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 Abstract 
 
Dreissenid mussels alter particle transport dynamics in the near shore environment of the Great Lakes 

by intercepting, retaining and recycling suspended solids that might otherwise be exported to the 

offshore environment (Hecky et al., 2004).  Particulate materials filtered from the water column by 

dreissenids are subsequently released as either feces or pseudofeces (Walz, 1978).  This bio-

transformation process alters the nature (grain size distribution, settling velocity and density) and 

transport properties (critical shear stress for erosion, erosion rates and bed stability) of particulate 

matter in surficial sediments. While knowledge of the transport characteristics of this material is 

required to refine particle transport dynamics and energy flow models in the Great Lakes, few studies 

have been specifically conducted to directly quantify these processes.  An annular flume was used to 

determine the bed stability, rate of erosion and critical shear stress for erosion of dreissenid 

biodeposits.  Materials studied in the flume consisted of 1) a combination of biodeposits and surface 

sediments collected from dreissenid beds and 2) biodeposits harvested in a weir box with dreissenids.  

The results show that erosion characteristics and sediment transport properties were strongly 

influenced by bed age; however particle sizes did not increase in the presence of mussels as originally 

speculated.  Bed stability increased after 7 days, with a Űcrit of 0.26 Pa compared to the 2 and 14 day 

consolidation periods (Űcrit= 0.13 and 0.15 Pa respectively).  In 2010, following a 2 day consolidation 

period, pure biodeposits harvested in the weir box had a critical shear stress for erosion of 0.052 Pa.  

The decrease in bed stability found in biodeposits from 2010 compared to the 2008 biodeposit 

mixture, may be a result of a more diffuse biofilm developing on the highly organic substrate.   The 

mixture of biodeposits collected in 2008 were a combination organic and inorganic materials which 

may be creating a nutrient limited environment, where biofilm structure consists of more tightly 

organized biofilm cells and as a result enhance stability in the bed sediments.  The decrease observed 

after 14 days is likely a result of the microbes depleting their resources and dying off.  Due to the 

added roughness the mussels created in the flume, Űcrit could not be measured and critical revolutions 

per minute (RPM) for erosion are reported for flume runs with mussels. During experiments 

conducted in 2009 with pure biodeposits and mussels the critical RPM was 5.83 while in 2010 in the 

presence of mussels a critical RPM was not observed.  Settling experiments found biodeposits from 

both years (2008 and 2010) had decreased settling velocities when compared to different sediment 

types from lacustrine environments.  I speculate that the added enrichment of the surficial sediments 

by mussel biodeposits is enhancing the process of biostabilization and increasing the bed stability and 

that the presence mussels themselves may additionally be enhancing bed stability by inhibiting flow 

from reaching the surface sediments/biodeposits.  
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Chapter 1: Introduction  

1.1 Problem Statement 
 
The Laurentian Great Lakes provide a range of resource services and values such as drinking water, waste 

disposal, industrial water supply, commercial fisheries and recreation (Smith, 2007). Due to an increasing 

variety of land use pressures, these resources have been negatively impacted resulting in degraded water 

quality, loss and change of habitat and loss of native biota (Mills et al., 2003).  From the 1940s to the 

1970s, some of Great Lakes experienced cultural eutrophication resulting in nuisance algal blooms and 

low dissolved oxygen levels (Snodgrass, 1987; Matisoff and Ciborowski, 2005).  International efforts 

were directed towards identifying the contributing factors and quantifying impacts of eutrophication on 

the Great Lakes ecosystems (Mills et al., 2003).  In 1972, the Great Lakes Water Quality Agreement 

(GLWQA) set controls on permissible phosphorus loadings from watersheds to each of the Great Lakes 

(Mills et al., 2003).  The desired outcomes were to reduce the incidence and extent of harmful algal 

blooms, total algal biomass and hypoxic conditions (Conroy and Culver, 2005).  Primarily due to efforts 

that reduced loadings from sewage treatment plants (Smith, 2007), total phosphorus concentrations in 

Lake Ontario had decreased by 50% from 20-25 ɛg L
-1
 in the early 1970s to 9.9 ɛg L

-1
 in 1986 (Mills et 

al., 2003).  Makarewicz (1993a) also reported a decrease in total algal biomass and a reduction in the 

abundance of eutrophic indicator species in Lake Erie by the mid-1980s.  

In 1988, the non-indigenous zebra mussel, Dreissena polymorpha, was first observed in Lake St. 

Clair (Hebert et al., 1989). These organisms are believed to have been introduced via ballast water from 

international shipping vessels (Hebert et al., 1989).  By 1990, zebra mussels extended their range 

throughout Lake Erie and were found in the western basin and southern shorelines of Lake Ontario 

(Griffiths, 1993).  In 1991, the quagga mussel, Dreissena (rotriformis) bugensis, was observed in the Erie 

Canal and Lake Ontario (May and Marsden, 1992).  The life cycles of dreissenids include a planktonic 

larval stage and benthic sedentary juvenile stage followed by an adult stage (Mackie, 1991).  Accordingly, 

the various life stages provide transport opportunities that expand the range of the organism in any stage, 

either through unintentional transport of veliger larvae in ship ballast water, or mussel attachment to ship 

hulls, engines or anchors (Brown and Stepien, 2010).  Dreissenids have proliferated throughout the Great 

Lakes and interconnecting waterways, including the Mississippi, Hudson and the St. Lawrence Rivers 

(Neary and Leach, 1992; Strayer et al., 1999).   

In some areas of the Great Lakes such as western Lake Erie, dreissenid densities can exceed 

700,000 m
-2
 (Kovalak et al., 1993).  MacIsaac et al. (1991) reported slightly lower densities (341,000 m

-2
) 
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on reefs in Lake Erie, while densities of 4,000 m
-2
 were reported in the Hudson River (Strayer et al., 

1996b).  Coupled with their high densities, dreissenids can filter large volumes of water in relatively short 

periods of time.  Estimated filtration rates vary amongst studies, between 0.2 to 700 mL hr
-1
 (Kryger and 

Riisgard, 1988; Noordhuis et al., 1992; Bunt et al., 1992).  Collectively, high density dreissenid 

populations can result in very high total filtration rates (Kryger and Riisgard, 1988; Noordhuis et al., 

1992; Bunt et al., 1993; Klerks et al., 1996; Roditi et al., 1996) that remove a wide range of particles from 

the water column.  Typically, dreissenids filter phytoplankton, bacteria, zooplankton, detritus and silt 

particles varying in size from 1-1200 µm (Horgan and Mills, 1997; Strayer et al., 1999). Dreissenid 

populations have significant impacts on the physical, chemical and biological processes within benthic 

habitats due to their large biomass; efficient filtration rates and bio-deposition of suspended particulates 

and nutrients (Klerks et al., 1996; Hecky et al., 2004).   

Dreissenids are non-selective filter feeders and internally sort materials for digestion.  Once in the 

mantle cavity of the mussel, particles are either rejected or selected as food items.  Rejected particles are 

bound together with mucous and released through the inhalant siphon as pseudofeces (Reeders and bij de 

Vaate, 1992).  Particles selected as food items are, ingested and later released as feces (Reeders and bij de 

Vaate, 1992).  Various studies demonstrate that dreissenid induced bio-deposition of suspended materials 

is significantly greater than natural sedimentation rates (Jaramillo et al., 1992; Klerks et al., 1996; Dobson 

and Mackie, 1998).  In particular, Dobson and Mackie (1998) found that bio-deposition rates were up to 

eight times higher than natural sedimentation rates.  The increased flux of particulate materials to the 

benthic community enhances species richness and abundance (e.g. amphipods (Bially and MacIsaac, 

2000)), while negatively impacting other organisms (e.g. native bivalves (Schloesser et al., 1996)) and 

leading to losses in natural populations (Riccardi et al., 1996). 

In recent years, near shore zones of the Great Lakes have experienced eutrophic conditions 

associated with excess nutrient loading (Hecky et al., 2004).  The benthic filamentous algae, Cladophora, 

an indicator of P enrichment, has proliferated on the shorelines of Lake Erie, while the offshore 

conditions of P concentrations are consistent with the standards set by the 1972 GLWQA (Hecky et al., 

2004).   At the outflows of Lake Erie, particulate phosphorus (PP) concentrations are higher than in the 

1980s, with no evidence of increased loading from allochthonous sources (Hecky et al., 2004).  

Accordingly, Hecky et al. (2004) attribute increased P levels to dreissenid activity in the near shore zone. 

They hypothesize that mussels have reengineered the near shore environment by intercepting, detaining 

and recycling suspended nutrients that were previously exported to the offshore environment.  Hecky et 

al. (2004) referred to this bio-modification process as the ñnearshore shuntò.  The nearshore shunt 

hypothesis suggests that prior to dreissenid invasion, the near shore weakly retained PP which was a net 

source to the offshore pelagic zone (see Figure 1.1a) (Hecky et al., 2004).  However, after dreissenid 
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establishment, it is hypothesized that the near shore benthic zone retains PP from the offshore pelagic 

because PP is being re-packaged into larger particles and therefore less particulate matter is transferred 

directly to the offshore pelagic and instead is moving directly to the basin outlet (see Figure 1.1b) (Hecky 

et al., 2004).  This transfer of particulate matter to the benthic environments not only affects the rates and 

magnitudes of nutrient cycling (Hecky et al., 2004) but also influences contaminant transport (Klerks et 

al., 1996) and water quality (Dean, 1994). 

 

 

Figure 1.1: Nearshore shunt hypothesis proposed by Hecky et al. 2004, conditions (a) Pre and (b) Post 

dreissenid establishment.  Arrows indicate P pathways in the system, hatched arrows indicate changes 

following dreissenid establishment.  (a) The nearshore weakly retained P and was a net source to the 

offshore pelagic.  (b) The nearshore benthos detaining much of the P from the offshore pelagic.   

