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ABSTRACT 

 

SUSPENSION FEEDING OF JUVENILE AND ADULT FRESHWATER 
MUSSELS (BIVALVIA: UNIONIDAE) UNDER FLOWING CONDITIONS 

 

Rakesh Mistry                                                                     Advisor: Dr. J. D. Ackerman 
University of Guelph, 2015 

 

I examined the feeding abilities of adult and juvenile freshwater unionid mussels, using 

two closely related species, Lampsilis siliquoidea and Lampsilis fasciola, and two other 

species within the Lampsilinae subfamily, Ligumia nasuta and Villosa iris. My 

experiments were designed to determine how algal/particle flux influences the ability of 

mussels to remove suspended material (clearance rate, CR) using recirculating flow 

chamber systems. Juveniles were exposed to algal flux (Chlorella vulgaris), under 

ecologically relevant velocities. The CRs of L. siliquoidea (1 – 4 week old), L. fasciola (1 

– 3 week old), L. nasuta (1 week old) and V. iris (2 week old) increased with algal flux 

across all age groups examined, and there was some indication of nonlinearity as very 

high flux. Adults were exposed to river seston flux, and their ability to remove suspended 

material was measured based on particle size and quality. The CR of all species increased 

linearly with chamber velocity, but the relationship was non-linear for CR vs. flux 

indicating saturation of CR at high flux.  Flow cytometry on the Lampsilis species 

indicated that both adult species had higher CR for larger particles (>10 µm) than smaller 

particles. Adult L. fasciola had high CRs for three algal species under low flux (a centric 

diatom species, a pennate diatom species, and Chlorella) however they were unable to 

discriminate among algal species with increased flux. The CR of L. siliquoidea increased 
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with increasing flux for centric diatom species but decreased with flux for the 

Chloromonas species. The results of this study provide some intriguing evidence for 

niche separation among four different unionid species, facilitated in part by 

hydrodynamics, which may help our understanding of their habitat requirements. 
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CHAPTER 1: SELECTIVE FEEDING IN ADULT FRESHWATER UNIONID 

MUSSELS UNDER FLOWING CONDITIONS 

 

ABSTRACT 

I examined the selective feeding of two freshwater unionid mussels, Lampsilis 

siliquoidea and Lampsilis fasciola, and two other species within the Lampsilinae 

subfamily, Ligumia nasuta and Villosa iris, to determine their habitat requirements and to 

ascertain if they exhibit resource partitioning of river seston.  My experiments were 

designed to determine whether unionids could remove (clearance rate, CR) material 

found in natural river seston based on the size and nutritional quality and if selective 

feeding changes with flux. Mussels were exposed to seston flux using a recirculating flow 

chamber and a no-flow control tank similar to those performed in previous studies. The 

CR of all species increased linearly with chamber velocity, but the relationship was non-

linear for CR vs. flux indicating saturation of CR at high flux.  Flow cytometry on the 

Lampsilis species indicated that mussels had higher CR for larger particles (>10 µm) than 

smaller particles and the ability to resolve algal taxa.  L. fasciola had high CRs for three 

algal species under low flux (a centric diatom species, a pennate diatom species, and 

Chlorella) however they were unable to discriminate among algal species with increased 

flux. The CR of L. siliquoidea increased with flux for centric diatom species but 

decreased with flux for the Chloromonas species. Differences in selective feeding 

between both Lampsilis species and CRs among Lampsilinae species with flux may be 

suggestive of niche separation. This study provides new insight into the feeding abilities 

of unionids with flux, which may help our understanding of their habitat requirements. 
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INTRODUCTION 

 

Importance of Unionids to Freshwater Ecosystems  

Freshwater mussels (Bivalvia: Unionidae; hereafter unionids or mussels) are crucial to 

freshwater ecosystems because of the many roles they play in lakes and streams (Vaughn 

et al., 2008). For example, they are considered ecosystem engineers due to their ability to 

create habitat for other species, clear large volumes of seston, stabilize bottom habitats, 

and enrich sediments (Beck and Neves, 2003; Howard and Cuffey, 2006; Vaughn et al., 

2008; Geist, 2010; Williams et al., 2011). The suspension feeding rate of unionids often 

exceeds that of other grazers found in freshwater ecosystems, but most importantly they 

increase overall benthic productivity (Strayer, 1999). For example, particulates processed 

through their feeding activities are transferred to river bottoms as biodeposits (faeces and 

pseudofaeces) where they enrich the ecosystem (Howard and Cuffey, 2006). Therefore, 

small-suspended particulates that would not normally settle on the bottom of riverbeds 

can become available as a food source or structural resource for many benthic organisms 

(Howard and Cuffey, 2006). By cycling fine particulate matter in stream ecosystems, 

unionids provide nutrients to suspension and deposit feeders (Howard and Cuffey, 2006). 

