to define when the threshold is

reached, and when significant erosion occurs.

3. Graphs of SPM time series with the thresholds marked provide considerably more

information on the sediment erosion than a threshold value.

4. Erosion rates are only comparable if the shear stress increments are of similar

magnitude and duration.
5. Variable shear stress increments should be avoided: more information is required to

determine the optimal length, but there will be a trade off between increment length
and deployment time.

6.5 The influence of benthic fauna on sediment stability.

6.5.1 Introduction.

In co-operation with NIOO-CEMO (Netherlands Institute of Ecology, Centre for
Estuarine and Coastal Ecology) an experiment was carried out to test the net effect of
benthic fauna on sediment stability. Benthic faunas have been shown to increase
sediment stability primarily by burrow building, but also by secretion of EPS and

pelletisation of sediment. Many of these organisms also have a deleterious effect on

sediment stability, by grazing the microphytobenthos that stabilise the sediment. This

experiment aimed to determine which of these two contrary effects is the most

significant; by treating experimental plots on the Humber mudflat with a pesticide to

remove the fauna and comparing these plots to untreated control sites. The majority of
the experimental work was performed by E. de Deckere and J. de Brouwer; stability
measurements were performed by the author.

6.5.2 Materials and methods.

Eight plots were chosen on a ridge at station B Skeffling mudflats 3/7/97. In four

plots, spraying with a pesticide (Vydate) at low tide (including night time exposure)
over four days poisoned the fauna. The other four plots were sprayed with seawater and
served as a control. Samples were taken on the fifth day to measure carbohydrates,
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pigments, grain size and fauna densities. Sediment stability was measured at each plot

using the CSM, using the Sand 3 test setting.

6,5,3 Results.

There were significant differences between the control and treated sites after four

days. The biocide treated sites were significantly more stable than the control sites, with
an average erosion threshold of 5 Nm"2 compared to 1.2 Nm"2 (p = 7.3 ~5 Figures 6.31
and 6.32). The average erosion profiles and S; values show that the type of erosion is
different between the two treatments, with the control sites eroding more quickly than
the treated sites (Figure 6.33 and Table 6.7a). Colloidal carbohydrate and chlorophyll a

were generally higher in the poisoned sites, but this difference was not significant due to

high variability in both data sets (t-test two sample assuming unequal variances, Table
6.7b and c).

Table 6.7 Summary data showing the differences between control and poisoned sites,

(biochemical data supplied by E. de Deckere and J. de Brouwer).

A Mean threshold (Nm"2) se Sj value
Controls 1.21 0.24 25.20
Poisoned 5.00 4.71 1.30

B Chlorophyll a (ug gdry weight sediment)
control sites poisoned sites

Depth (cm) average std average std

0,0-0,5 5.09 0.28 7.41 3.15

0,5-1,0 3.33 0.72 2.71 0.50

C colloidal carbohydrate (ug g dry weight sediment)
control sites poisoned sites

Depth (cm) average std average std
0-0.5 169 56 180 54

0.5-1.0 156 42 177 44

1.0-2.0 142 51 176 36

2.0-3.0 133 35 137 64
3.0-4.0 128 59 177 95

4.0-5.0 235 147 218 137
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6.5.4 Discussion.

The results clearly show that the removal of fauna by a biocide treatment has a

rapid and significant effect increasing the erosion threshold and reducing the erosion
rate (Figures 6.31-6.33). The increase in sediment stability was accompanied by a

general increase in chlorophyll a and colloidal carbohydrate content. This increase was

not significant. However, these samples were collected by coarse syringe core, so their
relevance to the erosion threshold is debatable (see section 6.1). It seems likely that the

change to highly variable chlorophyll contents is a result of the growth of diatom

patches as grazing pressure is removed. This patchiness is reflected in the variable
sediment stability after poisoning.