In aquatic systems, cohesive sediments (<63 µm) are the primary transport vector for phosphorus 

and many other nutrients and pollutants (Huang et al., 2006; Clifton, 2005).  Accordingly, the transport, 

fate and effect of these sediment associated pollutants are strongly linked to the transport properties of 

cohesive sediment and the hydrodynamics of the aquatic environment (Clifton, 2005).  Despite the 
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importance of cohesive sediment for P transport dynamics in the near shore zone, little is known about the 

influence of dreissenids on the re-packaging of suspended solids in the water column into biodeposits and 

their transport dynamics (see Figure 1.2).  The goal of this thesis is to quantify the physical properties 

(settling velocity, porosity, density, grain size) and transport characteristics (critical shear stress for 

erosion and erosion rate) of dreissenid biodeposits.  The transport characteristics of dreissenid biodeposits 

are quantified and the effect of biostabilization and mussel bed roughness on the transport of mussel 

biodeposits is determined using an annular flume.  Results of this thesis can be used to elucidate transport 

parameters required to refine particle transport models in lakes.    

 

 

 
1.2 Research Objectives 
 
The objectives of this study are to: 

1. Evaluate the transport properties (critical shear stress for erosion, erosion rate) of dreissenid 

biodeposits in an annular flume with and without dreissenids. 

2. Characterize and quantify the physical properties (porosity, density, settling velocity, and particle 

size) of dreissenid biodeposits. 
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Figure 1.2: Conceptual diagram of dreissenid mussel particle interactions in the near shore zone. 
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1.3 Literature Review  
 
Understanding the transport dynamics of fine grained suspended sediment (<63ɛm) is important in 

determining the physical transport characteristics of mussel biodeposits because; 1) mussels preferentially 

filter cohesive sediments between the size range of 15-40 ɛm (Ten Winkel and Davids, 1982; Klerks et 

al., 2001) although they have been observed filtering materials as large as 1500 ɛm (Sprung and Rose, 

1988; Horgan and Mills, 1997); and 2) P and other nutrients and contaminants preferentially bind to 

sediments <63ɛm.  Accordingly, cohesive sediment transport models incorporating biotic impacts (i.e. 

mussel feeding and biotransformation of particles) are necessary to predict the distribution of dreissenid 

biodeposits and associated contaminants.  However, many uncertainties surround the hydrodynamic force 

necessary to erode, suspend and transport cohesive sediments, especially the critical conditions necessary 

for initiation and subsequent deposition (Milburn and Krishnappan, 2003).  The erodibility of cohesive 

bed sediments is dependent on the balance between erosive forces (i.e. hydrodynamic forces) and resistive 

forces within the bed sediment (Grabowski et al., 2011).  Eroded fine-grained sediments have a cohesive 

nature and tend to form flocs, which changes the porosity, size and shape of particles (Droppo, 2001).  

The process of flocculation is dependent on a number of physical, chemical and biological factors within 

the flow field that constantly change (Droppo, 2001).  Accordingly, the transport and settling velocity of a 

floc changes making it difficult to accurately predict the distribution of particles and associated 

contaminants within aquatic systems. 

All aquatic sediments contain microorganisms (e.g. bacteria, protozoans, fungi and diatoms) 

and/or macroorganisms (e.g. bivalves, polychaetes, and amphipods) (Grabowski et al., 2011).  

Collectively, these organisms can have significant impacts on the sediment transport dynamics thus, 

altering the hydrodynamics (i.e. biogenic structures), sediment stability (i.e. biostabilization) and particle 

settling velocity (i.e. filtration processes) (Jumars and Nowell, 1984; Karlsson et al., 2003; Widdows et 

al., 2009; Grabowski et al., 2011).  Dreissenids for example, are considered both allogenic and autogenic 

engineers.  Their feeding ecology can change the nature of suspended materials, and their dense mats can 

alter the morphological and physical properties of areas invaded (Hecky et al., 2004; Coleman and 

Williams, 2002).  Accordingly, the goal of this study is to gain further understanding of how dreissenids 

influence particle transport dynamics in the near shore environment by examining the effects of 

dreissenids on sediment transport dynamics (i.e. erodibility of bed sediments) and the physical nature of 

the biodeposits produced by mussels.   This chapter reviews current literature on the nature of cohesive 

sediments, the main physical and biological processes influencing cohesive sediment transport and the 

impacts dreissenids have on particle transport dynamics in aquatic systems. 
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1.3.1 Nature of Cohesive Sediments 

Sediments play an integral role in hydrological, geomorphological and ecological processes in aquatic 

systems (Forstner and Owens, 1997).  Produced as a result of weathering rock, transport and biological 

processes (Grabowski et al., 2011), sediments provide substrates for biota, control water chemistry and 

clarity and are sites for biogeochemical cycling in rivers and lakes (Forstner and Owens, 1997; Grabowski 

et al., 2011).  Due to anthropogenic emissions (i.e. excessive metals, nutrients, organic pollutants etc.) and 

hydrogeomorphological modifications (e.g. dams, channels and dredging), the quality and quantity of 

aquatic sediments has degraded, negatively impacting aquatic ecosystems (Forstner and Owens, 1997; 

Wood and Armitage, 1997; Huang et al., 2006; Grabowski et al., 2011).  

The majority of toxic chemicals including US-EPA priority pollutants are transported primarily 

by cohesive sediment (<63 ɛm) and/or biological substrates (Droppo et al., 2001; Chapman, 1982).  

Contaminants can be delivered directly through point sources and soil erosion or gradually adsorb to fine-

grained cohesive sediment within the water column (Droppo et al., 2001).  Fine-grained cohesive 

sediments are clay-sized particles consisting of organic and inorganic materials (Huang et al., 2006).  Due 

to size and surface ionic charges, inter-particle forces dominate the behaviour of cohesive particles over 

gravitational and drag forces (Huang et al., 2006).  As the particle size decreases, the surface area begins 

to become significant relative to its volume (Gregory, 2005).   The large surface area provides more 

opportunity for contaminant adsorption (Stone and Droppo, 1994).  Additionally, compared to larger 

grain size fractions, cohesive sediments (< 63ɛm) are more geochemically active (Ongley et al., 1982; 

Stone and Droppo, 1994; Stone et al., 1995) and remain in suspension for longer periods of time (Lick, 

1982).  Accordingly, a precise understanding of cohesive sediment transport processes is necessary to 

model the transport and fate of sediment associated contaminants. 

The settling velocity and grain size distribution of particles in suspension, govern the transport of 

cohesive sediments (Berlamont et al., 1993).  These parameters vary in response to the physical, chemical 

and biological attributes of an individual system and sediment source (de Boer et al., 2005).  Various 

studies have documented the tendency for cohesive suspended sediments to flocculate/aggregate in 

transport, characterizing their transport in aquatic systems (Droppo et al., 1997, 1998, 2001; Droppo, 

2001; de Boer et al., 2005).  Aggregation is thought to occur outside of the aquatic system, and aggregates 

are transported as water stable soil aggregates into a system (Wall et al., 1978; Droppo, 2001).  

Flocculation refers to the joining of particles in the water column through a series of complicated 

physical, biological and chemical processes (Droppo, 2001).  Both processes refer to the formation of 

larger particles from smaller particle collisions, and hereafter the terms aggregation/aggregate and 

flocculation/floc will be used interchangeably (Droppo, 2001).  
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The hydrodynamic properties of the constituent particles are altered during flocculation which 

causes changes in particle density, porosity and settling velocity affecting the fate of particle bound 

contaminants (Droppo et al., 1997; Droppo et al., 2002; de Boer et al., 2005).  Droppo (2001) developed a 

conceptual model to describe floc form and behaviour and illustrate processes affecting floc structure and 

behaviour.  He defined floc behaviour ñas any physical, biological, or chemical process that brings about 

change in the state of the floc or its transport characteristicsò.  His conceptual model describes a floc as 

having four main components; inorganic, biological, water and pore components (Droppo, 2001).  The 

characteristics and resulting behaviour of each of the aforementioned components are presented, thus 

illustrating a link between the structural components of a floc and its interrelated behaviour within aquatic 

environments (Droppo, 2001).   

 

1.3.2 Cohesive Sediment Transport 

To effectively assess the impacts of cohesive sediments and associated contaminant transport on aquatic 

systems, it is necessary to understand and quantify factors that affect the spatial and temporal distribution 

of particulate matter in the water column and on benthic substrates (Clifton, 2005).  The relationship 

between sediment transport processes and hydrodynamic flow conditions is well understood for cohesive 

sedimenting materials (Clifton, 2005). Mathematical numerical models are routinely used to examine 

environmental fluid dynamic problems (i.e. contaminant transport, fate and bioaccumulation) in aquatic 

systems (Paterson and Black, 1999).  Transport processes and parameters important for modelling 

cohesive sediment transport are illustrated in Figure 1.3. 

Key processes influencing the transport and fate of cohesive sediments are flocculation, settling, 

deposition, consolidation and resuspension (Clifton, 2005).  These mechanisms are not solely dependent 

on the physico-chemical characteristics of the sediment, but also on the particle-particle interactions 

within the flow field and related biological activity that influence flocculation processes (Paterson and 

Black, 1999; Clifton, 2005).  Accordingly, the interdependence of these processes makes cohesive 

sediment transport complex to model (Clifton, 2005).  The effectiveness in these numerical models relies 

upon a rigorous understanding of these processes.  However, because the interplay between these 

processes is not fully understood or quantified, models predicting the behaviour of cohesive sediment are 

not fully developed (Paterson and Black, 1999). 
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Figure 1.3: Conceptual diagram of interactions between processes and parameters influencing cohesive 

sediment erosion and deposition on tidal flats (Black and Paterson, 1996). 

