
One Shell to Rule Them All? Evaluating Hydrodynamic Trade-Offs Due to 

Positioning in Freshwater Mussels 

by 

Emile Sabeti-Mehr 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Science 

in 

Integrative Biology 

Guelph, Ontario, Canada 

© Emile Sabeti-Mehr, May, 2022 



ABSTRACT 

ONE SHELL TO RULE THEM ALL? EVALUATING HYDRODYNAMIC TRADE-OFFS 

DUE TO POSITIONING IN FRESHWATER MUSSELS 

 

Emile Sabeti-Mehr 

University of Guelph, 2022

Advisor:  

Dr. Josef Ackerman 

Unionid mussels are important in freshwaters because of their roles as ecosystem engineers (e.g., 

water quality and nutrient regulation). Water flow plays a significant role in the life of mussels, 

facilitating several processes including reproduction and food intake. Excessive hydrodynamic 

forces, however, are also responsible for the dislodgement of mussels, especially when mussels 

engage in feeding and reproduction and are exposed above the sediment-water interface. This 

research presents both field and computational fluid dynamics (CFD) modeling to understand the 

advantages and disadvantages (i.e., trade-offs) of mussel orientation at different water speed. 

Freshwater mussels were collected from rivers in Southern Ontario, and the species and 

orientation, relative to flow in the river, was recorded. For CFD modeling, COMSOL 

Multiphysics software was used to model these interactions with Lampsilis siliquoidea. Higher 

angles of attack and vertical angles have higher drag coefficients. The significance of this 

research is to provide a broader understanding of the impact of hydrodynamic forces on living 

organisms in moving fluids. In addition, the evolutionary history of freshwater mussels will be 

better understood relative to water flow characteristics. 
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Chapter 1 - Introduction 
 Bivalves evolved in the Cambrian Period, about 500 million years ago and have been 

important ecologically since that time as is evident in the fossil record and in contemporary 

observations (Runnegar & Pojeta, 1974; Clarkson, 1998; Stanley & Luczaj, 2015).  Freshwater 

mussels evolved during the Triassic Period, about 250 million years ago (Newell & Boyd, 1975; 

Graf & Cummings, 2006).  They are represented by the Family within the Orders Unionida, 

Sphaeriida, Venerida, and Margaritiferidae, which are found in North America (Haag, 2012).  As 

benthic suspension feeders, they have positive impact on water quality and nutrient cycling 

(Vaughn 2018). Unfortunately, freshwater mussels in the order unionoida are one of the most 

endangered taxa in North America and globally (Lopes-Lima et al., 2018). 

 There are ~300 unionid species and this diversity is also evident in their morphological 

characteristics, especially shell shape (Williams et al 2017). For example, unionid shell shapes 

include trapezoidal, oval, triangle, elliptical, circular, and quadrate (Clarke, 1981), which are 

distributed among the 41 species found in Ontario (Figure 1 A) (Clarke, 1981). Freshwater 

mussel shells are usually equivalves, meaning that both sides are reasonable mirror images of 

each other (Clarkson, 1998).  Bivalve shells provide protection and defence from predators, 

facilitate burrowing in sediments, and represent the location upon which fluid forces in the river 

flow act (Eagar, 1978; Clarkson, 1998).  The same fluid forces that cause dislodgement are also 

responsible for the delivery of resources, removal of gametes, and wastes (Vaughn et al. 2008; 

Haag, 2012). Shell shapes of mussels are diverse, and the factors that influence this diversity 

include resource availability, fluid flow, and the predators present (Stanley, 1970; Tallqvist, 

2001; Strayer, 2008). Some shells also have protruding nodules which will affect fluid forces on 

the mussels and act as physical anchors (Watters, 1994; Levine et al., 2014). 
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Figure 1. (A) Distribution of shell shapes found in the 41 Unionid species in Ontario (based on 

data presented in Clark, 1981). (B) The photos below the bar graph are examples of mussel shells 

that represent each of the shell shapes (Mussel images from Morris, 2017). 

 

 In terms of the evolution of mussel shape, it is important to recognize that the effects of 

abiotic and biotic factors often involve trade-offs (Morin, 2011).  Trade-offs in this context 

pertain to any particular trait that is recognized for both its advantage in, for example, 

competition, survival, reproduction, attaining resources, avoiding predation, and for its 

disadvantages in any of those attributes (Morin, 2011).  If the benefits of a trait outnumber the 

disadvantages, then the trade-off is acceptable (Morin, 2011).  Given the nature of the 

distribution of traits in populations and their interaction with the environment, it is likely that the 
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balance between benefits and disadvantages of a particular trait may vary under different 

conditions and will be an ongoing process (Morin, 2011; Haag, 2012). 

 

Figure 2. Schematic of the hypothetical trade-offs between avoiding predation and the potential for 

competing for resources in a population (From Morin, 2011). 

 An example of a trade-off can be seen with shell morphology and the differences in shell 

sculptures between freshwater and marine mussels. Many marine mussel species tend to have 

adaptations in their shells to avoid predation because they have multiple natural predators in 

marine environments.  Freshwater mussels, however, have had few selective pressures to 

develop similar traits to avoid predation in lake and river environments (Haag, 2012).  Figure 2 

thus presents a hypothetical example of trade-offs between avoiding predation and potential for 

competing for resources in a population (Morin, 2011). 

 A particular trade-off to consider in the case of unionids is the relation between the 

exposure to fluid flow to access suspended resources (accessing food resources and oxygen, 

broadcasting sperm) above the riverbed vs. the increase in hydrodynamic drag experienced 

(leading to dislodgement).  Specifically, a mussel would have better access to food resources, gas 

exchange, and reproduction success with its posterior end (which has the apertures/siphons) 
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positioned higher in the water column and at an angle facing into the flow of the river.  However, 

when a mussel is positioned higher in the water column, more forces from the fluid are likely 

exerted on the shell (lift, drag, shear stress as a force/area) and there is a higher likelihood for 

dislodgement from the riverbed.  The greater shell area exposed to river flow at increasing 

velocity from the bottom would result in a higher lift and drag, which both scale as the square of 

water velocity (see below).  Dislodgment would be stressful because of the hazards and dangers 

that are associated with relocation, and could result in transport to an unsuitable habitat (Schwalb 

& Pusch, 2007).  For example, mussels may take up to, and over 30 minutes to rebury after 

dislodgment (Savazzi & Peiyi,1992), which requires metabolic energy.  The energy required for 

changing orientation compared to the benefits gained is an important aspect in mussel behaviour 

(Haag, 2012). Moreover, the mussel may be vulnerable to predators during this time (Haag, 

2012).  In contrast, when the mussel is buried deeper within the sediment bed and/or is 

positioned at a lower angle relative to the riverbed, it is protected from fluid forces.  The 

disadvantage of this positioning is, however, that it has reduced access to food resources, gas 

exchange, and would have less reproductive success in terms of broadcasting sperm downstream 

(Strayer et al., 2004; Strayer, 2008; Haag, 2012; Haag and Williams, 2014). 

 Interestingly, there are a number of different orientations that have been observed in 

freshwater mussels. These can be categorized with respect to (1) whether the mussel is 

embedded (i.e., partially burrowed) in the bottom substrates or exposed on top of the substrates, 

(2) the horizontal angle of the posterior end of the mussel facing into the oncoming flow (i.e., the 

mussel creates angle of attack settings), (0º, 45º, 90º, 135º, and 180º), and (3) the vertical angle 

from the substrate surface (Figure 3). For example, Baker (1928) observed that Lampsilis 

siliquoidea were orientated partly embedded with the anterior part of the shell being buried in the 
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sediment. The illustration in Figure 3A shows an embedded mussel facing into the flow (0 angle 

of attack), at a vertical angle of 45. Most species orient in a ‘normal position’ between 45 and 

90 vertical while embedded (Baker, 1928; Di Maio & Corkum, 1997). This orientation is 

believed to reduce refiltration through the apertures and to reduce hydrodynamic drag (Di Maio 

& Corkum, 1997). Other examples include Lampsilis cardium, which is embedded so that only 

the apertures extend above the sediment surface (Figure 3B). The orientation of the apertures to 

the flow direction allows for access to water-borne resources (Baker, 1928; Di Maio & Corkum, 

1997). Freshwater mussels cannot bury to the same depths as marine mussels, which may have 

much longer siphons (Alexander & Dietl, 2005 ). Haag (2012) provides similar observations of 

mussels in the field, with only the apertures being visible for some orientations. Perles et al. 

(2003) measured different angles of attack of mussels in streams but did not find any 

relationships, which may be the result of different responses to hydrodynamic conditions.  It is 

likely that mussels establish a balance by both being protected from fluid forces and being able 

to have adequate access to the resources within the water flow. This hypothesis remains to be 

examined. 
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Figure 3. Examples of the orientation of freshwater mussels in nature: (A) orientation of 

Lampsilis siliquoidea; and (B) orientation of Lampsilis cardium (from Baker, 1928). Dashed line 

indicates the vertical orientation of the mussel, the U and large arrow indicates the direction of 

water flow, and small arrows indicate water flow into inhalant and out of exhalant apertures. 

