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ABSTRACT 

Laboratory and field studies v/ere carried out to determine the effect of biofilms 

on sediment erodibility. The effect of growth and carbohydrate production of the diatom, 

Nitzschia curvilineata, on sediment erodibility was explored in the laboratory. Sediment 

chlorophyll and bulk carbohydrate concentrations were negatively correlated with erosion 

rate. An increase in bulk carbohydrate content was observed at the end of exponential 

phase of growth. An increase in eroded aggregate size was observed with age of biofilm 

suggesting an alteration of biofilm microfabric through carbohydrate production. The 

critical shear velocites obtained for the base of the biofilm were greater than those 

obtained for the surface, suggesting an increase in strength of the biofilm with depth. 

An in situ flume (Sea Carousel) was deployed at stations along a transect in 

Upper South Cove, Nova Scotia and in Manitounuk Sound, Quebec, to examine the 

relationship between the biofilm components and sediment erodibility. In Upper South 

Cove, erosion thresholds and rates correlated with sediment chlorophyll and colloidal 

carbohydrate content. Erosion rate may be a more impor'ant index of sediment erodibility 

than erosion threshold, since erosion rates varied by a factor of 7 along the station 

transect while U,^, varied by a factor of 2. In Manitounuk Sound, variations in the 

physical sediment properties along the station transect were greater than the biological 

sediment properties, rendering the physical sediment properties more sensitive indicators 

of sediment erodibility. Erosion rates were correlated with many of the sediment variables 

influenced by the increase in hydrodynamic energy seaward through the Sound. 

xv 
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CHAPTER ONE 

General introduction 

1.1 Introduction 

Diatoms play a significant role in the stabilization of marine sediments (Holland et 

al, 1974; Grant et al, 1986a, 1986b; Paterson et al, 1990; Madsen et al, 1993) 

Mucopolysaccharides, which are secreted by benthic diatoms for purposes of attachment 

and locomotion (Harper, 1977; Edgar and Pickett-Heaps, 1984), form connective strands 

between sediment grains and, therefore, contribute to inter-grain binding (Frankel and 

Mead, 1973; Grant et al., 1986b; paterson, 1989). Sediment cohesion increases as 

mucopolysaccharides, laid down by actively migrating diatoms, eventually fill interstitial 

voids and form a complex matrix in the diatom-inhabited surficial layer (Paterson, 1989) 

These extensive mucilage networks or "biofilms" reduce bottom roughness and surface 

frictional drag (Landahl, 1972), thereby reducing the susceptibility for erosion. 

Population explosions of benthic diatoms that occur in both intertidal and subtidal 

settings of cohesive and non-cohesive sediments (Round, 1971; Cupp, 1977; Baillie and 

Welsh, 1980, Anderson, 1983; Paterson and Underwood, 1990) will alter erosion 

thresholds of sediments and reduce both the magnitude and frequency of resuspension 

events (Neumann et al., 1970; Scoffin, 1970; Holland et a\, 1974; Grant et al, 1986b). 

This reduction in resuspension rates will have a great impact on diatom-related processes 

at the sediment-water interface, the advection of pore-water nutrients from the sediment 

to the overlying water column (Grant and Bathmann, 1987; Simon, 1989; Floderus and 

Hakanson, 1989), the availability of particulates as food for suspension feeders (Baillie 
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and Welsh, 1980; Grant et al, 1990; Shaffer and Sullivan, 1988; Frechette and Grant, 

1991), and the sedimentary processes affecting coastal engineering projects (Amos et al, 

1992c). 

Mucopolysaccharide secretion has a broader functional significance than that of 

locomotion. An increase in sediment stability associated with the formation of a mucilage 

matrix will create a more stable habitai. for diatoms and allow certain physiological and 

obligate reproductive requirements to be met. A stabilized sediment column may be 

exploited by diatoms as they migrate to the water-sediment interface to capture light for 

photosynthesis and then to the underlying nutrient-rich sediment to undergo heterotrophy 

(Lewin and Lewin, 1960). Downward migration will also prevent seaward drift of 

resuspended cells during ebb tide (Heckman, 1985). Another selective advantage of 

creating a stabilized sediment layer is the availability of a substratum to allow for 

locomotion and a greater probability of cell-to-cell contact. Fusion of non-motile gametes 

during sexual reproduction of pennate diatoms depends on cell-io-cell contact, and it 

must occur once diatom cell diameters reach one-third of their original size in order to 

restore a functional cell surface-area-to-volume ratio (Drebes, 1977, Round, 1982; 

Malone, 1980). 

The interaction of growth and behaviour with physico-chemical variations 

influences sediment stability in complex ways that are difficult to predict (Jumars and 

Noweil, 1984). Other factors influencing sediment stability include wave and ice loading 

(Gordon and Desplanque, 1983), sub-aerial exposure (Amos et al, 1988; Paterson et al, 

1990), bacteria (Grant and Gust, 1987; Grant and Bathmann, 1987), macrophytes 
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(Neumann et al, 1970), animal tracking, peptization, bioturbation, and remoulding 

(NowelU/a/., 1981; Jumars <?/a/., 1981; Grants al, 1982), worm tubes (Eckmane/a/., 

1981), seagrasses (Fonseca, 1989), and properties of the eroding fluid (Amos et al, 

1992b). In order to identify these attributes as stabilizing or destabilizing, they must be 

delineated and tested. 

This thesis focuses on the relationship between the characteristics of diatom 

biofilms and the erodibility of subtidal sediment. Chapter 1 outlines the general 

introduction and methods used in the various chapters. Chapter 2 examines the effect of 

growtn and carbohydrate production of the epipelic diatom Nitzschia curvilineata, on 

the erosion thresholds and erosion rates of sediment in a laboratory system. Factors 

affecting the erodibility of natural sediment are examined in Chapter 3 (Lunenburg Bay) 

and Chapter 4 (Hudson Bay). Chapter 5 consists of a general discussion including a 

comparison of the factors affecting the erodibility of subtidal sediment between a 

temperate (Lunenburg Bay) and a hemiarctic environment (Hudson Bay). 

1.2 Background on the definition of sediment erodibility 

Erodibility has been defined in terms of both erosion threshold and erosion rate 

(Amos et al, 1992c). However, the definition of erosion threshold varies between 

investigations, since several descriptions of sediment movement/transport/resuspension 

exist in the literature. The use of these various erosion thesholds depended on the 

sediment type examined or method employed. For example, the erosion threshold of 

sediment has been defined as the critical shear velocity when (1) ten or more mineral 
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grains moved at the same time (Heizelmann and Wallisch, 1991), (2) both attached and 

organic material and mineral grains were moved (Madsen et al 1993), and (3) 

resuspended sediment leads to a substantial reduction (> 30 %) in light transmission 

(Paterson, 1989). Other investigations described four distinct stages of erosion of (1) the 

response of a biofilm exposed to stress induced by a flow-through flume (Grant et al, 

1986a) or of (2) the response of a "bubble" mat exposed to stress induced by a Cohesive 

Strength Meter (Yallop et al, 1994). 

A standard approach to the determination and expression of erosion thresholds 

does not exist. For example, Paterson (1994) noted that erosion thresholds ha^e been 

reported in terms of (1) rpm of a stirring mechanism (Holland et cl, 1974), (2) angular 

velocity (de Jonge and van den Bergs, 1987), (3) bed shear stress (Amos et al, 1992c), 

(4) shear velocity (Grant et al, 1986a; Madsen et al, 1993), and (5) resuspension of 

sediments (Manzenrieder, 1983). Also, the application of a single definition or description 

of sediment movement has been inconsistently applied to a wide variety of sediment types 

including sand to organic rich mud. Stabilization coefficients (Holland et al, 1974; Grant 

and Gust, 1987; Paterson, 1994), defined by the ratio of erosion thresholds of biotic 

sediments to that of abiotic sediments (controls), have been used in order to compare 

erosion thresholds across investigations involving a wide range of sediment or biofilm 

types and methodologies (Paterson and Daborn, 1991). 

Sediment erosion values reported in the literature varied depending on the 

methodology employed or on the non-standardized definition of sediment erosion applied. 

Several methods were employed in this thesis to determine erosion thresholds and are 
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outlined below. Since biofilms may alter both erosion thresholds and erosijn rates of 

sediment, the quality (erosion type) and quantity (net erosion rate) of erosion rates of 

sediment were also considered. The following sections (1.3 and 1.4) outline the methods 

of analysis in determining erosion thresholds and rates that are common to all chapters 

1.3 General methods 

1.3.1 Determination of erosion thresholds 

One way to remove the subjectivity of describing erosion would be to correlate 

qualitative (observation) and quantitative (extrapolation) approaches to defining critical 

shear velocity, U.mt (nvs"1). Below is an outline of both qualitative and quantitative 

methods used in this thesis to determine U.mt values of the various stages of sediment 

erosion. In general, the erosion experiments consisted of step-wise increments in flow 

velocity over sediment cores (Chapter 2) and natural sediment (Chapter 3 and 4). 

Video observations: Super VHS video records of both the laboratoiy (Chapter 2) 

and field (Chapter 3) erosion experiments were used to determine U.^, values for (1) the 

detachment of a particle, (2) the detachment of 10 particles simultaneously, (3) the 

detachment of various sized, flake-shaped aggregates, and (4) the onset of ripple 

migration. 

Extrapolation method: Shields (1936) determined U.^, by extrapolating back to 

the point of zero discharge of SPM on a plot of SPM vs. shear velocity. However, the 

method of extrapolation was not clear (Lavelle and Mofjeld, 1987). In this thesis, the 

U.mt values were derived from the SPM vs log U. plot. The SPM curve was extrapolated 
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back to the point of zero concentration of SPM. U.^, was determined as the x-intercept 

of a regression analysis of SPM vs log U.. The relationship between SPM and U. was 

assumed to be a logarythmic function. 

Digitization method: As described in Chapter 2, the diatom, Nitzschia 

curvilineata, was incubated on diatomaceous earth and the biofilm-sediment cores were 

eroded at successive stages of biofilm growth. Digitization of the exposed area of the 

underlying white diatomite after the release of the golden-brown diatom-mat aggregates 

was performed from frozen video frames using the software package OPTIMUS. U.ml 

was determined as the U. value at which the smallest visible area of underlying sediment 

was exposed upon aggregate erosion. This analysis is used in Chapter 2 only and 

determined U,mt for the base of the biofilm. 

1.3.2 Determination of erosion rates 

Two types of erosion exist, Type I and Type II. Type I erosion is characterized by 

an initial erosion peak that occurs within 40 seconds after the current speed has increased 

and is followed, 20 to 40 seconds later, by rapid exponential decay of the erosion rate 

(Amos et al, 1992c). Type II erosion remains constant with time and occurs along planes 

of weakness parallel to the sediment surface which are controlled by the microfabric of 

the sediment. Net erosion rates were also calculated to determine spatial trends along 

transects impacted by directional gradients that occur in estuaries. 
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1.4 Sample volume as a reference for sediment measurements 

Microbial abundance measurements in sediment have commonly been 

standardized by sediment dry-weight (Krumbein, 1971, Cadee and Hegemann, 1977, 

Mayer 1989, Underwood and Paterson, 1993 a, Yallop et al, 1994) or by sediment 

surface area (Hargrave 1972, Dale, 1974) However, microbes may not always nave a 

close association with reference values such as sediment dry weight or surface area For 

example, Wachendorfer et al, (1994b) found that the number of microbes inhabiting the 

pore space in sediment can be greater than those associated with the sediment surface 

Similarly, epipelic diatoms could have minimal association with reference values such as 

sediment dry weight or surface area, since epipelic diatoms exhibit strong rhythmic 

vertical migrations between sediment grains, relative to their counterparts, the 

epipsammic diatoms, which usually remain firmly attached to sediment grains Epipelic 

diatoms tend to be significantly larger than fine jediments since these diatoms can be up 

to 500 u in length, further reducing any association between epipelic diatoms and particle 

surface area Madsen et al, (1993) have shown that this motile epipelic fraction of 

diatoms serves as a better indicator of sediment stability than total biomass of chlorophyll 

Therefore, the standardization of this motile diatom fraction by sediment dry weight may 

dilute this signal and reduce its sensitivity as a predictor of sediment stability 

Figure 1 1 shows profiles of sediment chlorophyll concentratior f stations 

located on a transect across Manitounuk Sound The chlorophyll concentrations of the 

subtidal stations standardized to sediment dry weight were greater than those 

standardized to sample volume, while at the low intertidal station the chlorophyll 
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Figure 1.1: Vertical profiles of chlorophyll concentrations at 4 stations 
located on a transect across the central region of Manitounuk Sound, 
Hudson Bay. The sediment chlorophyll concentrations were standardized 
by sediment dry weight and by sample volume. 
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concentrations standardized to sediment dry weight were lower than those standardized 

to sample volume. The dufTence in the physical properties of the sediment, such as, bulk 

density, porosity, grain size, sediment composition, and extent of consolidation, between 

the intertidal and subtidal sediment was probably responsible for differences in the 

chlorophyll concentrations between tidal zones upon the standardization by sediment dry 

weight. Zobell (1946) demonstrated an increase in microbial abundance, standardized io 

dry weight of sediment, with decreasing particle size. A higher percentage of sand or 

larger particles found in the intertidal zone of Manitounuk Sound (Ruz et al., 1994) 

relative to the subtidal zone may have been responsible for the lower sediment chlorophyll 

values. Sin- ? the physical properties of the sediment of Lunenburg Bay (Chapter 3) and 

Manitounuk Sound (Chapter 4) varied, the use of sediment dry weight as a reference 

value may lead to similar discrepancies and cause problems in comparisons between field 

sites in this thesis. Wachendorfer et al, (1994a) suggested that microbial sediment 

measurements be standardized to pore-volume using a Fluorescent Sediment Thin Section 

Technique. However, for ease in sampling procedure, sample volume was considered in 

this thesis as a reference value for biological parameters measured in the sediment. 

The discrepancy in chlorophyll concentrations standardized by sample volume 

and sediment dry weight was greatest in the uppermost sediment layer where 

biostabilization of sediment occurs. Of the subtidal stations, the surface chlorophyll 

concentrations standardized to sediment dry weight are 2.2 (station 8), 2,7 (station 9), 

and 3,5 (station 10) times greater than those standardized to sample volume Prediction 
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of the erodibility of sediment by sediment chlorophyll would be impacted by the reference 

value chosen to standardize this sediment variable. 
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CHAPTER TWO 

A laboratory flume study examining the effect of growth and carbohydrate 
production of the benthic diatom, Nitzschia curvilineata, on the erodibility of 
sediment 

2.1 Introduction 

The extent to which benthic diatom biofilms significantly alter the stability of 

sediments depends on the interaction of many physical, chemical, and biological factors 

(Paterson, 1988). However, the production of extracellular polymeric substances (EPS) by 

diatoms for locomotion purposes (Edgar and Pickett-Heaps, 1984) appears to be a 

first-order binding mechanism of biological origin that influences the stabilization of 

sediment. Scanning electron microscopy (SEM) techniques have shown mucilage bridges 

formed between diatoms, sediment grains, and associated particles (Grant et al, 1986a; 

Paterson, 1988). 

The measurement of carbohydrate concentration has been suggested to be a direct 

assay of EPS and, therefore, a more sensitive indicator or predictive tool of biomediated 

sediment binding (Grant and Gust, 1987) The production and composition ("stickiness") 

of carbohydrates depends on several factors including nutrient status and growth phase 

(Decho, 1990). Also, the study of carbohydrate production by diatoms has been largely 

limited to the planktonic population (Myklestad et al, 1989, Hoagland et al, 1993) 

The depletion of pore water nutrients within a stratified oxidized biofilm 

microzone can potentially lead to enhanced mucopolysaccharide production in sediment, 

because carbohydrate production can be stimulated during nutrient starvation (Myklestad, 
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et al, 1972). Nutrient limitation of microphytobenthos in surficial sediment is often not 

considered, since the sediment pore water is conventionally thought to be a "soup" of 

nutrients. However, field studies hr shown that nutrient loading stimulates 

micropriytobenthos growth (Sundback and Graneli, 1988; Sundback and Jonsson, 1988), 

and thet nitrogen appears to be the limiting nutrient (Flothmann and Werner, 1992). 

Nitrogen may become quickly depleted in the oxidized microzone of the highly 

concentrated producing layer through the uptake of nitrogen by diatoms (Sundback, 

1994). Microsensor studies have revealed steep concentration gradients of oxygen 

(Revsbech et al, 1983; Carlton and Wetzel, 1988; Jonsson et al, 1994; Yallop et al, 

1994) in the illuminated topmost millimetres of the sediment where diatoms (Paterson, 

1986) and cyanobacteria (Jorgensen et al, 1983) concentrate. These gradients are 

consistent with active growth and the potential for localized nutrient depletion. 

The pervasion of extracellular polymeric substances (EPS) into interstitial voids 

may reduce diffusion rates of pore-water nutrients (Jorgensen, 1994) and contribute to the 

maintenace of steep nutrient gradients in the sediment column. Furthermore, biofilms 

containing trapped bubbhs, similar to that described later in this study and to previously 

described "bubble" and "blister" mats, may inhibit diel fluctuations in oxic and anoxic 

conditions and, therefore, affect nitrification and denitrification processes in the sediment 

(Wiltshire, 1992) In Texel sediments, oxygenated conditions extended down to a depth of 

4 mm in the "bubble" mat, while anoxic conditions were found at a depth of 2.5 mm in the 

non-bubble mat (Yallop et al, 1994). Carlton and Wetzel (1988) showed that epipelic 

algal photosynthesis, or the magnitude of sediment oxygenation, was inversely correlated 
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with the phosphate efflux rate from lake sediments. The associated production of 

carbohydrates in response to the nutrient depleted conditions may slow down the diffusion 

of ions and contribute to the conservation of nutrients in sediment (Decho, 1994a). 

Primary production in the overlying water may be affected by the formation of "bubble" 

mats if nutrients become conserved within the sediment. 

The objective of this chapter is to determine the effect of growth and carbohydrate 

production of the benthic diatom, Nitzschia curvilineata, on the erodibility of subtidal 

sediments. An understanding of the effect of growth phase on carbohydrate production 

and sediment binding by diatoms will aid in the quantitative prediction of biostabilization. 

The formation of diatom biofilms and the associated changes in microfabric of sediment 

will have a strong impact on many aspects of sedimentology and benthic ecology (Westall 

and Rince, 1994). 

2.2 Methods 

2.2.1 The incubation of Nitzschia curvilineata on sediment 

A culture of Nitzschia curvilineata, was obtained from the Provasoli-Guillard 

Centre for Culture of Marine Phytoplankton (CCMP555). Stock cultures were maintained 

in F/2 medium (Guillard, 1972) in 50 ml pyrex screw cap culture tubes at 18 °C and on a 

16:8 hour lighrdark cycle illuminated by Cool White lamps at 124 quanta»m":»s"\ as 

measured with a quantum scalar irradiance meter from QSL 100 Biospherical Instrument, 

Inc. To avoid contamination, all glassware used for culturing purposes was soaked in a 
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10% HC1 bath for 24 hours, rinsed 7 times in superQ water and then autoclaved for 20 

minutes at 20 psi. 