 
Parameterization of processes such as erosion and deposition can be determined by direct 

measurement in laboratory flumes or field (de Boer et al., 2005).  The following section reviews cohesive 

bed sediment stability and the factors influencing erodibility of cohesive bed sediments.   

 

1.3.3 Erodibility of Cohesive Bed Sediments 

In aquatic systems, cohesive sediment beds consist of deposited particles and flocs that were previously in 

suspension (Droppo and Stone, 1994; Stone et al., 2011).  Particle settling rates depend on the 

hydrodynamic and biogeochemical characteristics of the aquatic environment (Lau, 1990; Stone and 

Droppo, 1994; Droppo et al., 1997; Krishnappan and Marsalek, 2002; Stone et al., 2011).  The stability of 

bed sediment is dependent upon the balance between the hydrodynamic forces causing erosion and the 

resistive forces within the sediment bed (Grabowski et al., 2011).  Boundary layer shear stress and 

turbulence are some of the erosive forces acting on the bed sediments (Grabowski et al., 2011).  These 

forces are a function of flow characteristics and solid transmitted stresses from saltating materials known 
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as bedload (Amos et al., 1998; Grabowski et al., 2011).  Physical and biological features of the near-bed 

environment, such as increased surface roughness and filtration by organisms, further influence these 

forces by altering the flow velocity and transport of particles (Nowell et al., 1981; Eckman and Nowell, 

1984; Nowell and Jumars, 1984; Sousa et al., 2009; Grabowski et al., 2011).  The influence of biota on 

flow characteristics and particle transport will be discussed later in this chapter.  The force exerted by 

water flowing over exposed bed sediments is defined as the bed shear stress (Űo).  Bed shear stress 

increases with channel slope and flow depth according to the Du Boyôs equation: 

† ”ὫὬὛ (1.1) 

where Űo is the spatially averaged bed shear stress (Pa), ɟ is water density (kg m
-3
), g is the acceleration 

due to gravity, h is the depth of flow (m) and S is the slope.  Shear forces acting on cohesive sediment 

beds is counteracted by the submerged weight of the particle, frictional interlocking of grain sediments 

and inter-particle cohesive forces (Black et al., 2002).  The driving and resisting forces acting on a single 

particle are illustrated in Figure 1.4.  If the hydrodynamic forces exceed the resistive forces, erosion 

occurs (Black et al., 2002; Grabowski et al., 2011). 

 

 

 

The erodibility of cohesive sediment is often defined based on two principle parameters; critical 

shear stress (or threshold for erosion) and erosion rate (Amos et al., 1992).   The threshold for erosion is 

the water velocity or the critical bed shear stress (Űcrit) that initiates sediment erosion (Grabowski et al., 

2011) that changes over time (Amos et al., 1988; Christian, 1990; Paterson et al., 1990; Amos et al., 

1992) and depth within the sediment bed (Amos et al., 1992).  The erosion rate is defined as the mass of 

sediment eroded per unit area and time (kg m
-2
 t

-1
) (Grabowski et al., 2011).  Amos et al. (1992) classify 

erosion with two categories.  Type I erosion decreases exponentially with time.  In this case, floc erosion 

decreases with time to a point where the bed shear stress (Űo) is equal to the bed shear strength (Űs) 

(Paterson and Black, 1999).  Type II erosion is constant with time and tends to occur when the bed shear 

Weight 

Flow 
Drag or Shear 

Buoyancy and Lift 

Reaction Reaction 

Figure 1.4: Driving and resisting forces acting on a sand grain (Willis and Krishnappan, 2004). 
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stress greatly exceeds the erosion threshold (Űo>> Űcrit) (Amos et al., 1992; Paterson and Black, 1999).   

Experiments performed by Amos et al. (1997) describe a third type of erosion, type Ia, where a surface 

ófluffô layer, is eroded under low shear conditions (Amos et al., 1997).   This ófluffô layer has been 

referred to as the surficial fine-grained laminae (SFGL) which consists of a low density high water 

content layer (Stone and Droppo, 1994; Stone et al., 2011).  Droppo and Stone (1994), reported that this 

top layer consists of flocculated materials up to 8 mm thick which forms a transient blanket over the 

existing sediment bed (Droppo and Amos, 2001).  Once eroded, this layer can return significant amounts 

of sediment and associated contaminants back into the water column potentially resulting in further 

distribution of contaminants (Lambert and Walling, 1988; Stone and Droppo, 1994; Phillips and Walling, 

1999; Droppo and Amos, 2001). 

McAnnally and Mehta (2001) developed a numerical model to describe the erosion rate of 

cohesive sediment layers.  This model is applied to freshly deposited beds in the process of initial self-

weight consolidation by Black et al. (2002): 

ÌÎ
‭

‭
‌ † †  

(1.2) 

where ʐo is the bed shear stress (Pa), ʐo crit(z)  is the critical erosion stress at depth z (m), צf  is termed the 

floc erosion rate (kg m
-2
 s

-1
) and ɓ and Ŭ are the exponent and rate coefficient, respectively (Black et al., 

2002).  Black et al. (2002) describe a second model commonly used for the erosion of consolidated beds 

or mechanically emplaced beds, where bed properties are uniform within the uppermost centimeters of 

the bed: 

‭ ‭
† †

†
 (1.3) 

where צM  is the rate coefficient and ŭ the exponent.   

 

1.3.4 Factors Influencing Bed Sediment Stability  

The stability of bed sediments has classically been attributed to factors such as consolidation, dewatering 

and electrochemical forces resisting erosion (Droppo, 2009).  More recently linkages have been 

recognized between erosion potential and the biological properties of soft sediment bottoms (Black et al., 

2002).  Although the physical forces necessary to erode sediment beds are typically orders of magnitude 

greater than biological forces, the biological effects become increasingly important during quiescent (low 

flow) conditions (Black et al., 2002).  One biotic force contributing to bed stability is biostabilization, 
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which is contrary to destabilization (Black et al., 2002).  The following sub sections review literature 

describing the physical force of consolidation and the biological force of biostabilization that influences 

the stability of cohesive sediment and methods used to quantify them.    

 

1.3.4.a  Physical Processes; Consolidation 

The consolidation process is important to consider when modeling the erosion of cohesive sediments 

(Berlamont et al., 1993; Huang et al., 2006). Consolidated beds become less susceptible to erosion with 

time due to an increase in bed shear strength and the increase in density changes the mass of sediment 

eroded per unit bed thickness (Mehta et al., 1989).  There are two types of consolidation: primary and 

secondary (Mehta et al., 1989).  Primary consolidation refers to the self-weight of a particle and begins 

when the self-weight exceeds the seepage force of upward flow of pore water from the underlying 

sediments (Mehta et al., 1989; Huang et al., 2006).  As the self-weight of the particle expels the 

underlying pore water, the particles move closer together (Huang et al., 2006).  The seepage force 

gradually decreases with time until it is completely dissipated and primary consolidation ends (Huang et 

al., 2006).  Under the constant overburden of stress, plastic deformation of the sediments occurs, which is 

referred to as secondary consolidation (Mehta et al., 1989; Huang et al., 2006).  Secondary consolidation 

begins during the primary phase and can last for up to months after primary consolidation ends (Huang et 

al., 2006). 

Models incorporating consolidation represent the sediment bed with a number of layers (Huang et 

al., 2006).  Each layer has a specific thickness, consolidation time and critical shear stress (Huang et al., 

2006).   Nicholson and OôConnor (1986) developed an idealized consolidation model, linking the bulk 

density (ɟ) to the consolidation time (t): 

”

”ȟ
”
” ȟ

 ” ” ρȢπ Ὡὼὴὃ ὸ ὸ
ȟ
ȟ

ὸ ὸ
ὸ ὸ ὸ

ὸ ὸ
 

(1.4) 

where ɟb is the dry bulk density (kg m
-3
), t represents time (seconds) and A2 and B2 are the coefficients 

that account for the influence of mud type and salinity (Huang et al., 2006).  Subscripts f and Ð represent 

freshly deposited and fully consolidated states, respectively (Huang et al., 2006).  
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1.3.4.b  Biological Processes; Biostabilization 

Increasingly the influence of benthic biota as contributors to bed sediment stability (biostabilization) or 

factoring against it (biodestabilization) are becoming prevalent in the literature (Black et al., 2002; Le Hir 

et al., 2007; Stone et al., 2011).  Biostabilization influences sediment erodibility and is a process in which 

sediment associated bacteria, microalgae and macrofauna, produce extracellular polymeric substances 

(EPS) which coat particles and bridges interstitial gaps to form a cohesive network (Stone et al., 2011; 

Black et al., 2002; Paterson, 1997).   Due to the adhesive nature of the EPS, grains and flocs stick together 

increasing the bed sediment stability (Stone et al., 2011; Droppo et al., 2001).   

The development of biofilms on aquatic sediments can change the physical characteristics (e.g. 

grain size, structure, morphology, porosity, shape, degree of consolidation) (Stone et al., 2011) and 

influence its behaviour (i.e. erodibility) (Droppo and Amos, 2001; Droppo et al., 2007; Stone et al., 

2011).   Numerous studies have demonstrated the increased stability of biostabilized sediments, with the 

increase in horizontal shear required to initiate erosion (Dade et al., 1996; Amos et al., 2004; Gerbersdorf 

et al., 2008; Stone et al., 2011).  In marine clays for example, Dade et al. (1996) found that the critical 

shear stress for erosion increased up to 60 % for biostabilized sediments over control sediments.  Droppo 

et al. (2001) observed a 10-fold increase in shear required to induce erosion of biostabilized sediments 

versus control sediments after 5 day consolidation time.   There is abundant literature on the effects of 

biostabilization as a stabilizing factor, yet few sediment transport models incorporate their effects (Le Hir 

et al., 2007). 

