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In situ studies on sediment stability and macrobenthic organisms are
described; these were undertaken over a 28 month period at Solent Breezes,
Southampton Water. The study consisted of the monthly collection of field data,
including the shear strength of the surficial sediment and the tube density of
Lanice conchilega. Sediment cores were collected also for the analysis of
macrobenthic organisms and other parameters. The data obtained are analysed
statistically, to establish correlation between the parameters under investigation.

Solent Breezes is a relatively stable environment, with no distinct
accretional or erosional patterns. The majority of the velocity profiles measured
in the overlying waters, during a spring tidal cycle, are logarithmic in character.
Critical friction velocities range from 0.25 cm s to 5.71 cm s; these
correspond to critical bed shear stresses of 0.01 N m?2 and 3.36 N m™.
Roughness lengths range from 0.02 cm to 14.30 cm.

Biological investigations have revealed the presence of 29 species of
benthic macrofauna. The total number of species and individuals varies
seasonally. Lanice tube densities range from 3.13 per 100 cm? (July 1993) to
8.80 per 100 cm? (November 1991). Tube density is affected by failure of larval
recruitment, mortality, species interactions and predation. Principal components
analysis reveals that the factors responsible for the existing pattern are: (i)
bioavailability of organic matter (protein, bacterial protein, organic matter and
grain size characteristics); (ii) sediment strength; and (iii) physical controls
(temperature, salinity and moisture content).

Sedimentological investigations reveal that the area is covered with fine-
grained sediments with mean grain size ranging from 3.18 ¢ (August 1992) to
2.84 & (July 1991). Organic matter content ranged from 0.91 % (June 1991) to
2.01 % (July 1992). The silt/clay content ranged from 0.1 % (July 1991) to 0.73
% (September 1991).

The mean shear strength of the surficial sediments ranged from 2.11 KPa
(January 1992) to 4.08 Kpa (November 1991). Statistical analysis reveals that the
shear strength is affected negatively by pore-water temperature and grain size; it
is affected positively by tube density. Using winter data only, the model reveals a
positive effect of pore-water temperature on shear strength. It can be inferred
that (at least, to a certain extent) the tube density of Lanice conchilega influences
sediment stability. Tube density itself is influenced by recruitment, mortality, and
species interactions.
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CHAPTER 1
INTRODUCTION

1.1. Background to the Study

Sediment stability at the intertidal sea-bed is one of the basic parameters
affecting sediment dynamics in coastal waters. The degree of tidal resuspension
of fine-grained and organic rich sediment into the water column is controlled by
bottom stability. Seafloor stability changes temporally (Rhoads et al., 1978) and
the processes that control these changes are complex (Yingst and Rhoads, 1978).
Stability of marine sediments may be influenced by biological processes, such as
stabilisation and destabilisation (bioturbation). These animal-sediment
relationships may involve the activities of microfauna, meiofauna and macrofauna
in the marine environment. In laboratory experiments, it has been shown that
microfaunal organisms and dense aggregation of tube-building polychaetes
stabilise the sediment surface (Rhoads et al., 1978). In contrast, bioturbation by
macrofauna reduces the stability of the surface (Rhoads and Young, 1970; Young
and Southard, 1975, 1978). Most of the experiments described elsewhere were
carried out in the laboratory; only a few were undertaken in the field, especially
those related to in situ shear strength measurements (cf Amos et al., 1988).

In intertidal waters, most soft-bottom sediment deposition is dominated
often by the presence of biogenous structures. These structures exist in a variety
of forms, for example: mounds and pits, produced by feeding activities of
benthic infauna (Rhoads and Young, 1970; Rhoads, 1974; Hylleberg, 1975;
Cadee, 1976); patterns introduced by sea grasses, which are abundant in shallow
coastal waters (Scoffin, 1970; Fonseca, 1989); and animal tubes constructed by
benthic organisms, which protrude above the bottom substratum (Fager, 1964;
Mills, 1967, Bailey-Brock, 1979; Jumars, 1975).

Protruding biogenous structures in marine habitats can influence sea-bed

stability and the ecology of benthic communities. For instance, several studies



have revealed the association of animal tubes and sea grasses with "stable" beds
(Fager, 1964; Mills, 1967; Neumann et al., 1970; Young and Rhoads, 1971;
Fonseca and Fisher, 1986). The presence of animal tubes may also lead to:
changes in the abundance and richness of species (Sanders ef al., 1962; Bailey-
Brock, 1979; Wilson, 1979); and an increase in flow velocities and energy
required to move sediment grains (Muskananfola, 1990); increase in the shear
strength of sediment (Meadows and Tait, 1989; Meadows and Hariri, 1991) .
Also, potentially important stabilisation activities include binding with mucus and
other extracellular products of micro-organisms (Frankel and Mead, 1973;
Holland et al., 1974; Paterson, 1989; Paterson et al., 1990). The process
responsible directly for these species interactions remain, however, unexplained
thoroughly.

Evidence is increasing that the laboratory measurement of sediment
erodibility, which is an important factor in conceptual or numerical sediment
modelling, bears little relationship to the behaviour of sediments in the field
(Luckenbach, 1986; Amos et al., 1988). Such differences occur because it has
been assumed that the behaviour of sediment samples in the flume is
representative of that within their natural marine environments. Many of the
physical properties of the sediments deposited naturally are not, however,
reproducible in the laboratory. Changes in the physical properties affecting
sediment stability may have important effects on the results of the laboratory
experiments on sediment dynamics. For instance, the results of freshwater flume
experiments may not be applicable to the studies representative of the natural
marine environments, as salt water flocculation influences strongly the behaviour
of sediments during deposition and erosion. Also, benthic organisms may affect
the erosion and stabilisation of sediments, which is difficult to imitate in flume
experiments.

Estuaries and intertidal waters are amongst the most productive of all the
aquatic ecosystems which support fisheries of commercial and recreational value
(Ryther, 1969; Sutcliffe, 1973; Stockner et al., 1979 and Bruno et al., 1980).
Consequently, the understanding of processes controlling sediment stability in

these waters is of paramount importance to their ecological, economic, aesthetic



and scientific development. Likewise, a knowledge of sediment
stability/erodibility is a factor of considerable significance to coastal engineering
(Paterson and Daborn, 1991), amenity, marine culture and fisheries
developments.

On the basis of the above considerations, a field (in situ) study was
undertaken at Solent Breezes, Southampton Water. Solent Breezes was selected
as the area for investigation because: (1) it is densely populated with animal
tubes of Lanice conchilega; (2) it is relatively easily accessible (from the
Department of Oceanography); and (3) it is somewhat protected from human
activities and, hence, there is little disturbance to the natural habitat. The main
research themes being investigated are as follows:

(1) the effect of Lanice conchilega tubes on intertidal flat sediment stability
(shear strength) which, in turn, affects sediment transport and turbidity through
resuspension of bottom sediment (reducing light penetration);

(2) the influence of Lanice conchilega on the distribution of macrobenthic
organisms; and

(3) the influence of other biological, sedimentological and physical factors on

sediment stability and the structure of macrobenthic communities.

1.2. Identification of the Problem

Shear strength has been identified elsewhere as influencing sediment
stability. Such strength can be expressed in terms of shear stress (Dunn, 1959;
Graf, 1971), which is normally used by scientists and engineers in the study of
sediment dynamics. On the other hand, shear strength itself is influenced by a
variety of interrelated biological, sedimentological and physical controls. The
present study, therefore, is concerned mainly with coastal sediment stabilisation
through the use of shear strength as the dependent variable and other parameters
(biological, sedimentological and physical) as the independent variables. This
investigation concentrates upon a number of important parameters, such as:

temperature and salinity of the pore-water; organic matter content, moisture
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content of the sediment deposits; grain size and silt/clay content of the sediments;
bottom topography of the intertidal flats; sediment structure and density;
exposure of the flats to the sunshine; erosional/depositional patterns; tube density
of Lanice conchilega; and the number of species and abundance of macrobenthic
organisms. A null hypothesis is proposed in the analyses, such that there is no
relationship between the dependent and independent variables; this is compared
against an alternative hypothesis, that there is a relationship between dependent
and independent variables. A schematic representation of the parameters under
investigation is delineated on the flow chart shown as Figure 1.1. The Figure
shows the hypothetical influence of biological, sedimentological and physical
parameters on shear strength; this, in turn, influences sediment
stability/erodibility. Such conditions influence the local and regional sediment
dynamics. Also, there is a feedback between the biological and sedimentological
parameters whilst, at the same time there may be interaction between certain
types of parameters i.e. tube density may affect species/individual abundance
(biological); and organic matter content may affect moisture content
(sedimentological).

In order to establish the dynamic balance between the parameters outlined
on Figure 1.1 and to obtain a reliable set of results, the area selected for the
study has four important features: moderate tidal current speeds, with minimal
interference from wave action; only limited variation in the type of sediment
deposit and their supply; a relatively flat bottom topography; and high densities
of Lanice tubes. The study was undertaken in such a way that long-term field
observations were obtained on the parameters under investigation, with particular
reference to seasonal variability. The field measurements extended over 28
months, in order to obtain an extensive and representative data set. The field
study was complemented with laboratory experiments, under controlled

conditions, to support the in situ observations.
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Figure 1.1. A schematic representation of the parameters under investigation




1.3. Aims of the Study

This series of experiments has been designed to study animal-sediment
interactions, on the basis of the biological, sedimentological and physical
considerations outlined below.

(1) A long-term study to establish the effects of Lanice conchilega tubes,
biological parameters (number of species and abundance of macrobenthic
organisms), sedimentological parameters (moisture content, organic matter
content, grain size, silt/clay content, accretion/erosion, bottom topography,
sediment structure and density), and physical parameters (temperature, salinity,
sunshine, rainfall, wind speed) on sediment stability in intertidal waters.
Likewise, to consider the consequences of such interactions on sediment transport
and coastal waters productivity.

(2) To utilise the data obtained on shear strength to predict further seasonal
stability of localised sediment deposits, through the derivation of shear stress
from measurements of shear strength. In this way, to establish a model for
predicting shear strength and shear stress in intertidal flat water.

(3) A long-term study on the effects of Lanice conchilega tubes on macrobenthic
organism distributions, to establish any interactive relationship. Likewise, to
examine the control of any of the parameters under study, on the distribution of

Lanice conchilega and macrobenthic organisms.



CHAPTER 2
LITERATURE REVIEW

2.1. Introduction

This Chapter reviews and describes previous in situ or laboratory studies
relevant to this area of research. Such investigations can be grouped into five
main areas of interest: sediment stability; the ecology of Lanice conchilega; and
biological, sedimentological, and physical parameters controlling sediment
stability. Each of these variables is discussed below, within the context of the
present investigation, in order to identify and establish the most important factors

contributing to intertidal flat sediment stabilisation.

2.2, Sediment Stability

The resistance of fine-grained sediment to erosion is associated directly
with water content, viscosity, bulk density and the Atterberg limits of sediments
(Zeman, 1983); these influence the strength of the sediments. Likewise, the shear
strength of subtidal, fine-grained sediment has been found to be influenced by
gravity forces and the consolidation of individual grains (Kirby and Parker,
1983). At the same time, shear strength is related to the threshold of sediment
movement and the erosion rate; therefore, the main factor responsible for the
stabilisation of sediment in subtidal areas is gravitational (Mehta, 1986).