Sediment cores (inner diameter: 11.4 cm) for stabilization measurements were 

prepared with 200 ml of Celatom diatomite, mixed with 200 ml of 0.45 urn filtered 

seawater and placed in a core barrel designed to be inserted into the recirculating flume. A 

description of the flume is presented in the following section (2.2.2). The sediment-laden 

core barrels (19 replicates) were kept in a sea-table containing a flow-through seawater 

bath at 15 °C. To prevent mixing of the seawater bath with culture media, the tops of the 

core barrels were set above the water bath. The sediment cores were incubated on a 16:8 

hour light:dark cycle, illuminated by Cool White lamps at 89 quanta^m'^s"1. 

In order to obtain a horizontally uniform distribution of Nitzschia curvilineata on 

the sediment cores, the experimental culture was grown from an inoculum that contained 

no visible aggregates of diatom cells. Two hundred ml of the experimental culture was 

placed in each of 17 sediment-laden core barrels, during exponential phase of growth. 

Fourteen of these diatom-sediment cores were reserved for erosion trials, while the 

remaining 3 cores were reserved for a time-series record of chlorophyll concentration and 

carbohydrate concentration. Each day, 2 pasteur pipettes (0.05 ml sample) were used to 

collect a core from each of the 3 stock diatom-sediment cores. The wide-diametei end of 

the pipette was used to core the sediment. One pipette-core was analyzed for chlorophyll, 

while the other was analyzed for carbohydrates. 

Chlorophyll analysis was performed by placing each core sample into 10 ml of 90 

% acetone:water solution. The samples were extracted for 24 hours in a cold/dark 
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refrigerator (5 °C), and the fluorescence was measured using a Turner Designs Model 

10™ fluorometer. Two drops of 10 percent HC1 were added to each sample, and the 

fluorescence was measured again. The fluorescence readings were converted to 

chlorophyll following the methods of Parsons et al. (1984). A phencl-sulphuric acid assay 

(Dubois et al, 1956,) modified for sediments (Lui et al, 1973), was used to determine 

. arbohydrate concentrations. The extraction process was modified for analysis of 

carbohydrates in marine sediments by using a 30 ppt saline solution, instead of distilled 

water (Underwood and Paterson, 1995). After an extraction period of 1 hour, the 

sediment samples were centrifiiged at 2' > rpm for ten minutes to separate the sample 

into colloidal and bulk carbohydrate fractions Each sample was analyzed on a 

spectrophotometer at 485 nm and calibrated against a range of glucose concentrations. 

The thickness of the biofilm was determined for days 2, 4, 6, 9, 12, 15. 18 of 

growth. A 5-ml syringe core was collected at these growth intervals, dipped in liquid 

nitrogen, and frozen over night at - 20 °C. A razor blade was used to split the frozen 

cores, and the thickness of the biofilm was determined under a dissecting microscope. A 

sharp boundary between the golden-brown colouration of the biofilm and underlying white 

sediment was readily evident. 

Two hundred ml of 0.45 urn filtered seawater were placed in each of 2 sediment 

laden core barrels. One of these cores served as a control for the erosion trials, while the 

other core was subsampled daily for chlorophyll, in order to determine the potential for 

aerial contamination throughout the incubation period. 
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2.2.2 Erosion experiment 

Erosion thresholds and rates were measured in a recirculating flume, 1.5 m long, 

0.2 m wide, and 0.15 m high with a working section located 0.9 m downstream of the 

inlet. A core sample was inserted into the working section of the flume from below and 

raised until the upper rim of the core barrel was flush with the flume floor. The flume was 

slowly filled with 89 1 of 2-um filtered seawater to give a water depth of 17 centimetres. 

The core contents were raised with a plunger until the sediment surface was flush with the 

barrel rim and the flume floor. A Nixon current meter and an Optical Backscatter Sensor 

(OBS; Downing and Beach, 1989) were located, respectively, 27 cm upstream and 23 cm 

downstream the midpoint of the diatom-sediment core area, 10 cm above the flume floor. 

A Sony Handycam 8 mm video-recorder was mounted above the sediment core to record 

bed erosion. One abiotic core was eroded on the first day of the experiment series. Two 

diatom-sediment cores were chosen at random every few days and eroded in the 

recirculating flume. 

The calibration of the Dantec stress sensor involved regressing the sensor output 

to the rate of vertical drop in water height within a 1/4 inch inner diameter pipe. The stress 

sensor was then placed in the working area of the flume floor and calibrated to the rpm of 

the propeller motor. Shear velocity values were converted from shear stress values, 

measured with a Dantec 55R46 stress sensor, using the formula, x (N»m"2) - p, (kg'm3) • 

U.2 (m»s'), where p, = 1028 (kg'm"3), the density of seawater. 

The flow in the flume was increased at 500 rpm intervals of the propellor motor 

and every ten minutes in a stepwise manner. Water samples were collected at time zero 
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and every speed increment thereafter by siphoning 700 ml of flume seawater at the height 

of the OBS. Seven hundred ml of 2 urn filtered seawater were then added to maintain a 

constant volume in the flume. The water samples were filtered with Whatman glass-fibre 

filters (GF/C) and analyzed for chlorophyll, as above, and for SPM. An isotonic solution 

of ammonium formate was used to rinse the filters to remove salts from the SPM filters. 

The weight of the SPM was determined gravimetrically after drying the pre-weighed 

filters at 55 °C and dessicating the filters for 2 hours. Replicate water samples were 

collected from only one of the two cores eroded at each stage of growth. These water 

samples were used to calibrate the OBS employed during each duplicate erosion trial. 

However, due to the occasional problems in the OBS signal at higher flow velocities, 

erosion measurements by the extrapolation method were calculated from a single erosion 

trial. The erosion measurements by means of the digitization method occasionally included 

duplicates, since both cores of each growth stage were filmed during the later stages of 

growth. The three methods used to determine U,mt are described in Chapter 1 and outlined 

in Table 2.1. 
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Table 2.1: Methods usti to determine U.mt in the laboratory flume experiment. 

STAGE OF EROSION METHOD DEPTH OF EROSION 

OBSERVATION 
METHOD 

Video observations Sediment-water interface 

Sediment-water interface or 
mat-sediment interface 

EXTRAPOLATION 
METHOD 

Resuspension of SPM Extrapolation of SPM Sediment-water interface 
from seabed curve against U. to the and subsurface 

point of 0 concentration 

DIGITIZATION 
METHOD 

Release of diatom mat and Digitization of exposed Mat-sediment interface 
exposure of underlying sediment (diatom-mat base) 
sediment 

Onset of npple migration 

Motion of a particle 

Simultaneous movement 
of 10 or more particles 

Erosion of aggregates 
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2.3 Results 

2.3.1 The incubation of Nitzschia curvilineata on sediment 

The mean growth curve of the replicate stock cultures of Nitzschia curvilineata 

incubated on the sediment cores is shown in Figure 2 1 The chlorophyll concentrations 

increased exponentially and reached a maximum on day 9 (exponential phase of growth) 

The chlorophyll concentrations did not increase for the remainder of the incubation period 

(stationary phase of growth) Contamination of the cultures did not occur since the 

chlorophyll concentrations of the control core containing 0 45 um filtered seawater did 

not increase during the 18 day experimental period An increase in bulk carbohydrate 

concentration took place at the end of exponential phase or the onset of stationary phase 

(Figure 2 2) Since no increase was observed in the colloidal carbohydrate concentrations 

during the experimental period, it was not used as a correlate of erosion thresholds or 

rates 

Because it was difficult to obtain a single-celled inoculum of Nitzschia 

curvilineata, growth of the diatom film radiated out from tiny diatom tufts on the 

sediment surface during the early period of exponential growth, however, the film became 

more evenly distributed during the early stage of stationary phase. Minute oxygen bubbles, 

produced through photosynthesis, eventually coalesced up to a size of approximately 1 

mm At first, the oxygen bubbles remained attached to the biofilm surface or trapped 

within the diatom mat Fissures formed in tba diatom mat when trapped oxygen bubbles 

gained sufficient buoyancy. These bubble"! would occasionally break through the mat, 

giving it a "flaked" appearance. The diatom mats resembled dense green-brown soft 
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Figure 2.1: The mean growth curve of Nitzschia curvilineata 
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carpets by day 9 of growth. After day 12 of growth the colour of the diatom mat changed 

from green-brown to a mottled white (diatomite) golden-brown. At this time the diatom 

mat became more translucent and shrank around the sediment, accentuating the flaiced 

appearance of the mat. The diatom mat at this stage of growth appeared to be more 

"sticky" than at other stages of growth since any aggregates eroded as bedload would only 

travel a few centimetres before adhering quickly to the diatom mat. The diatom mat 

reached a maximum thickness of 2.5 mm on day 12 of the experimental period (Figure 

2.3). 

2.3.2 U<CTfc determination by the observation method 

Figure 2.4 shows the critical shear velocity ( U , ^ values obtained through video 

observations (method 1: Table 2.0). The U.mt values determined for particle motion 

(diameter < 1 mm) are shown in Figure 2.4A, while the U.mt values determined for the 

aggregate motion (> 1 mm) are shown in Figure 2.4B. The mean U,^, value obtained for 

particle motion between days 2 and 9 was 0.019 m»s"', which was 1.8 times greater than 

the U,,,,, value obtained for the abiotic control core. The mean U,mt value obtained for the 

simultaneous movement of 10 particles was 0.022 m»s"', which was 1.3 times greater than 

that of the control core (Figure 2.4A). Both the U,^, values for particle motion and the 

sediment chlorophyll concentrations increased between day 0 and 6. No increase in bulk 

carbohydrate was observed during this period. Ripple migration during erosion ceased 

after two days of diatom growth, while the movement of particle* ceased at the onse. of 

the stationary phase. 
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The movement of aggregates (diameter > 1 mm) occurred only after four days of 

diatom growth (Figure 2.4B). During the exponential phase of growth, the size of the 

aggregates eroded increased with increasing U.mt within each erosion trial. Fewer number 

of size categories of aggregates were eroded during stationary phase and erosion of 

aggregates was limited to the larger size classes of aggiegates towards the end of 

stationary phase. At each erosion trial, the critical threshold for the movement of particles 

(Figure 2.4A) or aggregates (Figure 2 4B) took place at U. values of 0 021 m»s' 

indicating that little change was occurring in the erosion thresholds at the sediment 

surface. The erosion of smaller-sized aggregates (diameter = 1 to 3 mm) during the 

exponential phase was gradually replaced with the erosion of larger-sized aggregates 

(diameter = 10 to 15 mm) during the stationary phase This change in the behaviour of 

sediment erosion throughout the experimental period makes it impossible to determine a 

single erosion criterion. 

2.3.3 U>cri< determination by the extrapolation method 

The U.mt value obtained on day 2 was 1.8 times greater than the U.mt value 

obtained for the abiotic control core (Figure 2.5A) The U.mt values remained fairly 

constant between day 2 and 18 of growth. The mean U.CTlt value obtained from the biotic 

cores (days 2 to 18) was 1.76 times greater than the control 

2.3.4 U<crt determination by the digitization method 

This method measures the exposure of sediment underlying the diatom mat or the 

release of the diatom mat at the base level, between the mat-sediment interface. The video 
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recordings of the eroded cores containing less than 2 days of growth could not be 

digitized, because the diatom mat (non-eroded area) could not be discerned from the 

eroded area of the core; therefore, the results for method 3 are limited to the period 

between day 4 and day 18 of diatom mat growth. 

Figure 2.6 shows the relationship between the eroded area of the diatom mat and 

shear velocity (U,). U,m[ was taken as the point when 0 5 % of the core area of the white 

underlying sediment was exposed (the smallest observed area exposed after the erosion of 

a diatom mat aggregate) This threshold determines the critical erosion for the diatom 

base. Figure 2.5B shows the U,ml values determined for the base of the diatom 

mat-sediment interface. With the exception of day 4, an increase in U.ml values was 

observed for the base of the diatom mat at the end of exponential phase and the duration 

of stationary phase. The observed decrease in erosion on day 6 may be attributed to the 

extent of reworking of underlying sediment by the diatoms or of "flaking" produced by 

emerging oxygen bubbles. Before this time the diatom mat existed as a sediment-free layer 

on the surface. The erosion threshold of the core on the last day of the experiment was 

greater than the highest U. value generated by the flume and as a result is represented by a 

dashed line. An increase in both the U,OTt for the base of the biofilm and the sediment bulk 

carbohydrate concentration between day 6 to 15 are evident (Figure 2.5B). 

2.3.5 Increasef in U . ^ with depth in the sediment 

The erosion threshold for the base of the biofilm (digitization method) were 

generally higher (up to 3 times greater) than those determined for the surface of the 
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biofilm (observation and extrapolation method), indicating that the biofilm created a 

stratified layer of increasing strength with depth. Figure 2.7 shows that the largest changes 

in erosion threshold occurred at the base of the developing biofilm while the smallest 

changes in erosion thresholds occurred at the surface of the biofilm. 

2.3.6 Erosion rates of chlorophyll (extrapolation method) 

Net erosion rates of chlorophyll increased during the exponential phase and 

decreased during the stationary phase cf growth (Figure 2,8A) The erosion rate of a 

single biofilm component is a function of both the strength of the sediment and the 

concentration of that component in the sediment available for resuspension For example, 

the increase in erosion rate of chlorophyll during exponential phase nwy reflect the 

simultaneous increase in sediment chlorophyll concentration available for resuspension 

The time-series of chlorophyll flux does not reflect the decrease in erosion rate of 

biofilm-sediment material measured by extrapolation method. An exponential decrease in 

the erosion rate of chlorophyll was observed once it was standardized to the concentration 

of chlorophyll in the sediment.The erosion rate of chlorophyll normalized to the sediment 

chlorophyll concentration serves as a more reliable measurement of erodibility of the 

sediment (Figure 2.8B). 

The normalized erosion rate of chlorophyll was significantly negatively correlated 

with the sediment bulk carbohydrate concentration ( r = 0.859, p = 0.003; Figure 2.9). On 

day 9 of growth, a biofilm core, from which water samples were collected, was 

inadvertently extruded to a height higher than the flume floor, potentially exposing it to a 

higher shear stress. As a result the biofilm peeled off and eroded at a faster rate than the 
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other two replicate biofilm cores, from which water samples were not collected. 

Therefore, the erosion rate of chlorophyll was not represented for day 9 of growth of 

Nitzschia curvilineata. 

2.3.7 Erosion rates of diatom-sediment mat (digitization method) 

A large decrease in the maximum eroded area of the diatom mat took place 

between day 4 and day 18 of growth (Figure 2 6) An exponential decline was observed 

for the erosion rates of the total material (biofilm and underlying sediment) eroded with 

time (Figure 2.10) The volume of sediment eroded was calculated from the eroded area 

and depth of erosion of sediment material and measurements of diatom-mat thickness 

During the stationary phase, the similar rates in total material and diatom mat eroded 

suggests that the diatom mat was controlling the total rate of erosion of biofilm and 

underlying sediment A distinct decrease '. the maximum eroded area was observed for 

successive stages of growth of Nitzschia curvilineata (Figure 2.6). Although the 

maximum eroded area of day 4 and day 6 were very similar, the rate at which the biofilm 

was eroded differed. Changes in the sediment microfabric due to the extent of bubble 

formation and "flaking" of the sediment or the extent of diatom migration and reworking 

of the sediment may contribute to this decrease in erosion threshold and change in erosion 

rate. 

It is interesting to note that the erosion of sediment during stationary phase is 

tightly controlled by the erosion of the diatom mat (Figure 2.10). The sediment eroded 

during stationary phase was sediment incorporated into the biofilm during its 

! I 
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development. The exposed underlying sediment remained under 102 mm2 or 1 percent of 

the total core surface area after day 12. The exposed sediment did not appear to erode, 

probably due to the fact that the area was too small to allow water to undercut the biofilm 

since the biofilm-sediment interface was 2.5 mm below the water-biofilm interface. 

Therefore, thickness of the biofilm may play an important role in the stabilisation of 

sediment as well as the glueing effect of carbohydrate production. 

Negative correlations existed between the erosion rate of the base of the biofilm 

and sediment chlorophyll concentration ( r = 0.759, p = 0.024; Figure 2.11 A) and 

sediment bulk carbohydrate concentration ( r = 0.958, p = 0.001; Figure 2.1 IB). The 

relationship between chlorophyll concentration and erosion rate was not as strong as the 

latter relationship. A stronger correlation between the chlorophyll concentration and the 

erosion rate may have been found if more measurements had been made during the 

exponential growth phase. The erosion rate of sediment was negatively correlated with the 

bulk carbohydrate to chlorophyll ratio ( r = 0.996, p < 0.001; Figure 2.12). Erosion rates 

specific for chlorophyll and bulk carbohydrate were calculated and presented in Figure 

2.13. 

2.4 Discussion 

2.4.1 The incubation of Nitzschia curvilineata on sediment 

The growth of the oxygen bubbles in size and along with the growth, migration, 

and carbohydrate production of Nitzschia curvilineata contributed to the increasing 

thickness of the biofilm, which reached a maximum of 2.5 mm at the onset of stationary 
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phase (Figure 2.3). The interaction of these factors would also contribute to changes in the 

microfabric of the developing biofilm. Oxygen bubbles formed, coalesced and reached a 

diameter of up to 1 mm. The coalesced oxygen bubbles gained buoyancy and finally broke 

through the biofilm, giving the torn biofilm a flaked or cracked appearance. Sundback 

(1994) suggested that flaking of a productive sediment layer was formed due to a 

combination of high photosynthetic activity and stagnant conditions. "Blister" or "bubble" 

mats containing oxygen bubbles trapped by a thin film of microalgal mucilage have been 

described by Jorgensen et al. (1983) and Yallop et al, (1994), respectively, and in situ 

flaking has been observed on cohesive mats by Jonsson et al (1994). 