Le Hir et al. (2007) discuss a number of reasons why modeling the effects of biostabilization is 

difficult.  They suggest the type of microbial community inhabiting the benthic sediments and their 

stabilizing effects vary considerably in aquatic environments depending on the amount of EPS secreted by 

different types of microbes (Le Hir et al., 2007).  Yallop et al. (2000) found that algae secreted more 

exopolymer than bacteria and as a result increased the stability of the algae dominant sediment.  

Chlorophyll a or colloidal carbohydrates are often used as proxies for an index of EPS.  Relationships 

between these have been made but parameters are environmentally specific (Friend et al., 2003a; Le Hir 

et al., 2007).  Although EPS is the parameter of interest, chl a can also provide ecological information and 

can be measured quickly and efficiently (Murphy et al., 2004; Le Hir et al., 2007).  Le Hir et al. (2007) 

presented data from the literature and illustrated correlations between the critical shear stress for erosion 

and chl a (Figure 1.5).  This figure shows the erosion thresholds are much lower for chl a concentration 

below 30 mg m
-2
 (0.1-0.8 Pa) than for concentrations above that limit (0.4-1.7 Pa chl a=50 mg m

-2
) (Le 

Hir et al., 2007).   All plots show similar trends, with stability in chl a enriched sediments, increasing up 

to a factor of 4 (chl a=100 mg m
-2
) (Defew et al., 2003; Le Hir et al., 2007).  The correlation between 
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critical shear stress for erosion and chl a are varied (Le Hir et al., 2007).  One common thread amongst 

them is that with higher chl a levels, the shear stress required to erode the bed sediments increases (Le Hir 

et al., 2007). 

 

Figure 1.5: Data collected from several studies comparing chlorophyll a concentrations and the critical 

shear stress for erosion (Le Hir et al., 2007). 

A second problem regarding modeling the effects of biostabilization is that once the shear stress 

is sufficient to lift the biofilm from the top layers of the sediment, the underlying sediment may have the 

same erosive behaviour as bare sediments (Le Hir et al., 2007).  The erodibility is then dependent on the 

physical characteristics of the sediment, which are variable over space and time (Le Hir et al., 2007).  The 

third and final issue Le Hir et al. (2007) suggests, is related to the experimental devices employed and the 

resulting variability in data.  Widdows et al. (2007) conducted erodibility experiments on intertidal 

sediments, using five devices to measure the critical shear stress for erosion.  Even when the methods for 

calculating type 1a and 1b erosion were defined and standardized, there was little agreement between the 

results from different devices (Widdows et al., 2007).  Similarly, Tolhurst et al. (2000) compared four 

erosion devices to determine erosion thresholds in the Humber estuary, UK.  Their study showed erosion 

rates varied by orders of magnitude between the different devices (Tolhurst et al., 2000).  Using 

biological and physical parameters, many recent studies have attempted to identify a proxy to characterize 

sediment behaviour, relating to erosion threshold, but the above mentioned problems make this a difficult 
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task (Le Hir et al., 2007).  The devices for measuring sediment stability will be reviewed in the following 

section including the use of annular flumes for erosion studies.  

 

1.3.5 Quantifying Cohesive Sediment Transport using Experimental Flumes 

To model the transport of cohesive sediments, some quantitative measurements of sediment 

characteristics and transport parameters are necessary to make inferences on the distribution of sediments 

within an aquatic system (Willis and Krishnappan, 2004).  Since erosion and deposition of cohesive 

sediment cannot be predicted based on environmental parameters alone, empirical measurements are 

needed in addition to knowledge of sediment characteristics to validate models.  Knowledge of cohesive 

sediment erodibility and deposition is critical for developing fate and transport models of cohesive 

sediment and associated contaminants (Ravens, 2007).  Many investigators have extensively used 

laboratory and in-situ flumes, where selected variables can be held constant and flow conditions can be 

controlled (Schumm et al., 1987).  Erosion experiments performed by Kuijper et al. (1989) follow an 

experimental design presented in Figure 1.6.  

 

Figure 1.6: Experimental procedure for erosion experiments (Kuijper et al., 1989). 

Using an annular flume, Kuijper et al. (1989) conducted erosion experiments on cohesive bed 

sediment stability as a function of consolidation time.  Following a one day mixing period in the flume, 

sediments settled and went through an 8 day consolidation period (Kuijper et al., 1989).  Erosion 
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experiments consisted of incremental steps in bed shear stress (i.e. increase in rotational speed of flume) 

to erode the consolidated bed sediments (Figure 1.6) (Kuijper et al., 1989).  To measure the depositional 

rates of cohesive sediments, experiments begin with a mixing period of high turbulence, followed by 

decrements in shear stress over time (Chan et al., 2006).  With each decrease in shear stress, suspended 

solids concentrations are measured to determine the critical shear stress for deposition (Chan et al., 2006).  

Chan et al. (2006) performed depositional studies on cohesive sediments from Mai Po, Hong Kong, using 

an annular flume.  The study produced a typical graph displaying decreasing velocity and suspended 

sediment concentration as a function of time (Chan et al., 2006). 

 

Figure 1.7: Results of settling experiments, solid lines indicate change in velocity (Chan et al., 2006). 

Various laboratory flumes have been used in the study of cohesive sediment transport to elucidate 

the phenomena associated with the transport of cohesive sediments (Lau, 1990; Krishnappan, 1993; Lee 

and Mehta, 1994).  Results from experiments provide relevant input parameters (i.e critical shear stress 

for erosion and deposition, erosion rate, settling velocity) for mathematical models predicting the 

transport and fate of sediment associated contaminants (Krishnappan, 1993; Lau et al., 2001).  Droppo et 

al. (2001) described typical flume experiments as characterizing sediment depositional rates by: 1) 

collecting sediment from site of interest and placing it into a flume; 2) completely mixing the sediment 

under high shear stress; 3) allowing particles to settle and consolidate; and 4) applying flow of known 

shear to provide information on sediment resuspension.  Experiments for the current study were 

performed in an annular flume, thus the next section will review studies using laboratory and in-situ 

annular flumes. 
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1.3.5. a Experiments using Annular Flumes 

Annular flumes have been extensively used to characterize sediment transport characteristics, such as the 

critical shear stress for erosion (Űcrit) and erosion rate (ⱦ) of cohesive sediments from marine and aquatic 

systems (Fukuda and Lick, 1980; Lick, 1982; Parchure and Mehta, 1985; Kuijiper et al., 1989).  

Traditionally these studies investigated the erodibility of bed sediments deposited under quiescent 

conditions, consolidated for a period of time and then eroded at incremental bed shear stresses (Droppo 

and Amos, 2001).  While these studies have been useful in quantifying the mechanics of bed failure, they 

do not provide realistic estimates of bed failure in environments where sediments are deposited under 

flowing conditions or have experienced a complex stress history (Droppo and Amos, 2001).  Lau and 

Droppo (2000) and Droppo et al. (2001) have shown that depositional history (i.e. shear stress at which 

bed is deposited); biostabilization and the SFGL floc structure and strength have considerable effects on 

the stability of bed sediments (Droppo and Amos, 2001).   For example, Droppo et al. (2001) used an 

annular flume with both contaminated sediments and commercial kaolinite clay to determine to what 

degree depositional history and structure of the sediment influences bed stability.  Their results found 

biostabilization and depositional history had pronounced effects on the stability of contaminated bed 

sediments (Droppo et al., 2001).  Using an annular flume, Droppo (2000) found cohesive sediments 

deposited under shear stress, had a critical shear stress for erosion value up to eight times larger than 

quiescently deposited beds.  Erosion experiments performed by Lau et al. (2001) found depositional 

history influenced erosional characteristics of bed sediments.  Further they observed the rate of erosion 

and amount eroded was a function of bed structure and the flocs which created it (Lau et al., 2001). 

Experimental annular flumes have been used to develop models that predict the transport and fate 

of cohesive sediments (de Boer et al., 2005).  Milburn and Krishnappan (2003) collected riverine 

sediments in the spring from Hay River, Northwest Territories, Canada to determine the movement of 

sediment under ice before breakup.  Using an annular flume, they were able to determine the processes 

influencing erosion and deposition.  Erosion experiments provided quantitative information on the critical 

shear stress for erosion and erosion rates as a function of bed shear stress and age of bed sediments 

(Milburn and Krishnappan, 2003).  With the results of their study, Milburn and Krishnappan (2003) were 

able to provide a modeling strategy to calculate the under-ice transport of cohesive sediments in Hay 

River.  Similarly, Krishnappan and Marsalek (2002a) performed annular flume experiments to determine 

the transport characteristics of cohesive sediments from a stormwater management pond.  They 

determined the critical shear stress for deposition and erosion, and were able to develop empirical 

relationships to estimate the sediment deposition and erosion as a function of bed shear stress.  The results 
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of this study can be used for future modeling of cohesive sediment transport in stormwater management 

ponds.  Table 1 displays various erosion experiments using laboratory and in-situ annular flumes. 

 
Table 1.1: Experimental flumes and investigators researching cohesive sediment transport processes.  