Benthic fauna have been shown to increase sediment stability, yet the absence of
fauna does not result in a decrease in sediment stability in the short term. This may be
because the EPS secreted by fauna in, for example, burrow formation is relatively

persistent and five days is not enough time for significant degradation to occur.

However, even if degradation did occur it would be masked by the rapid blooming of

microphytobenthos and bacteria as grazing pressure is removed. In the absence of

stabilising microphytobenthos, the degradation of fauna burrows could possibly result in
a decrease in stability. It seems likely that the shoreward increasing porosity values
measured during the field campaign is a result of bioturbation. If this is true then this

may be another factor resulting in the increased stabilities in the treated sites. The
removal of bioturbation would be expected to result in increased compaction, and hence

stability (for cohesive sediments).
This experiment shows that in the absence of grazing, sediment stability increases.

It is unclear whether this is due to the formation of a biofilm (because of the unreliable

chlorophyll a data) or the absence of bioturbation. It is probably a combination of these
two effects.

It is possible that biological action largely controls sediment dynamics in many

estuaries, with patterns of erosion and deposition following patterns of biological

change. Daborn et al. (1993) highlighted the influence changes in benthic biota

populations can have on sediment properties. The predator prey relationships between

microphytobenthos and fauna are likely to be significant controls on the ETDC. In
winter when microphytobenthos activity is at a minimum, the influence of fauna and
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physical processes will dominate. In summer, the growth of microphytobenthos blooms
will result in the typical predator/prey population dynamics, and the influence on

sediment properties follows this pattern. Microphytobenthos populations respond

rapidly to change (Daborn 1989, Underwood and Paterson 1993 and section 4.4).
Faunal populations respond more slowly to change, being limited by the length of their
life cycle. Thus, the magnitude of biotic influence will closely mirror population

dynamics. Evidence that this occurs naturally comes from the Ems Dollard (Kornman
and De Deckere 1998 and Chapter 5). Diatom blooms in April significantly alter
sediment dynamics within the estuary, stabilising the sediment and enhancing

deposition. A subsequent population explosion of Corophium volutator reduced the
diatom population and changed the sediment dynamics, destabilising the sediment and

enhancing erosion.
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7 General Discussion.

One never notices what has been done; one can only see what remains to be
done.

Marie Curie
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7.1 Introduction.

Estuaries are ecologically important and usually areas of considerable human

activity. They are susceptible to global climate change and, in particular, to sea level
rise. The importance of estuaries has been recognised and there is a considerable
amount of European funding into research on these areas. Estuarine environments are

also scientifically challenging areas, producing a complex interaction between physical
and biological processes. Thus, estuaries are investigated by scientists from a myriad of

disciplines including sedimentology, biochemistry and ecology. Whilst considerable
research has been undertaken, it has become apparent that it will only be through
effective collaboration between scientists representing different disciplines that the

complexities of estuarine systems will be fully understood. During the present study,
diatom biofilms have been investigated using a multidisciplinary approach, combining

aspects of different disciplines to obtain a unique outlook on the system. Advances have
been made with equipment and techniques, allowing measurement of estuarine
sediments to be made on a scale previously unachievable. Results have been obtained

that answer some questions and raise many more. The following summarises the major

findings of this work and some suggestions for future work are put forward.

7.2 Measuring intertidal sediment stability.

7.2.1 Calibrating the CSM erosion device.

The CSM erosion device was successfully calibrated to an equivalent horizontal
shear stress (Tolhurst et al. 1999). The CSM MKIII represents a considerable

improvement in the CSM erosion device. The calibration to an equivalent bed shear
stress allows comparison to other erosion devices. The computerisation of the device
allows measurements of spatial and temporal variation to be made that would be

impossible with any other existing device. The device is continuously being improved,
and as a result of experience gained during this thesis further modifications are being
made. These include smaller shear stress step increments, and a fully submergible

system.
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7.2.2 Comparison of erosion devices.