2.4.2 Carbohydrate production by Nitzschia curvilineata 

Colloidal carbohydrate and bulk carbohydrate were the two types of carbohydrate 

fractions considered in this study. Colloidal carbohydrate is the supernatant fraction, 

obtained during extraction, and is referred to as the soluble, colloidal, labile or liquid phase 

(Grant et al, 1986a, Underwood and Paterson, 1993b, Madsen et al, 1993). Bulk 

carbohydrate is the sediment fraction and is referred to as the bulk, bound, capsular or 

solid phase. These two general carbohydrate fractions are operational classifications that 

depend on aqueous extraction and centrifugation Discrete fractions or physical states of 

extracellular polymeric substances (EPS) do not exist in nature (Decho, 1994a). Instead, a 

continuum exists of tertiary states ranging from highly condensed gels, loosely conformed 

slimes, to colloidal solutions. The capsular form is thought to be produced by microbial 

cells for attachment purposes, while the slime form is thought to be produced for purposes 

of locomotion (Decho, 1990). 

n 
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In this study, the colloidal carbohydrate concentration remained low with no 

discernible trends throughout the growout period of the diatom biofilm (Figure 2.2). The 

low colloidal carbohydrate concentrations may be a result of set laboratory incubation 

conditions, since the exudation of extracellular polymeric substances depends on various 

environmental factors such as light, temperature, and turbulence (Decho, 1990) The low 

concentrations of the colloidal fraction may also be due to the use of an isotonic saline 

solution during the extraction process to reduce cell leakage and, thus, contamination 

Previous field studies may have artificially enhanced colloidal carbohydrate concentrations 

as a result of cell leakage because they followed the method of Lui et al. (1971), who used 

distilled water for the extraction of carbohydrates from lake sediments. The large 

variability that exists in the colloidal carbohydrate concentrations may be due to the 

occasional contamination with particulate (bulk) carbohydrate or due to the fact that the 

concentrations were near the detection limit of the spectrophotometer. Large coefficients 

of variation of colloidal carbohydrate values have also been found by Grant et al (1986a). 

An increase in bulk carbohydrate was observed at the end of exponential phase or 

the onset of stationary phase. This increase may be due to either an increase in the 

intracellular carbohydrates and/or an increase in the non-extracted extracellular 

carbohydrates (capsule or slime). The majority of studies that investigate the physiological 

factors controlling extracellular carbohydrate production have been performed on 

planktonic diatoms (Allan et al, 1972, Myklestad and Haug, 1972, Brockman et al, 1979, 

Myklestad, 1974; Myklestad et al, 1989; Obemosterer and Herndl, 1995). In pelagic 

forms, extracellular carbohydrate production increases during stationary phase when 

1 
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nitrogen or phosphate is limiting. During this stage of growth extracellular carbohydrate 

production has been observed to be 1.25 times greater than the manufacture of 

intracellular carbohydrates (Myklestad, 1974). The increased production of extracellular 

carbohydrate in stationary phase also occurs in benthic diatoms Amphora coffeaeformis 

and Navicula subinflata showed higher rates of carbohydrate production in the stationary 

phase (Bhosle et al, 1995), and the cells of Naviculapelliculosa showed an accumulation 

of capsular material during stationary phase (Lewin, 1955) The increase in bulk 

carbohydrate in this study was probably due to the exhaustion of nutrients from the F/2 

growth medium (Guillard, 1972), leading one to think that the increase in bulk 

carbohydrate was due to the formation of capsular material. 

It has been disputed whether the enhanced carbohydrate concentration observed in 

stationary phase is due to active secretion or is an overflow reaction and, hence, an 

accumulation of liberated storage products (Allan et al., 1972). It appears that the 

extracellular polymeric substances are actively produced and transported in Golgi vesicles 

to secretion sites at the plasmalemma (Hoagland et al, 1993). The composition of 

extracellular polysaccharides has been observed to be different than that of the intracellular 

reserve (Allan et al., 1972, Myklestad et al, 1972) and more similar to that of the 

mucilaginous sheath surrounding the diatom (Allan et al, 1972). 

Little is known about the ecological significance of the increased production of 

extracellular capsular carbohydrates for the enhancement of the growth and survival of the 

producing microbe. The product" , of capsular material appears to be a response to a shift 

in growth phase or the cessation of growth and not to the limitation of a single nutrient 
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(Kroen and Rayburn, 1984). Both nitrogen and phosphate limitation have been jhown to 

increase carbohydrate production in microbes (Myklestad, 1977, Kroen and Rayburn, 

1984; de Philippis et al, 1993; Obemosterer and Herndl, 1995). Capsular EPS may aid in 

the 1) adsorption of essential nutrients and trace metals, 2) protection against desiccation, 

grazing, and toxic metals, and 3) adhesion to substrate (Decho, 1990). 

2.4.3 Relationship between U.^ of the biofilm surface and chlorophyll and 
carbohydrate production by Nitzschia curvilineata 

The initial increase in erosion threshold and cessation of ripple migration, relative 

to the control, indicated that the diatom, Nitzschia curvilineata, influenced the erosion 

characteristics of the sediment (Figure 2.4). The age of the diatom biofilm appeared to 

affect the size and shape of the aggregates eroded, since larger sizes and flake-shaped 

aggregates were eroded at later stages of growth (Figure 2.4A and 2.4B). The microfabric 

of the sediment may be influenced by (1) the amount of biofilm coverage around sediment 

particles and associated changes in porosity, (2) the extent of diatom migration and 

reworking of sediment, (3) the increase in the thickness of the biofilm, (4) the extent of 

bubble formation and "flaking" of sediment, (5) the increase in the oduction of bulk 

carbohydrates, or (6) the speculated changes in the carbohydrate composition or 

"stickiness". 

The erosion threshold or onset of particle/aggregate motion derermined through 

the observation method remained at a shear velocity of approximately 0.02 m»s"' 

throughout the exponential growth phase of the biofilm (excluding day 12). This 

time-invariant threshold may be due to (1) a vertically accreting diatom matrix that 

! 
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maintained constant physical properties or (2) the sensitivity of the method involved For 

example, the accretion of surface mucilage matrices or the formation of diatom forests 

overlying the sediment layei may maintain constant density properties and promote 

consistent behaviour in particle/aggregate movement or erosion Paterson (1988) observed 

the development of a surface matrix layer made up solely of diatoms and mucila«e that 

extended 22 urn above a diatom inhabited-artificial substrate Gyrosigma balneum cells, 

400 jim in length, were observed to form a "forest" by orientating their long axes to the 

sediment surface using mucilage tubes (Jonsson et al, 1994) 

Secondly, the observation method is sensitive to the early stages of erosion or the 

incipient movement of the topmost biofilm material which will be influenced largely by the 

accretion of the surface of the biofilm Changes in the number, size, and shape of the 

eroded particles/aggregates with age of the culture causes difficulties with the use of a 

single particle erosion criterion. 

The extraDolation method involved the extrapolation of the suspended particulate 

matter (SPM) back to the point of zero concentration on the U. axis (U.^ Again, the 

erosion threshold values of the biotic sediment cores, determined by the extrapolation 

method, were higher than their respective values for ihe abiotic control cores, 

reconfirming that the diatom, Nitzschia curvilineata, influenced the erosion characterisics 

of subtidal sediment (Figure 2.5A) However, the increases in erosion threshold 

determined by the observation and the extrapolation methods took place initially over a 

short period and did not follow the increases in chlorophyll and carbohydrate 

concentrations that took place over a longer time period. 
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2.4.4 Relationship between TJ>CTM of the biofilm base and chlorophyll and 
carbohydrate production by Nitzschia curvilineata 

The digitization method determined the critical shear velocity of bed failure that 

occurred at the base of the biofilm. A decrease in the erosion threshold measured on day 6 

was followed by a steady increase in erosion thresholds for the remainder of the 

experiment (Figure 2.5B). The subsequent increase after day six may be attributed to the 

increase in bulk carbohydrates during this time (Figure 2.2). However, the bulk 

carbohydrate concentration stabilized after day 12 of the experiment. 

A change in EPS composition may be responsible for the increase in U,,,,, after day 

12 (Figure 2.2). The composition of EPS is influenced by nutrient status and growth phase 

(Decho, 1990). A change in monosaccharide composition, from C-5 sugars to C-6 sugars, 

was observed during growth of a culture of Navicula sp (Stal et al, 1994). This change 

was related to an increase in hydrogen bridges and the potential for the formation of ion 

bridges with multi-valent cations. The difference in nuinent dynamics between a 

"pioneering" vs "established" microbial community (Villbrandt et al, 1990) and the 

associated change in EPS composition may influence the "stickiness" or inter-grain binding 

capacity of the EPS matrix. The effect of the quantity and quality of carbohydrate 

production must be greatest at the base of the biofilm since the largest increases in the 

erosion threshold are observed at this level (Figure 2.7). The surface of the vertically 

accreting biofilm represents the "pioneering" diatom community, wldle the base of the 

biofilm represents the "established" diatom community. 
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2.4.5 Increases in U>att with depth in the sediment 

In situ measurements of erosion thresholds made on natural biomediated sediment 

from the Bay of Fundy (Amos etal, 1992c) showed an increase in critical bed shear stress 

with depth in the sediment, as was observed in the present study (Figure 2 7) 

Stratification of the thickening biofilm layer could occur due to (1) the maintenance of a 

diatom-mucilage matrix layer (Paterson, 1988) or "diatom-forest" layer (Jonsson et al, 

1994) at the biofJm surface, (2) the extent of diatom migration, (3) a porosity gradient, 

and (4) changes in the hydration state of the mucilage with depth, and (5) bubble 

formation. As discussed earlier, the development of a permanent diatom-mucilage, 

sediment-free layer at the topmost layer of the biofilm would maintain constant properties 

such as, bulk density, water content, microstructure, and thus, maintain constant erosion 

threshold values with time. A porosity gradient may be formed due to the concentration 

and migration of diatoms nearer to the illuminated surface of the biofilm. An enlarged pore 

structure of a recently deposited sediment was observed to be related to the migration of 

diatoms within this layer (Hay et al, 1993). If the porosity oi water content is less at the 

base of the biofilm, a lower hydration state of the mucilage may influence the binding 

capacity of the mucilage. Paterson (1988) found that a lower concentration of 

carbohydrate in dewatered sediment was more efficient at binding the sediment. The 

increase in erosion threshold observed at the base of the biofilm with time may be due to 

changes in composition or "stickiness" of the aging mucilage. 

• I 
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2.4.6 Relationship between erosion rate and chlorophyll and carbohydrate 
production by Nitzschia curvilineata 

A strong correlation between the ratio of bulk carbohydrate and chlorophyll 

concentration and the erosion rate of the base of the biofilm was evident (Figure 2.12). 

The ratio of carbohydrate to chlorophyll may serve as an indicator of the physiological 

state of the diatoms which may be used as a more reliable predictive tool for quantifying 

biostabilization. Madsen et al. (1993) found that only the biovolume of motile diatoms 

harvested with the cover-glass technique gave a significant correlation with erosion 

thresholds. They stressed that the relationship between chlorophyll concentration and 

carbohydrate concentration is not simple and that other factors such as the ratios of motile 

vs. non-motile diatoms and the physiological status of the diatoms should be considered. 

Knowledge of whether the biofilm is in a "pioneering" or "established" state will provide 

information on the extent to which changes in the binding of sediment will take place. 

Grant and Gust (1987) stressed that photopigments of biofilms are not responsible 

for the actual binding of sediment, but do serve as a quantitative index of an 

EPS-producing microbial biomass. However, they did find that specific photopigments of 

purple sulphur bacteria, which formed a concentrated layer in the topmost layer of the 

sediment, exhibited a significant correlation with erosion thresholds. 

2.4.7 Stabilization coefficient 

Since a standard approach to the determination of erosion thresholds does not 

exist, it is difficult to put the results reported in this chapter in context with those of other 

laboratory and field studies. Stability coefficients have been used to compare the effect of 
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different diatoms (Holland et al, 1974) or different biofilm types of various investigations 

(Paterson, 1994) on the erodibility of sediment. Paterson (1994) defined a stabilisation 

coefficient as the percent ratio of a U.,,,, value of a biofilm to a U.a]t value of an abiotic 

sediment (control). Stabilization coefficients were determined for the surface of the biofilm 

and for the base of the biofilm (Table 2.2). These coefficients cover a much narrower 

range (123 to 258 percent) compared to those across various investigations (25 to 770 

percent) reported by Paterson (1994). 

In order to make comparisons between investigations, it is important to distinguish 

between the stage of erosion examined and the depth at which it occurred within the 

sediment. For example the erosion thresholds determined for the topmost layer of the 

sediment were not an indication of the maximum erosion thresholds determined below the 

sediment surface. The change in erosion thresholds determined for the base of the biofilm, 

along with a constant value of erosion thresholds of the surface of the biofilm with time 

support this observation (Figure 2.7). The determination of U.^, for a standard depth in 

the sediment would minimize the amount of variation across investigations. 

2.4.8 Chlorophyll and carbohydrate fluxes 

Extracellular polymeric substances can serve as a potential food source for benthic 

animals (Decho and Moriarty, 1990). An exopolymer matrix is a highly labile source of 

carbon and exhibits highly adsorptive qualities that allow it to sequester dissolved organic 
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TABLE 2.2: Stabilization coefficients for growth stages of the diatom, Nitzschia 
curvilineata, incubated on sediment. Stabilization coefficients are expressed as the 
percent increase in U#cn, values relative to that of the abiotic control. 

CRITERION FOR EROSION METHOD 

particle motion 

simultaneous movement of 10 
particles 

erosion of aggregates 

onset of ripple migration 

resuspension 

min 
max 

min 
max 

min 
max 

min 
max 

Observation 

154% 
189% 

123 % 
152 % 

189% 
214 % 

189% 

Extrapolation 

158% 
185% 

Digitization 

biofilm base min 189% 
max >258 % 
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matter (Decho and Lopez, 1993). Figure 2.13 shows a time series of the flux or erosion 

rates specific for chlorophyll concentration and bulk carbohydrate concentration that are 

standardized by the depth of the total sediment eroded and the depth of the diatom mat 

eroded. The flux of this material to the overlying water column can serve as a measure of 

food availability, an important parameter for the development of carrying capacity models 

for shellfish aquaculture in coastal embayments (Dowd, 1991). The extent to which the 

flux of the eroded diatom mat particles or aggregates varies is greater during exponential 

phase. The concentration of chlorophyll and bulk carbohydrate available to 

suspension-feeding bivalves will depend on the ability of a suspension feeder to sort and 

se t for the highly concentrated biofilm particles or aggregates. 
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CHAPTER THREE 

Factors affecting the erodibility of subtidal sediment of a temperate embayment, 
Lunenburg Bay, Nova Scotia. 

3.1 Introduction 

In the past, estimates of sediment erodibility have been largely based upon erosion 

coefficients derived from laboratory studies of abiotic sediment. These laboratory results, 

obtained from artificially settled abiotic sediment, did not include the complexities arising 

from biochemical and geophysical influences that occur in nature subsequent to sediment 

deposition (Amos et al, 1992b). The properties of natural sediment are a result of recent 

and historical events integrating oceanographic, sedimentological, and biological 

conditions (Paterson and Daborn, 1991). These factors are highly interactive and not 

easily predicted. Since the application of results based on laboratory studies may not be 

realistic (Nowell and Jumars, 1987), it is important to carry out sediment stability 

measurements in situ or on sediment that retain their properties during laboratory 

measurements. 

Erosion of undisturbed subtidal sediments and subsequent sampling of resuspended 

matter was carried out with the use of an in situ benthic annular flume (Sea Carousel; 

Amos et al, 1992b). Several studies have assessed the effect of diatom biofilms on the 

stabilization of intertidal sediments (Grant etal, 1986a, 1986b; Paterson, 1989, Paterson, 

et al, 1990); however, little is known of the effect of diatom biofilms on the erosion 

thresholds of permanently submerged sediments Diatoms concentrate in the upper 2 mm 

of sediment and form mucilage biofilms that alter the biochemical and geophysical 

properties of sediment and may stabilize the seabed (Paterson, 1989). 
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Population explosions of diatoms at the sediment-water interface may regulate the 

dynamics of both dissolved and particulate organic matter in surficial sediment A highly 

adhesive matrix, formed through the production of extracellular polymeric substances 

(EPS) by the developing biofilm, will also regulate resuspension lates and further impact 

the quality and quantity of sediment organic matter Once the erosion threshold has been 

surpassed, resuspension of biofilms will influence phytoplantkon ecology by enhancing 

water column concentrations of nitrogen-limiting nutrients (Floderus and Hakanson, 1989) 

or reducing light attenuation (Arfi and Bouvy, 1995) Therefore, biomediated sediment 

processes and consequent sediment stability will have an impact on primary production 

and benthic-pelagic coupling in shallow estuaries 

Resuspension of biofilms may provide a high-quality food source for suspension 

feeders (Baillie and Welsh, 1980, Shaffer and Sullivan, 1988, Grant etal, 1990, Frechette 

and Grant, 1991, Emerson et al, 1994) Since both natural and cultured bivalve 

populations have been observed to deplete the water column o- seston (Wildfca and 

Rristmanson, 1984, Frechette and Bourget, 1985), resuspension of microphytobenthos 

may provide a buffer against a fluctuating planktonic food supply. Alternately, prolonged 

resuspension events may result in the erosion of increasing concentrations of inorganic 

matter that may dilute seston quality. Resuspension of material containing a high inorganic 

content has been shown to have adverse effects on the feeding rates (Brlcelj and Malouf, 

1984), absorption efficiencies (C nford, 1995) and growth (Wallace and Reinsnes, 1985) 

of bivalves. 
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Erosion type is important in defining whether resuspension is beneficial or 

detrimental to estuarine food webs. Since Type I erosion is associated with the 

resuspension of the biologically active surface layer, the material suspended will likely 

contain high quality (low inorganic) seston, important in estuarine food webs. Because the 

lifetime of Type I erosion is extremely short, this peak in erosion may be missed during the 

routine sampling of typical monitoring programs. As Type II erosion proceeds the seston 

quality may become diluted with inorganic matter underlying the biologically productive 

layer. The objectives of this chapter are (1) to correlate the presence of biofilms wiih the 

erosion thresholds, erosion rates, and erosion type of subtidal sediment in Upper South 

Cove, Lunenburg Bay, Nova Scotia and (2) to examine the relationship between the 

supply and quality of the eroded seston composition with shear velocity. The Sea Carousel 

was used to determine the erosion measurements 

3.1.1 Study site 

Upper South Cove is a shallow coastal embayment situated within Lunenburg Bay, 

Nova Scotia, located 63 km southwest of Halifax (Figure 3.1). It is a region of particular 

interest since it contains a commercial mussel farm and is presently being assessed as a site 

for suspended and bottom scallop culture Upper South Cove has a length of 3.5 km, an 

average width of 0.5 km, an average depth of 1 to 2 m and a maximum depth of 8 5 m 

The inner termination of Upper South Cove was created in 1968 due to ihe construction 

of a causeway between Corkum's Island and the mainland The narrow constriction 

located at the mouth of Upper South Cove causes water to enter and leave th's region as a 
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tidal jet. A long ebb tide and a short flood tide results in marked differences in tides 

between Upper South Cove and Lunenburg Bay (Dowd, 1991). 

Upper South Cove can be divided into two regions based on tidal excursion 

(Dowd, 1991). Water in the inner half of the Cove will not be flushed from the Cove on a 

single tidal cycle; however, water in the outer Cove region, defined by a midpoint 

approximately 1.4 km from the Cove mouth, will be renewed each tide. Silt deposition in 

the inner Cove is likely controlled by the velocity distribution and by the asymmetry of the 

tide, which together cause a headward residual motion of sediment. As a result the inner 

Cove is a region of silt deposition, while sediment near the tidally scoured entrance 

contains higher proportions of sand. 