Their ability to graze on large quantities of particles suggests that they might be 

responsible for regulating primary and secondary production in littoral food chains (Gili 

and Coma, 1998). Therefore, by improving quality of aquatic habitats they in turn create 

a more suitable environment for other organisms (Williams et al., 2011). 
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Current Status of Unionids 

North America has the highest diversity of freshwater mussels in the world, with about 

297 recognized taxa (281 species, and 16 subspecies) (Haag, 2012). Historically, they 

dominated the benthic biomass of aquatic ecosystems in North America (Howard, 2006; 

Vaughn et al., 2008), thriving especially in undisturbed lotic waters where they 

contributed significantly to aquatic systems due to their suspension feeding abilities 

(Vaughn et al., 2008). Unfortunately, unionids are considered among the most imperiled 

taxon in North America with approximately 65% of known species endangered or 

threatened and about 30 taxa believed to become extinct in the last 100 years (Haag and 

Williams, 2014). Because the extirpation or extinction of mussels has many implications 

for aquatic ecosystems, it remains a pressing issue to further understand ways to improve 

their growth and survival (Vaughn and Taylor, 1998).  

 

A number of factors have led to declines in unionid populations in North America 

(Raikow and Hamilton, 2001; Williams et al., 2011) including: commercial exploitation, 

land-use changes leading to periodic drought; excessive sedimentation; environmental 

contaminants; and invasive species (Randklev et al., 2013; Shea et al., 2013). Among 

these, the leading cause is thought to be due to habitat degradation (Ricciardi et al., 1998; 

Williams et al., 2011). Because adult mussels typically spend their entire lives in the 

same location, they are vulnerable to alterations in habitat (Vaughn and Taylor, 1998). 

For example, dam construction and waterway impoundment can significantly modify the 

physical, chemical and biological environmental conditions, both upstream and 

downstream of the dam, which are very detrimental to mussels (Williams et al., 2011). 
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Unionids require a host fish in order for their glochidia larvae to develop. Glochidia 

attach onto the gills or fins of a suitable host fish to further develop into metamorphosed 

juveniles (Gatenby et al., 1996). Therefore, dams can prevent the movement of fish hosts 

between the upper and lower sections of the basin (Watters, 1996; Daraio et al., 2012). 

For example, extirpated Dwarf Wedgemussels (Alasmidonta heterodon) in New 

Brunswick Canada is believed to be caused by construction of the Moncton-Riverview 

causeway because it eliminated host fish species Alosa sapidissima (American shad) 

needed for the development of glochidia larvae (DFO, 2007). Fish host are thought to be 

largely responsible for the wide distribution of mussel assemblages in North America 

(Daraio et al., 2012). 

 

 In the past 20 years the spread and dominance of nonindigenous mollusks such as Asian 

clams (Corbicula fluminea), and dreissenid mussels (Dreissena polymorpha and 

Dreissena rostriformis bugensis) have caused significant declines in native mussel faunas 

(Gatenby et al., 1996; Williams et al., 2011; Nalepa and Schloesser 2014). Native mussel 

populations have been reduced significantly because invasive mussels interfere with 

growth, locomotion, and reproduction (Cope et al., 2003). The distribution of invasive 

mussels have caused changes in nutrient dynamics, shifts in phytoplankton community 

composition, and alterated the dynamics between pelagic and benthic regions (Naddafi 

and Rudstam, 2013). Dreissenids present a large problem to freshwater species due to 

their suspension feeding pressures and abilities to outcompete unionids for natural 

resources (Naddafi and Rudstam, 2013). While conservation efforts and management 

strategies have encouraged the growth and survival of unionid mussels, rehabilitation and 
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recovery programs can only be improved if more knowledge was known about their 

habitat requirements, in particular their dietary needs (Haag and Williams, 2014). 