It is clear that, at present, there is no single erosion device that is superior to the
rest. This is partly because the requirements of different workers vary, but also because

mimicking natural tidal flows is difficult (Gust and Muller 1997). Probably the best
device at present is the microcosm system, which has a flow structure similar to that of
natural flows, and a reasonable deployment time. Unfortunately, the current device is
not optimised for in situ measurements. There seems to be a relationship between

generating a "natural" flow and the deployment time. Normally, devices that mimic
tidal flows most accurately take longer for a single deployment (and usually are rather

large and cumbersome!). Considering the potential of intertidal areas to have high

temporal and spatial variability in sediment stability, researchers are left having to

decide between replication of data and applicability to the natural system. The author
considers the best available option at present is to take many replicate measurements

with a device such as the CSM, and compare these to selected measurements made by
devices such as the Microcosm. However, this requires the presence of at least two

workers, which is not always possible, especially if other sediment properties are to be
measured.

It is becoming increasingly apparent that the erosion rate is very important in
sediment dynamics (Amos pers comm.). It is worrying that in the field comparison
between the different erosion devices the erosion thresholds and rates varied so much.

Whilst the differences in erosion threshold were probably partly due to spatial variation
and user bias, the differences in the standardised erosion rates were too large to be

explained by these factors. It is not entirely clear if it is device size or deployment time
that is responsible for the differences (Tolhurst et al. in review a, Chapter 6). Further
work is required to determine this. Whilst the erosion rates are clearly not comparable
between the devices, the thresholds were less variable, and there is evidence that where

spatial variation is taken into account erosion thresholds from different devices are

comparable (Tolhurst et al. in review b). The implications of these differences for

studying intertidal sediment stability are vast. If these devices give results that are so

different, how comparable can the results from these devices be to erosion from tidal
currents? If inaccurate data is put into the models, then inaccurate results will be
obtained.
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It is interesting that there is an increasing body of evidence showing erosion on

intertidal flats is significantly enhanced by wave action, yet the author is not aware of

any in situ erosion device that generates a wave like erosive force. Ideally, an intertidal
erosion device needs to be able to mimic both tidal and wave action. Unfortunately,
waves and tides are highly variable, so designing such a device would be very difficult.
It is possible that by changing the angle of incidence, the pulsing nature of the CSM jet

may be a good analogue for wave action, but this has yet to be investigated.

Despite these doubts, in situ measurements do provide useful information for

determining sediment processes in intertidal areas. There is clearly room for

improvement in the measurement of intertidal sediment stability, but rapid progress has
been made in the last ten years (Black and Paterson 1997).

7.2,3 Measurements of sediment properties and stability.

It should be clear by now that measuring sediment stability in isolation is

uninformative; it is essential that a number of other sediment properties be measured. A

major criticism of this work is that not enough sediment properties were measured. It
should be routine to measure the water content, chlorophyll content, carbohydrate

content, grain size, mineralogy, exposure, salinity, porosity, permeability, prevailing
weather conditions and benthic biota as well as sediment stability to put the stability
data in context. Measurement of all these parameters would be highly time consuming
so aside from large interdisciplinary studies it is often only possible for a few selected

parameters to be measured. The most important are probably water and carbohydrate
content. However, by not measuring certain sediment properties, important processes

may be ignored and a more integrated approach to intertidal mudflat research is

required.

7.3 Time and scale.

Estuaries have a complex interaction between macro- and micro-scale processes.

Micro-scale biological processes can have significant effects upon the macro-scale

sedimentological processes and vice versa. For example, diatom biofilms can enhance

deposition so that suspended sediment concentrations are measurably reduced on an
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estuary wide scale (Kornman and de Deckere 1998). However, a process or property

may only be significance at a particular scale (be it time or size), thus, how and when
estuarine processes are measured may significantly alter the data obtained. For example,

very few in situ measurements are made when the tide is in, at night or during the
winter. This will undoubtedly "colour" the results obtained. It has been shown that

sampling scale affects results (section 6.2).