In situ testing of sediment stability may result in 'ealistic measures of the 

erodibility of sediment, however; difficulties arise in the establishment of dominant factors 

involved. In order to delineate the effect of biofilms on the erodibility of sediment, the 

inner half of Upper South Cove was chosen since little variation in physical properties, 

such as sediment grain size and porosity, exist in the sediment. Sediment chlorophyll is 

generally high in this shallow region as light penetrates to the sediment-water interface 

(Grant et al, 1995). 

Sediment in the inner Cove is characterized by unconsolidated muds of 20 to 30 % 

silt-clay by weight (Grant et al, 1995). The sediment is nighty pellitized with an organic 

content of approximately 22 % and surface porosities of up to 87 %. The average current 

in the Cove is 0.12 m»s"' with resuspension of fine materi?l occurring at peak flows of 0.3 

to 0.6 m»s'! during flood tide (Emerson et al, 1994) 
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3.2 Methods 

Seven stations were chosen along a transect extending over the inner half of Upper 

South Cove, as well as an additional station located outside Upper South Cove in 

Lunenburg Bay, Nova Scotia (Figure 3 1) The erodibility of the sediment at these stations 

was determined by use of the Sea Carousel, an in situ benthic annular flume (Amos et al, 

1992b), from October 16th to 19th, 1993 Duplicate deployments were carried out at one 

station located at the inner termination of Upper South Cove to assess spatial variability 

A core was collected at each station in Upper South Cove by SCUBA on October 20, 

1993 Cores were used to conduct laboratory erosion experiments in a recirculating flume, 

similar to those described in Chapter 2 

3.2.1 The Sea Carousel 

The Sea Carousel has a radius of 1 0 m, an annulus width of 0.15 m and a height 

of 0.30 m (Figure 3.2) A 0 35 hp motor, powered from the surface, drives a movable lid. 

Eight small paddles, attached below the movable lid, induce flow in the annulus at the 

onset of lid rotation. A skirt is situated on the outer wall of the annulus and standardizes 

penetration of the flume into the seabed. 

Optical backscatter sensors (OBS, Downing and Beach, 1989) are located inside 

(0 03 and 0 18 m above the skirt) and outside the annulus to measure ambient and 

resuspended solids A window is situated in the inner flume wall, through which an 

underwater video camera records erosion of the seabed. Azimuthal and vertical 

components of flow within the annulus are recorded with an electromagnetic 



56 

I 

s 

i 
to 

1 
% 

8 

to 
0 

I 

1 



I 

57 

Marsh-McBirney current meter. Data is stored on an underwater storage module and 

intermittently downloaded to a surface computer. The speed of the rotating lid is increased 

stepwise at 10 minute intervals to increase near bed flow anl, thus, shear velocities Shear 

velocity values were derived from lid speed as outlined in Amos et al, (1992). These 

calculations were based on previous measurements made using an omini-directional, 

flush-mounted, hot-film probe and on particle velocity profiles obtained through video 

observations. 

A sampling port is situated 0 2 m above the flume skirt at a height similar to the 

upper OBS. During the deployment, water samples were collected from this port with the 

aid of a foot pump, attached to a 1/4" (inner diameter) tygon hose The volume of the 

hose was flushed before each water sample was collected. Sampling occurred one minute 

after the speed of the rotating lid was increaseu n a series of regular steps. The analysis of 

the erou^d material is described below. 

3.2.2 Suspended particulate matter, carbon, nitrogen, inorganic, and chlorophyll 
concentrations of the eroded material. 

Deployments took place in October, 1993 Water samples containing coded 

material were collected at each speed increment, 2 minutes after the flow was increased 

The 500 ml water samples were resuspended and split for analysis of SPM, inorganic 

content, chlorophyll, phaeopigment. and POC and PN concentrations. 

SPM was determined giavimetrically through filtration. Whatman glass-fibre filters 

(GF/C) were dried at 55 °C for 48 hours and subsequently desiccated for 2 hours. An 

isotonic solution of ammonium formate was used to rinse the filters to remove salts. 
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Inorganic content was determined 3 the residual after combustion for 4 hours at 500c C. 

A separate series of filters were dried at 55 °C for 48 hours, desiccated for 2 hours, 

weighed, and processed at 950 °C with a Parkin-Elmer CHN 2400 Elemental analyzer for 

determination of POC and PN. A t-test revealed that the mean POC content of a series of 

rep'icate SPM filters was not significantly different from that of another series of replicaie 

SPM filters exposed to HCL fumes, leading one to conclude that the potential 

contamination by carbonate was insignificant. In addition, exposure to acid would 

potentially (1) drive off volatile organic material, (2) result in incomplete decomposition of 

carbonate, and (3) interfere with combustion tube catalysts present in the CHN analyzer 

(Moriarty and Barclay, 1980). 

Chlorophyll analysis was performe' by placing Whatman glass-fibre filters (GF/C) 

into 10 ml o f a 90 % acetone:water solution and extracting for 24 hours in a cold and dark 

refrigerator. Fluorescence was then measured using a Turner Designs Model 10"" 

Cuorometer. Two drops of 10 % HO were added to each sample, and the fluorescence 

measured again. Fluorescence values were converted to chlorophyll and pheaopigment 

according to the method advanced by Parsons etal. (1984). 

3.2.3 Sediment cores 

Replicate 60-ml syringe-cores (inner diameter: 2.6 cm; depth: 6 cm) were taken 

from a Van Veen Grab sample collected at each station located inside Upper South Cove 

One core from each station was analyzed for bulk density by X-ray computed tomography 

using a GE® Hilite Advantage CT scanner (Amos et al., 1996). Tomogram-averaged bulk 
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density measurements were taken every 1.5 mm (minimum thickness of tomagram slice) in 

the upper cm of the sediment column. Below this depth 1 5 mm tomograms were taken 

every 5 mm Bulk density values were derived by converting Hounsfield Units to CT 

scanner values (to remove negative numbers) and then transformirg the CT values to 

sediment bulk density values after Amos et al. (1996) 

The topmost 1 mm and 2 mm of the second set of cores collected from each 

station were analyzed for both chlorophyll and phaeopigment concentrations, since the 

chlorophyll maximum was generally above a depth of 2 mm in the sediment Slices of each 

sediment layer were cut in 1 mm depth intervals Each layer was placed in 10 ml of 90 % 

acetonewater solution, contained in centrifuge tuoec, fr»- 24 hours in a cold and dark 

refrigerator. These samples were c^ntrifuged at 2000 rpm for 5 minutes Chlorophyll and 

phaeopigment concentrations of the supernatant were determined fluorometrically 

according to Parsons et al. (1984) The values for the 1 mm and 2 mm sediment slices of 

each core were averaged The surface topography of the sediment cores may have 

influenced the sediment component concentration of the 1 mm surface interval, limiting its 

use as an indicator of sediment erodibility The remaining core was sectioned at 1 mm 

slices up to 15 mm, 1 mm slices every 5 mm, and then 1 mm slices every 10 mm, 

thereafter. 

Each 1 mm slice of the third set of cores collected from each station was split and 

analyzed for particulate organic matter and carbohydrate concentrations One half of each 

slice was dried at 55 °C for 48 hours and processed with a Perkin-Elmer CHN 2400 

Elemental analyzer to determine POC and PN The other half of each sediment layer was 
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analyzed for colloidal and bulk carbohydrate using a phenol-sulphuric acid method 

(Dubois et al, 1956) as modified for sediments (Lui et al, 1973). The half-slices were 

placed in test tubes that had been acid washed with 10 % HCL and rinsed 7 times with 

SuperQ water. One ml of 30 ppt saline solution was added to each test tube, and each test 

tube was shaken thoroughly. The samples were centrifuged for 10 minutes at 2000 rpm 

after an extraction period of one hour. The supernatant (colloidal carbohydrate fraction) 

from each sample was transferred to a set of clean test tubes. One ml of 5 % phenol and 5 

ml of concentrated sulphuric acid were added to each supernatant and sediment pellet 

(bulk carbohydrate fraction). Each sample was shaken, allowed to stand for 1 hour, read 

on a spearophotometer at 485 ran, and standardized against a calibration curve of glucose 

equivalents. The values for the 1 mm and 2 mm sediment slices of each core were also 

averaged. 

A Siemens Diffractometer 500 was used to determine the mineralogy of the clay 

fraction (< 2 um) collected from surface bulk samples of the grab cores. Talc was the 

standard against which kaolinite, chlorite, and mica were determined, and corundum was 

the standard for quartz and plagioclase (Amos et al, 1996). 

3.2.4 Erosion Measurements 

Erosion thresholds were determined using the linear regression analysis outlined in 

Chapter 1. Peak erosion rates were obtained from a plot of a 10-second time-averaged 

time-series of erosion rates. The OBS data collected at each station was calibrated with 

the corresponding SPM concentration of the water samples. Instantaneous erosion rates 
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were calculated by standardizing the SPM concentration by the volume and area of the 

flume and then dividing by the time difference between OBS readings This continuous 

data set was then time-averaged at a 10 second interval using a GWBASIC program 

verified by the Geological Survey of Canada The "peaks" of the erosion rates were 

obtained from the time series plot which occurred at the onset of each speed increment. 

Net erosion rates were calculated as the differential concentrations of the eroded sedimi 

variables of the water samples divided by the elapsed time 

Single regressions were used to correlate the sediment biofilm components to 

erosion thresholds, peak erosion rates, and net erosion rates. Partial regressions weie 

considered, but not used due to (1) the high degree of collinearity between the sediment 

biofilm variables and (2) the lesser number of data points than sediment biofilm variables 

(violation of an assumption of multiple regression) 

3.3 Results 

3.3.1 Biological and physical sediment predictors 

The sedimentary column of the cores collected from stations in Upper South Cove 

consisted of an oxidized layer of golden-brown, loosely-bound, silty, clay overlying black, 

reduced sediment occurring at a depth of approximately 2 mm. Table 3.1 shows the 

concentrations of chlorophyll, phaeopigment, colloidal carbohydrate, bulk carbohydrate, 

POC, and PN measured within the topmost 2 mm of stations 2 to 9 located in the inner 

half of Upper South Cove (Figure 3.1). Sediment characteristics of station 1 located 

outside Upper South Cove are discussed in section 3.3.10. 
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Table 3.1: Sediment biofilm measurements of the topmost 2 mm of single cores 
collected at stations 3, 5, 6, 7, 8, and 9 in Upper South Cove. Station locations 
indicated by number in Figure 3.1. 

SEDIMENT COMPONENT STATION 

Station depth (m) 3.5 5.2 6.5 3.3 8.5 6.1 

Station distance along Cove (km) 0.13 0.23 0.46 0.67 0.9 1.3 

Chlorophyll (ug'ml1) 5.12 3.64 2.32 4.47 1.97 2.63 

Phaeopigment (ug'tnl1) 12.28 12.78 11.52 12.4 11.8 9.94 

Chlorophyll: phaeopigment 0.42 0.29 0.21 0.36 0.17 0.27 

Colloidal carbohydrate (mg'ml1) 0.14 0.07 0.04 0.1 0.06 0.07 

Bulk carbohydrate (mg'ml1) 1.93 2.45 1.84 1.51 2.01 2.66 

POC (rag-ml1) 1.8 2.59 1.97 2.14 2.08 2.06 

PN^mg-ml-1) 0.18 0.25 0.21 0.23 0.22 0.21 

POC:PN 10 10.2 9.5 9.4 9.7 10 

C:CHL 352 711 849 479 1054 783 

Bulk density (kg»m3) 950 895 812 954 1006 1150 

Inorganic content (%) 77.3 73.9 75.7 82.2 77.2 79.3 
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Sediment chlorophyll concentration was negatively correlated with the depth of 

station (r2 = 0.891, p = 0.005; Figure 3.3A), while sediment colloidal carbohydrate was 

positively correlated with chlorophyll content (r2 = 0.826, p = 0.012; Figure 3.3B). The 

ratios of colloidal carbohydrate to chlorophyll were higher in the field sediments (17.2 to 

30.5) relative to those in the laboratory sediments (Chapter 2) cultured with Nitzschia 

curvilineata (0.2 to 1.3). The ratios of bulk carbohydrate to chlorophyll were also higher 

in the field sediments (338 to 1011) relative to those in the laboratory sediments (7.9 to 

87.2). The higher carbohydrate concentrations observed in the field sediments may be due 

to (1) ambient nutrient conditions and (2) to the inclusion of carbohydrates from other 

microbes, macrophyte detritus, invertebrate tubes, pseudofeces, or feces. No significant 

cc-relation was found between chlorophyll or colloidal carbohydrate and any other 

sediment components listed in Table 3.1. Phaeopigment, bulk carbohydrate, POC, and PN 

showed little variation in concentration in the surface sediment across stations. 

3.3.2 Vertical profiles of bulk density and chlorophyll 

The vertical gradients in bulk density measurements of stations in Upper South 

Cove became more structured towards the inner termination of the Cove (Figure 3.4). 

These profiles could be divided into 3 distinct sediment layers: (1) a biogenic layer, (2) a 

consolidating layer, and (3) an underlying layer. The biogenic layer consisted of bulk 

density values below 1000 kg*m"3 and gradually became thinner seaward through the 

estuary. The consolidating layer ranged between values of 1000 to 1100 kg«m3 and 

extended to depths of 15 mm at the inner station. The consolidating layer of station 9 
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reached a maximum bulk density value of 1300 kg»m*3 at a shallow depth of 11 mm. This 

station is located in the Cove centre or the transition zone defined by tidal excursion. 

A core of a sediment wedge and air was used to calibrate the CT numbers with 

bulk density. The histogram of the bulk density distribution of the sediment wedge taken 

mid core shows two strong peaks representing the air and sediment components (Figure 

A3.1). Histograms of the bulk density distributions of the surface 15 mm of station 3 

shows the replacement of the buoyant material (bulk density values below 1000 kg«m"3) by 

a more homogeneous material of higher bulk density (Figure A3.2). The absence of a peak 

at low densities (gas) in these natural sediment may be due to the integration of gas and 

biofilm material, since the gas voids were probably smaller than the voxel height (1.5 mm) 

or Catscan resolution. The dark spheres observed in the tomogram images that may 

represent gas bubbles were typically less than i mm in diameter 

The bulk density profiles show that there is a general increase in surface bulk 

density from the inner region to the central region of Upper South Cove. Values of bulk 

density taken every 5 mm were averaged to a depth of 1 mm, 5 mm, 10 mm, 15 mm, and 

20 mm. The depth-averaged values of bulk density at 5 mm ( r = 0.345, p = 0.010), 10 

mm ( r = 0.808 , p = 0.015), and 15 mm ( r = 0.717, p = 0,034) were significantly 

correlated with distance seaward through the Cove The bulk density values at i mm and 

the depth-averaged values of bulk density at 20 mm increased with distance seaward 

through the Cove, although no significant correlations existed These depth-averaged bulk 

density values did not correlate with concentrations of chlorophyll and phaeopigment in 

the topmost 2 mm of sediment. The thickness of the low bulk density surface layer 
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corresponds to the thickness of the chlorophyll gradients in the sediment surface (Figure 

3.5). The shallow stations (3 and 7) with higher surface chlorophyll concentrations had 

higher ratios of chlorophyll to phaeopigment (Table 3 1), suggesting greater growth 

activity at these stations relative to the remaining stations. 

3.3.3 Relationship between U>crit and sediment biofilm predictors 

The quantity, size, shape, and density of loosely bound organic-mineral aggregates 

varied across the stations. Well-developed biofilms were evident in the sediment cores of 

stations 3 and 7 which also contained the highest sediment chlorophyll and colloidal 

carbohydrate contents. Erosion of these cores in the laboratory flume revealed that once 

the critical erosion threshold was surpassed, organic-mineral aggregates released ranged in 

size between 1 to 4 mm. These flake-shaped aggregates became detached and travelled in 

a rolling motion along the length of the flume floor. The sediment surfaces of the 

remaining cores (stations 5, 6, 8, 9) became smooth during the erosion trial, suggesting 

that smaller individual particles were eroded but not detected visually. Eventually, smaller 

organic-mineral aggregates were eroded from these sediment cores These aggregates 

became detached and travelled in suspension forming organic "strings". 

Regressions of U,mt vs the sediment biofilm components, listed in Table 3.1, 

revealed that chlorophyll content ( r = 0 948, p = 0 001, Figure 3.6A), colloidal 

carbohydrate content ( r = 0.854, p = 0.008; Figure 3.6B), and depth of station ( r = 

0.843, p = 0 01, Figure 3.6C) were significantly correlated with U,aji. Regression 

equations were listed in Table 3.2. 
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Table 3.2: Regressions describing the relationships between U.mt and sediment 
chlorophyll, sedimeni colloidal carbohydrate, and depth of station. Lwel of significance 
= 0.05. 

Regression equations 

U.ml (rms"1) = 0.001 \ (chlorophyll (ng-ml"1)) + 0.0056 0.948 0.001 

U,mt (m-s1) = 0.037 (colloidal carbohydrate (ug-ml')) + 0.007 0.854 0.008 

U.mt (m»s') = - 0.0007 (depth of station (m)) + 0.0131 0.843 0 01 

I ' | P I I 



II 

71 

3.3.4 Reliability of the extrapolation method for U>cHt determination 

Linear regressions of SPM vs log U. were used to determine U.m, (x-iniercept) for 

each Sea Carousel deployment or station located along the transect > .pper South Cove 

The SPM vs U, curve was assumed to be a semi-logarithmic relationship When 

considering ea^h deployment, the entire time-series data of SPM was generally included in 

the SPM vs log U. regression to maintain consistency and avoid any subjectivity 

However, insight into the "layering" of the sediment column or the premature erosion of 

material not associated with the seabed would aid in decisions pertaining to 1) the 

formation of multi-curves representing distinct sediment layers, 2) the forcing of the 

regression through the first suspended data point, or 3) the rejection of outlier data points. 

The reliability of U.^, determination by this extrapolation method depends oa the 

log-linearity of this relationship. The regression plots of SPM vs log U, for all stations in 

Upper South Cove showed log-linear relationships (Figure 3.7B and 3.7C), with the 

exception of station 3 (Figure 3.7A). The relationship between SPM vs U. for station 3 is 

made up of two log-linear parts with an inflection point between 0,04 to 0.05 nrs1, A 

similar relationship was observed by de Jonge and van den Bergs (1987) during erosion 

experiments dealing with estuarine sediment. The individual sections that make up this 

curve represent distinct layers of sediment with different erosion characteristics (Figure 

3.7A). The initial shallow slope of the regression plot reflect the erosion of the biogenic 

layer, while the second steeper slope reflects the erosion of the underlying sediment. 