These assumptions are not sufficient to explain the stability of intertidal
flat sediments, however, which can sometimes be some 80 times more difficult to
erode (Amos and Mosher, 1985). Sediment stability in intertidal waters can be
explained only partly by dewatering (Anderson and Howell, 1984), or alteration
of the packing of the sediment particles resulting in an increase in the inter-

particle attractive forces which are important with regard to erosion threshold



(Postma, 1967). On the basis of in situ studies undertaken elsewhere, it has been
predicted that the stability of surficial cohesive sediments increases generally in a
shoreward direction (Amos et al., 1988). The strength varied, however, in
accordance with the length of the (tidal) emersion period; thus, the elevation on
the shoreline and the prevailing environmental conditions. An immediate
response of the surface shear strength of cohesive sediment, to the changes in
environmental conditions, is exemplified by a sudden decrease in sediment
stability following rainfall (Paterson ez al., 1990).

In the latter study referred to above, sediment stability at low-shore
stations did not increase after several hours of exposure to the atmosphere. This
condition may be due to the proximity of the water table or simply that a longer
exposure period was needed to change the stability under the relevant climatic
conditions (Paterson er al., op. cit.). Similarly, sediment stability at high-shore
stations did not increase immediately after emersion. Nonetheless, an increase in
stability occurred after several hours of exposure. This phenomenon supports the
theory that, under certain environmental conditions, a minimum period is
required before sediment stability begins to increase.

Elsewhere, it has been shown that temporal changes in the bulk properties
of intertidal sediment and their shear strengths are caused by atmospheric effects,
during exposure (Anderson and Howell, 1984; Kraeuter and Wetzel, 1986). At
the same time, summer atmospheric conditions have been interpreted as having a
greater influence on shear strength (and, subsequently, the erodibility of surface,
intertidal (mid-latitude) mudflat sediments), than changes controlled by prevailing
oceanographic or biological conditions (Amos et al., 1988).

In summary, it can be deduced that sediment stability in intertidal waters
is controlled by gravity, geotechnical properties of the grains, and the exposure
time to summer atmospheric conditions. To some extent, however, it is revealed
also that biological factors may influence the stability of intertidal flats; in order
to comprehend thoroughly the problem of sediment stability, these latter factors

are studied in the present investigation.



2.2.1. Shear Strength

One of the most fundamental parameters controlling soil strength is the
resistance of a soil (or sediment) to deformation in shear; this is defined as shear
strength. Shear strength itself is a function of cohesion and internal friction,
together with the effective load directed normal to the plane of the shear failure.
Non-cohesive materials, such as sands and coarse silts, derive their shear
strength from high levels of internal friction between grains. In contrast,
cohesive materials such as silts and clays normally have lower friction values;
therefore, their shear strength depends upon much higher values of cohesion
(Pestrong, 1969).

Interstitial pore-waters exert a considerable influence on the results of
shear strength measurements. In sediment deposits which do not lose pore-
waters, the imposed load is borne largely by the pore-water; therefore, the shear
strength is essentially equal to the cohesion of the sediment. In sediments
associated with drainage of pore-water, leading to increased grain-to-grain
contact, the shear strength is a function of the cohesion and friction angle of the

sediment; as well as the imposed load. These relationships can be represented by:
T=C+o0 tan® (2.1)
where 7 is the shear strength, C is the cohesion, ¢’ is the effective pressure and 6
is the angle of internal friction.
The effective pressure is expressed as ¢° = (N - u), where N is the

normal load and p is the pore-water pressure. Under fully drained conditions,

however, u = 0 and ¢ = N; hence,

t=C+Ntan0 (2.2)

In a fully undrained condition, u = N and ¢’ = 0; therefore,

Tt=C (2.3)

In non-cohesive sediment, such as clean sands and coarse silts, equation (2.2)

becomes



t=Ntan 6 (2.4)

For cohesive sediments, the shear strength may be determined through the
use of triaxial testing or an unconfined compressive strength testing apparatus.
Here, the shear strength of clays and other materials (behaving like clays) is
equal to one half of the unconfined compressive strength (Q,) of the sample:

T == 0, (2.5)

NI

The unit load which results in the destruction of the sample in this apparatus is
its unconfined compressive strength, which is determined by the following

relationship:

0, = (2.6)

olny

where F = failure load, O = original cross-sectional area of sample.
It can be shown also that the angle between the plane of failure and the plane on N
which the major principal stress is applied («) is equal to

_ ac0 4 B 2.7
a45+2 ( )

This angle () can be measured directly from the geometry of the sheared

sample. For a quick-undrained unconfined compression test, where failure occurs

before pore-waters have a chance to drain, it may be assumed that the pore-water

T & T T S PO S S

bears the normal load. Under such conditions, @ is assumed to be 0 and equation

e

v

2.3 applies, therefore

if

(W)

0, =2C =21 (2.8) L__,_z

If the samples do not shear cleanly and deform by bulging, then the unit load that
causes a decrease in the height of the sample by 20% is assumed to be
unconfined compressive strength.

The above approach for measuring the shear strength of soil (or sediment
deposits) in the laboratory uses the ‘triaxial apparatus’ (Terzaghi and Peck,
1967). Another most versatile piece of equipment is the ‘vane-shear apparatus’,

which can be used in both laboratory and in situ investigations. The latter
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apparatus is used in the present investigation, the detailed characteristics and how
it operates are described in Section 4.2.1.

2.2.2, Erodibility

The erodibility of fine-grained abyssal sediments depends upon various
forces, acting on surface sediment particles exposed to bottom current activity
(Southard, 1974). These forces are related to the dynamics of the turbulent
boundary-layer flow, the physical and chemical nature of the sediment particles
and the past history of the sediments, including the effects of flocculation and the
activity of benthic organisms. Time scale also determines, at least in part, the
problem of erodibility.

In general, various aspects of erodibility require investigation: (1) the
lowest velocity at which movement occurs, termed the critical velocity or
threshold velocity; (2) the rates of erosion at particular velocities greater than the
threshold velocity; (3) the size, nature, and location of particles (or larger solid
units) removed from the sediment surface; and (4) the form or geometry of the
eroded surface. Of these characteristics, the attention of the most scientists has
been directed towards threshold velocities. However, there is some disadvantage
in using such a velocity to characterise the strength of the current acting on a
sediment surface, in that the time-average velocity must increase away from the
sediment-fluid interface (from zero to a maximum value). Hence, the free-stream
value (well away from sediment surface) and the nature of the velocity
distribution depend upon both the strength of the flow and the detailed geometry

of the sediment surface.

2.2.3. Forces Acting on a Particle in the Bed

Assuming that a sediment is cohesionless in character, there are two
opposing forces acting on the sediment grains: those tending to retain the grain in
place (the submerged weight of the grain); and those tending to lift, roll, or slide
the grain from its position in the bed (forces of fluid lift and drag) (Middleton
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and Southard, 1984). The combination of different fluid forces (lift and drag)
produces a resultant, acting downstream and at some angle to the bed. Such a
resultant force can move the grain in a number of ways: (1) lifting the grain
from the grains beneath it; (2) sliding the grain along some path of "easiest
movement", over the grains such as those downstream of it; or (3) rotating the
grain about some "pivot" formed by one or two of the grains in the bed (Figure
2.1). In the first case outlined above, the grain must be raised up rather steeply
from the bed; therefore, the lift forces must be at least as important as the drag
forces. In the second case, the balance is between the component of the fluid
force (acting upwards in the direction of easiest movement) and the component of
the gravity and the frictional forces (acting in the opposite direction). In the third
case, the balance is between the moments of fluid forces tending to rotate the
grain in the downflow direction, and the moment of gravity force tending to hold
the grain in place in the bed. It is considered generally that the third case is the
most realistic one. However, analysis of the other two cases leads to ’
approximately similar conclusions, except for the different coefficients involved.
The gravity force acts through the centre of gravity, but the position of
the pivot and the direction of the easiest movement vary greatly from grain to
grain. Such variation is due to differences in the size and shape of the grains,

together with their local packing. The fluid force does not necessarily act through

the centre of gravity of the grain; it may be expected to act through some point

Ty o0

above the centre of gravity, because the upper part of the grain is more exposed

rivers,

to fluid forces than the lower part. In addition, the fluid forces vary from grain

U

to grain; they are strongest for the most exposed grains. The forces fluctuate also

b oot

with time because of turbulent motions, even within the viscous sublayer of the
flow with a steady time-average-velocity. This summary indicates, therefore, that
any criterion established by researches for the initiation of sediment movement
will not be completely deterministic; rather it will be stochastic (statistical) in
character. Further details on the forces involved in the movement are presented

below.
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Forces Acting on a Grain

A
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Figure 2.1.  (A) Forces acting on a grain resting on a bed of similar grains,

(B) Analysis of moments acting on a grain at the beginning of grain
movement (from Middleton and Southard, 1984)
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(a) Gravity Force

The total gravity force acting on a grain is the product of its volume
multiplied by the submerged specific weight (y, - o). If D, is the nominal
diameter and the volume is represented by (x/6)D,?, then the total gravity force

Fg; is
Fg = (%) D; (ys-y) (2.9)

The component of this force that opposes sliding of the grain, in the direction of
easiest movement, is FG sin a (where « is the angle that the direction of easiest

movement makes with the horizontal (Figure 2.1))
(b) Frictional Forces

The friction between grains is not considered explicitly in most published
theoretical analysis of grain motion; however, its effect is considered to be
accounted for by the value chosen for o. The problem is analogous to that of the
angle of repose of sands (Statham, 1977) i.e. the surface slope of a sand deposit
can be established only to a certain limiting angle, which is called the angle of

initial yield. Beyond this angle, the downslope component of gravity forces

acting on a surface layer of sand exceeds the resistance offered by a combination

AT 6 B L PO S PO N

of frictional forces and upslope components of gravity (resulting from interaction

between the weight and geometry of the grains).

Univers

It has been assumed elsewhere that the angle « is similar to that of the
initial yield of a sand slope immersed in water; this, for a typical sand, is about
35° (Carrigy, 1970). Nonetheless, the angle of repose for a single grain of a
fixed bed composed of other grains is not necessarily the same as the mass angle
of repose assumed by a pile of grains (Miller and Byrne, 1966). The angle for a
single grain on a fixed bed of similar grains is larger, within the range from 45°
to 70°. The actual angle depends upon the grain sphericity and roundness (with
smaller values for more spherical and more rounded grains) and on the sorting of

the deposit (with smaller values for better sorted grains). For grains smaller than
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the average size in the (fixed) bed the angle is larger, and for grains larger than
those in the bed the angle is smaller. The low value for grains larger than the
average for the bed suggests the possibility that larger-than-average grains may

actually be the easiest to move.
(¢) Fluid Forces

There are two kinds of fluid forces acting on a grain resting on the bed:
(1) those due to viscous drag, acting mainly on the upper exposed surface of the
grain; and (2) those due to the unequal distribution of dynamic pressure on the
grain surface. Viscous forces are likely to be important at low boundary
Reynolds numbers, u.D/v < 5. Overall, it is convenient to distinguish the two
components of the fluid force regardless of its origin: drag acting parallel to the
flow and therefore parallel to the bed; and lift acting normal to the bed. The drag

force can be represented by the following equation:
F, =G, (lez) a (2.10)

where C,, is the drag coefficient, p is the fluid density, U is the velocity, and A
is the cross-sectional area of the sphere (or grain).