 

Feeding Ecology 

Food capture in unionid mussels is done through a series of cilia, found on the inner 

surface of the mantle, demibranches, and visceral mass (Vaughn et al., 2008). While the 

arrangement of cilia varies among genera and species, they are typically found either in 

single stalks or fused plates known as latero-frontal cirri or cirral plates (Vaughn et al., 

2008). Mussels generate currents using their cilia to bring continuous supplies of oxygen 

and food inside the shell (Galbraith et al., 2008). Frontal cilia transport captured particles 

to the medial gills, which is where food becomes covered in a strand of mucus before 

eventually reaching the labial palps (Galbraith et al., 2008). Mussels are then able to sort 

through particles prior to ingestion (Nichols and Garling, 1999). If particles are found to 

be unsuitable for digestion, they are released as pseudofeces (pre-ingested food) through 

the inhalant siphons, while the remaining particles are released as feces after being 

processed through the stomach and digestive system and released as waste through the 

exhalant siphon (Nichols and Garling, 1999). Silverman et al. (1997) demonstrated that 

particle selection differs in bivalves based on the number and spacing of cilia on their 

gills, which could have implications for differences in suspension feeding across species.  

 

Unionids are known to clear a wide range of suspended material from the water column 

including: phytoplankton, zooplankton, bacteria, detritus and fine particulate organic 

matter, depending on the types of natural seston they encounter (Nichols and Garling, 
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1999; Vaughn and Hakenkam, 2001; Beck and Neves, 2003). They have been classified 

as primary consumers, feeding primarily on algae, and to a lesser extent on bacteria and 

detrital particles (Nichols and Garling, 1999). Algae are highly nutritional because they 

contain unsaturated fatty acids, which typically vary between different types of algae 

(Gatenby et al., 1997). For example, diatoms are characterized as a better nutritional 

resource than green algae because they contain a higher percentage of unsaturated fatty 

acids (Gatenby et al., 1997).  

 

The suspension feeding of mussels may also vary as a function of their habitat (Vaughn 

et al., 2008). For example, whereas mussels in oligotrophic habitats (low productivity and 

levels of nutrients) feed predominantly on primary producers (algae), mussels in more 

enriched habitats feed on a variety of primary producers as well as zooplankton consumer 

groups (cladocerans, copepods, and rotifers; Nichols and Garling, 1999; Vaughn et al., 

2008).  In addition, mussels found in small temperate rivers/streams feed on an array of 

bacteria and phytoplankton particulates, whereas they feed extensively on phytoplankton 

in larger more productive rivers (Vaughn et al., 2008). Unionids are always susceptible to 

environmental changes such as shifts in temperature, water flow and food availability. 

For example, changes in water flow can lead to vertical mixing of water (Huisman et al., 

2004), which can change the composition of algal assemblages available to unionids. 

Such changes can have implications on their growth and development; therefore it is 

imperative that further studies examine the suspension feeding abilities of unionids. 
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Studies of Unionid Feeding  

A number of studies have examined the clearance rates of unionid mussels in an effort to 

learn more about their feeding. Clearance rate (CR) is defined as the amount of material 

(i.e., seston or material suspended in the water) removed from a water column per unit 

time per mussel (Coughlan, 1969). Because mussels graze on living and organic material, 

several studies have focused on the measurement of the change in biological material 

within seston (Vaughn and Hakenkamp, 2001). Biological materials, algae in particular, 

have chlorophyll a that fluoresce – so examining the change in fluorescence over time 

can be used to determine clearance rate. It is important to note that feeding studies have 

examined CRs in bivalves under static conditions (i.e., beakers, tanks, aquariums) for a 

set period of time (i.e., Baker et al., 2003; Atkinson et al., 2011). However one major 

shortcoming with these studies is that they do not account for the hydrodynamic 

properties that mussels experience in their natural habitat (Vanden Byllaardt and 

Ackerman, 2014).   

 

Mussels are typically found within two types of conditions, flowing water (lotic), 

characteristic of streams and rivers, and relatively slow or non-flowing static water 

(lentic) characteristic of lakes and ponds (Haag, 2012). It has been reported that unionids 

found in lotic habitats exhibit higher CRs than unionids found in lentic habitats, mainly 

due to differences in gill morphology (Silverman et al., 1997). Because lotic species are 

accustomed to water flow, measuring CRs under static conditions may not provide a true 

indication of their suspension feeding abilities.  
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A recent study by Vanden Byllaardt and Ackerman (2014) examined the effect of algal 

flux on the CR of unionid species using a recirculating flow chamber to control for 

different fluxes of cultured Chlorella vulgaris added to well water. They found that CR 

increased non-linearly with flux in the four unionid species examined, demonstrating that 

hydrodynamic factors affect their suspension-feeding abilities. Higher fluxes will restrict 

the ability of a mussel to feed due to an increase in handling time, which will lead to a 

saturation and decline of CRs. This is characteristic of a type II functional response, 

which has been reported in mussels (Bontes et al., 2007).  