Regressions of SPM and U. for station 3 including the entire data set (multi-log-linear,) 

and the subset of data (shallow slope only) are shown in Figure 3.8A and 3.8C, 

I i 
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respectively. The corresponding plots predicting U,mt from sediment chlorophyll would be 

influenced by the number of points used in the extrapolation method to determine U.OTt 

and are shown in Figures 3.8B and 3 8D. In order to avoid the potential weighting of the 

regression by the high values of SPM observed at maximum shear velocities at station 3, 

the regression determining the U.ml value was limited to the points making up the shallow 

slope. 

The x-intercept, taken as the U.,,,, value, fell on occasion beyond the data point on 

the U, axis that reflected the initial increase in SPM above the baseline ambient 

concentrations (Figure 3.7A, B, and C). These initial data points may potentially weight or 

bias the regression analysis, since they have a high noise to signal ratio and may not reflect 

the erosion of seabed material. For example, the increase and decrease, observed during 

the initial stages of erosion of SPM at station 3, could have been attributed to the erosion 

of non-seabed material attached to seagrass fragments lodged into the sediment surface. 

Video observations were important in differentiating between "noise" and "signal" at tlv 

initial stages of erosion and providing a basis for or against forcing the regression through 

the first lesuspended data point. 

At station 1 the suspended chlorophyll content reached a maximum concentration 

or a plateau at a U, of approximately 0.04 m's"1 (Figure 3.9) The maximum suspended 

chlorophyll concentration reflected the depth at which chlorophyll diminished within the 

sediment. In addition, 3 initial points did not fa]l on the linear cumulative plot and were 

interpreted as the suspension of a chlorophyll fluff layer, not associated .vith the 

chlorophyll bound to sediment. It is questionable whethei the initia' and final data points 

mm' m 
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on this plot shou be used in the regression since these points may bias the analysis 

Furthermore, the differential erosion of the various sediment organic components due to a 

"layering" within the sediment suggests that similar data points need not be used for each 

component, chlorophyll, phaeopigment, and SPM, at one particular station. For example, 

chlorophyll was detected on the fifth speed increment, while SPM was not detected until 

the seventh speed increment at station 1. 

3.3.5 Comparison of erosion thresholds of different sediment biofilm components 

The largest differences between the U.ait values of chlorophyll, phaeopigment, and 

SPM were observed at station 1 (Figure 3.9) This selective erosion between chlorophyll, 

phaeopigment, and SPM suggests that a distinct layer of these components exists within 

the sediment or that there was differential sorting of these biofilm components During 

erosion experiments of estuarine sediment, de Jonge and van den Bergs (1987) observed 

that the size spectrum of suspended material was not in proportion to that of the seabed, 

with the finer sediment being suspended at lower velocities. Also, a differential suspension 

of diatom cells was observed, depending on whether the diatoms were associated with the 

mud fraction or witn the sand fraction. These observations are in agreement with those of 

this study in that the chlorophyll associated with finer particles is suspended before sand 

grains larger than 200 um. In additior, there appear to be two increases to the suspended 

chlorophyll curve. The first increase may reflect the suspension of recently deposited 

planktonic chlorophyll or flufflayer, not associated with the sediment, or the suspension of 

benthic chlorophyll associated with a mud fraction that is more easily eroded relative to 
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the sand fraction The second increase or linear portion of the chlorophyll curve may 

reflect the suspension of a chlorophyll layer that is more closely associated with the sand 

fraction and is limited to the top 2 mm of sediment 

Smaller differences in the erosion thresholds of chlorophyll, phaeopigment, and 

SPM were observt d at stations in Upper South Cove (Figure 3 10) Since the sediments of 

Upper South Cove are largely made up of fecal pellets and mud aggregates colonized with 

diatoms, a discriminatory suspension between these 3 sediment biofilm components would 

not be expected 

3.3.6 Relationship between peak erosion rate and sediment biofilm predictors 

Figure 3 11 is a time-series plot of current speed, SPM, and peak erosion rates 

measured at station 9. The time-series plots of the Sea Carousel deployments of the 

remaining stations are located in Appendix Al The continuous data set of SPM and peak 

erosion rates were derived from the calibrated optical backscatter sensors (OBS). The 

peak erosion rates of Type 1 erosion were negativelj correlated with sediment chlorophyll 

( r = 0.778, p = 0 02, Figure 3 12A), colloidal carbohydrate content ( r - 0 778, p - 0 02, 

Figure 3.12B), and U.^, ( r = 0 691, p = 0.04; Figure 3 12C) The regression equations are 

listed in Table 3.3 

3.3.7 Relationship between net erosion rate and sediment biofilm predictors 

Net erosion rates were negatively correlated with sediment chlorophyll 

concentrations ( r = 0 875, p = 0 006, Figure 3.13A), sediment colloidal carbohydrate 
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Tabic 3.3: Regressions describing the relationships between peak erosion rates (PER) 
and sediment chlorophyll, sediment colloidal carbohydrate, and U.mt. Level of 
significance = 0.05, n =• 6. 

Regression equations r p 

PER (kg«mV) = -0.0019 (chlorophyll (ug'ml')) +0,013 0.788 0.02 

Log PER (kg-mV) »• -13 (colloidal carbohydrate (ug'ml1) - 4.2 0.778 0.02 

Log PER (kg-irfV) = - 3 \0 (log U.mt (m«s"')) - 2.3 0.691 0 04 

1 I 
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Table 3.4. Regressions describing the relationships between net erosion rates (NER) 
and sediment chlorophyll, sediment colloidal carbohydrate, depth of station, and U,^,. 
Level of significance - 0.05, n = 6. 

Regression equations r2 p 

NER (kgntfV) = - 0.00050 (chlorophyll (ug'ml1) + 0.0027 0.875 0.006 

Log NER (kg»nr»s') = - 17 (colloidal carbohydrate (ug'ml1)) - 5.7 0.774 0.02 

NER (kg-mV) = 0.00034 (depth of station (m)) - 0.0008 0.982 < 0.001 

NER (kgnnV) = - 0 4 (U,mt (m-s"')) + 0.005 0.786 0.02 

I 
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concentrations (r = 0.774, p = 0.021; Figure 3.13B), and U. . (r = 0 786, p - 0.019; 

Figure 3.13D) and positively correlated with the depth of the station (r = 0 982, p < 

0.001; Figure 3.13C) Regression equations were are listed in Table 3 4 

3.3.8 Spatial variation of erosion measurements 

Coefficients of variation (CV) were determined to assess the variability in erosion 

measurements between stations 2 and 3 which were 9 metres apart and between station 4 

and the midpoint of stations 2 and 3 which were approximately 59 metres apart. Figure 

3.14 shows that the CV determined for U.at and net erosion rate were larger between 

stations 4 and the midpoint of stations 2 and 3 than those determined between stations 2 

and 3. However, the reverse was true for the CV determined for peak erosion rate. The 

ct efficient of v&iation was determined to assess spatial variation of erosion tliresholds and 

rates. Assuming 100 % reproducibility of the technique employed, the coefficients of 

variation of erosion thresholds and net erosion rates were lower between duplicate 

deployments (stations 2 nnd 3) which were 9 m apart, than those at station 4 which was 

approximately 59 m away Therefore, spatial trends in erosion measurements were greater 

than local variability. 

3.3.9 Organic fluxes 

Resuspension fluxes were calculated as the differential concentration of the eroded 

material observed between the maximum U. and U.m( standardized by the eroded area and 

by time. In general, the resuspension fluxes specific for chlorophyll, phaeopigment, SPM, 
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POC, and PN in Upper South Cove increased from the inner Cove to the central Cove 

with the exception of station 7 (Figure 3.15) Station 7 was located on the flank of the 

depositional basin ?nd does not follow the trend of increasing depth seawaids through the 

Cove. Sedentar spension feeders (both cultured and wild populations of bivalves) 

located along this transect would receive significantly different concentrations of 

suspended paniculate matter. However, th-; POC % and C:N ratio of the suspended 

matter did not show large variations along this transect (Figure 3.16). The C:N rrtios of 

the suspended matter at all stations were consistent with thoie measured by Emerson et 

al. (1994), while the C:N ratios of the sediment were consistent with those measured by 

Grant et al. (1995) in Upper South Cove. The C.N ratio and POC °o of the suspended 

matter were lower relative to those of the sediment. Inorganic content of the suspended 

matter also increased towards the centre of the Cove and was positively correlated with 

the net erosion rate ( r = 0.710, p = 0.035), peak erosion rate ( r = 0 746, p = 0.027), net 

chlorophyll erosion rate ( r = 0.950, p - 0.005), net POC erosion rate ( r = 0.929, p = 

002), and net PN erosion rate ( r = 0.945, p = 0.001). 

The inorganic content of the suspended matter ranged between 71 (station 2) to 77 

% (station 9), increasing toward the centre of the Cove (Figure 3.17). Within each 

deployment an increase in the inorganic content occurred at a U. value of approximately 

0.01 m»s_1 (mean U.ml value for all stations) and remained constant thereafter Sharp peaks 

in the ratios of suspended chlorophyll and phaeopigment to inorganic sediment generally 

occurred at this point in the deployment, reflecting chlorophyi! and phaeopigment 

gradients in the sediment column characteristic of strong surface maxima and sharp 

I 
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declines with depth in the sediment The absence of a peak in the ratio of chlorophyll to 

inorganic sediment at station 3 indicates a tight coupling of chlorophyll and inorganic 

sediment, probably due to the ; -corporation of inorganic sediment by the "established" 

biofilm observed at this site. The occurrence of a phaeopigment peak in the absence of a 

chlorophyll peak at this station, suggests that differential erosion of phaeopigment 

(potentially fecal-peilet derived) and chlorophyll occurred The lag in the occurrence of the 

phaeopigment peal: at this station relative to the other stations was due to the higher 

erosion threshold determined at this site Also, a lag in the peak of the ratio of chlorophyll 

to inorganic sediment occurred relative to the peak of the ratio of phaeopigment to 

inorganic sediment at both stations 5 and 8 

Erosion thresholds anu rptes from a Sea Carousel deployment were used to 

estimate SPM fluxes in the Cove based on current metre records Figure 3.18 shows 

time-series plots of U. (A), SPM flux (B), chlorophyll standardized to inorganic SPM (C), 

POC content of SPM (D), and inorganic content of SPM (E). U, was derived from current 

metre data collected 1 metre off the bottom at a location mid-point in the Cove between 

October 19 to 22, 1991 The current metre data was converted to U. using the equations T 

= p, • Cd« U : and T = p, • U.:, where p, = 1028 kg'nr5 and Cd - 0.003 (Sternberg, 1968) 

Values for Figure 3.18 B, C, D, and E were derived from corresponding U, values 

generated from a Sea Carousel deployment at station 3 on October 17, 1993 An r value 

of 0.935 was obtained from a regression between the U. values derived from ambient 

current metre data and the corresponding U. values generated from the Sea Carousel 

1 I 
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\ s U. increased within a single tidal cycle (at 25 hours and 50 hours into the time-

series plot; Figure 3.18), the SPM fluxes, the chlorophyll standardized to inorganic SPM, 

and the inorganic content of SPM increased, while the POC concentrations of SPM 

decreased. The increase in SPM flux ,vith increasing U. or with depth in the sediment 

column may be attributed to (1) the lack of biostabilization at depth or O the quality 

change in eroded material. Since the area and time period of erosion remained constant 

during Sea Carousel deployments, the transition from the erosion of light organic material 

at the sediment surface to heavier inorganic material at depth would bias SPM flux 

measurements within a tidal cycle The increases in bulk density with sediment depth at 

station 3 (Figure 3 4) and the increases in the inorganic fraction of SPM with increasing 

U. (Figure 3.18C), suggests that the higher SPM flux values observed at higher J . values 

may be weighted by the heavier inorganic fraction existing at depth 

The mean erosion rate of SPM during the time-series in Figure 3.18 w?s calculated 

to be 3.43 x 10 * kg«m":,s~' This value is much larger than the monthly sedimentation rates 

measured in Upper South Cove at a reference site (1 23 \ 10^ k g ' m V ) and under 

mussel lines (2.05 x 10"6 k g ' m V ) for the autumn months (Hatcher et al, 1994) The 

calculation of sedimentation rates from material collected by sediment traps deployed over 

monthly periods, incorporated the losses of suspended material due to horizontal 

advection out of the inner Cove and also due to deposition at the accreting inner 

termination and sides of the Cove The asymmeiry of the tidal cycle in Upper South Cove 

favours a longer ebb tide relative to flood, supporting the loss of eroded material from the 

system. For example, a net horizontal flux of 4 89 x 10"* kg«rn:»s' towards the mouth of 

I 
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the Cove result^ from the calculations uf horizontal SPM fluxes of 6.59 x 10"4 kg'm^s"1 

and 1.70 x 10"* kg»m"2*s"' in different directions by Hatcher et al. (1994). Alternately, the 

calculation of erosion rates by the collection of eroded material from the overlying water 

contained by the Sea Carousel during hourly deployments did not incorporate these 

possible losses of material These factors must be taken into account before comparisons 

of erosion vs sedimentation rates can be made. 

3.3.10 Sandy site: Lunenburg Bay (Station 1) 

The sediment column of station 1 consisted of a well-sorted sand with an oxidized 

layer extending to 10 mm in depth. Over 90 Vo of the sediment was 200 um in size. Bulk 

density values ranged between 961 kg»m"3 at the sediment surface to 1675 kg«m% at 6 mm 

and 1940 kg*m'3 at 10 mm below the surface, respectively (Figure 3.19) The chlorophyll 

maximum and the sharp increase in bulk density observed at approximately 7 mm suggests 

'hat this depth marks the true sediment-water interface. The low bulk density layer 

observed between 0 to 7 mm may represent a transient surficial layer. The sequential 

erosion of these 2 layers is shown in Figure 3.9A The concentrations of the sediment 

biofilm components and the erosion measurements are listed in Table. 

The U,,,,, values for chlorophyll (0.0185 m^s1) are less than those for 

phaeopigment (0 0256 m»s*'), which are less than those for SPM (0.0312 m»s' Figure 

3.9) The differences between these U.mt values of chlorophyll, phaeopigment, and SPM 

are higher for this site than the differences observed for each station in Upper South Cove 

In general, the fluxes of sediment biofilm components are lower than those in Upper South 
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Figure 3.19: Vertical sediment profiles of bulk density and chlorophyll concentration at station 1 in Lunenburg Bay. 
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Table 3.5: Erosion thresholds and rdtes and sediment predictors for station 1 located 
outside Upper South Cove in Lunenburg Bay (n = 1). 

SEDIMENT BIOFILM COMPONENTS 

Chlorophyll (ug'mT1) 

Phaeopigment (ug'ml1) 

Chlorophyll: phaeopigment 

Colloidal carbohydrate (mg'tnT') 

Particulate carbohydrate (mg»ml') 

POC (mg-ml•') 

PN (mg-ml1) 

Carbon: nitrogen 

Carbon: chlorophyll 

Bulk density (kg»m3) 

Inorganic content (%) 

9.1 

6.2 

1.5 

0.09 

0.04 

0.16 

0.02 

10 9 

18 

961 

98 

EROSION MEASUREMENTS 

U^On-s-1) 

Peak erosion rate (kg'm'^s1) 

Net erosion rate (kg'm'V) 

Chlorophyll flux (mg»m :«s"') 

Phaeopigment flux (mg'nT's*1) 

POC flux (g-nfV) 

PNflux(g»m'V) 

0 031 

0.0046 

0.0021 

0.0012 

0.0058 

0.011 

0.0031 



i . b I . I 

96 

Cove. The ratio of chlorophyll to inorganic sediment in relation to U. is presented in 

Figure 3.20. The peak in this ratio was higher in magnitude, occurred at a greater U, 

value, and did not decrease as quickly, relative to those in Upper South Cove. 

3.3.11 Comparison of erosion thresholds obtained from the recirculating flume 
and Sea Carousel data 

It is difficult to compare the U,Blt values (extrapolation method) obtained by the 

recirculating flume to those of the Sea Carousel since an eroded signal for SPM was 

detected in the recirculating flume for station 4 only (Figure 3.21). No significant 

correlation exists between the U.ml values for chlorophyll obtained by the recirculating 

flume and by the Sea Carousel. The U.^, of values for chlorophyll obtained from 

recirculating flume are 2 to 5 times higher than those values obtained from the Sea 

Carousel. However, the U^,, values obtained by the Sea Carousel may be lower since the 

U, calculation included a correction factor for SPM, while the U. values obtained from the 

recirculating flume were derived from clear water conditions. 

A second series of net erosion rates of chlorophyll, obtained from the Sea 

Carousel data, were calculated up to the eroded depths obtained by the recirculating flume 

(Figure 3.22). No consistent pattern emerged from this comparison and no significant 

correlation existed between the erosion rates of chlorophyll obtained by both methods. 

However, the erosion rates of chlorophyll determined by both flume methods at stations 

3, 4, and 8 were in agreement. 

Erosion thresholds for the movement of particles were determined by the 

observation method for cores collected from Upper South Cove stations and eroded in the 
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Figure 3.20: Plots of U. and inorganic SPM (A), the ratio of chlorophyll 
to inorganic SPM (B), and the carbon : nitrogen ratio of SPM (C) obtained 
from a Sea Carousel deployment at station 1 in Lunenburg Bay. 



98 

0.030 

0.025 -\ 

0.020 

0.015 

0.010 H 

0.005 

0.010 H 

Inner Cove 

T ' 

2 3 4 5 6 7 8 9 

• r ~m = chlorophyll 
L——J = phaeopigment 

8 9 

Central Cove 
Station 
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recirculating flume. The movenunt of large aggregates was observed for cores collected 

from stations 2, 3, 4, and 7 that contained well-developed biofilms. The movement of 

smaller particles was observed at higher U. values for the remaining cores (stations 5, 6, 8, 

and 9) that contained lower chlorophyll content. However, the OBS time-series records 

for the latter stations indicated that material was eroded before the particle movement was 

detected. Therefore, erosion thresholds of larger particles, associated with "established" 

biofilms, (stations 2, 3, and 4), would be lower than erosion thresholds determined for 

smaller particles, associated with low-developed biofilms. Neill (1968) also observed that 

erosion thresholds may be biased by the early detection of large particle movement. The 

erosion of particle movement should be standardized by particle size to remove any biases. 

A flume compansion of erosion thresholds for particle movement was not made, since 

particle motion of the central sediment working area was difficult to determine due to the 

camera angle on the sediment surface inside the Sea Carousel. 