The lift force arises because of the asymmetry of the flow around a grain resting

on the bed. As higher fluid velocities are developed over the top of the grain,

R I ¥ RO

s

rather than underneath it, an asymmetrical pressure distribution occurs. Higher

=

i§o 0
UnNivers

pressures act upward on the lower surface on the grain, than on the upper

surface of the grain acting downward. This difference results in a net upward lift ) _!
force. Lift forces, cannot be expected to act on grains that are freely suspended

in a fluid, therefore, because flow around such particles is symmetrical about the

line of flow. Consequently, the lift force component decreases very rapidly as a

grain rises up above the sediment/water interface (Chepil, 1961; Willetts and

Murray, 1981). The lift force for a given spherical grain is given by the

following equation:

15




F,=C, (_9__223) A (2.11)

where, in the case of a unit length of a cylinder, A = D; in the case of a sphere,
A = = D2/4. The resultant force on a grain is obtained by adding F;, and F;,

vectorially.
2.2.4. Initiation of Sediment Movement

Grains begin to move on the bed when the combined lift and drag forces
produced by the fluid, become large enough to counteract the gravity and
frictional forces that hold the grain in place. The initiation of movement may be

(Figure 2.1) represented by the equation:

a, (Fysin a) = a,(F, cos a) (2.12)

The left hand side of this equation represents the total moment due to gravity,
tending to: rotate the grain upstream about the pivot; or to hold it in place
against the moment due to fluid drag forces, tending to rotate the grain
downstream. The right hand side of this equation represents this fluid drag
moment, in a purely conventional way.

Such physical controls on sediment movement are modified, as will be
demonstrated by the results of the present investigation, by biological activity.
The presence of organisms can either stabilise or destabilise sediments, resulting
in less or more easily erodible surfaces than their abiotic counterparts (Jumars
and Nowell, 1984). For example, arrays of animal tubes are likely to stabilise the
bed by shielding it from the overlying faster flow (Rhoads ef al., 1978; Eckman,
1983). In contrast, organisms which produce surficial traces as they crawl across
a sediment surface may enhance the erodibility (i.e. destabilise) the sediments
(Nowell et al., 1981).
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2.3. Lanice conchilega

Lanice conchilega is a terebellid polychaete which is rather large, strongly
cephalised and tubicolous. The anterior end is equipped with a series of very
extensible tentacles, whilst the lips are heavily muscular and pliable. Lanice feed
on detritus, including diatoms, other unicellular algae, and various small
invertebrates and larvae (Sanders et al., 1962; Ronan, 1977). The tentacles of the
polychaete are usually held so that in cross-section they present a shallow
inverted U or V-shaped form to the bed. The cells along the edges of the V are
mucus-producing, whilst the median cells are ciliated. During the feeding
process, smaller particles are transported in a mucus string along the median
strip of the V, down to the proximal end of the tentacles. The proximal part of
the tentacles are smooth and rounded; hence, the mucus string is transferred to
the mouth by muscular lips. Large particles are pulled in close to the body by
muscular contraction of the tentacles and, in most cases, several tentacles will i
collaborate to pull in large particles (Watson, 1916). ; N

The tubes of Lanice conchilega are topped by a fan-shaped branching j' j
structure which has been suggested to have several functions, such as: snares for | ‘
food; support for filter-feeding tentacles; closure of tubes at low tide; and =
protective mimicry (Watson, 1890). The fans of Lanice conchilega are orientated { :;;}
at right angles to the current, allowing transported material to deposit within the
quiet areas behind the fans (Ziegelmeier, 1952 and 1969). It is supposed that

most tubes of terebellids are blind-ended; however, in coarse sediments, 5

terebellid tubes are open at both ends (Seilacher,1953). Such headward irrigation Lj_j
indicates that the tube must be open at the lower end. Also, the tubes of some

terebellid species have been described as U-shaped (Rhoads, 1967), and this is

thought to be associated with a low flux of food materials (Ziegelmeier, 1952).

However, U-shaped tubes are not usual in adult Lanice.

2.3.1. Distribution

Several studies have described species-associations dominated by Lanice
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conchilega (Ollivier, 1969; Eagle, 1975; Buhr, 1979). 1t is recorded from the
shallow sand association of various Scottish beaches (Watkin, 1942; Mclntyre
and Eleftheriou, 1968; Eleftheriou and Nicholson, 1975); and as widely
distributed in European waters. In Europe, the distribution is as follows:
Denmark (Blegvad, 1914); Scotland (MclIntyre, 1958; Perkins, 1974); England
(Spooner and Moore, 1940; Howells, 1964; Eagle, 1975); France (Ruillier,
1959; Ollivier, 1969); Germany (Ziegelmeier, 1952 and 1963; Reineck et al.,
1968; Stripp, 1969; Buhr, 1976 and 1979); and the Netherlands (Beukema,
1976).

Lanice conhilega has several typical features: a distinctive vertical tube
(Ziegelmeier, 1952); an aggregated habit (Ziegelmeier, 1952; Beukema, 1976;
Buhr, 1979); a preference to exist in well-sorted sands and strong currents
(Ziegelmeier, 1952; Howells, 1964; Ollivier, 1969; Buhr and Winter, 1977); a
distribution which extends from low water to 50 m water depth (Spooner and
Moore, 1940; Reineck et al., 1968; Perkins, 1974; Buhr and Winter, 1977); and
a tube diameter 1 - 7 mm, tube length 1 - 50 cm, with a body tissue biomass of
1 - 35 mg dry weight (Buhr and Winter, 1977).

2.3.2. Larval Development

The sexes of Lanice conchilega are separate and the sexually mature

|
!
i
i
]

organisms are readily distinguished. The males and females become mature from
April to the end of June in Sylt (in German Bight) (Kessler, 1963). The
developing gametes are carried in the coelomic fluid. Male gametes are visible
through the thin wall body as a milky-white mass and the female gametes as red-
brown globules. The ripe gametes are released directly into the water, where
fertilisation occurs. The fertilised egg develops into a free-living trochophore
larva and metamorphoses rapidly into a worm-like aulophore larva (Figure 2.2),
some 6 - 10 days after fertilisation. During the metamorphosis process, the larva
begins to build a simple tube; this consists of mucus and detritus, which will
develop into a typical mucus tube when the metamorphosis is complete. The tube

is secreted by an exclusively larval structure, the dorsal gland. This secretion is
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Figure 2.2. Life cycle (larval development) of Lanice conchilega. Key: 1 =
Fertilised Egg; 2 = Trochophora Larva (2 days old); 3 =
Aulophora Larva (dorsal view); 4 = Juvenile Lanice (side view); SA
= Spawning Female Lanice in an aquarium; and SB = Male Lanice
in an aquarium (from Kessler, 1963)
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composed of sulphated mucopolysaccharides (Tiberi and Vovelli, 1975). It seems
that the tube is built successively forward, as the larva develops and grows,
resulting in a tapering form (open at both ends) with oblique layers visible in the
wall of the tubes.

The aulophore larva moves constantly within the clear tube. It remains
within the plankton and is transported by currents. As Lanice conchilega has a
prolonged larval life, this planktonic stage may last up to 2 - 3 months (Thorson,
1946). This long period results in large-scale dispersal of the larvae. This type of
dispersal is advantageous, where success in survival and reproduction varies
independently from place to place (Strathmann, 1974).

The rudimentary organs of the aulophore larva develop into gills, setae,
setal hooks, mouth, lips and prostomial tentacles during the period of planktonic
life and prior to settlement. The exact timing and mechanisms by which
settlement occurs, however, is not known. At the time of settlement the
extensile, prostomial tentacles are usually well-developed and capable of the ‘
same coordination as in the adult. E

When settlement is complete the juvenile worm burrows into the I !
sediment, in exactly the same manner as adult individuals removed from their l
tubes. The larval tubes (mucus secreted by the body surface in adult) serves as a
surface for exerting hydrostatic pressure, through peristaltic waves of the body
(Seilacher, 1951). The propulsive force of the hydrostatic waves are directed =
vertically downward into the sediment, whilst the prostomial tentacles assist in o

pushing and moulding the sediment particles into a mucus-lined tube. The initial

tube is U-shaped as the young worms burrow for 1 - 3 cm, then turns back up _j
towards the surface. The tube is then extended above the sediment surface
(substratum) and decorated with a tiny fringe, like the adult tubes.

2.3.3. Tube Building

The tube of Lanice conchilega is constructed through the mucoidal
binding of shell fragments and mineral grains (Ziegelmeier, 1952 and 1969).

Selection of particles does not occur beneath the sediment surface; rather the
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burrow is lined with muco-polysaccharide layers, binding the sediments
particularly to the burrow wall (Bielakoff er al., 1975). Above the sediment
surface, the tube is built of selected grains and shell fragments which are
carefully attached with muco-polysaccharides (Wunderlich, 1970). Lanice
conchilega selects generally large grains and shell fragments to construct the
projecting tube; small grains and narrow fragments are used to build prolonged
filaments that comprise a fan-shaped fringe. The fringe extends from the
aperture, having its borders prolonged into several small branches formed of the
same fragments, and which serve to lodge the tentacles (Cuvier, 1836). The
precise nature of the tube varies according to the available material. However,
the general form consists of two semicircular plates extended above the circular
opening of the tubes (which has 4 - 5 mm outside diameter). The plates and the
cylindrical tube end in irregular branching filaments, which are 1 - 5 times as
long as the tube diameter. The filaments diameter is dependent upon the available
particle size. However, if a wide range of sizes is available, it has been found i ]
that the worm generally selects particles of 0.5 - 1 mm (in their narrowest

dimension); these are attached lengthwise, to build the fringe elements.

There have been some conflicting findings between various studies as to 1
the function of the fringe. Such interpretations may be summarised as follows: ;
(a) the fringe is oriented perpendicular to the prevailing currents, acting like a ;
fish trap placed across ebbing tidal channels (Seilacher, 1951); (b) the fringe “ 1
functions as a snare (Ziegelmeier, 1952), with filter feeding tentacles )
(Ziegelmeier, 1952; Watson, 1890); (c) with the fringe functioning as baffles, 5

|

slowing the current and allowing sedimentation of fine-grained particles between
the tubes (Ziegelmeier, 1969). Several studies have been undertaken of feeding in
of Lanice conchilega. The following mechanisms have been suggested: detritus
feeding (Ziegelmeier, 1969); filter feeding (Buhr, 1979); facultative suspension
feeding (Buhr, 1976); all utilising a sieving effect, whereby large food particles
are caught in the fringe and collected by the tentacles (Buhr, 1979).

There has been no specific study on the mineral composition of Lanice
conchilega tubes. Studies of other species of polychaetes, however, have revealed
that the tubes were composed almost entirely (95% or more) of tabular-shaped,
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heavy mineral grains; these are mostly (80 - 85%) of green hornblende, ranging
in size from 62 - 80 um. Particle counting carried out on these tubes indicated
that the worms must have handled about 25,000 sand grains per centimetre of
tube, constructed with an outside diameter of 0.6 mm (Fager, 1964). However,
mineral composition of tubes is likely to be species specific and locally
dependent.