7.3.1 Sampling scale.

Many workers have failed to find any significant correlation between sediment

stability and various sediment properties. This is probably due to the scale of their
measurements. It has been shown that diatoms are concentrated in the top 2mm of
sediment (Paterson 1986b), and that during exposure they are normally concentrated on

the sediment surface in a biofilm approximately a hundred micrometers thick (Chapter

5). It has also been shown that measurements of the properties of diatom biofilms (for

example chlorophyll a) using a millimetre resolution are inaccurate compared to micro-
scale analysis (section 6.2). Thus, a study using millimetre scale analysis might derive

completely different conclusions to one using a micro-scale analysis.
The sediment surface determines the stability of the sediment as a whole, even

influencing the erosion rate. No erosion can occur until the surface has been eroded, this
is why a 100 pm thick diatom biofilm can significantly increase sediment stability, and

why the condition of the biofilm is important. Sediment properties for comparison to

sediment stability should therefore be measured in the surface 2mm, which is the
normal range of diatom distribution (Paterson 1986b).

7.3.2 Temporal changes.

Sediment properties and processes also vary temporally; measurements should be
made on a time scale relevant to the process being investigated. Unfortunately, due to

the constraints put on research, studies are usually very limited in time, thus long-term

processes and changes may not be detected.
It seems likely that there is some increase in sediment stability over an exposure

period in most situations, due to dewatering and the secretion of EPS by sediment
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inhabiting biota (Paterson 1989, Chapter 6). However, it also seems that this increase is

largely "reset" by the returning tide, as the sediment rehydrates and EPS is dissolved
into the overlying water (Amos et al. 1993, Blanchard et al. in review). A period of rain

may have a similar effect to the returning tide, rehydrating the sediment and decreasing
sediment stability (section 6.2). In some cases, the increase in stability is not entirely
reversed during inundation, leading to increased sediment stability (Amos et al. 1988).

Thus, severe desiccation or considerable secretion of EPS during a tidal exposure may

change the sediment stability in a semi-permanent fashion. This was probably the
situation in the Ems Dollard, with EPS production greater than EPS removal in the areas

with a diatom biofilm, leading to a build up in EPS at the sediment surface (section 5.1).
That intertidal sediment stability may change during inundation has very

significant implications for modelling sediment stability and the ETDC cycle on

intertidal flats. This is currently largely ignored, as few measurements of stability are

made when the tide is in (one exception being the Sea Carousel, Amos et al. 1992). To

address these problems, an underwater version of the Microcosm has been made

(Dunstaffnage Marine Laboratory, ALIPOR project) and an underwater version of the
CSM is in development.

It has been shown that diatoms have the potential to rapidly colonise areas of

freshly revealed sediment (section 4.4). They rapidly form biofilms, altering the
sediment properties and significantly enhancing deposition. It is unclear how these
short-term changes influence sediment dynamics over longer periods. It may be that
these changes are transient being "reset" during storms, or they may be responsible for
estuaries being depositional environments in the long term.

7,3,3 Spatial variation in biofilms.

Whilst it may be the EPS that increases the sediment stability, the condition of a

biofilm is very important in determining the degree of stabilisation. If a biofilm is
smooth with no irregularities, it will be far more stable than a blistered biofilm. A
biofilm can be imagined as a plastic sheet covering the sediment, if it is complete there
can be no erosion; as soon as there are holes in the sheet, erosion of the underlying
sediment can occur. Under natural conditions, biofilms can be highly heterogeneous,
often disrupted by feeding animals, resulting in considerable variation in sediment
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stability over a few centimetres. This variation is integrated by most of the current

erosion devices, but has been detected by the CSM device (Chapters 4, 5 and 6,

Tolhurst et al. in review a and b). The results of section 6.4 indicated that the

differences in the erosion thresholds measured by different devices could be in part due
to device size and site selection where there was significant spatial variation. This

concept is illustrated in Figure 7.1.