 

 As mentioned, a mussel exposed at a higher vertical angle in the water column has better 

access to resources while increasing the likelihood of dislodgment from fluid forces. 

Consequently, the greater the hydrodynamic force, the greater the negative aspects of the trade-

off. The magnitude of the hydrodynamic force that acts on a mussel shell represents a method for 

measuring the trade-offs. More specifically, the velocity profile at the apertures of the mussel can 

be evaluated to determine the relative contribution of positive and negative aspects of the trade-

offs at a particular orientation. 

 Understanding how hydrodynamic forces affect mussels in rivers can also inform us 

about a number of important environmental factors.  It may also provide insights into unionid 

conservation by providing design criteria regarding flow regulations (i.e., what extremes the 

shell shape may tolerate).  In addition, the expected distribution of species with a particular shell 
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shape can be more accurately predicted based on the characteristics of a river (Haag, 2012).  This 

understanding can also help formulate more appropriate strategies to combat the consequences of 

climate change by forming a better understanding of past fluvial systems through studying fossils 

(Stanley and Luczaj, 2015).  Studying and evaluating the hydrodynamic forces that determines 

shell shapes can help us understand paleoecological environments that have shaped fossil 

mussels and bivalves.  For example, the shell shape of a fossil can indicate the nature of the 

fluvial system and paleoecological environments that it came from.  This may lead to more 

accurate predictions for future evolutionary events and extinctions. 

 There have been some efforts made to understand the role of hydrodynamics in 

dislodgement of bivalves in rivers. For example, Di Maio & Corkum (1997) examined the 

orientation of freshwater mussels found in rivers in relation to the variation in river discharge 

and the direction of the river flow.  They determined that a greater percentage of the mussels had 

their shells parallel to the flow (i.e., 0° or 180° angle of attack) in an “event river” (a river that 

experiences major increases of water flow throughout the year, compared to a “stable river” that 

experiences minor changes in its flow; Richards, 1990), compared to the river with “steady river” 

characteristics (Di Maio & Corkum ,1997).  They hypothesized that the reasons for this was to 

reduce the drag on the shell.  Levine et al. (2014) observed the fluid force required to dislodge a 

burrowed or anchored mussel in a riverbed and how factors such as shell shape and size 

influence dislodgement. They attached artificial ornamentation on the shells of Potamilus alatus 

to determine how this affected burrowing and dislodgment; they concluded that ornamentation 

did not affect a mussel’s ability to burrow or to attach to a surface.  However, they noted from 

direct observation of burrowing behaviour that mussel size and shape had significant effects on 

anchoring ability.  It is relevant to note that the depth to which unionids can bury is dependent on 
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the oxygen concentration in their environment. The length of their “apertures” also affects how 

deep they can bury; freshwater mussels are usually shallow buriers compared to marine mussels 

with long siphons (Haag, 2012).   

 There may be other reasons for the evolution of shell shapes in unionids.  Specifically, 

Haag (2012) discusses Ortmann’s law of stream position, in which clinal variation in shell shape 

of a given species is related to position within the watershed.  For example, shell inflation 

(maximum dimension across the portion near the anterior-dorsal of the two shell halves 

perpendicular to the plane of commissure) in several tribes (Pleurobemini, Quadrulini, and 

Lampsilini) is associated with larger streams compared to flatter, less inflated, shapes that are 

found in small streams. The reasons for this may be related to hydrodynamics, but could also be 

due to other environmental factors, such as the characteristics of the sediments in the area.  

Understanding how shell shape changes in different environments can also provide insight into 

the factors that affect diversity in mussels. 

 

1.1 Fundamentals of Hydrodynamics 
A brief review of the fundamentals of hydrodynamics related to this research is provided below. 

Water flow in a watershed is driven largely by gravity through hydraulic gradients caused by 

differences in elevation (Gordon et al., 2004). The characteristics of moving water differ from 

water at rest.  For example, water motion can be laminar, characterized by streamlines that do 

not intertwine, or turbulent, characterized by distorted and chaotic streamlines.  The Reynolds 

number (Re), which is a non-dimensional ratio of inertial forces to viscous forces, is used to 

determine this fluid characteristic (Reynolds, 1883).  Re is determined from 

  Re = (ULρ)/μ, which is equivalent to Re = UL/   (1) 
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where U is the mean velocity of the fluid flow, L is length scale, ρ is the density of fluid (water: 

998.23 kg /m3 at 20° C), μ is the dynamic viscosity of the fluid (water: 1 × 10-3 Pa s at 20° C), 

and  (= μ/ρ) is the kinematic viscosity of the fluid (water: 1 × 10-6 m2/s).  The Reynolds number 

provides numerical values to determine whether the flow is laminar (Re < 2000) vs. turbulent 

(Re > 2000) (Schindler & Ackerman, 2010; Boggs, 2012).   

 Fluid flow is dynamic and changes depending on location in the water column. 

Specifically, in the case of benthic organisms like unionids, flow near the riverbed exists within 

the benthic boundary layer, which is a layer of reduced flow adjacent to a solid surface resulting 

from the no-slip condition at the solid surface (Vogel, 1994; Boggs, 2012). The boundary layer is 

defined as a region adjacent to a wall in which U < 0.99 U0 (U0 is the free stream velocity), so it 

is a region of reduced velocity of flow compared to other regions of fluid flow (Vogel 1994). 

Boundary layers in rivers and streams, however, might be relatively large, in terms of the entire 

water column (Gordon et al. 2004). 

The boundary layer flow can be laminar or turbulent based on the inertial forces (scale 

and velocity of the moving fluids) and viscous forces (viscosity of the fluid, kinematic viscosity) 

(Schindler & Ackerman, 2010; Boggs, 2012). The local Reynolds number (Rex) is used to 

determine whether the boundary layer is laminar or turbulent, 

  Rex = Ux/         (2) 

where x is the downstream distance (a length scale); the transition to turbulence occurs at Re = 3 

– 5 ×105.  A turbulent boundary layer has vertical structure with three components and a 

thickness of  (Figure 4). The viscous sublayer has the slowest moving fluid, and the main forces 

are viscous in nature.  It is also the area containing the roughness layer, which is caused by the 

roughness elements or objects on the riverbed. The logarithmic layer, which extends above the 



 

 

10 

 

viscous sublayer, is dominated by inertial forces, meaning that the velocity of the water in this 

layer increases exponentially; it has the greatest increase per unit of distance away from the 

riverbed. The outer layer is where the effects of turbulence from the roughness of the surface 

boundary is greatly reduced, the amount of shear force in this layer is low compared to the 

logarithmic layer and viscous sublayer (Schindler & Ackerman, 2010; Ackerman, 2014) (Figure 

4). 

 

Figure 4. (A) Characteristics of a turbulent boundary layer over a smooth surface. It has a viscous sublayer 

(𝛿 is the thickness) at the bottom, above that is the logarithmic layer and then the outer layer. (B) 

Characteristics of a turbulent boundary layer over a rough surface. There is the interfacial sublayer (𝛿t) 

which is the area between the troughs and roughness crests. Above that is the form-induced sublayer (𝛿f) 

which is directly above the roughness elements. The aforementioned two layers create the roughness layer 

(𝛿r), which is prone to turbulent flows caused by the roughness elements. Above that is, once again, the 

logarithmic layer and then the outer layer (from Schindler & Ackerman, 2010). 

 

 The law of the wall is an important concept in hydrodynamics that incorporates the flow 

in the boundary layer.  It states that the average velocity within a boundary layer can be 

approximated using the formula  

  u = 
𝑢∗

𝜅
ln (

𝑧
𝑧0
)         (4) 

where u is the velocity, u* is the friction velocity determined within the logarithmic layer, κ is 

the von Kármán constant, 0.4, z is the height above the bed of the vertical distance, and z0 is the 
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roughness height.  Not surprisingly, boundary layer flow may have different characteristics 

within in a river (Gordon et al. 2004), depending on the roughness of the riverbed (see Figure 

4B). The ‘roughness’ refers relates to obstacles or objects on the boundary of height, k.  A 

hydraulically smooth riverbed will have roughness contained within the laminar sublayer.  When 

the roughness height is greater than the laminar sublayer, the surface is said to be hydraulically 

rough, and the flow will be disrupted (Gordon et al. 2004).  The roughness Reynolds number 

(Re*), 

   Re* = ku*/        (3) 

provides a measure of this relationship (i.e., Re* < 5 is hydraulically smooth; Re* > 70 is 

hydraulically rough).  