3.4 Discussion 

3.4.1 Biological and physical properties of the sediment 

Little variation in the physical properties of the surface sediment was observed for 

the inner half of Upper South Cove. The material that formed a blanket over this region 

consisted of unconsolidated muds of porosities of 87 % and organic contents of 22 % 

(Grant et al, 1995). Little variation in the biological properties, such as phaeopigment, 

bulk carbohydrate, POC, and PN was also observed for the surface sediment in this 

region, suggesting their limited usefulness as indicators of sediment erodibility (Table 3.1). 
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The accumulation of fine particles in the sediment of the inner half of Upper South 

Cove may be influenced by 1) limited tidal excursion (Dowd, 1991), 2) removal and 

biodeposition of the clay material by bivalves (Haven and Morales-Alamo, 1966; Kausty 

and Evans, 1987), 3) scavenging of fine particles by a hydrodynamically active fluff layer 

(Stolzenbach et al, 1992), and 4) subsequent biostabilization of the fine fraction at the 

sediment-water interface by benthic diatoms (Mayer et al, 1985) Approximately 90 % of 

the inner half of Upper South Cove is flushed every 2 to 4 days (Dowd, 199'), permitting 

the retention of fine particles relative to the outer half of Upper South Cove which is 

flushed tidally with less turbid oceanic water. In addition, the sedimentation of fine 

particles between the range of 1 to 3 um has been reported to be enhanced by bivalve 

suspension feeders (Haven and Morales-Alamo, 1966V This small-sized inorganic fraction 

would normally settle very slowly in surrounding areas (Simpson, 1982). 

The benthic-pelagic cycle of this fluff layer could potentially scavenge and deliver 

clay or silt particles from the water column to the seabed (Stolzenbach et al, 1992). A 

large quantity of fluff material, observed during core collection by SCUBA, was 

resuspended, transported, and r'deposited on each tidal cycle. The colonization and 

stabilization of the organic-mineral aggregates supplied to the sediment-water interface 

could occur through diatom migration. The sediment colloidal carbohydrate and 

chlorophyll content exhibited the largest variation of the sediment biological properties 

measured in Upper South Cove (Table 3.1). The variation in sediment chlorophyll was 

probably due to light availability at the varying depths (Figure 3.3A). The transect of 

stations in Upper South Cove ran from the shallow inner termination (3.5 m) to a 
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depositional basin (8.5 m). The colloidal carbohydrate fraction is a measure of 

extracellular or secreted mucopolysaccharide of diatoms for locomotion It is not 

surprising that the sediment colloidal carbohydrate concentration was positively correlated 

with sediment chlorophyll concentration (Figure 3.3B), as found in other biostabilization 

studies (Underwood and Pacerson, 1993b) 

3.4.2 Vertical profiles of bulk density and chlorophyll in the sediment 

The thickening of the "buoyant" surface biogenic layer landward through the Cove 

could be due to an increase in sedimentation rates in this direction (Figure 3.4) This 

biogenic layer could be periodically resuspended, recirculated, and deposited differentially 

aiong the length of the inner Cove, The station transect along the central axis of the Cove 

(Figure 3.1) is located in an area of particle retention (Dowd, 1991). However, the 

classical extinction of chlorophyll with depth in sediment at stations 3, 5, and 7 suggests 

that this low density surface layer was an established structure and not a recently 

deposited fluff layer (Figure 3.5). Video observation of the erosion trials confirm that an 

established biofilm was present at station 3. Biofilm growth may have succeeded the 

sedimentation rates of fluff material following active migration of diatoms to the 

illuminated accreting fluff-water interface. In this case, the accreting surficial sediment 

would then be considered to be a growth structure as opposed to a sedimentary unit 

(Wachendorfer et al, 1994). The low bulk density layer may persist since the 

macrostructure or "open card house" arrangement of unconsolidated muds is easily 

influenced and managed by the larger motile diatoms (Paterson, 1994). 
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Trapped oxygen bubbles generated by actively photosynthesizing benthic diatoms 

in (he surficial sediment layer couid be responsible for the low bulk density values which 

are below that of water. The colonization of diatoms and associated pioduction of EPS 

within the aggregates would increase adhesion and prevent this low bulk density fluff layer 

from floating. The CATSCAN tomograms revealed numerous tiny dark spheres (0.5 to 1 

mm in diameter) in the upper cm of station 3 that could represent minute oxygen bubbles. 

During the incubation of Nitzschia curvilineata on sediment (Chapter 2), oxygen bubbles 

of up to 1 mm in diameter remained trapped within the biofilm. Flat oxygen bubbles of 2 

to 10 mm in diameter have also been observed to occur 1 mm below the surface of 

"blister" mats (Jorgensen et al, 1983). The consumption of oxygen by diatoms during 

dark periods in these "blister" mats caused a rapid depletion c: the oxygen pools. 

Therefore, the bulk density of biofilms containing trapped oxygen bubbles may fluctuate 

with the diel photosynthetic cycle of diatoms and with the occasional release of bubbles 

from the mat. This fluctuation of biological and physical properties of the biofilm would 

impact the erodibility of sediment, Yallop et al. (1994) studying the effect of biofilms on 

intertidal sediment stability found that non-bubble mat regions eroded more easily than 

other regions containing bubble mats. 

3.4.3 Relationship between U<(rt, and sediment biofilm predictors 

Several biofilm components of the sediment were measured in order to determine a 

suitable quantitative predictor of the erodibility of sediment. Both chlorophyll and 

colloidal carbohydrate content were positively correlated with U._. at stations in Upper 
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South Cove (Figure 3.6A and B). Other investigators have found that pigment 

concentrations are useful predictors of U.ml (Grant and Gust, 1987; Madsen et al, 1993) 

Madsen et al. (1993) found that the pigment-derived biovolume of motile diatoms, 

responsible for laying down mucous trails through active migration, was the only 

measured variable in their study that correlated significantly with U.ml These authors 

remarked that the sensitivity of the measures of total chlorophyll and colloidal 

carbohydrate content may have been diluted by sampling the entire surface 5 mm In this 

study, the sediment chlorophyll maximum was often limited to the upper mm of the 

sediment column. A depth of 2 mm was sampled for chlorophyll and carbohydrate content 

to avoid the dilution of a near-surface signal by the diatom-free underlying sediment 

The pigment concentrations measured in the present study were correlated with 

colloidal carbohydrate concentrations (Figure 3.3B). Other groups of chlorophyll 

containing microphytobenthos or non-motile diatoms may be present in the sediment and 

alter this relationship between colloidal carbohyJiate and chlorophyll (Madsen et al, 

1993). If the history of diatom colonization of sediment is unknown, then a conservative 

approach would be to measure both chlorophyll and colloidal carbohydrates to correlate 

with U.ml. 

Low-temperature scanning electron micrographs have qualitatively demonstrated 

that extracellular mucopolysaccharides, measured as the colloidal carbohydrate l. action, 

are responsible for the actual binding of sediment grains (Paterson, 1988). Grant and Gust 

(1987) stressed that photopigments are only an indication of the microbial biomass 

responsible for increasing inter-grain binding and suggested that extracellular polymeric 
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substances may serve as a more predictive assay of sediment stability. Underwood and 

Paterson (1993b) demonstrated that colloidal carbohydrate was the best biochemical 

predictor for incipient erosion of intertidal sediment. In this chapter, a stronger 

relationship was observed between U.mt of subtidal sediment and chlorophyll relative to 

that with colloidal carbohydrate. 

The erosion of larger flake-shaped organic-mineral aggregates, or laminae 

associated with well-developed biofilms at the shallowei stations suggests a biogenic 

modification of the effective particle size and shape. Low-temperature SEM (Underwood 

and Paterson, 1993b) and thin section (Frankel and Meade, 1973; Wachendorfer et al, 

1994b) techniques have shown that established biofilms consist of a continuous fabric of 

mineral particles embedded in EPS. The extent to which EPS pervades the sediment 

cokmn would influence the degree to which the size, shape, and density of aggregates or 

physical properties become altered. However, conventional methods of sediment size 

analysis result in the destruction of these biomediated aggregates and, according to 

Johnson (1974), create artefacts. Results of standard sedimentological methods do not 

incorporate the glueing effect of EPS and the associated changes in sediment 

characteristics and, therefore, may not correlate well with sediment erodibility. In addition, 

the variation in aggregate size associated with successive stages of biofilm production may 

cause biased detection of the movement of larger aggregates and introduce subjectivity to 

the determination of U.,,,, through video observation. 

I 
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3.4.4 Relationship between peak erosion rate and sediment biofilm predictors 

Type I erosion has been previously observed to be a surface phenomenon, 

characterized by a marked increase in the erosion rate of the sediment surface material and 

a rapid asymptotical decrease with time (Figure 3.9, Amos et al, 1992c). The magnitude 

of the peak in Type I erosion was observed to be associated with the quantity, size, shape, 

and density of loosely-bound organic-mineral aggregates at the sediment-water interface. 

The well-developed biofilm cores, collected from the shallow stations, contained fewer of 

the smaller-sized, loosely-bound aggregates than the remaining sediment cores collected 

from deeper depths. The aggtegates eroded during Type I erosion from the established 

biofilm cores tended to be larger in size and maintain their integrity or shape relative to the 

aggregates of the remaining cores which were 'mailer and more malleable, forming 

organic "strings" upon suspension. Peak erosion rates were negatively correlated with 

sediment colloidal carbohydrate anu chlorophyll content (Figure 3.12), two sediment 

variables that would influence the size, shape, density, and adhesion of loosely-bound 

organic-mineral aggregates to the sediment-water interface. 

3.4.5 Relationship between net erosion rate and sediment biofilm predictor: 

Although net erosion rates were correlated with the surface sediment colloidal 

carbohydrate and chlorophyll content in Upper South Cove (Figure 3.13A and B), the 

calculation of net erosion rates incorporated the erosion of the sediment column to a depth 

well below the 2 mm bicstabilized surface layer The initial stages of the erosion process 

would rely on surface biomediated binding, but the net erosion rate would also rely on the 

I I 
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microfabric of the underlying sediment. This microfabric would depend collectively on the 

history of bed deposition, preservation of biofilm at depth, and consolidation processes. 

Deeper stations located in the centre of the Cove, exposed to lower magnitudes of current 

velocities and light intensities, would experience different degrees of deposition and 

consolidation, suggesting the other factors besides light-dependence contributed to the 

high correlation between net erosion rates and depth of station (Figure 3.13C). 

A quiescent environment should favour a steep chlorophyll gradient within the 

sediment column (de Jonge and de Jonge, 1995). In this study, the values of net erosion 

rates varied across stations by a factor of 13, while the values of U.^, and peak erosion 

rates varied by a factor of 2 and 5, respectively. The large variations in erosion rates may 

have been influenced more by the sediment properties of the underlying sediment, than by 

the shallow chlorophyll gradients (Figure 3.5) existing in Upper South Cove. Paterson et 

al. (1994b) found that the sediment underlying the biofilm was more easily eroded than the 

surficial biostabilized layer. Although erosion threshold is a critical measurement of 

erodibility, erosion rate may serve as more suitable indicator of biophysical controls on 

erosion (Grant arc'. Daborn, 1994). 

3.4.6 Organic fluxes 

Many natural sediments support the growth of biofilms which mediate the quantity 

and quality of nutrient-rich organic sediment components at the sediment-water interface 

(Paterson, 1994; Crant and Emerson, 1994) Diffusion rates of inorganic nutrients may be 

reduced by the infilling of irterstitial voids by EPS (Jorgensen, 1994), resulting in changes 
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in chemical gradients and an accumulation of organic components. Therefore, sediments 

are not only sinks for organic components, but can be considered also as sources (McCall, 

1979). The resuspension and dispersion of fine-grained organic rich sediment is affected 

by tidal flow (Postma, 1961). Rhoads et al. (1984) found that concentrations of POC, 

PON, and chlorophylls were greater in the near-bottom turbidity zone (BTZ). The 

thickness of the BTZ varied with magnitude of tide, and the coverage of the BTZ 

extended over a large portion of the estuary. Therefore, this potentially nutritionally-rich 

turbid bottom water could be a major food source for natural and cultured sedentary 

bivalves. 

The lower values of POC and C:N ratio of the suspended matter relative to the 

sediment (Figure 3.16) may have occurred due to 1) n>draulic sorting of the sediment 

components, or 2) a dilution of the sediment components by the overlying water Selective 

erosion results in a qualitative gradient in particle type with height above the seabed 

(Muschenheim, 1987). Lighter organic-rich material occurred at greater heights relative to 

the denser fraction which remained closer to the seabed. The results in Figure 3.16 suggest 

that particles containing a higher percentage of PN are selectively eroded. However, the 

sediment aggregates may have been broken up upon suspension and diluted with the 

overlying water that contained greater concentrations of PN relative to the sediment. 

The flux of organic sediment components would depend not only on bottom shear 

stress, but also the supply or concentration of each component in the sediment (Rhoads et 

al, 1984). Since a greater variation was seen in the POC fluxes across stations than in the 

POC sediment concentrations across stations, the fluxes were a function of sediment 
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strength and not only a function of the concentration in the sediment However, since the 

sediment chlorophyll concentrations varied across stations, a smoothing of the chlorophyll 

fluxes may have occurred along this transect. 

The material suspended at each speed increment represents a vertical distribution 

of that component in the sediment column (de Jonge and van den Bergs, 1987). The sharp 

increase and decrease in the suspended chlorophyll to inorganic fraction observed at 

stations 3 5, and 8 in Figure 3.17 reflects a steep vertical gradient of chlorophyll that 

existed in the sediment column of two of these sites (stations Z and 5; Figure 3.5). 

Gradients in sediment chlorophyll are influenced by 1) tidal energy (de Jonge and de 

Jonge, 1995), 2) limited light penetration (Colijn, 1982), 3) vertical migration (Meadows 

and Anderson, 1968), and 4) the depth of the H^S-free oxic zone (Jorgensen, 1989, in 

Gerdes et al, 1994). High energy environments rework sediment and result in the 

exportation of chlorophyll at depth. Light penetration in consolidated muds (0.2 mm) is 

typically less than that of sand (2 mm) due the difference in the respective packing 

structures. The chlorophyll maximum in the sediment depends on vertical migration 

patterns of the diatoms. Finally, high levels of HjS associated with anoxic muds fully 

inhibit diatom photosynthesis. fl^S profiles measured during a multidisciplinary study 

performed in Upper South Cove show an increase in FLS 6 mm below the surface in 

sediment affected by the mussel aquaculture site (Grant et al, 1995) A steep gradient in 

sediment chlorophyll results in a sharp peak in the ratio of suspended chlorophyll to 

inorganic fraction at flows above U,ml. The delayed peak observed at station 3 was 

probably due to the higher erosion threshold that exists at this site. In general, the peaks 

I 
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represents a very shon-lived time period in which high-quality food would be available to 

suspension feeders at early stages in the tide. 

3.4.7 Sandy site (station 1) 

Clear differences between the diatom ecology and sediment type and structure 

between the sites located inside and outside Upper South Cove render a comparison of 

sediment erodibility between the two locations difficult. The well-sorted sand present at 

station 1 is diagnostic of continual reworking typical in high current and wave regimes 

(Parsiegla et al, 1994), Sediment grain size and turbulent shear stress should largely 

control the erodibility of the sandy site located outside Upper South Cove, while particle 

to particle electrostatic charges (Van der Waals forces), bulk density, organic content, and 

sediment microfabric should control the erodibility of the cohesive sediments found in 

Upper South Cove (Paterson and Daborn, 1991). In addition, the high energy environment 

of the exposed station should favour epipsammic diatoms tolerant of sand grain abrasion 

(Delgado et al, 1991), while the low energy environment of the inside stations should 

favour epipelic diatoms (Yallop and Paterson, 1994). The larger motile epipelic diatoms, 

inhabiting cohesive sediments, may represent a small fraction of the total numbers of 

diatoms, but their large volume may contributt significantly to EPS production and 

binding of sediment (Paterson et al, 1994b). A comparison of the factors controlling the 

erodibility of the two locations would not be valid, since striking differences in the nature 

of the biofilm and sediment structure existed. 

I 
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Enhanced bivalve growth associated with a sandy substrate relative to a muddy 

substrate is possibly related to a reduced turbidity over a sandy bottom (Hindi et al, 

1986). The differences between the near-bottom particle fluxes at the two locations would 

depend on 1) the stability of the respective sediment types and 2) the supply of the organic 

components in the sediment (Rhoads et al, 1984). The higher erosion threshold of the 

sandy station relative to the muddy stations inside Upper South Cove indicated that the 

seabed of the outside site was more stable. A comparison of erosion rates between 

locations to assess stability differences was not considered due to the biased 

standardization of sediment dry weight. The differences between the supply or 

concentrations of the organic components of the two locations would be a function of 1) 

sediment grain size or surface area (Mayer et al, 1985) and 2) biogenic modification or 

enhancement of organics (Grant and Emerson, 1994). In general, the fluxes of the various 

organic components of the sediment were greater in Upper South Cove (Figure 3 15), 

relative to the outside station (Table 3.5) due to greater sediment erodibility and greater 

supply of organic components present in the unconsolidated muds. 

High-quality food particles, such as chlorophyll, are available for a longer duration 

of a tidal cycle at the sandy site (Figure 3.20). Although the maximum suspended 

concentration of chlorophyll was lower at the sandy site relative to the muddy site, the 

maximum ratio of chlorophyll to the inorganic sediment fraction appeared to be sustained 

for a longer period during the deployment at the sandy site. The depth of the sediment 

chlorophyll maximum and the steepness of chlorophyll gradient contributed to the rate at 

which the suspended chlorophyll peak was diluted at both stations. 
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3.4.8 Comparison of erodibility measurements obtained from the recirculating 
flume and the Sea Carousel 

A SPM signal was not detected during the erosion experiments of sediment cores 

using the recirculating flume (with the exception of station 4), while a strong signal was 

detected using the Sea Carousel (Figure 3.21). This lack of SPM detection may be 

influenced by (1) the differences in the maximum possible U, value achieved in the 

recirculating flume (0.03 m'S"1) and by the Sea Carousel ("0.07 m»s"') and (2) the high ratio 

of the volume of the eroding fluid to eroded area in the recirculating flume (87.3 m) 

compared to the Sea Carousel (2.5 m). The SPM values obtained by the Sea Carousel 

were probably a product of heavier material eroded from deeper depths relative to the 

recirculating flume. A greater ratio of flume volume to eroded area will decrease the 

detection limit of the eroding signal. However, water samples must be collected in small 

volumes to prevviit overall changes in flow characteristics. As a result the flume 

methodology comparison was based on U>cnt values derived from suspended chlorophyll 

data. 

The greater chlorophyll U.mt values obtained by the recirculating flume relative to 

those obtained by the Sea Carousel deployments (Figure 3.21) were probably due to 1) 

consolidation processes that occurred within the sediment core barrels during collection, 

transportation, and storage, or 2) changes in sediment chlorophyll concentrations during 

storage of sediment cores (Grant and Daborn, 1994). The maximum number of cores that 

could be eroded in a day was 3, resulting in a storage time of 1 to 3 days. Growth of 

diatoms has been shown both to increase or decrease in the dark. However, the 

consistency in the U.m, values suggests that these values were not dependent on the 
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varying storage time. It is likely that consolidation occurred during core collection and 

transportation to the laboratory. Since this flume is portable it would be possible to 

minimize these disturbance effects by transporting the flume to the site of interest The 

trends in erodibility measurements and sediment biofilm components and resulting 

correlations obtained by the in situ method lends confidence that the results of this method 

are a better reflection of natural conditions. 