Experimental 

Flume Investigators Sediment type(s) Investigating Results 

Annular 

flume 

(two 

component- 

rotation of 

flume lid and 

base) 

Pachure and Mehta, 

1985 

Cohesive sediments from 

an estuarine environment 

Influence of sediment type, 

consolidation period and 

salinity on critical shear 

stress for erosion 

Results found bed shear 

strength increased with 

depth, sediment type, 

consolidation period and 

salinity 

Kuijper et al., 1989 Cohesive sediments from 

marine system 

Erodibility of sediments in 

steady flow 

Analyzed results using an 

erosion rate function and 

found good agreement 

Krishnappan and 

Marsalek, 2002 

Cohesive sediments 

collected from a storm 

water management pond 

Depositional and erosional 

characteristics of sediments 

influenced by consolidation 

Critical shear stress for 

deposition Űcd= 0.05 Pa 

Űcrit= 0.12 Pa 

Annular 

flume 

(one 

component- 

rotation of 

flume lid 

only) 

Lau and Droppo, 

2000 

Kaolinite clay and 

contaminated lacustrine 

sediments 

Stability and transport 

characteristics of sediments 

with different depositional 

histories (i.e. deposited 

under quiescent conditions 

or shear) 

Found depositional history 

influenced bed stability.  

The critical shear stress 

for beds deposited under 

shear were 8 times larger 

than quiescent deposited 

beds 

Droppo et al., 2001 Kaolinite clay and 

contaminated lacustrine 

sediments 

Examine the effect 

depositional history and 

biostabilization on 

contaminated bed sediment 

Biostabilized beds 

deposited under shear 

conditions was more 

resistant to erosion than 

non-biostabilized 

sediments deposited and 

beds deposited under 

quiescent conditions 

Chan et al., 2006 Cohesive sediments from a 

natural reserve 

Deposition behavior of 

cohesive sediment 

Suspended sediment 

concentrations declined 

slowly and steadily 

Droppo et al., 2007 Waste bed sediment 

collected beneath a 

discontinued aquaculture 

operation 

Erosional characteristics of 

sediments under different 

flow conditions and 

consolidation and 

biostabilization 

2 day Űcrit= 0.06 Pa 

7 day Űcrit= 0.06 Pa 

14 day Űcrit= 0.10 Pa 

Droppo, 2009 Contaminated lacustrine, 

storm water pond, fluvial, 

aquaculture waste and 

kaolin sediment 

Comparing 5 different 

aquatic sediments for 

erosional strength and 

varying biofilm 

development 

Űcrit after 7 days 

Contaminated Űcrit= 0.22 

Pa 

Storm water Űcrit= 0.23 Pa 

Fluvial Űcrit= 0.19 Pa 

Aquaculture Űcrit= 0.06 Pa 

Kaolin Űcrit= 0.10 Pa 

Stone et al., 2011 Cohesive sediments from 

wildfire-affected stream 

and undisturbed stream 

(reference) 

Erosion characteristics of 

cohesive sediments and 

factors influencing bed 

stability (i.e. biofilm 

development and 

consolidation) 

Wildfire-affected 

sediments  

2 day Űcrit= 0.12 Pa 

7 day Űcrit= 0.23 Pa 

14 day Űcrit= 0.31 Pa 
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In-situ 

annular flume 

Amos et al., 1992 

 

 

Cohesive sediments from 

two regions of the Bay of 

Fundy.  Regions had 

differing biology, ice 

loading and wave effects 

 

Erosion characteristics of 

sediments 

Observed three patterns of 

erosion Type Ia, Ib and II.  

Type Ib erosion occurred 

at all sites with critical 

shear stress values 

between 1.0 and 4.4 Pa 

 Droppo and Amos, 

2001 

Contaminated lacustrine 

sediments 

Structure, stability and 

transformation of surface 

fine-grained laminae 

SFGL Űcrit= 0.32 Pa, time 

series of erosion 

thresholds showed SFGL 

reconsolidated rapidly and 

increased in strength 

 Amos et al., 2003 Contaminated lacustrine 

sediments 

To evaluate three different 

methods of deriving 

erosion; compare physical 

behavior of sediments with 

marine counterparts and 

examine the effects of 

ploughing and chemical 

treatment 

Mean erosion thresholds 

for three methods were 

determined 

 

1.3.6 The Effects of Biota on Sediment Transport Dynamics 

Dreissenids increase sedimentation rates significantly over natural rates in the near shore zones of lakes 

(Klerks et al., 1996; Dobson and Mackie, 1998).  Using sedimentation traps, Dobson and Mackie (1998) 

found biodeposition rates 8 times higher in traps with mussels, than in control traps (no mussels).  

Similarly in Lake Erie, Klerks et al. (1996) observed biodeposition rates to be 50% higher than natural 

sedimentation rates.  Although the majority of filtered materials are released back into the water column 

as feces or pseudofeces (undigested materials), the biodeposits tend to more rapidly settle out (Klerks et 

al., 1996) resulting in reduced seston levels in the water column.  Biodeposits produced by filter-feeding 

bivalves are agglomerated aggregates of particles from the water column and their settling rates can be 

much greater than their constituent particles (Haven and Morales-Alamo, 1966; McCall, 1979; Giles and 

Pilditch, 2004).  Thus filter-feeding bivalves such as dreissenids increase the flux of materials to the 

benthos, increasing sedimentation rates, and deposit materials which may otherwise not settle due to their 

hydrodynamic or chemical characteristics (Taghon et al., 1984).  Upon deposition local hydrodynamics 

can initiate resuspension of biodeposits and bed sediments, thus redistributing the materials (Giles and 

Pilditch, 2004).  Walz (1978) estimate that roughly only 8% of biodeposits produced by dreissenids 

become resuspended into the water column.  Accordingly, this has consequences for the existing sediment 

bed (chemically and biologically) and the abundance and diversity of benthic biota (Giles and Pilditch, 

2004).   

Biodeposits are readily available sources of repackaged organic carbon and very abundant in 

aquatic systems (Wotton and Malmqvist, 2001) yet much less attention has been given to their 

contribution in the transport of nutrients, pollutants and other particles to benthic environments (Urban et 
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al., 1993).  Several factors contribute to the effects biodeposits have on benthic sediments and biota 

including; the composition of the benthic community, the hydrodynamics of the local system, the quality 

and quantity of materials in suspension and the physical and chemical composition of the existing 

sediment bed (Giles and Pilditch, 2004).  Several studies have focused on the enrichment of sediments 

surrounding bivalve communities due to their biodepositional processes.  For example, Norkko et al. 

(2001), found seafloor sediments in close proximity to a large pinnid bivalve, Atrina zelandica, 

community to be enriched with carbon and nitrogen which supported a more diverse community of 

macrofaunal assemblages.  Studies by Kautsky and Evans (1987) and Stewart and Haynes (1994) report 

increased abundance in macroinvertebrate communities, associated with dreissenid biodeposits.  While 

these studies focus on enrichment effects that biodeposits have on benthic environments, few studies have 

quantified, the resuspension and transport characteristics of mussel derived biodeposits (Giles and 

Pilditch, 2004).  

 

1.3.7 Experimental Studies Quantifying the Physical Characteristics of Biodeposited 

Materials 

Few studies have quantified the physical characteristics of benthic fauna biodeposits.  Taghon et al. 

(1984) measured the density, settling velocity and particle size of biodeposits produced by a deposit 

feeding tube worm, Amphicteis scaphobanchiata.  Giles and Pilditch (2004) quantified the settling 

velocity and erodibility of biodeposits produced by the common mussel, Perna canaliculus.  Both studies 

sought to quantify the physical characteristics of biodeposits due to their significant impacts (i.e. flux and 

redistribution of particles to the benthos which may not otherwise deposit (Giles and Pilditch, 2004)) on 

the benthic bed.  Roditi et al. (1997) performed one of the first comprehensive studies to physically 

characterize biodeposits produced by zebra mussels.  Flow through chambers, were deployed into the 

Hudson River to collect mussel biodeposits, one with mussels and one without mussels (control).  

Naturally settling materials and biodeposits settled through rigid mesh and accumulated in a tray below.  

On average, mussel associated chambers contained 39% more sediment than controls and deposition rates 

per individual of 2.3 ± 0.4 mg
 
hour

-1
 were estimated (Roditi et al., 1997).  The study did not however 

quantify the physical characteristics (particle size, porosity, density) of the biodeposits produced by the 

mussels nor determine their transport characteristics (Űcrit, erosion rates) within the system.   

In a laboratory setting, Roditi et al. (1997) examined the resuspension of biodeposited materials 

by placing the collected biodeposit mixture (combination of biodeposits and naturally settling particles) 

and control mixture (naturally settling particles without mussels) into 1-L water filled beakers.  

Suspended stirring rods were placed into each, rotated and rotational speed was increased at 4 minute 
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intervals (Roditi et al., 1997).  Suspended sediment concentrations were measured using light absorbance.  

They observed sharp increases in suspended sediment concentrations at lower RPMs for biodeposit 

mixture versus the control mixture.  They reported ranges of critical bed shear stress force of 0.41 Pa and 

0.74 Pa for biodeposit mixture and control mixture, respectively (Roditi et al., 1997).  These results do 

not take into account the effects of mussels on reuspension dynamics, thus the following section will 

review literature regarding the influence of biogenic structures on sediment transport dynamics. 

    

1.3.8 Experimental Studies Determining the Transport Properties of Biodeposited 

Materials 

Various experimental flumes, tunnels and erosion devices have been used to quantify material fluxes and 

erodibility of sediments associated biological processes in marine benthic habitats (Black and Paterson, 

1997).  These devices have their strengths and limitations and are constructed to suit the specific needs of 

each study (Widdows et al., 1998a).  At the Plymouth Marine laboratory, UK, an experimental flume was 

designed and constructed for both in-situ and laboratory measurements of biodeposition rates and 

erosional potential of estuarine sediments (Widdows et al., 1998a; 1998b).  In addition to determining 

critical shear stress for erosion of sediments and resuspension velocities of biodeposited materials, there 

are a range of biological and physical processes that can be quantified using the annular flume which are 

presented in Widdows et al. (1998a).  Widdows et al. (1998b) used an experimental benthic annular 

flume, to investigate the impacts infaunal bivalves, Macoma balthica, and epifaunal bivalves, Mytilus 

edulis, had on seston and sediment fluxes of intertidal sediments (Widdows et al., 1998b).  They found 

that the bioturbator M. balthica increased resuspension and/or erodibility by 4-fold over the control.  