 Roughness is a difficult concept to consider hydrodynamically, which is why it is 

sometimes categorized into the following four roughness flow categories for 2-dimensional flow: 

(1) Isolated-roughness flow, where eddies in the recirculation zone that are created downstream 

of an object (roughness element) in a river diminish before the next object is encountered.  Here, 

k/λ (λ is the wavelength or interval between elements) is small; (2) Wake-interference flow, 

where objects are closer together, which causes eddies in the recirculation zone to interact 

downstream, and this leads to higher turbulence; (3) Skimming flow, in which objects are so close 

to each other that eddies produced between them have low velocities, which causes a near 

hydrologically smooth environment over the objects (κ/λ is high); and (4) Exposed roughness (or 

chaotic) flow, where the objects are higher than the water depth, i.e., above the surface of the 

water. This creates ‘whitewater’ or chaotic flows, which are complex and turbulent. Regardless, 

turbulence tends to be highest near the streambed where gradients in velocity generate the 

highest shear stress (force/unit area parallel to the riverbed) (Gordon et al. 2004; Schindler & 
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Ackerman, 2010).  It is also important to note that roughness on the riverbed, such as the size of 

the sediments given by the median particle diameter, d50, the 85th percentile, d85, or a mussel 

shell will affect the forces exerted by the flow.  

 The forces acting upon a mussel on the riverbed are different from those active upon an 

object in mid channel, even though many studies use the latter as a model for benthic organisms 

(e.g., Samuel & Monismith, 2013).  A mussel on the riverbed is subjected to hydrodynamic 

forces acting both normal and parallel to the riverbed under steady flow conditions (Figure 5).  

Firstly, drag (FD) acts parallel to the riverbed in the downstream direction, lift (FL) acts normal to 

the riverbed in the vertical direction normal to the riverbed, and lastly bed shear stress () acts 

parallel to the riverbed in the direction of flow.  Each of these forces can be determined in a 

theoretical manner – i.e., using the formulas presented below.  The buoyancy of the mussels is 

another factor that needs to be considered. Lastly, it is relevant to note that additional factors 

need to be considered when flow is unsteady as in the case of accelerating flow (e.g., added 

mass).  These are beyond the scope of the present work. 
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Figure 5. Free body diagram of a mussel on a riverbed where it is exposed to a velocity gradient. The sum of 

all forces and moments must equal to 0 for the mussel to be stationary. Anterior and posterior pertain to the 

orientation of the mussel’s morphology. 

 

 

\   

Figure 6. A Illustration of the lift and drag force acting on a benthic organism in steady flow. Increased 

velocity over the upper surface (streamlines close together) leads to reduced pressure and the generation of 

lift.  The reduction in speed downstream leads to the drag force (after Windsor & McHenry, 2009). 

 

1.1.1 Hydrodynamic Drag  

The drag on a body consists of two components, frictional drag and pressure drag. Frictional 

drag can be determined theoretically using the following equation, 

FD =  ½ CD W L ρ U2         (5) 

where CD is the coefficient of drag, and W and L are the width and length of the object. The CD 

provides a description of the resistance or force on an object in moving fluids as a dimensionless 

quantity. In other words, it is a shape factor. The drag coefficients can be determined from 

equation (5) if FD is measured, i.e., CD = FD/(W L ρ U2 ½).  Frictional drag, also known as ‘skin 

friction’ results from the viscosity or stickiness of a fluid on a solid object. It creates a force that 

Drag 

Lift 

Low velocity 
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is parallel to the surface of the object in the fluid flow. Pressure drag is a function of the shape of 

an object over which the fluid moves that results in a difference of pressure between the 

upstream side of the object and the downstream side of the object, leading to the separation of 

the flow from the object (Vogel, 1994). Equation (5) is not applicable to objects in boundary 

layers, especially rivers with large roughness riverbeds. This is because those objects occur in the 

viscous sublayer and buffer layer rather than the outer layer in an open channel flow.  At present, 

it is not possible to determine drag forces experienced on mussel using equations. This 

knowledge gap requires direct measurement. 

 

1.1.2 Hydrodynamic Lift  

Lift can be understood through an application of the Bernoulli Principle, which examines the 

relationship between velocity and pressure in streamlines within a fluid flow (Vogel, 1994). It 

states that the sum of potential energy, kinetic energy, and pressure energy are constant along a 

streamline and can be used to determine the potential to preform work, such as to move 

sediments further downstream.  Consequently, if the kinetic energy (i.e., proportional to 

velocity2) of the flow increases then the pressure energy must decline.  The lift force thus results 

from the lower pressure as the flow accelerates over the upper surface (Figure 5). Importantly, 

the angle of the object relative to the flow direction, i.e., angle of attack, will influence the lift 

and drag forces.  

The equation for lift force is similar to the equation for drag force: 

FL = ½ CL W L ρ u2          (6) 

where CL is the coefficient of lift.  As in the case of CD, CL provides an indication of the lift force 

on an object in moving fluids as a dimensionless quantity related to the shape of the object, and it 

can be determined if the FL is measured. 
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1.1.3 Hydrodynamic Shear Stress 

Hydrodynamic shear stress (τ) is the shearing force per unit area that occurs between fluids 

moving at different velocities, and it is measured in Pa (or N/m2).  Above the riverbed, the bed 

shear stress is the force that rotates an object (e.g., mussel) in the downstream direction.  Under 

laminar conditions,  

  τ = μ du/dz         (7) 

where du/dz is the vertical velocity gradient (the rate of change in the velocity, u, with vertical 

distance, z). The turbulent formulation is given as 

  τ = (μ + K) du/dz or τ = ρu∗
2      (8) 

where K is the eddy viscosity.  As indicated above, the shear stress is higher near a solid surface 

because of the change in velocity when the distance is higher. As the distance increases from a 

solid surface or the boundary layer, the shear stress decreases. 

 

1.2 Examination of the Hydrodynamics of Freshwater Mussels 
There are some insights into the hydrodynamic forces acting on mussels in riverbeds that can be 

gleaned from past research.  For example, Allen & Vaughn (2009) examined the burrowing 

behaviour of several mussel species in a recirculating mesocosm and found that shell exposure 

was due to species-specific behaviour.  Whereas the amount of shell exposed to the surface was 

noted, neither the lift and drag forces on the shell, nor the angle of attack and vertical angles 

were measured.  Wu et al. (2020) used computation fluid dynamic (CFD) modelling to make the 

flow over an exposed model L. siliquiodea and found the local pressure on the shell and 

downstream scour increased with shell exposure, but no force measurements were obtained.  At a 

larger scale, Sansom et al. (2018a) observed and modeled flow patterns near mussels using L. 

siliquoidea models and live mussels embedded at 0° angle of attack, and 90° vertical; they found 



 

 

16 

 

similar increases in bed roughness and shear stress related to mussels. Sansom et al. (2020) 

examined fluid flow over model mussel beds in a flow chamber and suggest that turbulent shear 

and local velocity (i.e., risk of dislodgement) are reduced when mussels densities > 25 m-2, i.e., 

there is a reduction in flow velocity with decreases the risk of dislodgment.  

Watters (1994) and Levine et al. (2014) used force gauges attached to burrowed mussels 

to determine the anchoring force of mussels, which depended on shell shape and size. Direct 

measurements of the lift and drag forces have been made in flow chambers by Olivera & Wood 

(1997), but these were made using isolated shells with umbo facing upstream.  Unfortunately, 

these studies did not examine the range of mussel orientations reported above. Overall, although 

some studies have captured similar orientations and fluid flow patterns, none that compared 

multiple orientations and the associated forces that would directly impact dislodgment. 

Consequently, it would be reasonable to conclude that there are gaps in our knowledge as to how 

hydrodynamic forces affect mussels specifically related to the hydrodynamic forces that are 

present within the boundary layers, the effect of mussel embeddedness, and orientation relative 

to the flow direction.  

  

1.3 Hypothesis and Predictions 
Research Question 

How do hydrodynamic trade-offs affect the orientation of unionid mussels in rivers? 

Hypothesis 

Mussels orient themselves in response to the trade-off of minimizing hydrodynamic forces that 

cause dislodgment vs. maximizing access to resources higher in the water column. 

Predictions 
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(1) If the above hypothesis is correct, then mussels will orient themselves at low angles of 

attack and be embedded under high-velocity conditions. 

(2) If the above hypothesis is correct, then mussels will orient themselves at higher vertical 

angles under low-velocity conditions. 

 

Chapter 2  - Methods 
 

2.1 Species 
 The species of interest examined in this research is Lampsilis siliquoidea (Barnes, 1823) 

(Fatmucket), which has an elongate shaped shell without nodules. They are abundant and can 

live in a variety of different sized lakes and rivers, as well as riverbeds of various sediment sizes. 

They can also live in more shallow streams which increases the likelihood of finding them in 

different velocity flow conditions (Clarke, 1981). All these factors make L. siliquoidea a model 

organism, as well as being common in local rivers and often used in research (e.g., Sansom, 

2018, 2020). Their host fish are multiple species, including Pomoxis nigromaculatus, 

Micropterus salmoides, and Lepomis macrochirus. They have a long gravid period, which ranges 

from August to the following year in mid-July (Clarke, 1981). They are often exposed to the 

riverbed surface and are easy to find visually in the field. 