 

Vanden Byllaardt and Ackerman (2014) also observed differences in CRs with algal flux 

among unionid species from similar lotic habitats, indicating that unionids may be 

specialized within habitats using hydrodynamic methods (Vanden Byllaardt and 

Ackerman, 2014). For example, partitioning of different resources could explain how 

different species can coexist in the same habitat (e.g., > 30 species in some rivers in 

Southern Ontario; Metcalfe-Smith et al. 2000).  Whereas the CR of unionids differed with 

algal flux, the results from bivalve feeding experiments can differ on natural seston 

compared to single algal species added to water (Ackerman et al. 2001).  If differences in 

CR are apparent across unionid species using natural seston, this could have further 

implications on how species can co-exist in the same habitat. For example, partitioning of 

different resources in natural seston may reduce niche overlap, however, this topic 

remains unresolved (Vanden Byllaardt and Ackerman, 2014). In recent years selective 

feeding has been used a method of studying resource partitioning in marine bivalves. 
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A number of methods have been used to test selective feeding in marine and freshwater 

bivalves (Arifin and Bendell-Young, 2001). Unlike gut content analysis used in other 

organisms, several issues remain when examining unionids (Nichols and Garling, 1999). 

Firstly, because mussels feed continuously and sort particles at two levels (pre-ingestion 

and post ingestion), it is difficult to examine selective feeding (Nichols and Garling, 

1999). Secondly, because a lot of the ingested particles remain intact and undamaged, 

digestion efficiency is difficult to assess (Nichols and Garling, 1999). Thirdly, the CR of 

fluorescent particles/beads has been attributed to size selectivity, but it does not provide 

realistic estimates of the types of particles (i.e. shape and nutrition) found in natural 

seston (Cucci et al., 1989). Fourthly, studies have examined selective feeding by 

exposing unionids to various laboratory cultures of phytoplankton and bacterial species 

(Cucci et al., 1989). However, these artificial assemblages of phytoplankton and bacteria 

differ from natural seston, and, therefore, such studies contain several limitations.  In 

recent years, flow cytometry techniques has been found as a more effective method of 

examining selective feeding in benthic invertebrates (Atkinson et al., 2011)  

 

 

Studies of Unionid Feeding with Flow Cytometry  

Flow cytometry with particle imagery is a technique used for the rapid analyses of 

particles in a given fluid (Fluid Imaging Technologies, 2012). It has the ability to capture 

up to thousands of particles per second, and quantify particles based on its physical and 

chemical characteristics (Fluid Imaging Technologies, 2012). As water passes through 

the flow cytometer, various morphometric features can be measured for a given particle 
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(Fluid Imaging Technologies, 2012). For example, compared to other techniques such as 

light microscopy, Coulter Counter measurements and radioactive labeling, flow 

cytometry allows particles to be separated based on size, shape, and pigment composition 

using fluorescent lasers (Dionisio Pires et al., 2004; Atkinson et al., 2011). Traditionally, 

flow cytometry has been used by oceanographers as a method for distinguishing and 

classifying particles within water, and more recently has been applied to understanding 

feeding processes in benthic suspension feeders (Lesser et al., 1992). Flow cytometry has 

been used to show that mussels feed selectively based on particle size and quality (i.e., 

algae) in marine systems (Baker et al., 1989), but few studies have applied flow 

cytometry to freshwater systems with the majority being done in lakes (Kenter, 

Zimmerman and Muller, 1996). That being said, there are several limitations of the 

studies examining selective feeding in freshwater systems. 

 

In a study by Dionisio Pires et al. (2004) selective feeding was observed in zebra mussels 

using flow cytometry techniques. Zebra mussels were exposed to laboratory cultures and 

natural lake seston to examine whether they selectively fed based on particle size and 

quality. They found that the highest CRs were observed for the smallest and largest sized 

particles when they used five particle size fractions (0 – 1, 1 – 3, 3 – 10, 10 – 30, and 30 – 

100 µm). This indicated that zebra mussels selectively removed particles of different 

sizes found in lake seston. They also showed that zebra mussels were able to selectively 

remove phytoplankton (high quality) at higher rates than detritus (low quality). This 

study provided valuable insight into the selective feeding abilities of zebra mussels, 

which is of great importance due to their current status as invasive species in many 
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regions. However, one limitation of this study was that the authors failed to identify the 

types of phytoplankton (i.e., specific algal species) that zebra mussels removed 

selectively. Questions can then be raised as to whether selective feeding responses would 

differ with changes in phytoplankton composition.  