7.4 Extracellular Polymeric Substances (EPS).

There is increasing evidence that EPS significantly affects sediment properties
and processes. The results from section 4.2 show that EPS increases sediment stability
even in the absence of biota, supporting previous work on non-cohesive sediments

(Dade et al 1990). The increase in stability seems to be caused by a number of modes of

action, although the relative significance of these is unknown. EPS is also important in

promoting deposition, and in binding sediment particles to the bed.

7,4.1 The effects of EPS on sediment stability.

Sediment collected from the Ems Dollard, cleaned with H2O2 to remove organic
matter then reconstituted to the same water content as the original, was liquid. Even

allowing for some disruption of the physio-chemical nature of the sediment it seems

likely that the EPS was very significant in determining the structure of the sediment. It
would seem that the EPS stabilises water in the sediment.

Organic coatings are also very important, they alter the physio-chemical nature of
the sediment particles surface. This has a direct effect on sediment cohesiveness and

strength (Chenu and Guerif 1991). When EPS is added to cleaned sediment, there is a

measurable increase in sediment stability. LTSEM images revealed only a few small
strands of EPS visible between the grains. This suggests the EPS was closely

incorporated into the sediment fabric, probably as a coating around the sediment

particles, increasing the strength of interparticle bonds.
Muds are normally visco-elastic, however observations indicate that EPS

increases the elasticity of the sediment. The biofilms in the Ems Dollard recovered from
deformation by pressing with a finger. Sediment with 10 g/kg of artificial EPS added,
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Figure 7.1 The effects of spatial heterogeneity and device size on sediment stability. Green
areas are stable biofilms, whilst the brown areas are visually bare sediment; red circles are
erosion devices ofdifferent test section area.

In the upper diagram, the sediment as a whole is relatively stable, with a high proportion of
biofilm cover; whilst in the bottom diagram the sediment is relatively unstable. The spatial
variation in sediment stability and device size influences the measured stability. As device size
decreases, it becomes easier for the user to bias site selection (small red circles). It can be seen
that with a small erosion device not only can stable or less stable areas be selected but it is
possible (by specific site selection) to make measurements that would show both areas to have
the same stability (either low or high), when clearly they do not.
It should be noted that the spatial variation can take many forms, such as small-scale
topography and burrows. The larger devices will integrate this variation, whilst smaller
devices are capable of measuring the differences. As the author tended to select biofilm and
smooth sediment areas in the field this may explain why the CSM gives higher erosion
thresholds than larger erosion devices.
It is also apparent that where there is spatial variation, if the sediment samples collected to
measure properties such as EPS are not carefully matched with the stability measurements,
there is potential for significant mismatching ofdata.
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showed a similar behaviour, suggesting the EPS is imparting this elasticity, not the
diatoms. These sediments behaved very differently to visually "clean" sediment that
was far more plastic in nature. This increased elasticity is likely to be one of the causes

of the increased resistance to a shear stress of sediments containing EPS. Increased

elasticity will be especially important during episodic stresses such as wave action and
turbulent bursts, where the sediment has a chance to "recover" from the stress.

Experiments are currently being undertaken to investigate the rheology of EPS and
sediments with varying concentrations of EPS.

7.4.2 EPS and floes.

Complex carbohydrates increase flocculation (Eisma et al. 1982); this would lead
to an increase in stability purely due to the physical effect of increasing particle size.
LTSEM images of floes from sediment cleaned with H2O2 to remove organic matter

show a disagregated mass of particles, whilst LTSEM images from uncleaned sediment
show large floes made up of many particles (section 4.5). LTSEM images of natural
sediments show that diatom EPS can form a lattice of interconnecting strands that bind
the sediment together, increasing stability in the same way that steel rods reinforce
concrete (Chapter 5).