Additionally they found a strong correlation between M. balthica densities and sediment resuspension, 

concluding that M. balthica enhance bed sediment erodibility (Widdows et al., 1998b).  Alternatively, 

when determining erodibility of sediments associated with epifaunal bivalves M. edulis, Widdows and 

colleagues (1998b) found a 10-fold reduction in sediment eroded in the presence of M. edulis at mussel 

bed densities with 50-100% coverage versus 0% coverage (Figure 1.8). 
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Figure 1.8: The effect of Mytilus edulis density (numbers m
-2
) on sediment resuspension time-course 

following a stepwise increase in current velocity from 10 cm s
-1
 to 50 cm s

-1
 in 5 cm s

-1
 increments, each 

with a duration of 20 minutes (Widdows et al., 1998). 

The study also found that mussel beds with <50% coverage had suspended sediment 

concentrations almost similar to 0% covered beds at velocities of 30-35 cm s
-1
 (Widdows et al., 1998b).  

They attribute the high suspended sediment concentrations to the water flow scouring around the shells 

and removing sediments (Widdows et al., 1998b).  Vogel (1994) presents three scenarios for flow over 

surfaces; 1) independent flow; 2) interactive flow and 3) skimming flow.  If shells for example are well 

spaced (i.e. their heights much less than their distances) or isolated, then each shell acts independently, 

with anterior and posterior eddies forming (Vogel, 1994).  The isolated shells are expected to increase 

shear stress causing erosion in the bed area immediately surrounding them (Eckman and Nowell, 1984).  

If the shells are more closely spaced, the rear eddy interacts with the anterior eddy of the next, creating a 

less stable flow pattern (Vogel, 1994).  If shell densities are beyond a threshold density and closely 

packed, water can be expected to flow over rather than through the shells (i.e. skimming flow) with 

decreasing flow velocities and turbulence levels among them (Nowell and Jumars, 1984). 
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Figure 1.9: Types of flow over 3 separate regimes; a) independent flow; b) interactive flow; c) skimming 

flow (Vogel, 1994). 

  Widdows et al. (2009) characterized sediment erosion and deposition associated with mussel beds 

in the Menai Strait, UK, with high tidal currents.  In this study, four cores forming an annulus which fit 

into the annular flume were used to dig up sediment and attached biota (i.e. mussels) and samples were 

transported to the laboratory (Widdows et al., 2009).  Comparisons were made between bare sediments, 

sediments with 55% mussel coverage and 95% mussel coverage in a flume (Widdows et al., 2009).  Their 

results indicated that bare sediments are more stable, and the critical shear stress for erosion is 

significantly higher for bare sediments than mussel associated sediments (Widdows et al., 2009).  They 

attributed the increased erodibility of mussel associated sediments to their self-organised structure and the 

turbulent kinetic energy (TKE) produced by the mussels (Widdows et al., 2009).  Through resuspension 

mussels enhance their food availability, to offset phytoplankton depletion directly over mussel beds 

(Widdows et al., 2009).  When determining the erodibility and transport of biodeposits, it is important to 

consider the surface roughness and associated turbulence produced to accurately quantify erosional 

characteristics of sediments. 

Extensive research has been conducted on the impacts of invading dreissenids on the ecology and 

economics of aquatic systems (Lundyanski et al., 1993).   Many studies have investigated their origins, 

biology, environmental requirements and potential impacts (Hebert et al., 1989; MacIsaac et al., 1991; 

Lundyanski et al., 1993; Strayer et al., 1999).  Dreissenid distribution and spread has been modeled and 

future recommendations have been established (Fahnential et al., 2010).  While some studies have 

acknowledged dreissenid impacts on suspended sediment concentrations and increased biodeposition 

rates (Klerks et al., 1996; Dobson and Mackie, 1998), no studies have quantified the physical 

characteristics and erosional behaviour of biodeposited materials produced by dreissenids.  

a) 

b) 

c) 
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1.4 Chapter Outline 

Chapter 2 describes the experimental design collection methods, flume experiments and methodology as 

well as data analysis. 

Chapter 3 reports the findings of flume experiments on the biodeposit mixture (lake bed sediment 

and biodeposits), pure biodeposits and runs with and without dreissenids.  Data on the influence of 

consolidation and development of biofilm on the biodeposit mixture and biodeposits only were observed 

and recorded.  The PHOENICS model was applied to describe bed shear stress over smooth flume bed.  

The model could not however be used for flume beds with added roughness, and therefore results from 

erosions experiments with mussels are reported in revolutions per minute (RPM).   The physical 

characteristics of the biodeposits are presented, with data collected from the density, porosity and settling 

velocity.  Grain size distributions and images are also illustrated. 

The above mentioned results are then discussed in Chapter 4.  The trends and relationships of 

current results to other published studies are discussed and the mechanisms and applications for processes 

are explained. 

Chapter 5 states the conclusions made from the current study.  The relevance of the current 

results and the implications they have on the nearshore shunt hypothesis are discussed.  Additional 

research needs are identified.  
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Chapter 2: Methods 

2.1 Experimental design 

The goal of this thesis was to quantify the physical nature and erodibility of dreissenid mussel biodeposits 

to further examine their effects on nutrient transport dynamics in aquatic systems.  To achieve these goals, 

experiments were conducted in an annular flume to quantify the effects of consolidation time and the 

physical presence of dressenids on erosional characteristics of mussel related biodeposits.  During each 

flume experiment, the speed at which the flume rotated was controlled and increased in step-wise 

increments.  Samples were collected directly from the flume to determine the suspended sediment 

concentrations at each incremental step.  Critical shear stress for erosion of the bed materials was 

determined by an increase in measured suspended sediment concentrations and through visual 

observations.  In 2008, flume experiments were conducted with a mixture of lake bottom sediments and 

biodeposits collected directly from dreissenid beds (biodeposit mixture).  Materials were given 2, 7, and 

14 day consolidation times to determine bed characteristics and the physical nature of the materials.  The 

factorial design for all years, runs, and parameters measured is presented in Table 2.1. 

Various studies have found that bivalve beds physically modify and alter the transport of 

suspended particles in the near bottom environment (Zaiko et al., 2010; Gutierrez et al., 2003).  To 

examine this parameter, mussels were collected in 2009 and 2010 and placed into a flow through weir 

box, on flume fitted glass plates, to acclimate and harvest biodeposits.  Mussels and biodeposits were 

transferred on glass plates into the same annular flume as used in the previous year, with filtered lake 

water.  Experiments were conducted in the same manner as the previous year, but without consolidation 

periods, due to animal care limitation.  

 

Table 2.1: Experimental factorial design of study. 
Year Run 

# 

Treatment 

(Biodeposits +) 

Consolidation 

period (days) 

Űcrit   Erosion 

rate 

Settling 

velocity 

Density Porosity Grain 

size 

2008 1a Sediment 

(without mussels) 

2 x x - - - x 

1b 7 x x - - - x 

1c 14 x x x x x x 

2009 2 With mussels - x x x x x x 

2010 3a With mussels - x x - - - x 

3b Without mussels 2 x x x x x x 

 

2.2 Weir box description 

Mussels collected during 2009 and 2010 were placed into flow-through weir box (Figure 2.1).  The weir 

box consisted of a horizontal fiber glass trough approximately 4.2 m in length, 0.6 m in width and 0.46 m 



25 

 

 

in height (Figure 2.1).  At the upstream end of the trough, a submersible pump provided Hamilton 

harbour water into the trough.  To regulate the flow through the weir box, a v-notch was located on the 

downstream wall of the trough.  From the bottom of the weir to the tip of the notch was 0.18 m. 

 

  

Figure 2.1: Design and dimensions of the weir box.  

The residence time was determined using equation (2.1): 

24
6

1
 

(2.1) 

where V is the volume (L) and Q is the flow rate (L min
-1
).  The mean residence time was 114.4 minutes.  

After mussels were placed in the weir box, cut Styrofoam
TM

 was placed on top of the water to avoid 

predation and reduce sunlight (i.e. cool the water). 

 

2.3 Experimental flume description 

A 2 m stainless steel annular flume (Lau, 1995) was used to measure Űcrit , erosion rate and resuspension 

behaviour of mussel biodeposits.  The flume consisted of a stainless steel annular trough with an outside 

diameter of 2 m, width of 0.2 m and wall height of 0.12 m (Droppo et al., 2007).  The top cover was 

attached to a center shaft that could be raised, lowered and rotated by a motor (Lau and Droppo, 2000).  

When locked into place, the lid sits on top of the water in the trough.  The rotation of the top lid exerts 

shear and generates flow (Droppo et al., 2007). 

0.46 m 

0.18 m 

Flow 
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Figure 2.2: Experimental flume used in all three experiments. A) rotating lid, B) flume trough, C) optical 

backscatter probe, D) Sampling port, E) microscope, F) flow cell, G) digital camera, H) peristaltic pump 

to pull in eroded materials, I) borescope, J) video camera, K) flume window (Droppo et al., 2009).  

 
Velocity profiles spanning the bottom 10% of the flow depth were used to calculate values of bed 

shear stress for a smooth bed (Droppo et al., 2007).  Lau and Droppo (2000) performed similar annular 

flume experiments and calculated the average bed shear stress (Űo) against the cover speed (LS) and 

generated equation (2.2):                                  

ʐ πȢρ πȢρφτ,  (2.2) 

where Űo is the bed shear stress in pascals (Pa) and Ls the lid speed in revolutions per minute (RPM).  