 

A study by Atkinson et al., (2011) compared selective feeding of a native unionid 

(Elephant Ear Mussel: Elliptio crassidens) and an invasive veneroid species (Asian clam: 

Corbicula fluminea) using flow cytometry. Particles found in river seston were separated 

into 5 different categories including: detritus, heterotrophic bacteria, picoautotrophs, 

nanoautotrophs, and heterotrophic nanoeurkaryotes (Atkinson et al., 2011). While both 

species preferred organic and living material, native species selectively removed 

nanoeukaryotes (2 – 10 µm) while invasive species selectively chose picoautotrophs (2 – 

3 µm). Being one of the first studies to use flow cytometry in freshwater systems, they 

provided valuable insight into the habitat requirements of native and invasive bivalves. It 

is important to note that selective feeding was examined under static conditions, which 

does not account for the hydrodynamic properties of their habitat. Selective feeding 

observed for both native and invasive species could change with flux, similar to how CR 

in unionids was seen to change with flux by Vanden Byllaardt and Ackerman (2014).   

 

In summary, while recent studies have used flow cytometry to understand selective 

feeding in bivalves, most have focused primarily on marine systems (Kenter, Zimmerman 

and Muller, 1996). Only few studies have been applied to freshwater systems, and of 

those most have focused on lakes (Kenter, Zimmerman and Muller, 1996). Studies 
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examining the selective feeding of bivalves in lakes have not attempted to identify the 

types of phytoplankton (i.e. algal species) they remove (Dionisio Pires et al., 2004). The 

majority of studies examining selective feeding of unionids have been done under static 

conditions, which does not account for the hydrodynamic properties of their natural 

habitat (Baker and Levington, 2003, Atkinson et al., 2011). Therefore, the current study 

aims to further elaborate on selective feeding processes of freshwater unionids under 

ecologically relevant flowing conditions using natural river seston. 

 

The goal of this study is to determine whether unionids can remove (clearance rate; CR) 

material found in natural river seston based on particle size and nutritional quality 

(fluorescent vs. non-fluorescent material) and how CRs change with flux. Mussels were 

exposed to seston flux using a recirculating flow chamber and a no-flow control using an 

aerated tank similar to previous studies. I examined selective feeding using two closely 

related unionid species; Wavyrayed lampmussels (Lampsilis fasciola) and Fatmuckets 

(Lampsilis siliquoidea) as well as two other species within the Lampsilinae subfamily, 

Eastern Pondmussel (Ligumia nasuta) and Rainbow (Villosa iris). Both Lampsilis species 

were found in the Thames River, Ontario, allowing selective feeding to be observed using 

natural river seston similar in composition. I exposed both species to various fluxes in a 

recirculating flow chamber system and used flow cytometry to determine if unionids 

were able to distinguish particles in the CR based on particle size and quality. If selective 

feeding is apparent, this could shed further insight into the habitat requirements of 

unionids. It could also help improve our understanding of unionids ability to partition 

resources and how this may differ by species.  
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The underlying question of this study is as follows: 

 

Are unionid mussels able to selectively remove material found in seston 

based on size and nutritional quality and does selective feeding change with flux? 

 

Hypotheses  

H1: The CRs of unionids will vary with seston flux as the supply of nutritional particles  

increases, which has been seen with algal flux in previous studies involving bivalves 

Vanden Byllaardt and Ackerman (2014) 

 

  Prediction: The CRs of unionids will increase with increasing flux  

 

Ho: The CR of unionids will be similar across all levels of seston flux 

 

H2: Unionids will selectively feed on seston based on particle size and nutritional  

quality (fluorescent vs. non-fluorescent), because non-nutritional particles interfere 

with their ability to feed within the water column.  

 

Prediction: Unionids will selectively remove (clearance rate: CR) larger more 

nutritional particles delivered at higher seston flux. 