In Lanice the process of tube-forming involves a great deal of
manipulation by a special ‘Lippenorgan’ (Watson, 1901). During this process,
the sand grains are either accepted or rejected. The diameter and the length of
the tube is increased by adding onto the upper rim. The particles are attached by
their lower portion so that the tube is imbricated upwards. Hence, when the
worm twists the tube in the sand, the vertical movement is mostly downward and
the worm can compensate for the increased tube length (Watson, op.cit.). During
rough weather conditions, wave surge was seen to stir up the sand and move the
suspension past/through the brachial crown. On days when there was little or no :

wave surge, the worms were seen to bend the tube over and pick up particles

from the adjacent sand (Fager, 1964). Tubes can reach 12 - 13 c¢m in length and : !
4 - 5 mm in outside diameter.

The sand particles forming the tubes are attached together by a thin

organic layer of a quick-setting proteinaceous material (Fager, 1964). The living
worm is able to protect the organic layer against bacterial attack. However, ’
empty tubes start to decompose within a week or less, in aerated seawater in the i

laboratory. This observation suggests that the concentration of heavy minerals 52

formed by the worms would not persist long after their death, if the tubes were o
in a sand layer subjected to stirring by waves. In contrast, long tubes which
sometimes reach this layer (and either the death of mature worms or gradual
attrition of juvenile tubes) could result in a high concentration of heavy minerals
within the sand.
The presence of the adult tube may influence the settlement behaviour of
juvenile Lanice conchilega, either hydrodynamically (through the entrainment
process occurring in local areas of disturbed flow) or chemically (through some

attractant in the tube or secreted by adult individuals) (Kessler, 1963). These
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possibilities have not been studied specifically, but observations on the flow
disturbance of single and paired tubes in unidirectional flow appear to show that
the settling larvae worms find the adult tubes an attractive substratum; small
tubes are commonly clustered around larger and older tubes. Insufficient
evidence is available to suggest that the activities of the adult deposit-feeding
organisms prevent juvenile worms from settling successfully, within the radius of
their tentacles. The size of the fully-developed aulophore tube (1.6 mm long and
0.15 in diameter) prevents the adult from ingesting juvenile worms. The
successful recruitment of large numbers of juvenile worms into an established
population of older worms (Buhr and Winter, 1977; Buhr, 1979) may be
responsible for the ‘patchiness’ observed in marine environment.

When the juvenile individuals of Lanice conchilega grow, the initial
narrow U-shaped tubes are abundant. The process of tube renewal, as growth
occurs, seems to continue throughout the life of the worm (Ziegelmeier, 1952;
Schifer, 1972). It is possible that during this process some spacing may occur,
from the initial cluster about the adult tubes. Single and mixture size classes of
adult tubes have been observed rarely to be in contact along their length.
Likewise, the tops of the tubes are spread relatively evenly at densities above ; !
2000 m?. However, an apparently regular distribution may be a random filling of o

the available space, with cylinders that cannot overlap (Simberloff, 1979).

Reproduction of Lanice conchilega occurs over an extended period, as | 7~"—_’
larvae are observed from April - October (Wolff, 1973). Large numbers of N
planktonic larvae are released (Kihl, 1972); these settle on a variety of substrata, =

but appear to prefer aggregating near established adult organisms (see also

Section 2.3.2).

2.4. Biological Parameters

2.4.1. Algae

Only a few field and laboratory studies have revealed that extracellular
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mucus secreted by benthic microalgae can stabilize the sea bed and, hence,
inhibit the motion of sediment grains (Neumann et al., 1970; Coles, 1979; de
Boer, 1981; Paterson, 1989). Such stabilization is defined as the binding of
sediment particles with polysaccharide materials (Vos et al., 1988; Grant and
Gust, 1987). Similarly, little is known about the mechanisms by which benthic
organisms modify the stability of bottom sediments. Microbial binding of
surfaces of natural sediment has been identified (Neumann et al., 1970; Frankel
and Mead, 1973), but it has been revealed that bacteria and diatoms adhere to
surfaces using extracellular materials (Robert and Gouleau, 1977; Costerton et
al., 1978). Finally, more research is required into how exopolymers extend
between grains and which organisms are important in binding particles.

The microbial binding of marine sediments may produce a uniform
‘carpet’ on a flat surface. Rough flow and active sediment transport will affect
the distribution of microalgae. Burrowing activities of benthic organisms may
also disrupt the mucus binding of sediments (Neumann et al., 1970). Elsewhere,
the horizontal distribution of chlorophyll-a and ATP (Adenosine TriPhosphate) in ;
marine sediments has been investigated (Skjoldal, 1982), whilst Fazio et al.,
(1982) have analysed polysaccharides from various mucus sources, but not in
relation to sediment stabilisation.

In terms of field measurements, the greatest increase in sediment stability B

has been recorded at stations high on the shoreline: here a high density of matrix
diatoms were found to develop on the surface of sediment deposits (Paterson et

al., 1990). The accumulation of mucilage at the surface depends upon several =

factors including the species of diatom (Holland et al., 1974), the density of the ,3
population, and the surface residence time. The latter is not equal to the
emersion period, since diatoms may stay at the surface of sediment for only part
of the total emersion period (Admiraal, 1984).
The effect of a diatom matrix (assemblages) cannot be separated easily
from the effect of subaerial exposure, although it seems that dense populations
influence sediment stability. The mechanisms through which epipelic (motile)
diatoms stabilise sediments (see Paterson, 1988), are related to the physical
characteristics of the mucilage produced for locomotion (Edgar and Pickett-
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Heaps, 1984). Providing that the mucopolysaccharide matrix at the surface
becomes dehydrated, the sediment will become more tightly bound in the
thickening matrix. Dewatering of the sediment and dehydration of the matrix,
therefore, may act together to increase sediment stability (Paterson et al., op.
cit.).

2.4.2. Microbenthos

The populations of microorganisms in marine sediments are associated
mainly with particle surfaces; this has important biological implications for the
sedimentary environment (Anderson and Meadows, 1978). Bacterial films can
have significant effects on the properties of sediment, particularly through
increasing adhesion between particles and altering the granulometry (Webb,
1969). Extracellular and autolytic products of microorganisms living on the
grains, and within the interstices, can also foster sediment stability through the

accumulation of mucilaginous materials (Frankel and Mead, 1973).
2.4.3. Meiobenthos

The dominant meiofauna present in marine sediments are nematodes. The ;?,}
population abundance of this taxon in fine-grained shelf sediments can be of the
order of 8 to 9 X 10° individuals m2, but may reach 4 times this density (Juario, o
1975). Meiofaunal nematodes can establish rapidly a closely-spaced network of
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thread-like intergranular burrows within the surface layer of the sediment,
utilising mucus secretion for strengthening these structures (Cullen, 1973).
Evidence that nematodes can stimulate bacterial production in sediments
(Gerlach, 1978), increasing the microbial activity on detritus (Finley and Tenore,
1982), suggests that they may be doubly effective in binding sediment.

2.4.4. Macrobenthos

Animal tubes may stabilize marine sediments, by altering the character of
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the flow near the sea-bed. At a certain tube density, the interaction of flow
perturbations caused by individual tubes may produce a ‘skimming’ flow
(Morris, 1955); this effectively protects the bed from erosion. Within such a

flow, the maximum turbulent kinetic energy and shear stress occur far away from

the sea-bed. Studies performed to predict the tube density at which more or less
kinetic energy impinges upon the sea-bed have not been well quantified. The
results show some lack of agreement between experimenters (Nowell and
Church, 1979). Such lack of agreement may be the result of a number of factors,
such as the problem of dynamic and geometric scaling or the effect of mucus
secreted by sediment- associated organisms.

Burrowing cerianthid anemones, which are commonly present in heavily
bioturbated sediment, can markedly influence the shear strength of sediments
(Rowe, 1974). This increase may be due to mucus production, which leads to
particle-to-particle adhesion. In contrast, biogenic reworking can decrease the
critical erosion velocity of mud (Young and Southard, 1978) and sands (Grant et
al., 1982).

Studies on the impact of roughness elements on flow have been
undertaken widely (Wooding, 1973). Only a few experiments have been carried
out, however, on the effects of animal tubes or other biogenous roughness
elements on substratum stability (Rhoads ef al., 1978; Yingst and Rhoads, 1978;
Eckman et al., 1981).

Sediment stability and grain size have an important influence on the
distribution of marine benthos in a soft-bottom substratum. Numerous studies
support this assumption, for example: high correlation between specific faunal
assemblages and grain size (Sanders, 1958; Wieser, 1959); a change in the

community structure, in accordance with the degree of sediment stability (Rhoads

and Young, 1970); the ability of some species to select substrates, on the basis of

particle size (Meadows, 1964: Gray, 1971); and optimal foraging models,
predicting that particle size is an important control on energy intake by surface
deposit feeders (Taghon et al., 1978).

Since the classical work of Petersen (1913), benthic macrofaunal
communities have been related to habitat type (Jones, 1950). For example, Gréy
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(1974) has shown that sediment type is an important factor in determining species
composition in a community. At the same time, temporal and spatial differences
may occur within a particular habitat type, due to biological interactions (Rhoads,
1974). The basic differences between the composition of benthic communities of
different habitats are determined mainly, however, by physical factors i.e.
biological factors are of minor importance (Jones, 1950). Tidal currents and
wave-induced currents determine the nature of the habitat, the stability of
sediments, the pattern of food supply for benthic organisms; in extreme cases,
they may even cause severe physical stresses on organisms (Wildish, 1977). The
above studies concentrate mainly upon physical and biological interactions; only
a few are available, however, on the relationship between tube density and the
abundance and richness of species (Sanders ez al., 1962; Bailey-Brock, 1979;
Wilson, 1979).

Most investigations into marine benthic ecology have been directed
towards the short-term sampling of a particular marine environments, in an [
attempt to delimit macrobenthic species or assemblages (Whitlatch, 1977). The
results obtained reveal that generally, given species assemblages are affected

greatly by sedimentary parameters such as grain size. These assemblages are not
tightly functioning units, but tend to be composed of individualistically _
distributed species; these, in turn, respond to a complex set of environmental and , :
biological parameters. Such findings enable the prediction of the occurrence of ‘
certain faunal assemblages, on the basis of a particular set of sedimentary !

parameters. For longer periods of time, however, the predictive capability for

determining the distribution of a given species is reduced greatly. Generally, any J :
naturally-occurring community of organisms is not only distributed spatially but
also temporally. In order to understand fully the patterns of community
organisation of macrobenthic organisms, therefore, more long-term studies are
necessary to provide basic knowledge concerning temporal community structure
and factors affecting the compositional change of species.
Although temporal changes in community structure and species
composition in subtidal environments have been investigated (Sanders, 1960;

Pearson, 1971; Tenore, 1972; Watling, 1975), there are fewer studies concerned
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with time-related community changes in intertidal environments (Johnson, 1970;
Bloom et al., 1972; Holland and Polgar, 1976). These latter environments are
suitable habitats to study the effects of seasonal change, or the associated
physical parameters fluctuate with greater amplitude than in adjacent subtidal
habitats. Such fluctuations subject the inhabitant organisms to greater stress.