3.4.9 Summary 

In order to assess the erodibility of sediment, it is important to measure collectively 

erosion threshold, peak erosion rates, and net erosion rates. The erosion thresholds, peak 

erosion rates and net erosion rates across stations varied by a factor 2, 4 and 7, 

respectively. The high sediment chlorophyll concentration and low degree of chlorophyll 

extinction at depth at station 3 was associated with the high erosion threshold and lowest 

peak erosion and net erosion rates. It appeared that biological control was greater than 

physical control on sediment stability at these stations. Biological sediment components, 

such as chlorophyll and colloidal carbohydrate, are useful predictors of surface erosion 

measurements, such as U,mt, and peak and net erosion rate. 

I I I 



CHAPTER FOUR 

Factoid affecting the erodibility of subtidal sediment of a hemi-arctic embayment, 
Manitounuk Sound, Hudson Bay. 

4.1 Introduction 

The erodibility of estuarine sediments has considerable significance to engineering 

development, aquaculture, pollutant transport and habitat stability (van de Kreeke, 1986, 

Smatecek and Walger, 1987). Alternately, anthropogenic influences, such as, construction, 

dredging, and channel development required for coastal engineering and aquaculture 

projects, alter processes that govern sediment stability (Paterson and Daborn, 1991) 

These impacts are not easily predicted and depend on local conditions The purpose of this 

field study was to determine trends in the stability of subtidal sediment likely to be 

impacted by the outflow of a proposed hydro-electric development in a hemi-arctic 

embayment, Manitounuk Sound, Hudson Bay 

Natural trends in the erodibility of estuarine sediment are poorly known due to the 

synergistic effects of biochemical and geophysical factors on sediment properties. 

Laboratory-derived erosion thresholds for abiotic sediments have served as a baseline for 

field erodibility studies (Paterson et al, 199 ia) The extent to which natural erosion 

thresholds vary above this baseline would depend on the physical and biological processes 

that respond to directional gradients that occur in estuaries Directional gradients could 

take place in the form of decreasing sedimentation rates seawards through the estuary or 

decreasing bottom light availability with increasing depth. These gradients that influence 

biogeophysical processes in the seabed may be either stabilizing or destabilizing depending 

on their nature. In order to determine the hierarchy of factors influencing sediment 
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erodibility, two transects of Sea Carousel deployments were carried out both aiong the 

length and across Manitounuk Sound (at trie proposed location of the hydro-electric 

spillway; Figure 4.1). 

4.1.1 Study site 

Manitounuk Sound is a sheltered subpolar estuary in southeastern Hudson Bay, 

central Canada, located north of the Grande Baleine river. For an extensive description of 

Manitounuk Sound see Zevenhuizen et al. (1994) and Amos et al. (1996). The 

Manitounuk Islands, consisting of uplifted and tilted stratified bedrock, form the 

northwestern boundary of the estuary, while extensive mudflats exist on the southeastern 

boundary. The Sound has an elongated shape with a length of 55 km, an average width of 

3 km, and a depth that ranges from 45 m inside the mouth of the sound to 10 m at the 

inner termination. A sill exists at the mouth of the Sound near Painted Islands (Figure 4.1). 

A concurrent study monitoring the physiographic characteristics of the sediment divided 

Manitounuk Sound into 3 distinct regions: the inner Sound, the central Sound, and the 

outer Sound (Zevenhuizen et al, 1994). The boundaries of these distinct basins are 

defined by natural restrictions influencing water exchange and consequent variations in 

depositional style of sediment. 

Manitounuk Sound is free of ice for 3 months during the late summer, at which 

time the water column is stratified due to river runoff from a coastal basin. The Sound is 

sheltered from waves and experiences semidiurnal tides with a peak range of 2 m. Mean 

tidal currents reach a maximum of approximately 0.3 rms"1. 
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4.2 Methods 

Seven stations were chosen along a transect extending over the length of 

Manitounuk Sound (Figure 4.1). Four additional stations were chosen along another 

transect perpendicular to the longitudinal transect located in the central sound region. 

Stations 5, 6, and 7 are located in the inner Sound region, stations 4, 8, 9, 10, 11, 12, and 

14 are located in the central Sound regicn, and station 13 is located in the outer Sound 

region. Station 15 was not included in this study due to problems during deployment of 

the Sea Carousel. Sediment erodibility was determined at all stations with the Sea 

Carousel (Amos et al, 1992b) between August 23 to 26, 1993, A description and diagram 

of the Sea Carousel is presented in Chapter 3. 

During each deployment the speed of the rotating lid of the Sea Carousel was 

increased in a stepwise manner at 10 minute intervals. Water samples were collected from 

a sampling port one minute after each increase in lid speed. A foot pump attached to a 

1/4" tygon tubing was used to collect the eroded material. 

4.2.1 Suspended particulate matter, inorganic, and chlorophyll concentrations of 
the eroded material. 

Water samples containing eroded material were suspended and split for analyses of 

SPM, inorganic content, chlorophyll and phaeopigment concentrations. Suspended 

particulate matter was determined gravimetrically after drying the pre-weighed filters at 55 

°C for 48 hours and desiccating the filters for 2 hours. An isotonic solution of ammonium 

formate was used to rinse the filters to remove salts from the SPM samples. Inorganic 
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content was determined by the weight difference of the SPM filters after they were ashed 

at 500 °C for 4 hours. 

Chlorophyll analysis was performed by placing Whatman glass-fibre filters (GF/C) 

into 10 ml of 90 % acetone:water solution and allowing extraction to take place for 24 

hours in a cold/dark refrigerator. Fluorescence was then measured using a Turner Designs 

Model 10 m fluorometer. Two drops of 10 % HCl were added to each sample and the 

fluorescence measured again. Fluorescence values were converted to chlorophyll and 

pheaopigment according to the method advanced by Parsons et al. (1984). 

4.2.2 Biological and physical properties of the sediment 

Replicate PVC cores were taken from a Shipek grab sample collected at each 

station, with the exception of stations 12, 13, 14, and 15. The cores were frozen on the 

siiip and eventually transported on ice to a lal oratory freezer. The topmost surface 1 mm 

and 2 min of the first set of cores from each station were analyzed for chlorophyll and 

phaeopigment concentrations. Slices of each sediment layer were cut in 1 mm depth 

intervals using a razor blade. Each layer was placed in a centrifuge tube and extracted in 

10 ml of 90 % acetone: water solution for 24 hours in a cold/dark refrigerator. These 

samples were centrifuged at 2000 RPM for 5 minutes. Chlorophyll and phaeopigment 

concentrations of the supernatant were determined according to the fluoromelric method 

advanced by Parsons et al. (1984) The values determined for the 1 mm sediment layer 

and the 2 mm sediment layer of each core were averaged. 
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The topmost surface 1 mm and 2 mm of the second set of cores from each station 

were analyzed for organic content. Each sediment slice was dried at 55 °C for 48 hours 

and ashed at 500 °C for 4 hours. The inorganic content was determined by the weight 

difference of each sediment layer after ashing. Bulk density was determined by the 

sediment weight standardized to a volume of 10 cm3. Volume was determined using a 

Quantachrome Corporation Penta Pycnometer (Gray, 1993). Water content was 

determined by the percent ratio of the wet and dry weights of each sediment layer, 

incorporating a salt correction (Gray, 1993). Sediment grain size analysis was carried out 

on these samples (Buckley et al, 1993). 

A Siemens Diftractometer 500 was used to determine the mineralogy of the clay 

fraction (< 2 um) collected from surface bulk samples of the grab cores. Talc was the 

standard against which kaolinite, chlorite, and mica were determined, and corundum was 

the standard for quartz and plagioclase, 

4.2.3 Erosion measurements 

Erosion thresholds were determined using the extrapolation method outlined in 

Chapter 1. Peak erosion rates and net erosion rates were calculated in a similar manner to 

those described in Chapter 3, 

4.3 Results 

4.3.1 Sediment properties 

Table 4.1 gives a summary of the analysis of the biological and physical properties 

measured from the surface sediments of Manitounuk Sound. The sedimentary column 



Table 4.1: Biological and physical properties of surface sediment samples (uppermost 2 mm) of single cores analyzed at 
each Sea Carousel station Station locations are indicated in Figure 4.1 

STATION 

Station distance inner Sound (km) 

Station depth (m) 

Chlorophyll (pg»ml') 

Phaeopigment (ug'ml') 

Mean grain size (u) 

Sand content (%) 

Silt content (%) 

Clay content (%) 

Water content (%) 

Bulk density (kg*m') 

8 10 11 12 13 14 

8.9 2 8 8 14.1 27 4 27 4 28 1 29.6 29.8 33.4 32.9 

21 11 24 18 13 13 18 12 43 23 42 

3 5 12.7 3.8 3.9 12.7 10.1 3.7 6 

104 8 8 157 7 5 10 3 116 7 5 3 6 

89 31 8 5. 7 1 83 69 55 37.9 2 5 62 1 34.4 

27 5 5 3 7 1 25.4 25.5 20.8 20 1 55.3 6 2 62.2 52 7 

297 40.1 28 1 28.2 32 3 35.3 27 5 156 33 1 14 4 174 

42 8 54 6 64.7 46 3 42 2 43 8 52 4 29.1 60 7 23 4 29 8 

39 7 54 2 55 6 47 7 514 51.4 51.4 65.3 214 31 28.9 

1820 1680 1710 1720 1790 1790 1790 1590 1650 1970 2010 

I 



I , J I 

121 

consisted of a mottled olive-grey silty clay with an oxidized layer extending to 20 to 30 

mm in depth. Bulk density of surface sediments varied between 1650 and 2010 kg»m"3 

(Table 4 1). This sediment type falls into the category of "soft to stiff organic clays" 

(Terzaghi and Peck, 1967). The organic carbon content was typically less than 0.6 %. 

A general increase in mean grain size of surface sediments seawards occurred to a 

maxima of coarse silt at stations 11 and 13. The highest clay contents were found in the 

deep basins (station 12), while the highest sand contents were found on the flanks of the 

Sound (station 11) or at the sill entrance (station 13). Sediment bulk density increased 

seawards through the Sound and was the greatest at stations 13 and 14. These stations 

showed distinct heterolithic laminations and a surface layer of sandy silt, diagnostic of 

reworking. The clay fraction was dominated by amorphous silica (probably glacial flour). 

Chlorite was commonly less than 5 %, while kaolinite and smectite were absent. The clays 

are consequently unreactive and would be expected to possess low cohesive strength. This 

mineralogy is typical of immature, poorly weathered glacial terrains. 

4.3.2 Longitudinal trends 

4.3.2.1 Biological and physical sediment predictors 

Trends in the biological and physical variables of the surface sediment of stations 

4, 5, 6, 7, 10, 14, and 13 (longitudinal transect) are shown in Figure 4.2. Sand content ( r 

= 0.758, p = 0.011), silt content ( r = 0.757, p = 0.011), clay content (r2 = 0.632, p -

0.033), water content ( r = 0.640, p = 0.031) and bulk Jensity ( r = 0.812, p = 0.006) of 

the sediment were significantly correlated with distance down Manitounuk Sound. Bulk 

density was significantly correlated with depth of station (r2 = 0.599, p = 0.041) along the 
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Figure 4.2: Surface biological and physical properties of the sediment: 
chlorophyll and phaeopigment content (A), percentages of sand, silt, 
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123 

longitudinal transect. Of the sediment types, sand content was the best predictor of bulk 

density (r2 = 0.886, p - 0.002). 

4.3.2.2 Relationship between U>critand sediment biofilm predictors 

Erosion thresholds were determined using the extrapolation method outlined in 

Chapter 1. The U.^, values determined for stations positioned on the longitudinal transect 

did not correlate with any biological or physical sediment variables. Figure 4.3A shows a 

slight increase in U,^, along the length of the Sound. 

4.3.2.3 Peak erosion rate 

Peak erosion rates determined for stations positioned on the longitudinal transect 

did not correlate with any biological sediment variables. Peak erosion rates fluctuated at 

stations of the inner region and then decreased towards the central and inner regions of the 

Sound (Figure 4.3B). Peak erosion rates were significantly correlated with mean grain size 

(r2 = 0.739, p = 0.013), sand content (r2 = 0.657, p = 0.027), clay content (r = 0.673, p = 

0.024), water content (r2 = 0.575, p = 0.048), and net erosion rates (r2 = 0.688, p = 0.021; 

Figure 4.4). Regression equations are presented in Table 4.2. 

4.3.2.4 Net erosion rate 

Net erosion rates determined for stations positioned on the longitudinal transect 

were positively correlated with silt content (r2 = 0.611, p = 0.038), clay content (r = 

0.841, p = 0.004), water content (r2 = 0.832, p = 0.004), and phaeopigment 
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Table 4.2: Regression equations describing the relationships between peak erosion rate 
(PER) and mean grain size, sand content, clay content, water content, and net erosion 
rate. Level of significance = 0.05, n = 7). 

Regression equations 

Log PER (kg^nT's 

Log PER (kg»m 2»s 

Log PER (kg»m 2»s 

Log PER (kg'nT's 

Log PER (kg»m":»s 

') = - 0.04 (mean grain size) - 5 5 

') = - 0.04 (sand content (%)) -5.1 

') = 0.06 (clay content (%)) - 9.2 

') = 0.07 (water content (%)) - 9 

') = 2776 (net erosion rate (kg'm :*s )) - 8 

0 739 0.01 

0.657 0 03 

0.673 0 02 

0.575 0 048 

0 688 0 02 
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(r^ 0.904, p = 0.013) and negatively correlated with mean grain size (r2 = 0.926, p = 

0.001), sand content (r2 = 0 845, p = 0.003 ), and bulk density (r2 = 0.701, p = 0.019; 

Figure 4.5). Regression equations are presented in Table 4.3. Figure 4.3C shows a 

decrease in net erosion rate towards the mouth of the Sound. The high sediment 

chlorophyll value observed at station 5 (Figure 4.2) may have contributed to the low net 

erosion rate value observed at station 5 (Figure 4.3). 

4.3.3 Cross-Sound trends 

This transect started on the gradually sloping tidal flats on the eastern border of the 

Sound, traveled through a deep basin of 43 m, and finished on the flanked slope of the 

western border of the Sound. 

4.3.3.1 Biological and physical sediment predictors 

Trends in the biological and physical properties of the surface sediment of stations 

8, 9, 10, 11, 12 (cross-Sound transect) are shown in Figure 4.6. Bulk density (r2 = 0.906, 

p = 0.013) and sediment phaeopigment concentrations (r2 = 0.943, p = 0.029) were 

significantly correlated with distance across the central region of Manitounuk Sound. 

Water content was significantly correlated with depth of station across the Sound (r2 = 

0.894, p = 0.015). 
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Table 4.3: Regression equations descnbing the relationships between net erosion rate 
(NER) and mean grain size, sand content, silt content, clay content, water content, bulk 
density, and sediment phaeopigment concentration. Level of significance = 0.05, n = 7). 

Regression equations r2 p 

Log NER (kg»m"2«s!) = - 0.062 (mean grain size) - 7.1 0.926 0.001 

Log NER (kgntfV) = - 0.06 (sand content (%))- 6.6 0.845 0.003 

Log NER (kg«mV) = 0.13 (silt content (%)) - 12 0.611 0.04 

NER (kg-m"V) = 0.000021 (clay content (%)) - 0.0005 0.841 0.004 

Log NER (kg-itfV) = 0.10 (water content (%)) -12.7 0.832 0 004 

Log NER (kg»mV) = -0.009 (bulk density (kg«m})- 8 0.701 0.02 

NER (kg«m'V) - 0.00007 (phaeopigment (ug-ml1) - 0.2 0.904 0.01 
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4.3.3.2 Relationship between erosion thresholds and rates and sediment biofilm 
predictors 

Too few data points existed along this transect to run regressions correlating U.mt, 

peak erosion rates, and net erosion rates with the biological or physical sediment 

properties. The erosion parameters were not calculated for station 11 due to problems 

during the flume deployment. Although the physical properties of the sediment did not 

vary between stations 8, 9, and 10, a decrease in chlorophyll away from the tidal flats was 

observed (Figure 4.6). This decrease may be responsible for higher values of peak erosion 

rate and net erosion rates observed at stations 8, 9, and 10 (Figure 4.7). 

4.3.4 Organic fluxes 

The ratios of suspended chlorophyll to inorganic sediment were typically greater 

than those found in Upper South Cove (Figure 4.8 and 4.9). The increasing slope and 

decline of the ratio of chlorophyll to inorganic sediment around the peak values were 

gradual at stations in Manitounuk Sound relative to the sharp "peaks" and pronounced 

exponential decay in ratios or the dilution of chlorophyll by the inorganic fraction, 

observed at stations in Upper South Cove. The magnitude of the ratios and the availability 

"window" of high-quality food particles for suspension feeders appeared to be greater in 

Manitounuk Sound. The presence of chlorophyll at greater depths in the sediment column 

(Figure 4.10) may have contributed to the prolonged maintanence of the chlorophyll to 

inorganic sediment in suspension (Figure 4.8 and 4.9). 
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4.4 Discussion 

The variations in sediment composition and bulk density along the length of 

Manitounuk Sound reflected a decreasing trend in sedimentation rates seaward through 

the Sound (Amos et al, 1996) The inner Sound was characterized by continuous, rapid, 

post-glacial sedimentation, while seabed reworking and glacial outcrops (sill and flanks) 

was typical of the outer Sound 

4.4.1 Biological and physical sediment predictors 

The extent to which the sediment of Manitounuk Sound was consolidated and 

varied in sediment size and composition was substantially greater in comparison to 

variations in sediment characteristics of Upper South Cove. This observation is not 

surprising considering the station transect lengths of Manitounuk Sound and Upper South 

Cove spanned 33.4 and 1.3 km, respectively. The large variations in sand content between 

stations was a product of increasing tidal energy seaward through the Sound Since sand 

content varied by a factor of 11 and chlorophyll content varied by a factor of 4, the larger 

variations in the physical sediment characteristics relative to the biological sediment 

parameters would be expected to serve as more sensitive indicators of sediment 

erodibility. 

The accompaniment of silt and clay in the surface sediment at stations in 

Manitounuk Sound indicated that the settlement of fines was not hindered by the presence 

of continuous or long-lasting hydrodynamic processes at these stations (Parsiegla et al, 

1994). The accumulation of silt, clay and organic matter probably occurred during 
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quiescent periods and formed the interstitial material. Although, the sediment of several 

stations (11, 13, and 14) in Manitounuk Sound contained a high proportion of sand, these 

sediments were not as well-sorted as the sediment of the exposed site (station 1) in Upper 

South Cove. 