 Whereas the original intent of this research was to measure the hydrodynamics of the 

casts of mussel shells in a flow chamber, circumstances related to the COVID-19 Pandemic 

restrictions and equipment malfunction led to an alternative approach involving Computation 

Fluid Dynamics Modelling (CFD) using COMSOL Multiphysics version 5.6 on a local 

workstation (Dell Precision 5820T) in the lab and on the CMC (Canadian Microelectronic 

Corporation) Microsystems COMSOL LSF Procedure cluster. 
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2.2 Validation of Computational Fluid Dynamics Model 
 

 CFD is a numerical method for producing computerized simulations of fluid, its 

behaviour, and the forces generated based on fundamental physical principles (i.e., a mechanistic 

model). It is a deterministic modeling system, that produces consistent results based on the 

model and parameters specified. A validation procedure was undertaken to ensure that the CFD 

model was applied correctly. In this case, flow was modeled around an a 3-D automobile shape 

called an Ahmed body, which is commonly used in fluid flow research and is well documented 

(COMSOL, 2021).  Turbulent air flow was modeled around an Ahmed body (Length:1.044 m, 

height: 0.288 m, width: 0.389 m, angle of the rear slanting surface at 25°) and using the 

Turbulent Flow, k-ε model. The Ahmed body was placed in a spatial domain that was 2.4 m 

(length) by 0.3 m (width) by 0.6 m (height). The front of the Ahmed body was located at 0.688 

m from the inlet and the body was positioned 0.05 m above the bottom wall. A mirror symmetry 

model was used to reduce the computation time. The mesh settings sequence type used was 

‘User-controlled mesh’. The ‘Size’ setting had the maximum element size of 0.1 m, minimum 

element size at 0.0025 m, Maximum element growth rate at 1.15, curvature factor 0.4, and 

resolution of narrow regions set at 0.25. The bottom wall had its maximum element size set to 

0.035 m. Under the ‘Free Tetrahedral 1’ tab, the maximum element growth rate was set to 1.03. 

Under the ‘Boundary Layer Properties 1’ tab the number of boundary layers was 6, the boundary 

layer stretching factor was set at 1.2. Simulations were run at 20, 30, 40, 50, and 60 m/s 

velocities. The Ahmed body which is a car shape, was placed within an air domain tunnel and 

the lift, drag, and side forces were collected in Newtons at various velocities.  The main focus of 
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this validation was to determine the lift and drag coefficients for the Ahmed body at different 

Reynolds numbers. 

 

Figure 7. The Ahmed body (car shape) used in the COMSOL validation. 

 

 Bello-Millán, et al. (2016) used a similar model setup in a wind tunnel using a digital 

force sensor to determine the drag coefficient of an Ahmed body. The results from the present 

study are consistent with that study, which summarized the results from previous numerical and 

wind-tunnel experiments (Figure 8).  The results of this validation, support the use of COMSOL 

to model mussel shapes. 
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Figure 8. The drag coefficient of Ahmed bodies as a function of the Reynolds number for a variety of studies 

as summarized by Bello-Millán et al. (2016).  The results of the current study are presented in black spherical 

symbols (after Bello-Millán et al. 2016). 

 

2.3 Polyester resin molds 
Paired shells of L. siliquoidea (~ 9 cm SL; shell length) provided by Dr. Todd Morris (Fisheries 

and Oceans Canada) were used to create polyester resin casts of the shells.  A silicone rubber 

mold of each shell was made by placing the mussel shell concave up on foam-core boards 

secured with modeling clay (Alumilite synthetic modeling clay). The shell was sprayed with an 

Alumilite UMR, an all-purpose paintable mold release spray (Dimethyl ether 35-55%) and 1,1- 

Difluoroethane 35-55%), painted with 5-6 coats of liquid latex rubber (Polyisoprene/ Moldcraft), 

and reinforced with a Plaster of Paris dry mix support coating. The shell was carefully removed 

from the latex rubber mold using a sharp blade. A clear polyester resin-catalyst mixture (Plastic 
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World) was poured in latex rubber mold and allowed to set for 24 hours. This same procedure 

was used for the other shell, which was attached to the other shell cast using the adhesiveness of 

the partially cured resin to form the entire mussel shape. 

2.4 Mussel Shell model 
Three-dimensional scanning software (Qlone version 4.6.4) was used to create digital models of 

freshwater mussels that could be imported into COMSOL. Unfortunately, the scan of a polyester 

resin model of L. siliquoidea, which was uploaded to COMSOL as an ‘STL’ file, could not be 

meshed by COMSOL due to large gaps in the shell model that would not allow the formation of 

a solid 3D object. Attempts to overcome this outcome were not successful.  Consequently, an 

oblate spheroid of similar length, diameter and inflation to L. siliquoidea was generated in 

COMSOL using the ‘Geometry’ feature. The ellipsoid was then modified using the ‘Sketch’ 

feature to make the overall shape visually and geometrically similar to the shell of L. siliquoidea.  

Creating an accurate shape of an L. siliquoidea shell was achieved by sketching shapes around 

the ellipsoid in various cross-sectional areas of the ellipsoid, extending and rotating them, and 

then removing those expanded areas. Eventually, the model ellipsoid was similar to the L. 

siliquoidea cast. Additional shapes were also added to the geometry that represent the umbo. The 

‘Removing Details’ feature was used to simplify the shell model to facilitate meshing. The 

details to be removed that were selected included: vertices with continuous tangent, short edges, 

small faces, sliver faces, narrow face regions, and thin domains. Under Parameters, the 

continuous tangent tolerance was set to 5 degrees. Comparisons were made with each alteration 

to make the sketch to be as close to the model as possible (Figure 9). 
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A  B 

 C  D 

Figure 9. The different views for the CFD sketch (left) to the polyester resin model of L. siliquoidea (right) in 

each panel for comparison. Panel A is an oblique view. Panel B is the top view. Panel C is the side view. Panel 

D is the anterior view of the mussel. 

 

2.5 COMSOL Modelling 
The Turbulent flow, k-ω interface was used to model the mussel-flow interactions in COMSOL 

with a number of alterations that were made for these CFD experiments. Under the settings for 

the ‘Parameters,’ the reference density, 0, was set to 1000 kg/m3 and the compressibility was set 

to incompressible flow to represent freshwater, and the temperature was set to 293.15 K, i.e., 20 

°C.  The materials that were added to the model builder included water, along with all its 

properties.  The spatial domain included a 0.1044 m wide × 0.1044 m high × 0.3132 m long flow 

regime in which the mussel model was placed at x = 0.1053 m downstream of the domain at the 

centerline position, y = 0.0522 m and on the bottom z = 0.020 m. This is based on the most 
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posterior end point on the model mussel. The two side and top boundaries were set to the ‘slip 

condition’ under ‘wall settings,’ meaning that fluid flow is not affected by the presence of those 

walls.  Conversely, the bottom wall or ‘riverbed’ was set to a ‘no-slip condition’ to correctly 

simulate boundary layer development. The same ‘no-slip condition’ was also applied to the 

entire mussel shape. The inlet condition was set to a fully developed flow based on a given flow, 

Q in m3/s, and the outlet was set to the outlet condition, with the ‘suppressed backflow’ option 

selected. A ‘Parametric Sweep’ option was selected in COMSOL to analyze the model at 

different velocities (0.01, 0.15, 0.3, 0.45, and 0.6 m/s) during each computation.  

 

 The drag was determined using ‘Surface Integration’ to determine the total force in the x-

direction/total drag force (i.e., ‘spf.T_stressx,’ which is the 'Total traction, exterior boundaries, x 

component,’). Similarly, the lift was determined as the total force in the z-direction/total drag 

force (i.e., spf.T_stressz or the Total traction, exterior boundaries, z component’) as was the total 

side force (i.e., spf.T_stressy or the 'Total traction, exterior boundaries, y component). Other 

output expressions were used to calculate the shear stress (τ) (i.e., (spf.u_tau)^2 *(rho0) ) and the 

viscous force (i.e., spf.rho*spf.u_tau*spf.u_tangy/spf.uPlus). All the units for these 

measurements were in N (Newtons), expect for shear stress (τ), which is given in Pa (Pascal). 
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Figure 10. Examples for the meshed exposed mussel oriented at 0° angle of attack and 0° in the vertical. To 

determine grid independence, multiple different mesh qualities were created and computed. This figure is for 

a ‘Physics-controlled mesh’ set to ‘Normal’ element size. The species was L. siliquoidea. Image A displays the 

image from the oblique view. Image B displays from the side view; note the multiple layers of mesh near the 

wall. 

 

 Once the geometry was created, the meshing of the spatial domain was undertaken using 

the mesh setting sequence type ‘Physics-controlled mesh’ to provide an improved boundary layer 

A 

B 
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flow representation. This allows the system to automatically divide the domain into different 

mesh qualities based on the location, for instance, there was a finer mesh near the bottom wall.  

A quality assessment of the degree of mesh fineness had to made against an increase of 

computational cost to ensure quality results were obtained. It should be noted that finer meshes 

generally produces a greater number of tetrahedral shapes in the domain of interest, which lead 

to better quality results but also increase computational time.  The process involves determining 

grid independence among the eight selectable element sizes ranging from Extremely coarse to 

Extremely fine.  In other words, a grid independence test would determine when the values of the 

computed parameter reached a plateau, i.e., additional decreases in mesh element size would not 

alter the results. 