7.4.3 Diatom lifestyle and EPS production.

It has been proposed that some benthic algae follow a facultative phytoplanktonic

existence, being deposited on the ebb tide, resuspended on the flood tide and deposited

again as the tide recedes (Admiral 1984). These cells can continue to photosynthesise in
the water column during inundation, when cells below the sediment surface would be

light limited. Different types of EPS have been isolated from bacteria, one of which

promoted flocculation and one of which promoted disaggregation of floes (Decho

1990). It is possible that diatoms could secrete different types of EPS at different stages

in their life cycle to enhance their chances of being eroded or deposited. This could

significantly alter sediment dynamics. Although not a facultative process, blistering of a

developed biofilm results in destabilisation, which would enable the distribution of cells
to new areas and reveal fresh sediment containing nutrients. Planktonic diatoms in later
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bloom stages secrete EPS that enhances flocculation and scavenges particles from the
water column, this increases sinking rates and the cells sink to nutrient rich waters

(Decho 1990). It seems likely that benthic diatoms eroded into the water column could
also stimulate flocculation to sink back to the sediment.

7.4,4 The biofilm as a skin.

It has been suggested that biofilms can be considered as a "skin" over the
sediment surface (Chapter 5, Hay et al. 1993, Krumbein et al. 1994). The analogy is a

good one, as biofilms not only "protect" the sediment, they separate it from the

overlying water column, mediating exchange between the two. The biofilm behaves like
an organ (or even an organism), performing a variety of functions including

replacement and repair, acting as a chemical and physical barrier and changing its
environment. A biofilm can change the surface sediment properties, including: porosity,

permeability, organic content, grain size, density, stability and water content. This alters

patterns of erosion and deposition and the cycling of nutrients and pollutants across the
sediment/water interface. These effects may be incidental (the stabilisation of sediment
could be seen as a side effect of diatom locomotion), or active (such as nutrient

adsorption). The biofilm organisms are microscopic, but they influence macro-scale

properties and processes. Thus, it is necessary to measure their influence on the micro-
scale to determine their effects on macro-scale processes.

7.5 Biological versus physical influences on mudflat dynamics.

All sediments contain organic matter; even apparently clean sediment will contain
bacteria and organic matter. Considering this and the significant differences found
between cleaned and uncleaned sediments, it seems likely that many mudflats exist in
their present form largely due to the influence of biota by secretion of EPS.

Unfortunately, proper testing of this hypothesis would require the poisoning of a whole

estuary, which is unlikely to occur. However, the smaller scale poisoning experiments
conducted to date indicate that intertidal flats would undergo considerable erosion were

it not for biological stabilisation (de Boer 1981, Daborn 1989, Underwood and Paterson

1993).
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Whilst biogenic activity is reduced in winter, it is not true to say that biological
stabilisation is not important during the winter. Biomass may be decreased, but the

organisms are present and organic coatings surrounding the sediment particles do not

disappear. When measuring a natural system on the short term, it is very difficult to

allow for prevailing background conditions, this is important to both biological and

physical factors. It is far easier to detect the unusual events such as storms and algal
blooms than the background conditions (McManus 1998). Thus, biological action is
often only considered when it is obvious.

It is unclear what effect biological action has on the balance between relatively

steady long-term background fluxes and large short-term episodic events. It seems

likely that biological influence would be more important in affecting the long-term

background fluxes than the large short-term events. Indeed, biodeposition has been

proposed as a significant long-term influence on sediment dynamics (Anderson et al.