 

Ho: The CR of unionids will be similar for all sizes and nutritional quality particles 

across all levels of seston flux 

 

 

Clearance rate (CR) was measured using three techniques consisting of:  

(1) Calibrated Fluorometer (detects materials found to fluoresce in a given volume of 
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water) – used as a standard method of measuring CR (Ackerman, 1999; Vanden Byllaardt 

and Ackerman, 2014);  

(2) FlowCAMs AutoImage mode (quantitatively measures and images all particles that 

pass through the flow cell)  – This technique was used to measure the CR particles in a 

given size fraction as per Dionisio Pires et al. (2004); and 

3) FlowCAMs Scatter/Trigger mode (quantitatively measures and images all material 

found to fluoresce as it passes through the flow cell) – This technique was used to 

measure the CR of specific algal species found in river seston and was also used to 

measure algal flux, which was a covariate predictor in some of the analyses.  

 

MATERIALS AND METHODS 

 

Mussel Collection  

Mussels were collected in accordance with permits SECT 73 SARA C&A 13-001, and 

ESA permit number AY-B-008-13 approved by Fisheries Ontario Canada (DFO) and the 

Ontario Ministry of Natural Resources (OMNR). Collection was done through 

excavation, racooning (sifting sediments through fingers) or visual searching methods, 

and individuals were sexed when possible, and the shell length, width, and heights were 

measured. If mussels were found to be of an appropriate size they were placed in an 

aerated cooler and transported to the Hagen Aqualab at the University of Guelph. If 

mussels were outside the chosen size range they were returned as found in their native 

habitat. After collection, mussels were kept in lab for no longer than 4 weeks before 

being returned back to their natural habitat following completing of experimental trials.  
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Two closely related species of unionid mussels were selected for the primary comparison 

in this study: (1) Lampsilis siliquoidea, which is a common species in Canada and (2) 

Lampsilis fasciola, which is a Species at Risk in Canada (special concern; Species at Risk 

Public Registry, 2015) and threatened in Ontario (Species at Risk Public Registry, 2015).  

L. siliquoidea were collected from the South Branch of the Thames River near Innerkip, 

Ontario (43.25728, -80.73725; Figure 1.1) on June 17th, 2014 (n = 51). L. fasciola were 

collected from the North Branch of the Thames River near Plover Mills, Ontario 

(43.149791, -81.19184; Figure 1.1) on July 24th, 2014 (n = 9) and St. Mary’s, Ontario 

(43.21, -81.20) on July 23rd, 2014 (n = 18).  Both L. fasciola collection sites were 

approximately 6 km apart. Both species displayed different morphometric features, with 

L. siliquoidea found to be larger than L. fasciola (Table 1.1). 

 

Table 1.1. A summary of the average shell (��standard error) measurements for  

Lampsilis siliquoidea, and Lampsilis fasciola. 

 
Shell 

Measurement 

Lampsilis siliquoidea 

(n = 51) 

Lampsilis fasciola 

(n = 27) 

Length (cm) 11.15 ± 0.83 6.65 ± 1.01 

Width (cm) 5.74 ± 0.36 4.59 ± 0.81 

Height (cm) 4.39 ± 0.50 3.10 ± 0.60 
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Figure 1.1. Map of the Thames River Basin with letters denoting both (A) Lampsilis 

fasciola and (B) Lampsilis siliquoidea collection sites. L. siliquoidea were collected from 

the South Branch of the Thames River near Innerkip while L. fasciola were collected 

from the North Branch of the Thames River.  

Innerkip 

Plover Mills 
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Field Conditions  

Site characteristics 

Both the L. siliquoidea (Thames River, near Innerkip) and L. fasciola’s (Thames River, 

near Plover Mills; Figure 1.2) native sites had distinctive characteristics, which were 

observed through cross-stream measurements of the respective reaches. Once a cross-

stream section of each site was chosen based on accessibility, velocity measurements 

were taken using a propeller current meter (Swoffer Model 2100). The North Branch of 

the Thames River near Plover Mills was ~ 4 times wide and deep (width: 35 m; depth: 

0.43 ± 0.03 m) compared to the South Branch near Innerkip (width: 9 m; depth: 0.100 ± 

0.007 m; Figure 1.3). Differences were also observed in water speed at 40 % water depth 

(from bottom) and 3.5 cm directly above the riverbed (Plover Mills: 40 ± 0.04 cm s-1 at 

40% depth and 28 ± 0.03 cm s-1 near the riverbed [n = 12 cross stream measurements] vs. 