2.4.5. Benthic Communities
(a) Species Diversity

The organisation of a benthic community can be simply represented by
the number of species and the number of individuals within each species, which
is defined as diversity (Gray, 1981). A number of methods are available to
measure diversity; however, the most widely used is that of Shannon-Wiener

method (Shannon and Weaver, 1963):

S
Hl=_E pi log, pi (2.13)
i=1

where pi = ni/N (ni is the number of individuals of the ith species and N is the
total number of individuals) and S is the total number of species.
In general, the diversity index increases with an increase in the number of I !

i

|

species. However, the diversity index will also increase as the proportion of L !
individuals within each species becomes more constant. l
!

The diversity index measures both species richness and evenness. The ER
latter can be obtained by dividing the observed diversity value, by the maximum
possible value. Evenness (J) (Pielou, 1966) can be defined, therefore, as:

/
g= 1A (2.14)

max

where H’ is the diversity and H’,, = log,S. Unfortunately, the diversity index
value is often reported merely as H’ and the evenness component is not included.
Consequently, in some cases, it cannot be determined whether any change in

diversity is due to an increased number of species, or to a more even distribution
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of individuals between each species.

For typical benthic communities, by plotting diversity (H’) against log,S
and diversity against evenness (J), it can be established whether the diversity
index is more responsive to an increase in the number of species (log,S) or to an
increasing evenness in the distribution of individuals among species (Gray,
1981). Diversity as measured by the Shannon Wiener index is usually poorly
correlated with log,S, but has a better correlation with J. The addition of a rare
species to the community has little effect, therefore, on diversity; a change in
dominance has a larger effect. These patterns can be derived for most subtidal
macfbbenthos and meiobenthos. However, not all communities show such trends.
For instance, bird communities have a higher correlation of H’ with log,S,
indicating that the addition of a rare species is relatively more important than a
change in the dominance pattern. This relationship may be due to the fact that
bird species are largely territorial; consequently, the dominance pattern remains
fairly constant.

The other method which has been used widely to measure the diversity of
marine benthic organisms is the ‘rarefaction method’ (Sanders, 1968). This
approach is a graphical method of expressing diversity: high diversity is
represented by steep curves, with low diversity by shallow ones.

The deep-sea diversity is much higher than that of shallower water areas.
Such a trend can be explained on the basis of the Stability-Time Hypothesis
(Sanders, 1968). Near an environmental extreme such as the high intertidal zone,
for example, the fauna is subjected to environmental factors which fluctuate in an
unpredictable manner. As many species are unable to tolerate such unpredictable
fluctuations, the species number is low. In contrast, the deep-sea is an extremely
constant environment, with no light and almost no change in temperature, salinity
or oxygen for relatively short periods (of months and years) or even very long
periods (such as thousands of years). This constancy has enabled the species to
adapt to each other rather than needing to adapt to the rigours of the
environment; this contrasts with intertidal areas. Finally. since the quantity of
food reaching the bottom of the deep-sea from the surface is small, then the

densities of animals per square metre are low.
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The Stability-Time Hypothesis, however, is not entirely consistent when
considering Non-equilibrium Theory (Intermediate Disturbance Theory) (Connel,
1978; Huston, 1979). This theory is based upon the concept that competition
leads always to a reduction in diversity, due to competitive exclusion forcing
species out of community. This situation is commonly mediated in practice
because random disturbance prevents competitive exclusion from taking place
and, hence, raises the diversity level. However, if the disturbance exceeds a
certain level then the disturbance itself will eliminate species from the
community, reducing diversity. Disturbance is the primary structuring force in
non-equilibrium theory and such diversity has a non-linear relationship with
disturbance. Therefore, pollution could increase, decrease, or cause diversity to
become constant. Some field evidence has been presented to support the non-
equilibrium theory, including pollution studies, whereby intermediate pollution
levels have raised diversity (Pearson et al., 1983; Lambshead, 1986; and Moore
and Pearson, 1986). f w

(b) Community Structure

A relationship between benthic communities and environmental factors
can be expressed in terms of that between feeding type and the silt-clay content
of the sediment deposits (Sanders, 1958). The highest densities of suspension
feeders occur in sandy sediments. Sediments with a grain size of around 0.18

mm are the easiest to transport; therefore, their occurrence indicates the minimal
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wave and currents action (Gray, 1981). This property may be exploited by
suspension feeders, creating the highest densities at this particular grain size. In
contrast, deposit feeders reach their highest densities in muddy sediments; this is
due to the high organic matter content.

The absence of suspension feeders within silt-clay deposits can be
explained by the ‘trophic-group amensalism hypothesis’ (Rhoads and Young,
1970). Within this context, amensalism means that one population (suspension-
feeders) is inhibited whereas another (deposit-feeders) is not. The explanation
suggested for this hypothesis was that the unstable silt-clay cannot be colonised
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by larvae of suspension-feeders, because their gill structures would be rapidly
clogged by resuspended materials. Suspension-feeders, therefore, tend to favour
more sandy substrate with firm sediment, enabling their larvae to attach. This
latter substrate is not suitable for deposit feeders, as there is not sufficient food
to support them and locomotion is difficult on coarse-grained particles. Also,
suspension-feeders could destroy the larvae of potentially recolonising deposit
feeders. The hypothesis applies only to communities of the continental shelf,
however, where primary productivity is high and food is not limited to
suspension-feeders.

In a later study, it was found that suspension feeders increased along a
gradient of increasing silt-clay content (Young and Rhoads, 1971); this is in
direct contradiction with the aforementioned hypothesis. In this case, it was
argued that the tubes of a polychaete stabilised the sediment, allowing
suspension-feeders to colonise in large numbers. On the basis of these examples,
it may be deduced that sediment stabilisation by polychaete tubes is important in L'

structuring benthic communities.

2.5. Sedimentological Parameters

2.5.1. Moisture Content

The porosity or moisture content of sediment affects the packing of

particles and alters the erosion characteristics of intertidal flat deposits. Natural N
dewatering will decrease, therefore, sediment erodibility (Anderson, 1983).

Moisture content affects the cohesive strength of fine-grained sediments and,

likewise, the threshold erosion velocity of fine-grained sediments (Southard,

1974); this is because inter-particle bonding decreases with increasing moisture

content. For example, a decrease in moisture content in an estuarine mud by 5 %

or less, has resulted in an increase in the threshold erosion velocity by a factor of

1.5 to 2.0 (Young, 1977). Elsewhere, it has been also shown that decreasing the

moisture content increases the critical shear strength of cohesive channel deposits
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(Parthenaides and Paaswell, 1970).

2.5.2. Organic Matter Content

The presence of organic matter content can increase the cohesiveness of
sediments and, hence, their resistance to erosion (Young, 1977; Niedoroda et al.,
1981). For example, the organic carbon content in the Windsor mudflat (in
Minas Basin, Bay of Fundy) increases with decreasing grain size (Turk et al.,
1980); this is because the finer-grained sediment has a greater surface area,
which can support the growth of microorganisms. Offshore, it has been identified
that the presence of organic matter, with high moisture content and deformability
may be responsible for the ductile behaviour displayed by most slope sediments
(Busch and Keller, 1983). In this particular example, gravitational forces alone

were not sufficient to cause sediment failure at any of the slope locations.

2.5.3. Grain Size

The size of particles is an important parameter controlling sediment o
stability; as the grain size decreases, the cohesiveness of the sediment increases.
Clay particles (with diameters of less than 0.002 mm) are cohesive in character;
therefore, they stabilize larger grains through electrostatic forces between
adjacent grain surfaces. These forces are defined as inter-particle bonding. In

contrast, silt (diameter 0.002 - 0.063 mm) and sand particles (diameter 0.063 -
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2.000 mm) have the properties of non-cohesive sediments. In this case, the -
primary stabilising force is gravity (Niedoroda et al., 1981).
A relationship exists between the critical shear stress required to suspend
sediments and their grain size (Smerdon and Beasley, 1959). Interestingly, an
increased current velocity is required to entrain very small grains (Hjulstrom,
1939). To erode cohesive sediments, inter-particle bonds on the clay particles
must be broken down (Ariathurai and Arulanandan (1978). Subsequently, the
erodibility of cohesive sediment becomes a function of grain size. Decreases in

grain size will lead to an increase in the surface area between grains, which will
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result in stronger inter-particle bonds. Therefore, the critical shear stress needed
to erode a sediment increases with clay content. This assumption is valid,
however, only under certain conditions; beyond these, the critical shear stress
needed to initiate movement remains constant (Ariathurai and Arulanandan,
1978; Thorn and Parsons, 1980).

2.5.4. Sediment Density

Laboratory flume experiments have demonstrated that denser muds are
more resistant to erosion than less dense material (Thorn and Parsons, 1980;
Owen, 1977; and Allersma, 1982). Such experiments have shown that a bed of
sediment exhibits an increasing resistance to erosion, as the surface layers are
eroded away; this will cease, if the shear stress remains constant. By increasing
the applied shear stress, the erosion pattern will resume until a new equilibrium
is attained. These phenomena are associated with the density of the bed density.
On the basis of in situ studies, no relationship was established between
differences in erosion rates and changes in the bulk density of intertidal flat
sediments (Amos and Mosher, 1985).

2.5.5. Atterberg Limits

The Atterberg Limits describe the consistency of soils (or sediments),
related to the liquid limit, plastic limit and plasticity index of the soils (Terzaghi
and Peck, 1967). The liquid limit (L,) is defined as the water content (expressed
as a percentage of the dry weight) at which two sections of a pat of soil barely

touch each other, but do not flow together, when subjected in a cup to the impact

of the sharp blows from below (BS 1377, 1975). The plastic limit (P,) or lower
limit of the plastic state, is the water content at which the soil begins to crumble
when rolled out into thin threads. The numerical difference between the liquid
limit and the plastic limit is the plasticity index (I,). It has been shown, on the
basis of laboratory experiments, that greater critical shear stresses are required

for erosion at higher plasticity indices (Smerdon and Beasly (1959). Likewise,
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field measurements have shown that the clay content had a direct effect on the

plasticity of the sediments (Amos and Mosher, 1985).
2.6. Physical Parameters
2.6.1. Pore-Water Temperature

The temperature of water contained within deposits affects the strength of
cohesive sediments. As the temperature increases, the strength of the cohesive
sediment decreases; this is because the strength of inter-particle bonding
decreases due to the increase in temperature (Kelly and Gularte, 1981; Ariathurai
and Arulanandan, 1978). As a generalisation, therefore, warmer sediments may

be more easily eroded than those at lower temperatures.
2.6.2. Pore-Water Salinity L

The strength of cohesive sediments decreases with increasing pore-water

content and decreasing fluid salinity. The rate of erosion, at any given shear
strength, decreases as the pore-water salinity increases (Owen, 1977). In other o
cases, leaching salt from a clay has been found to reduce the strength of the clay E
by between 0.01 to 0.001 of its original value (Martin, 1962). Similarly, the
number of inter-particle bonds per unit area increases with increasing salinity and

decreasing water content (Kelly and Gularte, 1981). Elsewhere, it has been
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shown that the rate of erosion of sediments in fresh water is some 1.6 - 2 times R

greater than for saline marine waters (Mehta er al., 1982).