The development of a complex sediment matrix or fabric would depend on 1) 

hydrodynamic energy, 2) the cohesive nature of the clay fraction, 3) the aggregation state 

of the silt-clay and organic fractions (Watling, 1989), and 4) the binding potential of the 

diatoms present (Paterson et al, 1994b). Sediment mineralogy revealed that the clay 

fraction had a low chemical effect since it was a product of the surrounding glacial terrain. 

Although the aggregation state was not measured, it would be influenced by the 

colonization of diatoms. The fine interstitial material would supply a habitat for epipelic 

diatoms. High proportions of diatoms (80%) have been shown to occupy the mud coatings 

relative to the surfaces of sand grains in mixed tidal flats and channels of the Ems estuary 

(de Jonge, 1985). Correlations between erosion thresholds and the motile epipelic diatom 

fraction have been found to be significant, while those with total diatom biomass have not 

(Madsen et al, 1993). Subsequent stabilization of this fine fraction would promote the 

development of a permanent sediment matrix, the further settlement of fine material and 

the survival of epipelic diatoms by reducing abrasive effects caused by hydrodynamic 

sorting (Delgado et al, 1991). EPS has been suggested to act not only as a grain binder, 

but also as an elastic cushion between sediment grains, inhibiting the disruption of the 

sediment matrix (Frankel and Mead, 1973). Both biological and physical factors contribute 
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to the development of sediment microfabric, which in turn influences the erodibility of 

sediment. 

4.4.2 Vertical profiles of sediment chlorophyll 

Fine scale vertical-sectioning of sediment cores is necessary to determine the 

optimum depth of sampling of the sediment predictors required to maintain a strong 

sediment signal for correlation purposes. The subsurface chlorophyll maximum evident at 

station 9 would cause problems in obtaining the optimum concentration and maintaining 

sampling consistency across stations (Figure 4.10) Differences in the rate at which 

chlorophyll decreased at each mm depth interval across stations, such as 5 and 11, would 

also influence the depth to which chlorophyll should be sampled. 

Although the consolidated nature of the sediments in Manitounuk Sound relative 

to those of Upper South Cove would presumably result in reduced light penetration due to 

a greater packing structure (higher bulk density values), higher concentrations of 

chlorophyll existed at greater depths in the sediment in Manitounuk Sound, In addition, 

the water depths of the stations in Manitounuk Sound are greater than 10 m, while those 

in Upper South Cove are less than 10 m Light availability would also depend on 

variations in incident irradiance, cloud cover, attenuation in the overlying water column 

(Pinckney, 1994), however, these conditions were not measured and taken into account. 

The depth to which chlorophyll extended into the unconsolidated muds of Upper South 

Cove coincided with the depth to which the sediments became anoxic, suggesting that H,S 

production associated with anoxic zones inhibited further penetration of chlorophyll in the 
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sediment (Jorgensen, 1989) Therefore, the prediction of chlorophyll penetration in 

sediments based on micro-light sensors would give unreliable estimates of chlorophyll 

biomass used to predict sediment erodibility. Vertical sectioning of sediment cores is 

essential in determining the optimum sampling depth to prevent inclusion of 

chlorophyll-free sediment. A dilution of the chlorophyll signal would reduce its potential 

as an indicator of sediment stability. 

4.4.3 Relationship between erodibility measurements and sediment biofilm 
predictors (longitudinal transect) 

Higher values of erosion thresholds of Manitounuk Sound sediment (Figures 4.3 

and 4.7) relative to those of Upper South Cove sediment (Figure 3.6), were probably due 

to the higher sand content, higher chlorophyll content and greater degree of consolidation 

of sediment. The lack of correlation between U.OTl and the physical and biological sediment 

predictors, may be due to the small degree of variation in U,mt values along the 

longitudinal transect. The U.OTt values may have represented the erosion of the fine fraction 

through hydraulic sorting. The erosion characteristics of this fine fraction may not h-tve 

varied significantly throughout the sound. In addition, the U. values of the initial speed 

increment of Manitounuk Sound (0.163 ims"1) were much larger than those of Upper 

South Cove (0.0044 m's"1). It is possible that the erosion threshold of the sediment fell 

below the U. value associated with the initial speed increment. The high values and 

consistency of erosion thresholds measured in Manitounuk Sound relative to those 

measured in Upper South Cove may be controlled by the incipient U.. 
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The correlation of peak erosion rate and net erosion rate with so many of the 

sediment variables was due to the collinearity between the sediment predictors that varied 

together or around a common cause (Figures 4 4 and 4 5). The degree to which these 

sediment variables vary together would depend on the interaction of hydrodynamic energy 

(sorting) and biogenic stabilization of sediment A diminishing sedimentation rate and 

increasing bulk density seaward thiough the Sound (Amos et al, 1996) reflected an 

increase in hydrodynamic energy. These directional gradients were in harmony with the 

decrease in net erosion rate measured seaward through the Sound Results from station 5 

did not fit this pattern. The low net erosion rate at this station may have been influenced 

by the high sediment chlorophyll content Although it is difficult to determine whether 

biological or physical sedimeni properties primarily controlled sediment erodibility, it is 

clear that physical characteristics were important. Conventional sedimentological analyses 

as correlates of sediment erodibility, may be more useful in regions where strong 

variations in sediment composition occur. 

A stronger relationship between erosion rate and sediment predictor was not 

always reflected in a high coefficient of determination or low p-value. For example, the 

correlation between net erosion rate and phaeopigment concentration resulted in a high r 

value and low p-value relative to the other correlations However, the data points of this 

plot could potentially be divided into two populations, with one group "weighting" the 

relationship of the other. A straight line between two groups of data would result in a high 

correlation. Therefore, the regressions should be viewed with caution in choosing the best 

"predictor" of sediment erodibility (Figure 4.4 and 4,5). 
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4.4.4 Relationship between erodibility measurements and physical and biological 
sediment predictors (cross-Sound transect) 

The increase in peak and net erosion rates observed across Manitounuk Sound 

(Figure 4.7) may be due tc a change in sediment composition or to a decrease in sediment 

chlorophyll concentration (Figure 4.6). The changes in chlorophyll content are greater 

than the changes in physical factors, such as bulk density and sediment composition, 

suggesting that biological factors control erosion rates at stations 8, 9, and 10. These 

stations are proximal to the chlorophyll-rich tidal flats (Ruz et al, 1994) which could act 

as a source of benthic diatoms for the subtidal zone. 

4.4.5 Relationship between sediment chlorophyll and suspended chlorophyll 

The magnitude and shape of the shear velocity profiles of the ratio of chlorophyll 

to inorganic content would depend on 1) the shear velocity increments, 2) the 

concentration of sediment chlorophyll, 3) the depth of chlorophyll penetration in the 

sediment, 4) the steepness of the chlorophyll gradient, and 5) the depth of chlorophyll 

maximum. The early onset of a sharp peak in the ratio of chlorophyll to inorganic sediment 

observed in Upper South Cove (Figure 3.17) was a combination of the low sediment 

strength of the existing unconsolidated muds and the concentration of chlorophyll in the 

topmost sediment layer (Figure 3.5). The gradual increase in the ratio of the suspended 

chlorophyll to inorganic sediment observed in Manitounuk Sound (Figure 4.8 and 4.9) 

was probably due to the presence of the consolidated "soft to stiff organic clays" to a 

greater degree and the maintenance of chlorophyll at depth to a lesser degree (Figure 

4.10). The dilution of chlorophyll by inorganic matter is drastic and occurs at low shear 
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stress values Although the inorganic content of SPM was greater in Maritounuk Sound 

(82 - 93 %) relative to Upper South Cove ( 7 1 - 7 7 %), the peak concentrations of 

chlorophyll were greater in Manitoumk Sound In general, higher concentrations of 

chlorophyll would be available to suspension feeders for a longer duration of the tide in 

Manitounuk Sound relative to Upper South Cove 



CHAPTER FIVE 

General summary 

5.1 The impact of biofilms on sediment erodibility 

Biofilms influence sediment erodibility. In the laboratory setting, the ratio of 

sediment bulk carbohydrate to chlorophyll showed a strong relationship with the erosion 

rate of sediment (Figure 2.12) This ratio indicates the phase of biofilm growth from the 

"pioneering" to the "established* stages. The growth phase of a biofilm is an important 

factor controlling the production of EPS. The increase in size of eroded aggregates with 

age of a diatom biofilm or increased production of carbohydrates indicated a change in the 

sediment microfabric. This change in sediment microfabric may have been due to a 

saturation of sediment with EPS or a change in the "stickiness" with the age of the biofilm. 

The point of EPS saturation of sediment suggests that the erosion rate of individual grains 

is no longer a function of mineral chemistry or the grain Reynolds number, but a function 

of the physical and biochemical nature of the biofilm microfabric. The convergence of 

erosion rates of total sediment and the erosion rates of diatom biofilm supports this 

(Figure 2.10). 

In the field setting, pigment and mucilage components of biofilms, such as 

chlorophyll and carbohydrate, exhibited strong correlations with in situ erodibility 

measurements (Upper South Cove), such as U.^ (Figure 3.6), peak erosion rates (Figure 

3.12), and net erosion rates (Figure 3.13). The relationship between the chlorophyll 

content and peak and net erosion rates of subtidal sediment in both Upper South Cove, 

Nova Scotia and Manitounuk Sound, Quebec is shown in Figure 5. IB and C. The 

influence of sediment chlorophyll content on U.^ appeared to be restricted to the 
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unconsolidated muds of very low bulk density existing in Upper South Cove (Figure 

5.1 A). Further evidence for biostabilization in this region is the occurrence of a "buoyant" 

chlorophyll-containing gel mud in the upper centimetre of the sediment column (Figures 

3.4, 3.5, and 5.2). In Manitounuk Sound, physical properties of the seabed exerted a 

stronger control over peak and net erosion rates relative to the influence of biological 

sediment properties. The relationships between bulk density and U.,,,, and peak and net 

erosion rate are shown in Figures 5.2 and Figure 5.3A and B, respectively. Although more 

research is necessary to draw conclusions from the relationship between U,mt and bulk 

density of the two locations, increases in U,,^ were associated with increases in bulk 

density (Figure 5.2). 

5.2 Definition of sediment erodibility 

The entrainment of particles is a critical event as it is used widely in transport 

formulas and numerical models (Paterson, 1994; Lavelle and Mofjeld, 1987). However, 

numerous observational definitions of erosion threshold exist in the literature leading to 

inconsistencies between investigations and, therefore, a variety of quantitative results 

(Miller et al, 1977). In addition, these investigations have focused predominantly on the 

erosion thresholds of well-sorted, non-cohesive, abiotic sediment that behave differently 

than naturally occurring biomediated sediment mixtures. The objective of this section is to 

outline the various methods of erosion threshold determination in context with Lavelle and 

Mofjeld's (1987) criticisms of the definition of erosion threshold. 

The erosion threshold is the transition point or bed shear stress condition slightly 

less than that required to initiate bed movement (Miller et al, 1977). Incipient motion is 

defined as bed movement after the erosion threshold has been surpassed (Lavelle and 
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Mofjeld, 1987). How can threshold conditions be measured through observation if it is 

define-! as the critical point before initial motion (Miller et al, 1977)7 

"Particle threshold" or "bed threshold" is the friction velocity or bed stress required 

to move or erode single particles or a bed of partici ;s, respectively (Lavelle and Mofjeld, 

1987) The preciseness with which erosion threshold can be determined is limited by these 

numerous and incompatible definitions (Miller et al, 1977) Subjectivity arises in these 

definitions when variations in 1) the area of eroding seabed, 2) the duration of 

observational period, and 3) the number and size of particles, occur between 

investigations Also the transition point of particle motion may be different from that of 

particle discharge In ths thesis, definitions such as, particle threshold, bed threshold, and 

discharge threshold, were used to determine the initiation of sediment movement The 

following section will outline the application of these definitions 

Particle threshold is a function of the duration of the observation period and the 

area of erosion of a designated experiment A high variation of stresses exists temporally 

and spatially in the turbulent boundary layer, due to turbulent eddies that can, on occasion, 

penetrate the viscous sublayer (Lavelle and Mofjeld, 1987) The correlation of sediment 

resuspension and turbulent bursts has been established in the literature (Sutherland, 1967) 

Given an extended observation period or working area, the probability of particle 

movement would increase Such occasional movements may be considered to be 

irrelevant, but could amount to significant quantities of sediment transport over time 

Instantaneous bursting could potentially occur below the bed threshold value determined 

at a time-averaged shear stress Since the time periods of the speed increments or 
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observational periods did not vary between experiments, the differences in erosion areas 

between the Sea Carousel (0.873 m2) and the recirculating flume (0.102 m2) may have 

been partially responsible for the higher erosion thresholds determined by the recirculating 

flume. 

Particle threshold is also a function of the eroding particle or aggregate size, which 

corresponds to developmental stage or age of a surface biofilm. In Chapter 2, a steady 

increase in the size of the particles or aggregates eroded was observed during the growout 

period of the diatom, Nitzschia curvilineata (Figure 2.4B). The formation of a 

biofilm-sediment microfabric through the growth and migration of diatoms; and associated 

pervasion of EPS in the sediment was responsible for the observed increase in eroded 

aggregate size. In addition, the erosion of larger aggregates from natural sediment cores 

(Chapter 3) containing the well-established biofilm was easily detected, while the detection 

of the erosion of individual particles of the remaining sediment cores was very difficult 

Although the erosion of individual particles from the latter group of sediment cores was 

not obvious, erosion was evident from a flattening of the sediment core surface and the 

detection of the suspended material by the OBS. Problems arise when applying 

observational definitions of erosion thresholds to different sediment sizes or to biofilms of 

different developmental stages. Neill (1968) reported that the erosion thresholds of larger 

particles would be lower than those of smalk. particles because the former category will 

be detected sooner. The erosion thresholds of the detected particles during the early stages 

of diatom growth (Figure 2 4B) may be too high if they occuired after the erosion of the 
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undetected surface particle layer. Larger aggregates were eroded at higher shear velocities 

within the erosion trials of days 6 and 9 (Figure 2 4B) 

Bed threshold is a function of the number of particles eroded simultaneously. 

During exponential phase of growth (exponential phase) of Nitzschia curvilineata, the 

erosion threshold for particle motion was always less than the erosion threshold tor the 

movement of 10 particles simultaneously (Figuie 2.4B) The fewer number of particles 

required to be in motion simultaneously, the lower the bed threshold However, as the 

individual particles become incorporated into the biofilm matrix, during stationary phase of 

growth, the chances of detecting 10 particles moving simultaneously diminishes Although 

the motion of individual particles was observed, the simultaneous movement of 10 

particles was not detected at the onset of stationary phase Instead the release of a fewer 

numbei of large flake-sized aggregates occurred 

The extrapolation of an eroded sediment signal back to zero tranport was 

performed by Shields, however, the technique used was not explicity described (Lavelle 

and Mofjeld, 1987) In this study, a regression was used to extrapolate back to the log U. 

axis from the SPM curve to determine the threshold of zero concentration (extrapolation 

method) The "linearity" of the SPM vs log U. regression would depend on the extent of 

binding, microfabric formation, and lamination within the sediment column In certain 

cases, the SPM curve appeared to be made up of two linear parts divided by an inflection 

point, representing two distinct layers in the sediment. Two intercepts or erosion 

thresholds were determined to prevent the steeper slope of the SPM curve from 

influencing the gentler slope occurring at the intercept Therefore, the extrapolation 
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method of determining U,mI must be used with caution in sediment exhibiting strong 

vertical gradients in strength. 

In some cases when the extrapolation method was applied (Figure 3.7), the first 

data point for SPM fell below the regression intercept determined as the erosion threshold. 

Emphasis was not placed on the initial suspended data point due to a larger noise to signal 

ratio that occurs at very low concentrations. "Noise" may be in the form of 1) 

resuspension due to instantaneous turbulent bursting, 2) patchiness of large-diameter 

suspended aggregates, and 3) the erosion of aggregates attached to non-seabed material 

(seagrass fragments) associated with the sediment-water interface. Since the SPM signal 

was measured through the collection of water samples, the source of the "noise" required 

validation through observation. 

The term sediment erodibility should include both concepts of erosion thresholds 

and erosion rate, due to 1) the discrepancies between definitions of erosion thresholds and 

2) the greater range of erosion rates measured in this thesis relative to erosion thresholds. 

If the observation method is used to determine erosion thresholds, the area of the eroding 

seabed, the duration of the observation period, and the number and size of particles should 

be standardized. If the extrapolation method is used to determine erosion thresholds, 

attention should be drawn to 1) the formation of multi-curves representing distinct 

sediment layers and 2) "noise" arising from the erosion of epiphytic material not associated 

with the seabed. The larger range in net erosion rate relative to erosion threshold 

measured in Upper South Cove supports Lavelle and Mofjeld (1987) suggestion that more 

emphasis should be placed on erosion rate when describing sediment transport. However, 
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an operational definition of erosion threshold should not be ruled out, since the level of 

importance of the different definitions varies between investigators (Miller et al, 1977) 

In summary, biostabilization of subtidal estuarine sediments was greatest in regions 

of low bulk density (gel muds) characterized by little variation in sediment physical 

properties. Both sediment chlorophyll and colloidal carbohydrate content exhibited strong 

correlations with in situ erodibility measurements, lending one to conclude that both the 

pigment and mucilage sediment variables would serve as good indicators of sediment 

stability. The ratio of sediment bulk carbohydrate to chlorophyll may also be considered an 

indicator of sediment stability, since this ratio exhibited a strong relationship with the 

erosion rate of the sediment in the laboratory setting The growth phase of the biofilm of 

Nitzschia curvilineata controlled the production of bulk carbohydrates and, thus, 

variations in this ratio. The saturation of sediment with EPS with age of biofilm resulted in 

an increase in size of eroding particles or aggregates This shift in eroded particle size was 

probably due to changes in the "stickiness" of the sediment microfabric with age of 

biofilm The results from this study indicate that the phase of diatom biofilm growth is an 

important factor in the alteration of the behaviour of sediment erosion Therefore, more 

knowledge of the physiological status and texture of diatom biofilms is essential for the 

quantitive prediction of sediment transport 



Appendix Al • Time-series plots of current speed, SPM, and erosion rate obtained from Sea 
Carousel deployments in Upper South Cove, Nova Scotia 
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Appendix A2 Time-series plots of current speed, SPM, and erosion rate obtained from Sea 
Carousel deployments in Manitounuk Sound, Quebec 
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Figure A2.2: Time-series plots cf current speed (A), SPM (B), and peak 
erosion rates (C) obtained from a Sea Carousel deployment at station 6 
in Manitounuk Sound. 
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Figure A2.3: Time-series plots of current speed (A), SPM (B), and peak 
erosion rates (C) obtained from a Sea Carousel deployment at station 7 
in Manitounuk Sound. 
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Figure A3.1: Bulk density histograms of a wedge-shaped sediment 
core made for calibration of the Catscan. The two peaks represent 
the air segment and the sediment segment of the tomogram. 
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