Innerkip: 19 ± 0.03 cm s-1 at 40% depth and 14 ± 0.02 cm s-1 near the riverbed [n = 9 

cross stream measurements]. Seston (i.e., particle) flux was determined as the product of 

the water speed and the concentration of seston determined using the FlowCAMs 

Scatter/Trigger mode (see below). The flux ranged between 104 – 106 particle m2 hr-1 at 

the Innerkip site and between 105 – 106 particle m-2 hr-1 at Plover Mills because of 

differences in the respective concentrations and aforementioned velocities. 

 

Substrate Size Distribution 

Bed substrate was haphazardly collected using a metal clam coop (25 × 25 × 15 cm – 

mesh size: 1 cm × 1 cm) along the same cross-stream section of the river used to measure 

river velocity. The length, width, and height of each substrate element were measured and 
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recorded. Bed material larger than cobble (i.e., boulders) was not measured, however 

these were few in number, although Plover Mills contained more boulders than Innerkip 

which also contained several patches of fine and coarse material. Both sites had similar 

bed morphology with substrate typically consisting of pebbles (1 – 6.4 cm) and cobble 

(6.4 – 25 cm). The Plover Mills (L. fasciola) site contained larger sized rocks than the 

Innerkip (L. siliquoidea) site (longest axis: 2.8 ± 0.4 cm; 83% pebbles and 17% cobble 

vs. longest axis: 2.3 ± 0.3 cm; 90% pebbles and 10% cobble, respectively; Table 1.2). 

 

Table 1.2: Thames River morphometrics and bed substrate size, at Innerkip (South 

Branch) and Plover Mills sites (North Branch). 

 
Substrate Characteristics  Innerkip  (n = 30) Plover Mills  (n = 30) 

Length (cm) 2.3 ± 0.3 2.8 ± 0.42 

Width (cm) 1.7 ± 0.2 2.1 ± 0.27 

Height (cm) 1.1 ± 0.11 1.5 ± 0.22 

Sediment type Fine and coarse sediment, 

pebbles, cobble and 

boulders 

Pebbles, cobble, and 

boulders 

 
 

 

 



! ! !19!

 
Figure 1.2. The North Branch of the Thames River near Plover Mills, Ontario 

(43.149791, -81.19184), collection site of Lampsilis fasciola (second site at Plover Mills 

was similar and no image was provided). !

 

Figure 1.3. The South Branch of the Thames River near Innerkip, Ontario (43.25728, -

80.73725), collection site of Lampsilis siliquoidea. 
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Mussel Care 

Mussels were placed in aerated coolers, containing bed sediment from their native sites 

along with natural river seston, and transported to the University of Guelph within 2 

hours of collection. Upon arrival at the Hagen Aqualab at the University of Guelph, 

coolers were placed in a climate-controlled room (16 oC). Mussels remained in aerated 

coolers within river seston collected from their native site. Each mussel was measured 

and etched with a unique number on the shell for tracking purposes. Once mussels were 

acclimated to room temperature (e.g., 2 – 3 days) they were transferred into 50-60 L 

plastics bins containing well water and several layers of autoclaved sediment (�10 cm of 

rocky sediment). The flow in each bin permitted one full water change per day. Feeding 

protocol consisted of placing a mixture of preserved Phaeodactylum tricornutum and 

Nanochloropsis limnetica (Nanno 3600 and Shellfish Diet, Reed Mariculture Inc., CA) in 

their holding chambers, twice daily at a concentration of 4 × 109 cells L-1, similar to other 

adult unionid feeding studies (Vanden Byllaardt and Ackerman, 2014). The water 

temperature was also held constant at 16oC for testing purposes prior to experimental use, 

based on experimental setups used in Vanden Byllaardt and Ackerman (2014). Mussels 

were checked twice daily to monitor their health. 

 

 

River Water Collection 

River water was collected at mid depth (well mixed suspended material) at the same river 

reach where the mussels were collected and placed in plastic water containers (23 L). The 

containers were then transported within 2 hours of collection to the University of Guelph 
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where they were maintained in a refrigerated chamber (4oC) until experimental use. All 

water samples were used within one-week to limit potential changes in seston 

composition.  Sufficient water was collected to undertake two replicates of experiments 

per mussel species (i.e., ��400 L).  Given that water collection occurred ~ one week 

apart, there was a possibility that the composition of river water collected might differ. 

Therefore, I ensured that collections did not occur during or immediately after human 

activities (i.e., construction) or natural processes (e.g., rainfall, floods), which were 

monitored using hydrometric data provided by Environmental Canada (Water Office, 

2015).  High water levels due to rainfall events indicated by the hydrometric data could 

increase turbidity levels, which is a condition that was avoided.  Although differences in 

the composition of phytoplankton were apparent for collection days the concentration in 

the water was relatively similar (Innerkip: 6.3 x 104 ± 3567 particle mL-1; Plover Mills: 

2.0 x 105 ± 4629 particle mL-1; see below).     