2.6.3. Subaerial Exposure Time

The strength of sediments has been shown to increase as the subaerial
exposure time increases. Hence, the amount of solar heating can affect the
stability of cohesive sediment (Dunn,1959; Kamphius and Hall, 1983).
Overconsolidated fine-grained sediment on mudflats have been identified as
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(probably) being affected by compaction, resulting from solar heating and
negative pore pressure due to falling water levels (Amos and Mosher, 1985).
Furthermore, Amos et al., (1988) showed that atmospheric conditions during
summer have a greater effect on the shear strength of intertidal flat deposits than
other biological/oceanographical controls (although this conclusion must be

modified on the basis of more recent studies (Amos, pers. comm.)).
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CHAPTER 3
EXPERIMENTAL SITE

3.1. Introduction

This Chapter reviews and describes previous scientific (oceanographical)
information concerning the area under investigation. The aim of the review was
to obtain as much information as possible related to biological (benthos,
phytoplankton), sedimentological (topography and bathymetry, distribution of
sediments, sediment transport patterns, rates of sedimentation) and physical
aspects (water temperature, water salinity, tidal characteristics, tidal currents and
waves) relating to the study area. These data will be considered also within the
context of the interpretation and discussion of the results of the present

investigation.

3.2. Location

3.2.1. The Study Area N

%
The study was undertaken at Solent Breezes, Southampton Water. Solent ' }
Breezes is an intertidal sandy mudflat situated between Southampton and = i;
Portsmouth (Figure 3.1); it is located at 50° 49.48’ N and 1° 16.42° W (Figure o
3.2). The site consists of sandy mudflats, approximately 200 m in width at low

water. The low tide area is covered by coarse-grained shingle, whilst the mid

low tide area (where the study was undertaken), consists of fine-grained sand

overlying silty clay deposits. Human activities, such as bait digging and

dredging, do not occur to any significant extent. Consequently, the area may be

regarded as ‘natural’. Solent Breezes is protected, by the Isle of Wight, against

storms approaching from the English Channel; it is, therefore, relatively
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sheltered and stable. The dominant biomass is the polychaete worm, Lanice
conchilega; this is densely distributed around the area, with its presence causing
the bed to be raised slightly above the surrounding sediment. The tidal range
over the area, referred to Chart Datum is as follows:

MHWS - MLWS : 4.5m - 0.8 m

MHWN - MLWN : 3.7m -2.0m
Three major rivers discharge into Southampton Water, above Solent Breezes:
River Test, River Itchen and River Hamble. The area is associated with high
tidal current speeds (for example, 2.2 cm s* to 43.5 cm s recorded near bed
and at the surface, during spring tide at the present investigation) and a double

high water, which is characteristics of the region (see also Section 3.5).

3.2.2. Regional Geology

The estuaries of Southampton Water and the Solent (including
Portsmouth, Langstone and Chichester Harbours) lie at the centre of the
Hampshire Basin (West, 1980). These are the latest of a series of shallow-water
bodies, which have existed since the relatively deep Chalk sea-floor was uplifted
about 65 million years ago. During the Palacogene (Eocene and Oligocene), a
wide variety of sediments (which frequently contain abundant plant and animal
remains), accumulated in the shallow seas, estuaries, lakes and lagoons. These
deposits now exist beneath and around the modern estuaries. After deposition, a
long phase of folding, uplift and erosion occurred during the Neogene (Miocene
and Pliocene). Then, during glacial phases of the Pleistocene, the valleys of the
local rivers were excavated to well below the present sea-level before being
finally flooded during the Flandrian Transgression; this created the modern

estuaries of the region.
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3.3. Biological Setting
3.3.1. Benthos

The Solent has, until recently, lacked any established marine laboratories.
Consequently, there is little published information available on the benthos,
compared with other areas like the Clyde and Plymouth (Thorp, 1980). Detailed
studies at particular locations and of species have been undertaken, however, by
the University of Southampton and other related establishments around the
adjacent regions. Some species have been found to be more abundant in the
Eastern Solent, whilst others occurred more frequently in the West (Fischer-
Piette, 1936). This distribution pattern may be due to the fact that on the basis of
temperature, salinity and substrate distribution, the Solent can be divided into
East and West basins (Crisp and Southward, 1958). On the basis of available ' ‘
published data, faunistic studies would appear to have been limited, for example, 3
to littoral studies on Langstone Harbour (Juniper, 1963; Alexander, 1969; Bone, |
1973; Thorpe, 1977), Southampton Water (Raymont, 1964; Holmes, 1971;
Esser, 1972; Barnes, 1973) and the Solent (Barnes et al., 1973).

3.3.2. Phytoplankton oo

Unlike the adjacent areas, such as Portsmouth and Langstone Harbour, o

photosynthetic processes in Southampton Water are dominated by planktonic

rather than benthic algae (Williams, 1980). In contrast to the adjacent coastal e
waters which have spring and autumn bloom, the seasonal cycle of phytoplankton

in the estuary is characterised by a single summer bloom. Blooms have been

observed to occur between May and July; they take either the form of a single

intensive bloom or a more protracted event (Raymont and Carrie, 1964; de Souza

Lima and Williams, 1978; Bryan, 1980). Concentrations of chlorophyll a vary

from about 1 - 2 ug I' during the winter months and 10 - 20 ug 1" during the

summer; this may exceed 40 pg 1" at the peak of the bloom. There is a decrease
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in the maximum concentrations of chlorophyll a, from mid-estuary towards the

sca.

3.4. Sedimentological Setting

3.4.1. Topography and Bathymetry

Within the Solent area, longshore sediment movement is common due to
the available coastal features (Dyer, 1980). Most of the estuaries and inlets have
well-developed spits, which have been derived mostly from material from local
cliff erosion (Figure 3.3); some small inlets have been sealed off completely.
Tidal deltas have formed at the entrances to Langstone and Chichester Harbours
whilst, in other places, the currents across the mouths of the inlets are too strong
for such deltas to be formed. Bars are present, however, across some of the
smaller inlets; this leads to a low volume of the associated tidal prism. There are
three main sub-tidal banks within the Solent system, which may have
considerable influence on the water circulation and sedimentation patterns; the
Solent Bank, in the West Solent; the Brambles Bank, centrally located at the
junction of the East and West Solent and Southampton Water; and the Ryde
Middle Bank, located in the deep channel to the south of the Brambles Bank
(Figure 3.4).

The localised bottom topography is important in the control of the
sediment transport ways and in determining the direction of transport (Dyer,
1980). In the West Solent, gravel waves or dunes occur extensively and are
typically 1 - 2 m in height and 10 - 20 m in wavelength (Dyer, 1971). In several
places, the asymmetry of the dunes shows that they are moving in opposite
directions on opposite sides of the channel. Similarly, they often change rapidly
in the direction of movements, over short distances.

Sandwaves of up to 7 m in height and 120 m in wavelength occur on the
Prince Consort Shoal (in Cowes), whilst at the entrance to Portsmouth Harbour,
there are small trains of asymmetrical sand and gravel waves (Dyer, 1980). The
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sedimentary topography of the East Solent consists of small irregular and
hummocky dunes, with narrow trains of sandwaves on the edges of the Banks
(Lonsdale, 1970). In Southampton Water, cohesive sediment (muds) furrows
were identified resulting from short periods of erosion followed by long periods
of deposition (Flood, 1981).

3.4.2. Distribution of Sediments

Four modes of sediments have been identified in the Solent: a gravel
mode at 16 mm (-4 &); a coarse sand mode at 0.35 mm (1.5 ®); a medium sand
mode at 0.17 mm (2.6 ®); and a clay which in a flocculated state has a fall
velocity equivalent to a grain size of 0.02 mm (5.7 ) (Dyer, 1980). Particle size
characteristics of different parts of the area are shown on Figure 3.5. The West
Solent is covered mainly by gravel containing various proportions of coarse sand
(Dyer, 1971), with the areas of symmetrical gravel waves containing higher
proportions of sand than those of asymmetrical waves. In shallow waters of the
northern part of the West Solent, the proportion of mud is high and extensive
tidal mudflats are present in the littoral zones. Within the inlets, therefore, mud
deposits are exclusively present.

The majority of the East Solent and the whole of Southampton Water are
covered with mud or sandy mud (Dyer, 1980). Although some of the muds
which infill the inlets may be derived from the rivers, the greatest proportion
probably originates from the sea and enters into the estuarine circulation. The
extent of the sandy gravel deposits appear to be a significant influence on
depositional processes in the Solent (Lonsdale, 1970; Dyer, 1971 and 1972a).
There is also a fairly clear relationship between mean grain size and the
maximum shear stress exerted by the tidal currents (Dyer, 1972b), with the

smaller sized material found under conditions of lower ambient currents.

3.4.3. Sediment Transport Patterns

Studies on the general circulation patterns of sediment in the Solent are
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based mainly on the transport pathways, asymmetry of the bedforms and other
sedimentary characteristics (Lonsdale, 1969; Dyer, 1971 and 1972a). In the
deeper water regions, there appears to be general movement of material into the
Solent from either end. Sands and gravels are transported eastward from
Christchurch Bay (in the west), by recirculating eddies into the deeper waters
from the beaches of Hurst Spit. The Solent Bank has probably been formed by
one of these eddies, forming a temporary resting place for sediment passing
towards the east. Gravel transport terminates off Cowes whilst coarse sand
appears to accumulate on the Prince Consort Shoal (Figure 3.4). The medium-
grained sand, however, moves in an anticlockwise direction, and accumulates on
the Brambles Bank (Dyer, 1969). Sand and mud enter also from the eastern end
of the region. Much of the sand appears to pass northwards into Hayling Bay,
with the majority of the remainder accumulating on the Ryde Sand. It seems that
the mud is deposited in the East Solent (i.e. offshore of Solent Breezes), it is
then carried into estuaries on the normal estuarine circulation and deposited

during the long high water stand. This process is probably enhanced by the phase
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lag between the currents in the Solent and those in the inlets (Dyer, op. cit.).
In the littoral regions and on the beaches, exposure to wave attack is of
paramount importance (Dyer, 1980). Gravel or bedrock are present on the
exposed coasts, whilst mud and sand occur on the rest. The configuration of the | ,
inlets mouths may have been adjusted, such that longshore transport is towards
the inlet on both sides. Thus, the coarser sediment is swept outwards along the

entrance channel; in some cases, it may recirculate onto the beach. In the West

e A s et et b - A - o e n

Solent and on the northern side of the East Solent, the predominant longshore
transport direction is towards the east, resulting in some of this material reaching

deeper waters (Figure 3.2).

3.4.4. Rates of Sedimentation

Only limited documented data on rates of erosion are available. However,
additional information could be obtained by studying the available charts and
Ordnance Survey maps. Such an analysis has revealed that the cliffs at Barton in
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Christchurch Bay have been receding at 1 m y™ since 1895, which would
constitute a volume of material in the range of 10° m® y! entering the Solent/
Christchurch area (May, 1964).

Based upon divers observations averaged over several days, it was recorded that
bedload transport of sea features off Stansore Point (Figure 3.4) achieved rates of
8 X 10°% g cm™! s with a mean value of 8 X 107 g cm™? s'. However, cross
channel transport rates may be much lower, because these values may represent
only small variations in a larger pattern of movement. Transport rates recorded
from the movement of sand waves in Prince Consort Shoal were 1 -4 X 10° g
cm? st (Dyer, 1969).