 In this case, the analysis of lift and drag was applied to an exposed mussel oriented at 0° 

angle of attack and 0° in the vertical (see Figure 11). The results for bottom shear stress are 

presented in Figure 12. Unfortunately, the model failed to find a solution in the coarser mesh 

setting, which led to a gap in the plots; this was for the custom settings options when a 'User-

controlled mesh’ was used.  Regardless, the value for the lift force plateaued when the number of 

mesh elements > 8.2×105 corresponding to a grid element size of < 0.22 cm (Figure 12).  A 

plateau for the drag force was less evident because of the local increase in drag, but similar 

values of > 8.2×105 mesh elements and < 0.22 cm minimum grid element size were reasonable 

(Figure 12C and D).  A similar unimodal result was observed for the shear stress, but in this case, 

> 8.2×105 mesh elements and < 0.22 cm minimum grid element size provide the similar value for 

, i.e., 0.1313 and 0.1312 Pa, respectively (Figure 12A and B).  Consequently, a fine mesh was 

used to model the various flow-mussel interactions, which required approximately 18 hours per 

run. These all incorporated the ‘Predefined element sizes’ and were able to finish the 
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computation.  Several approaches were used to resolve errors pertaining to the ‘maximum 

number of intermediate iterations reached’ and ‘maximum number of segregated iterations 

reached’. Firstly, the maximum numbers of intermediate and segregated iterations were 

increased in the settings. Secondly, finer meshes were applied, often unsuccessfully. Lastly, 

viscosity ramping methods were conducted to attempt to improve the convergence and find more 

solutions, this however also failed (Straccia, 2016) leading to some gaps in the planned range of 

results. 
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Figure 11. The effect of predefined grid element size on the lift and drag forces (Total stress in y and x, 

respectively) calculated in COMSOL.  Note that the ‘Fine’ mesh at 6 was selected as the best option for the 

CFD experiments. These settings are the same as when using ‘Physics-controlled mesh’. 
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Figure 12. Grid independence evaluation: (A) shear stress (spf.u_tau)^2 *(rho0) = (τ)) computed from 

COMSOL shear vs. total number of mesh elements; (B) shear stress (spf.u_tau)^2 *(rho0) = (τ)) computed 

from COMSOL shear versus the minimum grid element size. The gap in the plot line represents the ‘coarser’ 

mesh which was not calculated due to COMSOL failing to find a solution at those settings for the mesh. Note 

that as with the drag force, a plateau is not forming as the quality of the mesh changes. The results change 

drastically; (C) lift force (total stress in the z direction) vs. the total number of mesh elements; (D) lift force 

(total stress in the z direction) vs. the minimum grid element size. Note how the lift force stays relatively 

stable at higher number of mesh elements, as well as smaller minimum grid element sizes (higher quality 

meshing). 
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2.5.1 Mussel Orientation 

This research examined the effects of mussel orientations on hydrodynamic forces.  This was 

assessed in one of two ways; either with the mussel embedded in the sediment up to the 

sedimentary line or with the mussel fully exposed on the sediment surface. For the embedded 

orientation, the dimensions of the domain test chamber were altered to ensure that the height of 

water flow above the shell was equal to when it was exposed. In other words, the height of the 

test chamber was reduced by equal amounts to how much the shell was embedded in the 

boundary layer. 

The mussel models were positioned in different orientations in a computer-generated 

domain for each model run.  Mussel orientation was based on the direction of the fluid flow (i.e., 

angle of attack) relative to the direction the apertures (‘siphons’) on their posterior side because 

freshwater mussels tend to have their posterior side facing the flow of the river in their natural 

habitats, with their inhalant aperture closer to the ventral side (Haag, 2012). Conceptually, they 

have different orientations of their aperture-umbo axis ranging from 0º angle of attack with the 

posterior portion of the mussel facing into the flow to 180º angle of attack with the posterior 

facing downstream (Figure 13A). Since freshwater mussels are generally bilateral symmetrical, 

measurements between 180º and 360º are equivalent to 0 º and 180º angle of attack.  Angle of 

attack used in the modeling included angles of 0º, 45º, 90º, 135º, and 180º. 

 Mussels can also orient in the vertical direction by raising the posterior end of the shell 

above the sediment (Figure 13B).  The mussel when oriented flat on the sediment would be 

considered at 0º vertical, whereas an orientation with the posterior of the mussel perpendicular to 

the sediment would be considered 90º vertical.  In this case, the orientations between 90º and 
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180º vertical would be considered equivalent to those between 0º and 90º vertical.  The vertical 

angles used in the modeling included angles of 0º, 45º, and 90º. 

 

Figure 13. Mussel orientation in river flow with (A) angle of attack to the direction of flow (viewed from 

above) and (B) vertical position above the sediment (viewed from the side). 

 

2.5.2 Cross-sectional area of mussel shell 

The cross-sectional area of the mussel is an important factor since it effects the calculations of 

the drag coefficients (CD) and the lift coefficients (CL). The variation in these coefficients needs 

to be assessed for the different shell orientation models. There will be differences in cross-

sectional-areas between any two mussels (Haag, 2012). This is known as the reference area and 

was calculated on COMSOL by creating a Work Plane and sketching a Composite Curve around 

the shape of the mussel. The area of the Composite Curve was computed and input into equation 

(5) rearranged to calculate CD (CD = FD/(W L ρ U2 ½), where W L is the reference area and 

similarly for CL.  Work Planes were created in the x-y plan for the CL and on the y-z plane for the 

CD. 

2.5.3 Variation in Shell Shape 

In order to examine the effect of variation in shell shape on the hydrodynamic forces 

experienced by mussels, three different mussel models were examined from shells collected in 

A B 
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southern Ontario, each of which was sketched from a polyester resin cast as described previously 

or from a real shell. Figure 14 depicts shell morphometrics of each of these three L. siliquoidea 

specimens. Each mussel shape was examined in the exposed, 0° angle of attack, and 0° vertical 

orientation using the meshing and spatial domain described above. 

  



 

 

32 

 

A 

 

B 

 

 C

 

Figure 14. Images of the first (A), second (B), and third (C) shell replicas sketched in COMSOL next to the 

original / models they are based on. The species was L. siliquoidea. 
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2.5.4 Effect of Turbulence Model on Modeled Hydrodynamic Forces 

 Several different turbulent flow models were examined in these experiments including 

the Turbulent Flow k-ε model, the Realizable k-ε model and the Turbulent Flow k- ω model.  

The k-ε model, which was designed for simulating a single-phase flow with high Reynolds 

numbers, was used in the validation of the Ahmed body (COMSOL Learning Center, 2021). It 

incorporates the Reynolds-averaged Navier-Stokes (RANS) equations for modeling complex 

turbulent fluid flows, which incorporates the conservation of mass and the conservation of 

momentum (CFD module Users Guide, 2018).  Unfortunately, the turbulent k-ε model is not 

effective for modeling boundary layers flows (even though boundary layer material and 

roughness height (k) can be used as parameter), which are critical to this research. The 

Realizable k-ε model is similar to the k-ε model, however, it can also be used for compressible to 

incompressible flows.  Conversely, the Turbulent Flow k-ω model can calculate the flow all the 

way to the wall in the domain and also functions for low- Reynolds numbers that are used in this 

research (i.e., Re = 5.49 x 104 for a mussel with shell length of 9 cm examined at 0.6 m/s is 

considered low).  It is relevant to note that the differences between the k-ε, Realizable k-ε, and k-

ω models were minor in terms of the drag force for an embedded L. siliquiodea examined at 0° 

angle of attack and 0° vertical (Table 1). The lift force was smaller for the turbulent k-ω model. 

Table 1. Results of different turbulent flow models on the hydrodynamics on the embedded, 0° angle of 

attack, 0° vertical, L. siliquoidea model on COMSOL. 

Measurement k-ε Model k-ω Model Realizable k-ε 

Total stress x (drag), N 4.11x10-2 4.96 x10-2 5.28 x10-3 

Total stress z (lift), N 4.38 x10-2 
 

5.08 x10-2 4.23 x10-2 

Total stress y (side force), N 6.61x10-4 5.25 x10-3 9.36 x10-5 
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2.6 Field Observations 
Historical records of mussel beds containing L. siliquiodea in Ontario rivers, which were 

collected by Fisheries and Oceans Canada (DFO), were used in this research courtesy of Dr. 

Todd Morris (Fisheries and Oceans Canada).  Efforts were made (e.g., visual surveys up and 

down the reach) to examine mussel sites from rivers that have various water velocities including 

the Grand River at Settler’s Fork, the Upper Thames River at Thorndale Bridge, and the Ausable 

Bayfield River at Ailsa Craig.  The goal was to identify low and high velocity sites that had at 

least 30 L. siliquoidea present, which could be examined.  Unfortunately, this proved difficult 

because the low numbers of L. siliquoidea present, especially at high velocity sites. 

Consequently, the survey was expanded to include another species with an elongate shell shape, 

Lasmigona costata (Flutedshell). The relatively slow moving Innerkip site in the Upper Thames 

River and the relatively fast moving Settler’s Fork site on the Speed River GRR-SPD-01 were 

examined in more detail because both mussel species were present.  