Figure 2.3 elucidates the flows generated by the flume over a smooth bed with nearly evenly distributed 

bed shear stresses across the width of the trough (Krishnappan and Engel, 2004; Krishnappan, 2007).  

With the rotational speeds of the flume as a parameter, the bed shear stresses are plotted as a function of 

transverse distance across the width of the flume (Krishnappan, 2007).  In Figure 2.3 the points are 

measured values and the lines are predictions from a three dimensional (3D) hydrodynamic model called 

the PHOENICS (Rosten and Spalding, 1984; Krishnappan and Engel, 2004; Krishnappan, 2007).  There 

2 m

0.12 m

C

D

E

F

G H

I

J
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is good agreement between the measured and predicted values (Figure 2.3) and the flow is considered two 

dimensional (Krishnappan and Engel, 2004).  

 

 

Figure 2.3: Shear velocity distributions as a function of flume speed for the flow depth of 0.12 m in 

smooth bed flows with 2 component rotational flow (Krishnappan and Engel, 2004). 

 
When the PHOENICS model was applied over a rough bed, the shear stress distributions in this 

flume were skewed towards the outer wall of the flume (Figure 2.4).  Krishnappan and Engel (2004) 

attribute the skewness to the development of a secondary circulation cell during the rotation of the flume 

over rough surfaces. To correct for this, they added roughness to the bottom of the rotating ring to 

compensate the roughness on the bottom of the flume (Krishnappan and Engel, 2004).  In the current 

study, the roughness of the rotating ring was not altered and the distribution of shear stress was not linear.  

Accordingly, the changes in suspended sediment concentrations under changing rotational speeds will be 

presented as a function of revolutions per minute (RPM) rather than shear stress.  
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Figure 2.4: Prediction of the effect of roughness on shear stress from mussels using the PHOENICS 

model for a one component rotational flow in the annular flume (Source Dr. B. G. Krishnappan). 

 

2.3.1 Flume Instrumentation 

An optical backscatter (OBS) turbidity meter was used to continuously monitor changes in turbidity with 

increasing shear stress in the flume experiments (Figure 2.2C) (Droppo et al., 2007).   Mounted on the 

inside wall of the flume facing upstream, the sensor was calibrated against the suspended sediment 

concentrations collected during experiments (Droppo et al., 2007).  Within the flume trough, there are 

four, 3 mm sampling ports located at approximately mid-channel and mid-depth (Figure 2.2D) (Droppo et 

al., 2007).  Suspended sediment samples were collected three times during each incremental increase, 

filtered onto pre-weighed 0.45 ɛm filters and stored for grain size analysis. 

A Zeiss Axiovert 100 inverted microscope with a flow cell and digital camera for imaging were 

connected to the flume via a series of solenoid y-valves and 5 mm internal diameter tubing (Droppo et al., 

2007b).  Samples were drawn from the flume into the flow cell, allowed to settle and pumped back with 

clean water when particle imaging and analysis were complete (Figure 2.2E-H) (Droppo et al., 2007). 

A borescope was inserted through the outer wall of the flume to directly view sediment deposited 

on the flume bottom.  The borescope was equipped with a color CCD video camera (interfaced with 

digital recorder) (Figure 2.2I, J) (Droppo, 2009).  Four windows were located on the outside walls of the 

flume, to monitor suspended sediment concentrations and sediment bed structure (Figure 2.2K). 
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2.4 Sample Collection  

2.4.1 Lake Bed Sediment and Biodeposits Collection (2008) 

SCUBA divers carefully collected particulate matter from dreissenid mussel beds located on the eastern 

shores of Lake Ontario, near Pickering, Ontario, Canada (43Á48ǋ42ǌN 79Á03ǋ57ǌW).  Samples were 

transported to University of Waterloo, Waterloo, Ontario, Canada, where particulate matter greater than 

100 µm were removed with the use of a mesh sieve.  The materials were then transferred into a 2 m 

stainless steel annular flume located at the Canadian Centre for Inland Waters (CCIW) in Hamilton, 

Ontario, Canada.  

 

2.4.2 Dreissenid Collection and Biodeposit Harvesting (2009 and 2010) 

Mussels were collected with a galvanized steel scraper and a basket from Hamilton Harbour, Ontario, 

Canada (43Á17ǋ21.35ǌN, 79Á50ǋ7.73ǌW) (Figure 2.5).  Shell quality was examined and attached debris 

was removed.  Mussels were then placed into a cooler with lake water and transported directly to CCIW.  

Approximately 3000 live mussels were collected in 2009 and 1500 (11.61 mm SD± 2.05) in 2010.   

 

 

Figure 2.5: Tools used for collecting mussels from rocks in 2009 and 2010. 

 
Mussels were then placed into the weir box (Figure 2.1) and allowed to settle and attach to frosted 

glass plates, which fit into the annular flume (Figure 2.6).  Water quality was monitored daily at the 

inflow and outflow of the weir (temperature, O2, conductivity, pH).  Mussels were given approximately 2 

http://toolserver.org/~geohack/geohack.php?pagename=Pickering_Nuclear_Generating_Station&params=43_48_42_N_79_03_57_W_region:CA_type:landmark
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weeks to establish on frosted glass plates.  Mussels observed migrating off plates onto the bottom and 

walls of the weir box were gently removed and placed back onto the plates. 

 

 

Figure 2.6: Weir box with dreissenid mussels established on glass plates. 

 

2.5 Experimental Procedure 

Experiments 1a, 1b, and 1c consisted of placing a mixture of collected lake bottom sediments and 

biodeposits into the annular flume (Table 2).  Prior to the first experimental run, the sediment and 

biodeposit mixture (which hereafter be referred to as biodeposit mixture), was placed into the flume with 

filtered lake water.  The flume lid was lowered, locked into place and rotated at a high speed to entrain 

and mix all the biodeposits, gradually the speed was reduced, then stopped to settle the biodeposit mixture 

Frosted glass plate 
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(Droppo et al., 2007; Stone et al., 2011).  Consolidation periods of 2, 7 and 14 days were used in three 

experimental flume runs (see Table 2).  In the two subsequent years, experiments 2 (2009) and 3a (2010), 

dreissenids on frosted glass plates and biodeposits produced (hereafter referred to as pure biodeposits) 

were transferred from the weir box to the flume, and the flume was filled with filtered lake water.  For the 

final experiment (3b), biodeposits were siphoned out of the flume following experiment 3a.  Mussels 

attached to glass plates were removed, the flume was cleaned with clear tap water, and glass plates were 

placed back into the flume without mussels.  Siphoned biodeposits were placed back into the flume with 

filtered lake water (see Table 2). 

 

2.5.1 Erosion Experiments 

Erosion experiments were conducted by rotating the flume from rest and increasing its rotational speed 

(and therefore shear stress) in 9 minutes increments until bed sediments were completely eroded (Stone et 

al., 2011).  The critical shear stress for erosion was determined through visual confirmation and the 

detection of suspended sediment concentrations above ambient levels (Droppo et al., 2007).  Suspended 

sediment concentrations were measured by collecting samples of suspended sediments through sampling 

port every 8 minutes from the start of a 9 minute interval (Stone et al., 2011).  Samples were also 

collected at 8 minute intervals for grain size analysis and to examine particle morphology. 

 

2.5.2 Settling Velocity Measurements 

The settling velocity of biodeposits was determined following the methods of Droppo et al. (1997; 2007).  

A wide mouth pipette (3.74 mm) was used to collect a drop of sediment which was then placed into an 

insulated 2.5 L capacity settling column (Droppo et al., 2007).  A Nikon
TM

 stereoscopic microscope 

paired with a digital Hamamatsu
TM

 video camera were used to capture digital images of settling flocs 

passing through the field of view (Droppo et al., 2007).  The settling velocity was then measured digitally 

by overlaying two digitally captured frames containing an identified floc separated by a known time 

interval using Open Lab
TM

 (Droppo et al., 2007).   

 

2.6 Sample Analysis  

2.6.1 Measured Suspended Solids Concentration 

Suspended sediment samples were collected pre-, during and post- flume run for all experiments.  

Approximately 125 mL samples were collected through sampling port.  Water samples were then 
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transported back to the University of Waterloo and stored at 4
o
 C until analysis.  Applying vacuum 

filtration, water samples were filtered through pre-dried and weighed 0.45 µm filters.  Prepared filters 

were placed into an oven at 100
o
C for 24 hours.  Following the drying period, dried filters were weighed 

again.  The following equation was used to calculate the suspended solids concentration:    

433 
! " ρπππ

6
 (2.3) 

where TSS is total suspended solids (mg L
-1
), A is the post filter weight (mg), B is the pre filter weight 

(mg), V is the volume of filtered sample (mL).  To determine the organic content of the samples, 

following the second weighing, filters were placed into a muffle furnace at 500
o 

C.  The following 

equation was used to determine the ash free dry weight (AFDW) of the sample:   

!&$7" ! (2.4) 

where B is the pre weight of the filter (mg), and A is the post weight of the filter (mg). 

 

2.6.2 Erosion Rates 

Erosion rates were calculated for each experimental run using the following equation: 

%ÒÏÓÉÏÎ ÒÁÔÅ
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(2.5) 

 

where [SS] is the suspended sediment concentration (mg L
-1
), V is the volume of water in the flume (L), 

A is the area of the flume (m
2
), and T is the time elapsed throughout experiment (seconds). 