In terms of suspended sediment movement, surface and mid-depth concentrations
ranged from 2 - 50 mg I in Southampton Water (at high tide over an 18 month
period) (Head, 1969). Highest values occurred at mid-depth at the mouth of the
estuary, whilst the lowest concentrations were measured during the summer. A
turbidity maximum is probably present in Southampton Water; this may occur
also in other inlets with a sufficiently intense estuarine circulation.

Deposition rates of 2 - 6 mm y’ have been calculated semi-empirically for
Southampton Water (Dyer, op. cit.).

3.5. Physical Setting

3.5.1. Water Temperature

Water temperature variations throughout the Solent and Southampton
Water are controlled by various processes, including: solar heating and
evaporative cooling of the sea water brought in by tidal currents; the mixing of
sea water with river water at a different temperature; the thermal effects induced
by the periodic contact of sea water with intertidal mudflats; and the warming
produced by discharges from industrial outfalls (Carr et al., 1980). In the Solent,
distinctive temperature contributions are provided by river and outfall discharges
and intertidal mudflats. In Southampton Water, the combined river flow from the
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Rivers Test and Itchen reaches a maximum of about 28 m® s in late winter,
declining to a minimum of 14 m® s in summer; the flow of River Hamble is
negligible. These river flows, however, are much smaller compared with the
tidal flow into the estuary, which reaches a maximum of about 7500 m® s on
spring tides. The river water is cooler than the sea water in winter and warmer
in summer; its annual mean temperature (10.9 °C) is significantly lower than the
Solent waters (12.0 °C). Salinity measurements show that in the upper reaches of
Southampton Water, the river water is mixed with about 10 times as much sea
water. Such mixing produces a natural local seaward increase in temperature,
which has an annual mean value of about 0.1 °C (Jarman and de Turville, 1974).
Larger differences occur as a result of seasonal and daily variations in weather
conditions, tidal range and river flow.

The adjacent intertidal mudflat may influence the temperature of
Southampton Water. It has been indicated elsewhere that, at the mouth of the
River Beaulieu, an increase in the intertidal mud temperature (of 7 °C at 1 cm
depth and 1.6 °C at 10 cm, over a 3 day period in June with diminishing cloud
cover and more direct insolation), resulted in river water temperatures increasing
by 3 °C close to the shallow water areas around high water slack. Thermal
discharge from industrial waste heat may also increase the water temperature in
Southampton Water and the West Solent. In a theoretical study of this effect, it
was estimated that approximately 60 % of the heat discharged is dissipated by
evaporation within Southampton Water: the remaining is conveyed into the Solent

by tidal action (Jarman and de Turville, 1974).

3.5.2. Salinity of the Waters

Salinity is an important physical parameter controlled by the hydraulic
conditions within an estuary and the freshwater inflow (Webber, 1980). Spatial
and seasonal variations of salinity can be used as the basis for the calculations of
turbulence exchange and estuarine circulation; these are relevant to the dispersion
of contaminants or heated waters (Jarman and de Turville, op. cit.). Southampton

Water is a partially mixed estuary; however, its salinity structure depends very
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much on the tidal state and, to a lesser degree, the seasonal cycle in freshwater
flow. Minimal stratification occurs at high water and the surface salinity
normally exceeds 30 %o at Dock Head, during summer and autumn.
Consequently, the surface salinity at low water at Calshot may fail below 30 %o
in the wetter months and: at such times, stratification is increased considerably.
The vertical difference in salinity at the seaward end of the system ranges
typically from 0.5t0 2 - 3 %o

3.5.3. Tidal Features

The tidal features which occur in the Solent area are some of the most
complex in the world. The tidal characteristics of the English Channel are the
controlling factor with respect to the Solent. High water in the eastern region
occurs at about the same time as low water at Penzance, whilst the range is at a
minimum half-way along the Channel in the vicinity of Poole Bay. This pattern
indicates a degree of resonance with the semi-diurnal oceanic tide, with the
natural oscillation period of the English Channel being about 10 hours. Although
the tidal range to the west of Isle of Wight is relatively small, there is
considerable water movement with maximum currents of 2.5 knots (1.29 m s™)
or more. In regions in the vicinity of a nodal (tidal) point, where the amplitude
of the semi-diurnal (M2) constituent is weak, combination with a powerful
shallow-water constituent (M4) is liable to result. Subject to favourable phase
differences, this interaction may result in double high or double low waters.

There is an east to west gradient in this water surface, commencing at
about two hours before high water at Portsmouth, such that the ebb is running
fast whilst water levels within the system are still rising. A reversal to a west-
east gradient occurs at a corresponding, but shorter, time before low water at
Portsmouth. Surface tidal streams in the West Solent are much higher (up to 4
knots)(2.06 m s?) than in the East Solent (up to 2.5 knots)(1.29 m s?) and the
open waters of Spithead and beyond; this is due to the closer proximity to a tidal
node and the smaller cross-sectional area of the channel (Hydrographer of the

Navy, 1974). Several studies have been undertaken on flow conditions in the
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West Solent (Dyer and King, 1975; Blain, 1980). Maximum ebb and flood flows
at Hurst Narrows during a typical spring tide were found to be 59,000 and
36,000 m® s, respectively. The mean flow was estimated at 1400 m* s, from
east to west, depending on meteorological influences (which sometimes reverse
the flow direction).

Generally, in the Solent region, there is a long period of ‘still stand’
around high water; this extends to about 3 hours. Consequently, the ebb period is
shortened to around 4 hours, instead of the customary 6 hours. The flood is of
normal duration, but there is an intermediate stand of about an hour,
commencing approximately 2 hours after low water. In consequence, contrary to
normal estuarine behaviour, the ebb currents are more rapid than those on the
flood. This mechanism provides, therefore, a beneficial flushing of silts and
contaminants towards the sea. As with tidal flow elsewhere, the location of the
dominant ebb and flood currents may vary due to the influence of the bottom
configuration. In the case of the tidal curve for Southampton, these
characteristics have been accentuated and the double high water is pronounced. A
harmonic analysis of this curve shows that it is composed of many shallow-water
constituents, whilst the sixth diurnal (M6) rather than the quarter diurnal (M4)
component is an important factor in controlling the second high water (Doodson
and Warburg, 1941). This phenomenon may be due, in part, to some resonance
effects within Southampton Water itself. The unique shape of the Southampton
Water tidal curve demonstrates how the combination of various influencing
factors makes the Solent tidal regime one of the most complex and difficult to
explain in the world.

The tidal prisms for the Solent (Hurst Narrows to Ryde-Gylkicker)(Figure
3.4) have been estimated at 540 X 10% and 270 X 10° m® for a typical spring and
neap tide, respectively (Blain, 1980). Of these total volumes, Southampton Water
contributes about 20 %. The volume of water entering and leaving the West
Solent (at Hurst Castle) is estimated at 900 X 10° m® for a typical spring tide,
and 550 X 10% m?® for a typical neap tide. Corresponding volumes for the eastern
entrance (Ryde-Gylkicker) are 650 X 10° m® and 430 X 10° m® respectively.
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3.5.4. Tidal Currents

The tidal conditions within the Solent and Southampton Water are known
to be complicated, with a tidal range that can reach 5 m at Southampton (Dyer,
1980). The currents which occur within the Solent are dominated by the differing
tidal amplitudes and phases at either end. The currents change direction before
high or low water, even though they are following a smooth tidal curve.
Generally, there is only a short period of slack water during the tidal cycle and
the currents are almost symmetrical. In contrast, slack water within Southampton
Water and the other inlets coincides with high or low tides, together with
complicated effects due to a double peak on the flood tide and a double high
water at spring tides (see above). These factors produce a fast ebb flow of short
duration and a slower extended flood flow: there is a long period of slack water
at high tide. The maximum speed of surface currents exceeds 2 m s’ in the West

Solent and 1.5 m s in the mouths of the inlets, such as Portsmouth Harbour.

3.5.5. Waves

The coastlines are exposed to wave action which is generally from a SW
or SE quarter due to the sheltering effect of the Isle of Wight. The Solent
consists of comparatively sheltered waters, although there are considerable
variations in wave conditions depending upon the geographical setting (Webber,
1980). For instance, the regions exposed to waves from the English Channel
(such as in the western entrance in the vicinity of the Needles or at the eastern
end of the Spithead), can, on some occasions, receive extreme waves according
to the wind direction. The maximum wave height registered in Poole Bay, during
a 4 year period, was 8.8 m (Henderson and Webber, 1977). At Lee-on-Solent
(Figure 3.1), a maximum significant wave height of over 1.2 m has been
observed on a number of occasions during the autumn or winter months
(Russell, 1974). Here, there is a high likelihood of significant waves with a

height of up to 0.6 m occurring at any time of the year.
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CHAPTER 4
INSTRUMENTATION AND METHODS

4.1. Introduction

This Chapter describes the instrumentation and methods used in the
present investigations, during both the field (sampling) and laboratory
experiments. The instrumentation used in the field consisted of: a shear vane, for
measuring shear strength of surficial sediment deposits; supporting field
equipment, for monthly collection of biological and sedimentological samples; an
accretion/erosion gauge, for measuring monthly accretion and erosion; and a
velocity gradient rig, together with an inflatable rubber boat, for measuring
velocity profiles over the intertidal flats. Equipment used in the laboratory
consisted of: an X-Ray System, for obtaining X-Ray photographs of sediment
composition; metal ceramic X-ray tubes, for measuring sediment density; and a
(Malvern) Particle Sizer, for measuring grain size diameters and their
distribution. In addition, glass containers were used for laboratory experiments

on the shear strength of the sediments.

4.2. Field and Laboratory Instrumentation
4.2.1. Shear Vane

Since 1918, the shear vane has been used for determining the in situ shear
strength of saturated clay; however, it was accepted generally as an alternative to
the triaxial tests (see Section 2.2.1) on undisturbed samples from boreholes and
pits (Serota and Jangle, 1972). In 1966, initially for the sole purpose of assessing
the shear strength of cohesive soils, the same investigators devised a pocket-size

vane for rapid readings. This early instrument had two limitations: firstly, the
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right-angled corners of the vane tended to round off; and, secondly, the
instrument readings were in angular measures, which had to be converted into
shear strength using a calibration chart.

Inspired by the fact that the instrument was providing more consistent
results than the laboratory triaxial test, a thorough investigation and development
programme was undertaken; this was to determine how accurately the vane could
be rated and to improve its scope and precision, either as a field or laboratory
instrument (Serota and Jangle op. cit.). In the study, special attention was given
to: the torque-deflection characteristics; the effect of the rate of application of
torque; the reproducibility of the results; the optimum number and size of vanes,
to provide the most useful working range for a single torsion head; calibration of
each vane against remoulded clays of known strength; testing the performance
using undisturbed samples; and eliminating the need for a calibration chart. As a
result, a well-developed shear vane was created (Figure 4.1), which is used now
extensively in soil mechanics and oceanographic investigations. In the system
devised, the inner end of a steel helical spring is held in a central spindle
carrying the vane rod; the outer end is attached to the aluminium casing.