 The orientations of mussels with respect to the river flow directions and the vertical were 

recorded. This was done by submerging a 16.5 × 19.5 cm piece of plastic egg crate ceiling panel 

(1.5 × 1.5 cm openings) with units of length and indications of vertical direction onto the 

riverbed next to the mussel.  Strings attached to the board indicated flow direction and a bubble 

level on the edge ensured that measurements were taken parallel to the horizontal reference 

plane. The mussel and reference board were photographed with a waterproof camera (iPhone 8) 

in situ. The angle of attack and vertical angles of the mussel relative to the flow direction were 

recorded based on video recording.  Mussels that were completely burrowed were not examined. 

The mussel was then removed from the riverbed and the length, width, and inflation was 

measured with a vernier scale, its weight using an electronic scale (model: 93016, Starfrit). Top 

view photographs were taken of the mussels with a 20 cm ruler for scale and for confirmation for 
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identification of the species. The mussel was then placed back in its original orientation and 

position in the riverbed.  

 An Acoustic Doppler Velocimetry (ADV) (Flow Tracker II, Sontek) was used to measure 

the velocity of the river at each location where a mussel was measured.  The ADV was 

positioned where the mussel was burrowed in the sediment and velocity was measured for 15 s at 

2 Hz approximately 2 cm above height of the riverbed or due to obstructions, the lowest height 

available. 

 Each sampling field day started with taking water velocity measurements at the same 

survey point for each mussel bed site using the ADV. These measurements were adjacent and 

upstream of the mussel beds being surveyed. 

2.7 Statistical Analysis 
The COMSOL model used is deterministic in nature, which means that the results obtained 

do not change each time the model is run unless the geometry or other parameters are changed. 

Consequently, the results presented for different mussel orientation are presented without 

statistical analysis. 

 Conversely, the results for the three different L. siliquoidea models examined under the 

same orientation were analyzed statistically.  In this case, a single factor Analysis of Covariance 

(ANCOVA) was used because the drag force varied with the Reynolds Number.  The response 

variable was the drag coefficient, the independent factor was the mussel model, and the covariate 

was the Reynolds number. The Shapiro-Wilk normality test was preformed to check for 

normality in the distribution. The standardized function in Excel was used for normalizing the 

data. Assumptions of normality were examined using a Kolmogorov-Smirnov D test and 

homoscedasticity was examined with the Levene’s test (Bowley, 2015). 
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 The field observations were examined using analysis of frequency (i.e., Chi-squared, χ2) 

and the assumptions were noted (i.e., expected frequencies for each cell are at least 1, and should 

be at least 5 for the majority (80%) of the cells).  A three-way χ2 test of independence was used 

to determine if there was an association between the angles of attack, velocity groups, and 

vertical angles.  Separate two-way χ2 tests of independence were performed, one for angles of 

attack vs. velocity categories, and a second for the vertical angles vs. velocity categories. Finally, 

χ2 tests were used to determine whether the proportions of mussels found in the velocity category 

with the highest number of observations was similar for angle of attack and vertical angle, 

separately. 

Chapter 3 - Results 
 

3.1 CFD results 
The CFD modelling in COMSOL provided results for 17 of the 30 mussels orientations 

examined in the study (Table 2). The remaining 13 orientations, which were largely involving 

combinations of high angle of attack and vertical angles, failed to solve despite the corrective 

methods as recommended by COMSOL (https://www.comsol.com/blogs/category/fluid-and-

heat/computational-fluid-dynamics-cfd/) and the use of the 32 cores of the CMC Microsystems  

COMSOL LSF Procedure cluster. The common error encountered was that the maximum 

number of iterations were reached; this was due to complexity of the model mesh. Regardless, 

this provides a large number of model orientations to examine. 

  

https://www.comsol.com/blogs/category/fluid-and-heat/computational-fluid-dynamics-cfd/
https://www.comsol.com/blogs/category/fluid-and-heat/computational-fluid-dynamics-cfd/
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Table 2. Summary of the successful CFD models runs on COMSOL. The boxes with the checkmark indicate 

that the computation was successful, while the dashes are for failed attempts due to errors with convergence, 

number of intermediate or segregated iterations, or undefined values found. Em is for Embedded mussels 

and Exp is for Exposed mussels. 
 

Angle of attack 

 Vertical 

angle 

0° 45° 90° 135° 180° 

Em Exp Em Exp Em Exp Em Exp Em Exp 

0° ✓ ✓ ✓ ✓ ✓ - ✓ - - ✓ 

45° ✓ ✓ - ✓ ✓ ✓ ✓ - -  - 

90° ✓ ✓ - - ✓ - ✓ - - - 

 

 The flow field results generated by COMSOL are presented here. The streamlines of the 

velocity fields (or the flow disturbance) are displayed from Figures 15 to 17. These were all 

based on the Turbulent Flow k-ω model, and the velocities were set to 0.6 m/s. Figure 15 

compares the streamlines for the exposed and embedded L. siliquoidea, which was oriented at 0° 

angle of attack, 0° in the vertical, and the posterior end of the mussel was facing the flow. There 

was relatively uniform flow upstream of the mussels and the colours changed from dark red 

(approximately 0.6 m/s) to dark blue (<0.1 m/s) as it approaches the ‘riverbed’ indicative of a 

boundary layers. Conversely, the flow was turbulent downstream of the mussel. The exposed 

shell had more turbulent streamline lines (i.e., eddies) directly downstream compared to the 

embedded shell.  The results for a mussel at 45° angle of attack and 0° vertical angles is 

somewhat similar with a greater amount of turbulence downstream of the exposed shell 

compared to the embedded shell (Figure 16). The turbulence experienced downstream of this 

embedded shell was greater than that of the 0° angle of attack (Figure 15.) 
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 The comparison of the 45° and 90° vertical orientations were both generated using 

exposed mussels (Figure 17). In this case, there is a higher turbulence directly downstream of 

90°compared to the 45° model. The streamlines for 45° also extended laterally past the mussel. 

While the turbulence streamlines for the 90° is directly downstream of the mussel, it formed a 

more concentrated and denser pattern of eddies compared to the 45° vertical orientation. Both the 

orientations in Figure 17 had similar drag coefficients, despite the differences in streamlines (see 

below). 

 

Figure 15. Flow streamlines of the velocity fields (or flow disturbance) from the CFD using the Turbulent 

Flow k-ω model on exposed and embedded Lampsilis siliquoidea orientated at 0° angle of attack, 0° vertical at 

0.6 m/s. The exposed shell has more turbulent streamlines and eddies directly downstream compared to the 

embedded shell.  
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Figure 16. Flow streamlines of the velocity fields (or flow disturbance) from the CFD using the Turbulent 

Flow k-ω model on exposed and embedded Lampsilis siliquoidea orientated at 45° angle of attack, 0° vertical 

at 0.6 m/s. There are higher amounts of turbulence compared to 0° angle of attack. The exposed mussel had 

more turbulence downstream compared to the embedded shell.  

 

Figure 17. Flow streamlines of the velocity fields (or flow disturbance) from the CFD using the Turbulent 

Flow k-ω model on exposed Lampsilis siliquoidea at 45° and 90° vertical angles and 0° angle of attack. There 

is more turbulence directly downstream of the 90°compared to the 45°.  

 

 The results of the COMSOL modeling described above are presented as total force (i.e., 

√𝐹𝐷
2 + 𝐹𝐿

2) vs. the test velocity for models of different vertical angles (0°, 45°, and 90°).  The 

total force increased exponentially with test velocity (i.e., U2), which appears as an increasing 

ramp-like curve when plotted on a logarithmic scale (Figure 18).  Several patterns are evident in 
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the plot.  Firstly, the total force experienced by the mussel is higher for exposed vs. embedded 

mussels examined in the same orientation. Secondly, the total force experienced increased within 

the vertical angle and lastly there was some overlap in the total force among combinations of the 

two factors. 

 

  

Figure 18. Total force experienced by Lampsilis siliquoidea in embedded or exposed orientations ranging 

from 0° to 90° in the vertical under the Turbulent Flow k-ω model. 

 

The numerical results of the lift and drag forces were used to determine the lift and drag 

coefficients (equations (6) and (5), respectively). Figure 19 displays the lift and drag coefficients 

as a function of different Reynolds numbers. Each point represents measurements taken at the 

velocities of 0.01, 0.15, 0.3, 0.45, and 0.6 m/s. The dashed lines with the hollow symbols 

represent the exposed shells, which had higher lift and drag coefficients compared to the 

embedded shells, represented by the solid lines with solid symbols. The lift coefficient for the 

exposed shell increases with higher Re until it reaches a plateau at 0.3 m/s (Figure 19A). The lift 

coefficients for the embedded shell, however, keeps increasing for all the measured velocities. 

Conversely, the drag coefficients for both the exposed and embedded shells decrease with higher 
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Re (Figure 19B). It is important to note that even with high drag coefficients, a low flow has 

lower actual total force on these mussels, i.e., 45°exposed has a total force at 0.01 m/s that is 52 

times lower then 0° embedded at 0.6 m/s, even though drag coefficient is 10 times higher for 

45°. This is because force is proportional to the square of the velocity (Hoerner, 1965). 