1981). For example, given an abiotic mudflat where 0.2 kg m"2 of sediment is eroded
from an estuary with every tide, over a period of 100 tides this equals 20 kg mf2. If a

storm erodes 1 kg m"2 of sediment, it would take 20 storms to erode the same amount of
material. Then consider a biotic system where biogenic stabilisation reduces the
sediment eroded during each tide to 0.002 kg m"2, but only reduces the amount of
sediment eroded during a storm to 0.5 kg m"2, it would now take 250 tides to erode the
same amount of sediment as one storm. The balance has shifted from long-term to

short-term physical effects through the action ofbiology. Thus, whilst to the observer it

may seem that it is the physical conditions that determine the sediment dynamics, it is in
fact the biological factors that control the physical. In reality this would be a two-way

process with both physical and biological processes acting in concert. It seems likely
that there is a seasonal influence, so that short-term storm events are more significant in
winter and the long-term events are more significant during summer (Frostick and
McCave 1979). The ability of biota to affect estuary wide sediment processes on a time
scale of months has been shown by Kornmann and de Deckere (1998), whilst the effects
of storms is self-evident.

Despite the uncertainty about which factors (biological or physical) are most

important, estuarine systems are relatively stable in the short-term (time scale of years).
The author is unaware of any intertidal flats disappearing overnight because they were

filled up with deposited sediment, or becoming open sea as all the sediment was
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removed by a storm. These areas are dynamic, but there is a balance between erosion
and deposition, and most estuaries keep pace with global sea level rise. Whether this
"equilibrium" is controlled by physical or biological processes or a combination of both
is unknown.

Despite considerable research effort during the last ten years, it is still not possible
to predict intertidal sediment behaviour. In some cases, the physical factors are deemed
the most important and in others, it is the biological, which has led to some heated
discussion/disagreement (1999 INTRMUD conference). Some estuaries seem to change
little with time (Eden), whilst others undergo rapid changes over short periods (Severn).
It seems there is a background dynamic equilibrium over which are imprinted cyclic

changes such as seasonal variations in organism populations and storm events. These
fluctuations are enhanced by the timing of changes, such as a period of hot weather

during tidal exposure drying the intertidal sediment surface semi-permanently
increasing sediment stability. Add to this biological variation, such as the benthic
diatom bloom and subsequent C. volutator population explosion in the Ems Dollard

during 1996, or the ecological cascade of Dabom et al. (1993), and the system becomes
inherently difficult to predict. Further complexity is added because all these factors
influence the system in different ways. For example, decreasing water content increases
sediment stability, yet diatom biofilms increase stability and increase water content.

It is not possible to consider estuarine systems from a purely biological or

physical standpoint. Only by combining an interdisciplinary approach with thought in
four dimensions will the complex estuarine system be understood.

7.6 Future Work,

Estuarine systems will be providing research opportunities for years to come.

However, in light of this work, there are a number of areas of particular interest:

1. Determining the changes in sediment properties over a complete tidal cycle under
different degrees of biological activity. It is vital to know whether in situ
measurements during exposure are relevant to the conditions during immersion. Of

particular interest, are any changes in sediment stability and whether these are

related to changes in the water content, EPS content or both.
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2. The effects of biological interaction on sediment stability. Currently the effects of

organisms (such as bacteria, diatoms, meio- and macro-fauna) are often considered

separately, whereas in natural conditions they interact. In particular, the interactions
between predators and prey should be determined. Linked to this is a more

integrated approach to intertidal mudflat research where individual processes and

properties interactions are considered together as they would be in the natural

system.

3. Measurement of estuarine properties and processes during the winter, at night time
and during rain. These periods are largely ignored, so our current data (especially

biological) is highly skewed to favourable conditions. Current work indicates that
intertidal sediment stability is lower at night than during the day (P. Friend pers

comm.).
4. Some form of measurement standardisation for sediment stability is long overdue.

Research into cohesive sediment stability will be severely hampered until this is
done. It is particularly worrying that the erosion rate is so variable between the
different erosion devices. This has huge implications for estuarine research, in

particular modelling and management planning.
5. The author suggests that intertidal mudflat areas exist largely due to the stabilising

action of biota, but this hypothesis requires rigorous testing. Work should be done to

determine the net effect of biological action; and the relative contribution, be it

positive or negative of different species at different densities and at different times

(see number 3).
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8 Appendix.
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8.1 Protocol for deploying the CSM.