In operation, the vane is pushed into the soil/sediment and the torsion
head is rotated at a constant speed. The torque is registered by the movement of
a ‘maximum’ pointer, from a factory set zero; this has been shown to be
virtually proportional to the applied shear stress for each vane size.
Reproducibility tests showed that the vane produced deviation of less than one

per cent, in two readings out of three (in practice the average of three readings is

acceptable unless one of the readings shows a significant deviation). The shear

strength readings obtained are expressed in KPa (Kilo Pascal).

4.2.2. Supporting Field Equipment

Equipment required for monthly sampling, in addition to the shear vane,
consists of: (a) a plexiglass core, of 6 cm inside diameter and 20 cm long for
collecting benthic macrofauna samples from the intertidal flats; (b) a sieve, with

inside diameter of 19.5 cm and mesh size of 500 um, for determining individuals
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samples randomly (by throwing the sieve and collecting the samples from where
it fell); and (c) plastic bags, for carrying the sediment/faunal samples to the
laboratory.

4.2.3. Accretion/Erosion Measurements

The instrument devised was constructed from a small PVC pipe (60 cm in
length) with 1 cm scale interval; this was fixed firmly to a flat PVC board (20
cm X 30 cm). The system was buried some 30 cm into the sediments. The level
of surface sediments was recorded monthly (by measuring the level of the surface
sediment against the scaled-pipe), at the time of sampling, in order to establish
accretion and erosion rates. The instrument did not cause any significant
localised scour.

4.2.4. Velocity Gradient Rig

Velocity profile measurements were undertaken using a velocity gradient
rig, and a direct reading current meter deployed from inflatable rubber boat. The
currents were measured using the "Braystoke" BFM 001 Meter (supplied by
Valeport Marine Scientific Ltd, Devon). The meter has been designed for use in
fresh, salt or effluent waters. The horizontally-mounted rotor can be used with
wading rods, hand suspended or with a cableway system. It is designed to
measure accurately water velocity in open channels, with flows varying from
0.03 metres/second to in excess of 5 metres/second. Calibration of the meter has
been established by Hydraulics Research Limited (UK) to British Standard
BS3680 (Part 8A) (1973). The group calibration used is +/- 1.5 % of measured
velocity; this has been confirmed by other research institutes, in tow tank tests.

4.2.5. X-Ray System

A dual cabinet Faxitron X-Ray System was used to obtain radiographs of
the sediment cores. The model (Hewlett-Packard Model 43855B); is a self-
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contained, radiation-shielded cabinet X-ray system; this is designed to give high
resolution of small to medium size objects of all types. This is a facility shared
between the Departments of Oceanography and Geology, at the University of

Southampton.

4.2.6. Particle Size Analysis

In order to establish the grain size distribution of the sediment samples,
the Malvern Laser Diffraction Particle Sizer was used (at the Department of
Earth Sciences, University of Cambridge). The Malvern Sizers provide a
complete range of measurement systems, for the analysis of particle size
distributions within the range of 1 - 1800 microns. Depending upon the
instrument type and appropriate sample handling, the instrument can measure the
size distribution by volume (weight) of: solids in liquids; solids in gases; gases in
liquids (bubble sizing); liquids in liquids (i.e. immiscible liquids, emulsions etc.).
The layout of the instrument is shown on Figure 4.2. The accuracy of the
measurements are +/- 4 % on volume median diameter measured by an
approved technique using a Diffraction Reference Reticule.

The instrument utilises the principle of the diffraction of (laser) light from
the particles. A low power visible laser transmitter produces a parallel,
monochromatic beam of light; this illuminates the particles, through the use of an
appropriate sample cell or other measurement technique. The incident light is

diffracted by the illuminated particles to provide a stationary diffraction pattern,

regardless of particle movement. As the particles enter and leave the illuminated
area, the diffraction pattern evolves (always reflecting the instantaneous size
distribution in this area). Thus, by integration over a suitable period and using a
continuous flux of particles through the illuminated area, a representative bulk
sample of the particles contributes to the final measured diffraction pattern.

A Fourier transform lens focuses the diffraction pattern onto a multi-
element photo-electric detector, which produces an analogue signal proportional
to the incident light intensity. This detector is interfaced directly to a computer,
which reads the diffraction pattern and performs digitally the necessary
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Figure 4.2. The Malvern Laser Diffraction Particle Sizer System

(from Malvern Instruments Particle Sizer Reference Manual, 1987)

integrations. Having measured a diffraction pattern, the computer software
applies a non-linear ‘least squares’ analysis, to establish the size distribution to
provide the most closely fitting diffraction pattern. The form of analysis used
most regularly is the "Model Independent” size analysis, which is able to
measure multimoded particle sizes with high resolution. Additional options are
available, however, to analyse the size distribution as a two parameter analytical
function; these are the Rosin-Rammler, the Log-Normal and Normal functions.
Such analytical approaches are generally used only in measurement situations
where the resolution of size information is sacrificed, to result tolerance under

highly variable measurement conditions (such as may arise in unattended process
control).
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4.3. Field Measurements

4.3.1. Biological Methods

The biological field sampling approaches included (see also Section 4.3.2
(below)): (1) determination of the area to be sampled randomly, using a sieve of
inside diameter 19.5 cm; (2) establishing the Lanice tube density within that area;
and (3) the collection of sediment samples, to a depth of 10 cm (using a
plexiglass core of diameter 6 cm), for the analysis of macrofauna in the
laboratory. The sediment samples were placed in labelled plastic bags. On each
sampling occasion, at least 10 to 30 sample cores were collected from the
intertidal flat; this was to establish an average value for each particular sampling
occasion. Samples were collected on a monthly basis, during low tide, over a
period of 28 months. Each (biological) field sampling exercise required some

three hours of field work.

4.3.2. Sedimentological Methods

The sedimentological field sampling approaches which were utilised
included: (1) determining the area to be sampled, using a sieve of inside diameter
19.5 cm (as above); (2) counting the Lanice tube density within that area (see
Section 4.3.1); (3) taking 3 in situ measurements of bed shear strength (at each
location), using the shear vane apparatus; (4) collecting sediment samples from
the top few millimetres of the deposits (placed in labelled plastic bags, for the
analysis of mean grain size, sample composition, moisture content, and organic
matter content in the laboratory). Only the upper few millimetres are being
sampled, because the resistance to erosion is controlled mainly at the sediment-
water interface. To measure the shear strength, the shear vane probe was inserted
into the sediment deposits up to a depth of 5 cm; it was then rotated until shear
occurred. Measurements were recorded directly from readings taken from the
shear vane, in KPa (Kilo Pascal). At least 10 sediment samples were collected
during each sampling occasion, for the analysis of physical properties. Surface
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pore-water temperature and salinity were measured in situ. The temperature was
measured using a mercury thermometer; the salinity was measured using a
refractometer.

For the measurement of erosion and deposition, a small PVC pipe (60 cm
in length) was fixed firmly to a flat PVC board (20 cm X 30 cm); this
instrument was buried some 30 cm into sediments. The level of the surface
sediments was recorded monthly, at the time of sampling, in order to establish
erosion and deposition rates. Finally, during each of the sampling occasions,
visual observations were obtained of the ripple wavelength and the presence of

any algae on the sediment deposits.
4.3.3. Velocity Profile Measurements

Velocity profile measurements were obtained using the velocity gradient
rig and direct reading current meter deployed from an inflatable rubber boat (see ]
Section 4.2.4). The rig was fixed vertically to the sea bed, using three guy ropes |
which were tied to steel poles. The poles were inserted some 50 cm into the
sediment. The rig was then connected to a digital meter on the boat. The five
sensors of the rig were positioned (logarithmically) at 9 cm, 23 cm, 43 cm, 83.5 o
cm and 153.5 cm, respectively, above the sea bed. The corresponding In (natural ! , |
logarithm) of these values are: 2.2 cm, 3.1 cm, 3.8 cm, 4.4 cm and 5.0 cm -
respectively. With the control unit linked to the flow meters, via the cable | iR
supplied, the current speed was recorded every 15 minutes over 300 seconds. To

establish the flow velocity, from the time and pulse counts measured by the

p——"

control unit, a value of N (revolution per seconds) must be derived:

N=-2 4.1)
T
where P = pulse count and T = time (in seconds).
The velocity, in metres per second, was obtained then from a calibration chart
supplied by the manufacturers. Surface water waves were observed every 15

minutes, using a vertically-scaled rod and a stop watch. The directions of the
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waves and winds which prevailed during the survey were mostly towards the

coast i.e. from SE to NW. The latter were obtained visually using a compass.

4.4. Laboratory Procedures

4.4.1. Biological Methods

The samples collected were sieved through a sieve of 500 um diameter.
Organisms retained by the sieve were fixed with a 40 % formalin solution and
stained with phloxine B (C.I. No. 45410), within plastic bags. The samples were
then washed into a white tray, so that the stained organisms could be easily
removed. These organisms were stored initially in 70 % alcohol; they were then

identified to species level (if possible), counted and stored again in 70 % alcohol.
4.4.2. Sedimentological Methods
(a) Moisture Content

The moisture content of a sediment is referred to as the amount of water
contained within a porous sediment. To determine the moisture content, the
sediment is placed in a pre-weighed crucible (M,) and the weight of the crucible
and the sediment is recorded (M,). The sample is then placed in the oven, for 24
hours at 70° C. After the sample is completely dry, the weight of the crucible
and the dry sediment is recorded (M;). The moisture content expressed as a
percentage of the dry soil mass (BS 1377, 1975) is calculated from:

M, - M) X 100% 4.2)
M; - M)
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(b) Organic Matter Content

About 3 - 4 g of dry samples were placed into a small pre-weighed
crucible (C). The weight of the sample and the crucible were then recorded (A).
The sample was placed in a muffle furnace, at 550° C, for 24 hours; this was to
ensure that all the organic material was burned off completely. The crucibles
were placed then in a desiccator, until cool enough to weigh (B). The total

organic matter content was calculated as follows:

O = “ -5 X 100% 4.3)
4 -0

(c) Overall Sample Composition

To determine the composition of the sediment samples, they were first
dried completely i.e. for 24 hours in the oven, at 70° C. The dried samples were
divided using a splitter (majority of the samples were used for composition |
analysis and 100 g were kept for grain size analysis). This was done because the
grain size analysis could not be undertaken immediately. The samples were then
sieved through a series of sieves (2000 um, 1000 ym, 500 pum, 250 um, 125 pm,

and 63 um) in order to determine the percentages of silt/clay, sand, and gravel. | N

(d) Grain Size Distribution

S ki e

The grain size analysis was performed using The Malvern Laser
Diffraction Particle Sizer (see Section 4.2.6). About 2 g of sediment taken from
the sub samples (described in Section 4.4.2.c above) was placed into the
container of a stirrer, which was filled with water up to 75 % of its capacity.
The container was connected to the Sizer and a computer, then the measurement
was undertaken using 600 mm lens. Each sample required about 75 seconds to
complete. The results were then analysed using a specially-developed computer

programme, in order to obtain the mean, sorting and skewness of the samples.
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(e) Sedimentary Structure

The structure of the sediments was obtained by obtaining X-Ray
radiographs of the 16 cores samples (Section 4.2.5). In order to det<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>