 

 

Figure 19. Graph of the computed (A) Drag and (B) Lift coefficient as a function of Reynolds number for 

exposed and embedded shells. Model mussels were oriented at 0 angle, and 0 vertical orientations. 

 

 A comparison of the effect of different angles of attack and different vertical angles on 

the drag computed in the CFD are presented in Figure 20. In the first comparison, the vertical 
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angles were set at 0° and the measurements were taken at the velocities 0.01, 0.15, 0.3, 0.45, and 

0.6 m/s (presented as the corresponding Reynolds numbers). Each coloured line represents a 

different orientation, with dashed lines representing exposed and solid lines representing 

embedded mussels. Note how the higher angles and exposed orientations tend to have higher 

drag coefficients (Figure 20A). The 180° exposed shell had drag coefficients similar to 0° 

orientations. The highest drag coefficients were for the 45° exposed shell. In the case, of the 

vertical angle measurements, exposed and higher angles had higher drag coefficients (Figure 

20B). Note that the 45° and 90° vertical orientations have similar values for drag coefficients, 

despite the streamline patterns being different as seen in Figure 17. 
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Figure 20. Comparison of the effect of (A) different angles of attack and (B) different vertical angles on the 

drag coefficient on Lampsilis siliquoidea computed in COMSOL using the Turbulent Flow k-ω model. The 

hollow symbols and dashed lines are for exposed orientations, while the solid symbols and solid lines are for 

embedded mussels. The Reynolds numbers are based on the selected velocities of 0.01, 0.15, 0.3, 0.45, and 0.6 

m/s. The trend has the higher angles of attack and higher angles and exposed orientations having higher drag 

coefficients.  
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 There were three mussel models made from polyester casts and specimens of different L. 

siliquoidea. The results of modeling the hydrodynamics of these mussels revealed drag forces 

that overlapped and appeared indistinguishable (Figure 21).  The results of the ANCOVA 

supported this observation, because there were no statistical differences among the mussel 

models (F2,11 = 0.0098, p = 0 .99) and Reynolds number was a significant covariate (F1,11 = 

15.96, p = 0.002).  

 

Figure 21. Drag coefficient as a function of Reynolds number for three separate Lampsilis siliquoidea modeled 

in COMSOL the exposed orientation at 0° angle of attack and 0° vertical angle using the Turbulent Flow k-ω 

model.  
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Table 3. Results from the ANCOVA test preformed on the three separate Lampsilis siliquoidea shells modeled 

in COMSOL the exposed orientation at 0° angle of attack and 0° vertical angle using the Turbulent Flow k-ω 

model. 

 

3.2 Field Observations 
A total of 67 freshwater mussels were observed during the field sessions (n = 67). There were n 

= 25 Lampsilis siliquoidea and n = 42 Lasmigona costata, both of which have elongated shell 

shapes. The field observations of the mussels were grouped into three different velocity 

categories (0 – 0.05, 0.051- 0.1, and 0.11- 0.15 m/s). Most mussels (60) were found at the lowest 

velocities, i.e., between 0- 0.05 m/s. Four mussels were found at velocities of 0.051- 0.1 m/s and 

three were found at locations between 0.11- 0.15 m/s (Figure 22).  The ‘exposed’ on the graph 

indicates the number of mussels found at the exposed orientation, as opposed to embedded. 

There were no exposed mussels found at velocities of 0.051- 0.1 and 0.11- 0.15 m/s. Overall, the 

majority of mussels were embedded.  A three-way Chi-squared (χ2) test of independence was not 

significant (χ2
4 = 6.55, p = 0.162), or could not compute in the case of 90 degrees due to the 

expected count size violations (see Table 4A). Consequently, the results for angle of attack and 

vertical angle were considered separately. 

 The results for the different angles of attack are presented along with the different vertical 

angles in Figure 22A and B; the colour of the bar represents the different angle of attack that was 

observed, with 0° in blue, 45° in orange, and 90° in gray.  More mussels were found at higher 

vertical orientations (i.e., 45° and 90° compared to 0°) at the lowest velocity (0 – 0.05 m/s). 

Conversely, fewer mussels were found at the higher velocities (0.051- 0.1 and 0.11- 0.15 m/s), 
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and were evenly distributed among the categories. However, none were found at 90° from 0.051- 

0.1 and 0.11- 0.15 m/s. No exposed mussels were found at higher velocities (0.051- 0.1 and 0.11- 

0.15 m/s).  The results of the two-way χ2 test of independence between angle of attack and 

velocity category was not significant (χ2
4 = 6.55, p = 0.162; Table 4B), however, the dependence 

of vertical angle and velocity category was significant (χ2
4 =12.62, p = 0.013).  Both results 

included multiple warnings due to expected count size violations. 

Only the low-velocity category had sufficient sample size to satisfy the expected count 

size assumptions of the χ2.  There was no evidence to reject the null hypothesis of similar 

frequencies in terms of the angle of attack observed in different velocity categories (χ2
2 = 4.51 p 

= 0.105). Conversely, there were significant differences among the frequencies in the vertical 

angles observed across velocity categories (χ2
2 =12.03, p = 0.002) (see Table 4). 
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Figure 22. A comparison of the field observations of the mussels (Lampsilis siliquoidea (n = 25) and Lasmigona 

costata (n = 42)) found at different flow velocities and (A) angles of attack and (B) vertical angles. Most 

mussels were found in the lowest velocities. There are slightly more mussels oriented at lower angles of attack, 

i.e., at 0° and for 45°. Most of the mussels were found at embedded orientations, with 7 found exposed at the 

lowest velocities. At the lowest velocity, more mussels were found oriented at higher vertical angles, i.e., 45° 

and 90°. No mussels were found oriented at 90° in higher velocities. 
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Table 4. The results of the (A) three-way Chi-squared (χ2) test; the two-way χ2 tests for (B) angle of attack vs. 

the velocity category and (C) vertical angle vs. velocity category; and the one-way χ2 tests of the low-velocity 

category for (D) angles of attack and (E) vertical angles. 
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Chapter 4  - Discussion 
 

The CFD results provide important information on the trade-offs experienced by mussels related 

to their positioning and orientation under flowing conditions.  Specifically, CFD modelling 

revealed that L. siliquoidea experienced the least turbulence and lowest lift and drag coefficients 

when they are embedded in the bottom facing directly into the flow (0° angle of attack) in a 

horizontal orientation (0° vertical angle), which provided a somewhat streamlined shape and 

lowest drag coefficient.  The turbulence and resultant lift and drag coefficients increased at 

orientations and positions that varied from the streamline position and were greatest when the 

mussels were exposed on the sediment surface and oriented at high angle (i.e., 45-90°) to the 

flow direction.  A considerable amount of turbulence was generated downstream of the mussel 

under those conditions as evident in the streamlines that were twisted and contorted in that 

region. Results from the field revealed that mussel positioning and orientation is partially related 

to water velocity for a number of reasons.  Firstly, the majority of mussels (90 %) were found in 

locations with velocities less than 0.05 m/s, despite efforts to locate mussels in mussel bed 
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known to experience higher velocities.  Secondly, only a small fraction of mussels (10 %) was 

found exposed on the sediment and none of these were found above 0.05 m/s.  Lastly and 

importantly, whereas mussels oriented at a variety of angles of attack, significantly more of them 

were oriented at higher vertical angles at low speed where sample sizes were large enough for 

statistical evaluation.  It is reasonable to suggest that the differences in mussel positioning are in 

response to increased disadvantage of dislodgement at high velocity, which would support my 

hypothesis. The first prediction was partially supported because no exposed mussels were found 

at higher velocities or at 90° vertical angle. The second prediction was supported because more 

mussels oriented themselves at higher vertical angles under low-velocity conditions. It is likely 

that a few mussels position and orient at high angles at high flows because of the negative trade-

offs experienced. 

4.1 Computational Fluid Dynamic Modelling 
4.1.1 Mussel Drag Measurements 

The results from the present study are consistent with results from previous studies using a 

variety of techniques on similar size and shapes of bivalves (Figure 23).  It is relevant to note 

that there are relatively few measurements of hydrodynamic drag for freshwater or marine 

mussels.  For example, the results of Wu et al. (2020), who modeled Lampsilis siliquoidea in the 

embedded, 0° angle of attack, and 90° vertical orientation, are within the bounds of the results of 

the current study. Similar overlap is evident for Pecten (scallop), which was examined in a flow 

chamber with the umbo facing flow, an angle of attack at 90° and vertical at 0° in the ‘exposed’ 

orientation (Olivera and Wood, 1997).  Results for Paphia and Saxidomus (saltwater clams) 

(Olivera and Wood, 1997) bracket the current results as do those from Diedericks et al. (2018), 

who determined the drag coefficient from direct measurements of Mytilus galloprovincialis 

(Blue mussel) using a strain gauge in a flow chamber. The orientation for the shell was convex-
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upwards and they measured both umbo upstream, convex downward, and umbo downstream, 

convex upward positions in what would be an exposed orientation.  The results from Forrest et 

al. (2017), who inferred the drag on Corbicula fluminea (Asian clam) in which the umbo was 

down in the ‘exposed’ orientation from the drag over a mussel bed are also consistent with 

results from the current study.  Conversely, the results from García-March et al. (2007) are vastly 

different from all the other results. They measured drag directly on Pinna nobilis (Fan mussel), 

which were almost 60 cm in length and orientated on their lateral and dorso-ventral side. Their 

values are very different to what was observed in the other papers and they did not report the 

Reynolds numbers used, which, makes me question the results.  