1. Turn on the air tap on the main tank (anti-clockwise for on). This need only be on

by 3/4 of a turn.

2. Open the fluid/water tank and fill it to about 90% of capacity and refit. It is

important to keep the bottle vertical to prevent water running back down the pipe
into the plastic reservoir below. This will not do any harm but reduces the head of
air and must be removed.

3. Turn on the main unit, "CSM SOFTWARE V1.2" will appear on the display.
4. The system is then primed by pressurising the system, press the INLET SOLENOID

button. The reservoir will start to fill and when the pressure reaches 15PSI press the
button again to switch off the solenoid. Point the jet nozzle away from yourself and

press the JET SOLENOID button, when water is flowing continuously and all the
air bubbles have been expelled, press the button again to switch off the solenoid.

5. Select desired test (SELECT TEST), there are 38 tests at present. The CSM has
been calibrated for test 9 so it is recommended that this test be used. At this stage it
does not matter what the pressure reading is, the automation will take over and reset

as necessary.

6. Carefully set up the test chamber in the sediment, by gently pushing it into a flat
area of sediment. The chamber should be filled with water isotonic with the

surrounding pore water.

7. Start the test by pressing the TEST START/STOP button. The test will now start

running and "EXECUTING" will be flashing on the display along with voltage,

pressure and output indicators. When a test is started, indicator letters appear on the

display. This is indicating, in turn, that logging of the data has started (L), the

headlamp is turned on (H) and the jet has fired (J). If it is necessary to terminate a

test, press the test START/STOP button.
8. After the last pressure step has been completed, to make a further measurement

repeat steps 5-7. It is necessary to relocate the test chamber and fill it with water, but
the CSM will automatically vent the system.

9. When all tests are finished, the unit is vented. This is done by pressing the VENT

SOL button. This vents the low-pressure side of the system, to completely vent the

system including the high-pressure side it is necessary to turn off the tap on the main
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tank. Pressing the INLET SOL button allows any remaining high-pressure air in the

system to mix with the low-pressure air this can then be vented with the VENT
SOL. The unit can then be switched off. It is possible to leave the tap on the main
tank open but if it is left for more than a day, pressure is lost. It is therefore
advisable to turn off the main tap if the system is not in use.

10. The data is stored in the onboard CPU until downloaded. Data is downloaded from

the CSM directly to a computer using the CSM software supplied, via the data
cable. Data is saved as comma separated values (CSV) files that can be analysed in

spreadsheet packages such as Microsoft Excel.
11. The system should be flushed through with fresh water after use.

8.2 Protocol for using the Microcosm System.

1. The Microcosm chamber is placed onto the sediment surface and carefully pushed
into the sediment so the disc is 7.5 cm above the bed.

2. A circular piece of plastic bubble wrap of the same diameter as the chamber is

carefully placed on the sediment surface inside the chamber. Water isotonic with the

pore water is carefully poured onto the bubble wrap until the chamber is almost full.
The bubble wrap protects the sediment surface and as the chamber fills with water it
floats away from the sediment.

3. When the chamber is almost full of water, the lid is placed on top of the chamber
and screwed down. The chamber is then topped up with water.

4. The nephelometer is set up inside the chamber; the pump and motor are attached and
set to the desired starting levels. The Microcosm is now ready for an erosion test to

be started.

5. Nephelometer readings are taken every 30 or 60 seconds. After 9 minutes, the

nephelometer output is noted and a 20 ml sample of water is taken from the chamber
to measure the SPM and calibrate the nephelometer. Any other samples that are

required (e.g. floes) are also taken at this time.
6. After 10 minutes the rpm of the disc is increased and the pumping rate changed if

necessary.

7. At the end of an erosion test, nephelometer readings can be taken to investigate the

deposition rates of the eroded sediment.
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