 
2.6.3 Grain Size Analysis 

The grain size distributions of suspended materials at each incremental shear stress were measured using 

image analysis.  At each sampling interval (8 minutes), one to two milliliters of suspended sediment was 

collected from the flumeôs sampling port, into a 50mL settling column fitted with a 0.45 ɛm Millipore 

HA filter, filled with distilled water (Stone et al., 2008).   Using low vacuum filtration, to prevent floc 

breakage, the sample was settled onto the filter, then placed into a petri dish and dried at room 

temperature for approximately 48 hours (Shantz et al., 2004; Stone et al., 2008).  
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Similar to the methods of Stone et al. (2008) particles settled onto filters were viewed under a 

Zeiss Axiovert 100 microscope fitted with a Sony XC75 CCD camera connected to a computer running 

Northern Eclipse
TM

 image analysis software.  To distinguish particles from filter background, filters were 

rendered (semi) transparent by applying three drops of Stephens Scientific low viscosity immersion oil 

(Shantz et al., 2004; de Boer and Stone, 1999).  Particles were sized to a lower resolution of 2 ɛm (10x 

objective), and analyzed until approximately 2500 particles were collected.  The digital output converts 

the area data to Equivalent Spherical Diameter (ESD) which is used to determine particle size and shape 

and grain size distributions by number and by volume (Droppo and Ongley, 1992).   

 

2.6.3 Porosity and Density Measurements 

Measured settling velocity and aggregate size were used to estimate density using Stokeôs Law (Droppo 

et al., 2007).  Although Stokeôs Law assumes laminar conditions and single spherical particles (Droppo et 

al., 2007), it has been shown to provide information on how aggregate settling velocity, density and 

porosity are related to aggregate size (Droppo et al., 1997).  Following the methods of Droppo et al. 

(2007), aggregate porosity was calculated using a mass balance equation assuming typical density of 

dried silt and clay of 1.65 g cm
-3
:                                             

ʀ ʍÓ ʍÆȾʍÓ ʍ×  (2.6) 

where Ů is the aggregate porosity (%), ɟs  is the density of the dried solid material (g cm
-3
), ɟf  is the wet 

density of the aggregate (g cm
-3
) and ɟw  is the density of the water (g cm

-3
) (Li and Ganczarczyk 1987). 
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Chapter 3:  Results 
 
Results from the flume experiments are presented in this chapter.  The first section presents data on 

biodeposit erodibility as a function of shear stress and consolidation time.  The second section presents 

data on the effects of surface roughness (i.e. dreissenids present in flume) on biodeposit erodibility.  The 

final section presents porosity, density and settling velocity data. 

 

3.1 Erodibility of Biodeposits with Varying Consolidation Times 

For different sediment types (biodeposit mixture and pure biodeposits) and three consolidation periods (2, 

7 and 14 days), time series plots were generated for each experiment (Figure 3.1 and Figure 3.2).   The 

critical shear stress (Űcrit) for erosion was determined for each using visual observations and plots.  Type 

1b erosion was used to define the critical shear stress for erosion, a point at which sediments begin to 

creep, saltate and detach from the bed.   In Figure 3.1(b, d, f) and Figure 3.2b, erosion rates are displayed.  

The critical shear stress for erosion after a two day consolidation period was 0.13 Pa.  Prior to the 

erosion threshold being reached, minor entrainment of the SFGL was observed for 46 minutes.  The peak 

erosion rate was 0.0867 g m
-2
 s

-1
 after 59 minutes at a bed shear stress of 0.43 Pa.   For the 7 day 

experimental flume run, the initial type 1b erosion was observed for up to 61 minutes until the critical 

shear stress for erosion increased to 0.26 Pa with peak erosion rate of 0.045 g m
-2
 s

-1
 after 79 minutes at a 

bed shear of 0.32 Pa.  For the 14 day consolidation period experiments, the critical shear stress for erosion 

was 0.15 Pa after 56 minutes.  The highest observed erosion rate for the 14 day sediments was 0.08 g m
-2
 

s
-1
 and occurred at a bed shear stress of 0.4 Pa after 99 minutes (see Table 3.1). 

For sediments harvested from weir box (pure biodeposits), the critical shear stress for erosion was 

0.052 Pa, for a 2 day consolidation period, which occurred at approximately 69 minutes.   Peak erosion 

was observed after 109 minutes at a rate of 0.00498 g m
-2
 s

-1
 with a bed shear stress of 0.12 Pa (see Table 

3.1). 
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Figure 3.1: Changes in sediment concentration (a, c, e) and erosion rates (b, d, f) as a function of shear 

stress for 2, 7 and 14 day consolidation periods for the biodeposit mixture collected in 2008. 
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Figure 3.2: Changes in sediment concentration (a) and erosion rate (b) as a function of shear stress for 2 

day consolidation period for pure biodeposits harvested in 2010. 

 

3.2 Erodibility of B iodeposited Sediments in the Presence of Dreissenids 

In 2009 and 2010 experiments, dreissenids attached to glass plates were placed directly into the flume and 

offered a 48 hour acclimation period then experiments commenced.  Mussels collected in both years were 

observed distributed in clumps and strings with patches of bare glass in between (Figure 3.3).  On the bare 

surfaces, settled materials and strands of EPS were observed.  Revolutions per minute (RPM) are reported 

for runs with mussels. 

 

Figure 3.3: Distribution of dreissenids in the flume during 2010 experiments. 
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In 2009, approximately 3,000 mussels were placed into the flume (Figure 3.4 a, b). The critical 

RPM for erosion was 5.83 RPM and the peak erosion rate was 0.0023 g m
-2
 s

-1
 after 93 minutes at a 

revolution of 10.17.  During the 2010 experimental flume run (run 3a), approximately 1500 mussels were 

placed into the flume, and a critical RPM for erosion was never reached, peak erosion rates reached 

0.0007 g m
-2
 s

-1
 after 39 minutes at 3.9 RPM.  Figure 3.4 a, c, illustrates the change in suspended solids 

concentrations as a function of time and RPM.  Figure 3.4 b, d, shows the calculated erosion rate as a 

function of time and shear stress (see Table 3.1). 

  

 

 
 

 

  
Figure 3.4: Changes in sediment concentration (a, c) and erosion rates (b, d) as a function of time 

(minutes) and shear stress (Pascals) for flume experiments with dreissenids in 2009 (a, b) and 2010 (c, d). 
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3.3 Physical Characteristics of Dreissenid Biodeposits 

3.3.1 Settling Velocity 

The floc settling velocities for the biodeposit mixture and pure biodeposits collected in 2008 and 2010 

respectively are illustrated in Figure 3.5.  In 2008, the average settling velocity was 2.56 mm s
-1
 (SD±2.30 

mm s
-1
) with a range between 0.54 mm s

-1
 and 10.82 mm s

-1
.  The median floc size (D50) was 232.05 µm 

(SD±115.43µm) with floc size ranging between 63.1 µm to 602.6 µm.  In 2010, the average floc settling 

velocity was 2.53 mm s
-1
 (SD±3.27 mm s

-1
) with a range of 0.19 mm s

-1 
to 16.25 mm s

-1
.  The D50 was 

309.6 µm (SD±229.0 µm) with floc size ranging between 71.3 µm and 1376.6 µm (Table 3.1). 

 
Figure 3.5: Floc settling velocity as a function of particle size from experimental flume runs performed in 

2008 and 2010. 

 

3.3.2 Porosity and Density 

In 2008, the median density was 1.08 g cm
-3
(SD±0.05 g cm

-3
) and ranged from 1.04g cm

-3
 and             

1.27 g cm
-3
.  The median porosity was 88% (SD±7.12 %) with a range of 58.7 to 94.3% (Figure 3.6).  In 

2010, the median excess density was 1.05 g cm
-3
 (SD±0.06 g cm

-3
) with a range of 1.01g cm

-3
 to 1.46 g 

cm
-3
.  The porosity ranged from 29% to 98.1% with a median of 92.7% (SD±9.0 %) (Table 3.1). 
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Figure 3.6: Changes in eroded floc density and porosity with size from (a) biodeposit mixture (2008) and 

pure biodeposits (2010). 

 

 
Table 3.1: Results from flume experiments conducted on i) biodeposit mixture and ii) pure biodeposits. 
Year Run # Treatment 

(Biodeposits +) 

Consolidation 

(days) 

Űcrit 

(Pa) 

Average 

erosion rate 

(g m-2 s-1) 

Median 

settling 

velocity 

(mm s-1) 

Median 

excess 

Density 

(g cm-3) 

Median 

porosity 

(%)  

 

2008 1a 

 

Sediment 

(without 

mussels) 

2 

 

0.13 0.003 

SD± 
0.01191 

- - - 

1b 

 

7 0.26 0.003 

SD± 
0.00828 

- - - 

1c 14 0.15 0.004 

SD± 
0.01379 

2.56 

SD± 2.30 

1.08 

SD±0.05 

88.0 

SD±7.12 

2009 2 With mussels - 5.83 RPM 0.0002 

SD± 
0.00046 

- - - 

2010 3a 

 

With mussels 

 

- 

 

x 0.00002 

SD± 
0.00008 

- - - 

3b Without 

mussels 

2 0.052 0.0002 

SD± 
0.00079 

2.53 

SD±3.27 

1.05 

SD±0.06 

92.7 

SD±9.0 

(x indicates no critical RPM was reached) 
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3.3.3 Grain Size Analysis 
 

  

 

 

Figure 3.7: Median grain size of samples collected throughout flume experiments on pure biodeposits (a) 

with mussels and (b) without mussels. 

 

In the flume experiment with dreissenids in 2010, the median grain size decreased with increasing 

revolutions.  However there was little variation in the median grain sizes over the course of the 

experiment (Figure 3.7a).  Similar results were observed for biodeposits without mussels (2010b), where 

the initial median grain size was larger and with increasing revolutions and time the flocs became smaller.  

The larger grain sizes initially could be a result of SFGL sloughing off with little force.   Images of 

suspended flocs during each flume run can be seen in Figure 3.8. 
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