 

 

Figure 23. Drag coefficient on bivalves as a function of Reynolds number from the current study and previous 

studies. The CFD measurements of drag coefficients at different Reynolds numbers for 0° angle of attack, 0° 

vertical for both exposed (red hollow circles and dashed line) and embedded (red solid circles and solid line) 

shells. The drag coefficients from the present study are consistent with the results from previous studies when 

similar size and shaped mussels were used. These are results from Diedericks et al. (2018), Forrest et al. 

(2007), Garcia-March et al. (2007), Olivera and Wood (1997), and Wu et al. (2020). The first column on the 

right has each of the mussel’s orientation to the flow. The second column has the overall shape of the mussel 

used. 
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4.1.2 Movement and Dislodgment of Mussels 

Freshwater mussels in rivers are at risk of dislodgment and movement downstream, which could 

be detrimental to their survival (Haag, 2012). The results from the CFD models presented here 

are useful to estimating this risk and links back to the concept of trade-offs associated with 

dislodgment.  In this case, the total force results (i.e., Figure 18) can be contrasted with the 

results from Curley et al. (2021) and Levine et al. (2014), who examined the incipient force to 

generate movement in mussels and the force causing dislodgment, respectively.  Curley et al. 

(2021) found that an exposed mussel of similar size and shape to the L. siliquiodea examined 

here, begin to experience motion (or twitching) in the flow corresponding to water velocities of 

~0.11 m/s or ~ 0.0028 N.  Levine et al. (2014) found that an embedded mussel of similar size to 

the would be removed/ dislodged by a total force of ~0.55 N in their experiments. Taking their 

results into consideration, a ‘danger zone’ (represented by the light red rectangle) was created in 

Figure 23 to indicate the conditions under which freshwater mussels are in potential risk of 

motion and eventual dislodgment due to water flow and the total force.  For example, an 

embedded mussel in the horizontal position (i.e., 0° vertical; solid symbol in red line) reaches the 

‘danger zone’ (at an environment for potential movement) at about 0.18 m/s, while a mussel 

exposed on the sediment in the 90° vertical orientation (hollow symbol in dashed green line) 

reaches it at 0.11 m/s. Therefore, the latter orientation has a higher likelihood of dislodgment.  

Graphing the results for the angle of attack displays similar results for the forementioned vertical 

angles in Figure 24. The range for motion and dislodgment is similar, as well has where the 

‘danger zone’ beings for different orientations. All this helps to indicate where thresholds may be 

for trade-offs and understand what higher discharges in rivers and increasing floods could mean 

for freshwater mussels and their ecosystems. It is intriguing to suggest that this might explain 

why L. siliquiodea were not found at these higher velocities (i.e., in the ‘danger zone’).  
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Figure 24.  The danger zone for mussel orientation plotted on a graph of the Total force experienced by 

Lampsilis siliquoidea in embedded or exposed orientations ranging from 0° to 90° in the vertical under the 

Turbulent Flow k-ω model (see Figure 18).  

 

4.1.3 Trade-off of Mussel Orientation to the Flow 

At lower velocity without significant water mixing there is more likelihood for a concentration 

boundary layer (CBL); a region of low seston concentration to form due to mussel suspension 

feeding (Nishihara & Ackerman, 2008).  In these conditions there is less turbulent mixing or 

scalar mixing, which is the process that brings amounts of seston to benthic organisms (Falter et 

al., 2004; Larned et al., 2004; Nishihara and Ackerman, 2006). Mass transfer to the benthos 

would occur via diffusion, which is a slow process over those spatial scale.  One solution would 

be for a mussel to orient itself higher in the water column to access resources.  Fortunately, the 

risk of dislodgment at low velocity would also be low indicating that the mussel gains an 

advantage at being positioned at higher vertical orientations (Table 5). Under high flow 
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conditions, however, there is more scalar mixing which leads to more resources available for 

mussels to suspension feed. There is a little advantage to orient higher in the water column, 

rather there is a distinct disadvantage due to the greater risk of dislodgement.  Consequently, 

mussels should orient at lower angles, which has a higher advantage (Table 5). 

Table 5. This displays the trade-offs of mussels’ orientation to the flow. 

 
 

4.2 Implications from the Field Results 
The field results were separated into angles of attack and vertical angles based on what was 

observed in the field. The pattern for the angle of attack showed that more individuals were 

found at the lower water velocities and more were oriented at lower angles, i.e., at 0°. The 

exposed mussels were only found at the lowest velocity category, none were found at 0.051 - 0.1, 

and 0.11 - 0.15 m/s. Though this not significant difference due to the small sample size, these 

findings support the predictions of the trade-offs considered above (Table 5).  Similar arguments 

can be made for the vertical angles because more mussels were found at lower velocities 

compared to higher ones. However, more individuals were found at higher vertical angles at the 

lowest velocities compared to the higher velocities; there were less individuals, and they are 

evenly distributed, however, and none were found at 90° at higher velocities (at 0.051- 0.1, and 

0.11- 0.15 m/s). As with the angle of attack, exposed shells were only found at the lowest 

velocity group.  This is reasonable because both the results from the angle of attack and vertical 
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angle support the results found in the CFD models. Higher angles such as 45° and 90° have 

higher drag coefficients, which results in higher drag forces and thus higher likelihood of 

dislodgment. Higher angles were more likely to be found in the lowest flow groups. 

 In addition, the Chi-squared (χ2) tests indicated a significant association between the 

vertical angles and the velocity category, as well as significant differences among the vertical 

angles for the low-velocity category (the percentage of high and medium velocity groups were 

significantly lower than the low-velocity category). This supports the implications of the CFD 

results, which indicated that higher vertical angles experienced forces of greater magnitude; in 

other words, we would not expect to see many mussels oriented at higher vertical angles 

measurements under high flow conditions.  

 It is important to mention that there are a number of factors that act as advantages and 

disadvantages for freshwater mussels that are not examined in this research. While this research 

focused on hydrodynamics, further research is needed for other factors such as the concentration 

of dissolved oxygen in the river, water temperature, risk of predation, differences in number of 

sexes, effects from agriculture, pollution, etc. (Stanley, 1970; Strayer et al., 2004; Haag, 2012; 

Haag and Williams, 2014). The risk of predation from muskrats (Ondatra zibethicus) for 

example is not well known and could affect mussel orientation, thus affecting population growth 

(Haag, 2012). Figure 25 displays an example of a flow chart from Stanley (1970) for the 

interactions between several environmental factors. 
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Figure 25. This flow chart after (Stanley, 1970) shows multiple environmental factors affecting bivalves. 

 

 Even though the length scale (L) used to calculate Reynolds number changes with 

different shell orientations, the same value was used for these results for all orientations, to 

remain consistent with other research. Denny (1988) provides examples of how to calculate Re 

with shelled organisms in a fluid flow environment. They further discuss how Re does not need 

to be calculated with great accuracy. The outcome would still be similar when calculating the 

drag coefficient and still provide reasonable results.  

Chapter 5  - Conclusions 
The results from the CFD experiments indicate that higher angles of attack and vertical angles 

have higher coefficients of drag and lift, which ultimately result in a higher drag and lift forces 

on freshwater mussels, which causes them to be more vulnerable to dislodgment. This supports 

the predictions of this thesis. The field results also support the predictions for the highest vertical 

angles at the lowest velocity, but not the angles of attack; however, due to the small sample size 

at higher velocities, it was not possible to examine other relationships.  Areas in the river that 
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had the lowest velocities had significantly more individuals at higher vertical orientations i.e., 

45 and 90 vertical. This supports the ideas presented in Table 4 regarding trade-offs. The 

hypothesis was accepted since both the CFD and field results show how certain orientations 

reduce the drag coefficient, which in turn helps freshwater mussels access resources in the water 

column.  

 This research might inform the interaction between mussel shape and hydrodynamics, 

and the kinds of aquatic ecosystems in which they once lived. Being able to correctly measure 

these can enhance our understanding of benthic ecosystems. In addition, the knowledge gained 

on hydrodynamics can be applied to other aquatic organisms, including prehistoric ones. Further 

research is needed in how various combinations of different orientations effect bivalves that 

could not be studied here (Table 2). This may provide better understanding of mussel behaviour 

in rivers. For instance, the reasons why mussels are not always burrowed. The aspect of a higher 

density of mussels per m2 as well as other obstacles, such as boulders, can be used in future 

analysis using CFD to evaluate impact of multiple shells in close proximity. 
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Appendix 1:  Field data of all the species that were found 
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