 

Clearance Rate Experiments 

Recirculating Flow Chamber  

Each mussel species was exposed to different flow conditions (e.g., velocity, seston flux) 

in a 14.5 L recirculating flow chamber (2.5-m long × 0.18-m wide × 0.03-m water depth 

with a 0.115-m diameter × 0.145 m deep sediment chamber located 2.0 m from the 

entrance; Figure 1.4) using river water from their natural habitats. The recirculating flow 

chamber was operated at five different chamber speeds:  2 cm s-1; 10 cm s-1; 15 cm s-1; 20 

cm s-1; and 25 cm s-1 determined through Acoustic Doppler Velocimeter measurements 

(see Appendix 1.1). Velocities chosen corresponded to those used in a recent study to 
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determine the feeding rate of unionids under flux (Vanden-Byllaardt and Ackerman, 

2014). The lowest flow chamber velocities corresponded to transitional flow whereas the 

highest four corresponded to turbulent flow based on calculated chamber Reynolds 

numbers (Re) given by: 

 

!" = !!!/!                                                          (1) 

 

where U represents the average velocity in m s-1, dh is the hydraulic diameter of the flume 

(4 × flow area / wetted perimeter = 0.09 m), and v is the kinematic viscosity at 18oC 

(Vanden-Byllaardt and Ackerman, 2014). 

 

Table 1.3. Flow chamber hydrodynamic conditions based on the channel Reynolds 

number (see Eq (1)) determined for different flow velocities. 

 
Condition Chamber Velocity 

(cm s-1) 

Reynolds Number Flow Condition 

1 2 1.8 × 103 Transitional 

2 10 9.0 × 103 Turbulent 

3 15 1.4 × 104 Turbulent 

4 20 1.8 × 104 Turbulent 

5 25 2.2 × 104 Turbulent 
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Figure 1.4. Scale drawing of the recirculating flow chamber used for the unionid 

clearance rate experiments. Mussels were held in a sediment chamber approximately 2.0 

m downstream of the inlet of the recirculating flow chamber. They were placed within 

the sediment so that only 1 cm of their shells was in contact with the oncoming water. 

Mussels were able to move freely within the sediment throughout each experimental trial.  

 

 

Experimental trials began by first adding 14.5 L of river water within the recirculating 

flow chamber, and adjusting the speed to the appropriate chamber velocity.  Mussels 

were then placed within the feeding chamber with sediment from their native sites, and 

oriented so that only 1cm of their shell protruded into the channel. Mussels were allowed 

to acclimate to hydrodynamic conditions of the flume, and were able to move freely 

0.2 m 
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within the sediment throughout each experimental trial. An experimental trial would 

begin once mussels appeared to gape, which occurred generally within 15 min. Feeding 

experiments were run for 60 minutes and 10-mL subsamples were taken downstream of 

the mussels at 15-minute intervals. Samples were analyzed using a calibrated fluorometer 

(Turner Designs 10-AU; Sunnyvale, CA, USA) to measure Chlorophyll a concentrations 

in the water samples.  The clearance rates (CR) were determined using Coughlan (1969) 

equation: 

 

              CR = !"#!" (ln
!!!"#"$%
!!"#$% − ln

!"#$%!!"#"$%
!"#$%!"#$%)                                (2) 

    

where Vol is the volume of river water used (14.5 L), N is the number of mussels whose 

valves gaped (2), t is time (1 hr), CInitial and Cfinal are the initial and final concentration of 

seston based on the Chlorophyll a measured by the fluorometer, and CctrlInitial and 

CctrlFinal are the respective values using pairs of empty shells (of similar size and shape) 

in the chamber.  The Cctrl values provide a control to account for any seston loss through 

settling.  Samples taken at 0 (i.e., initial) and 60 min (i.e., final) used in Eqn. (2) were 

also analyzed using flow cytometry techniques to determine the composition of material 

found in river seston. Mussels were assigned to treatments within a replicate using a 

random block design.   

 

Static Flow Experiments 

CR was also measured using no-flow control experiments for comparisons with published 

studies (e.g., Kryger and Riisgard, 1988, Vanden Byllaardt and Ackerman, 2014). Two 
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mussels were chosen at random and placed within a 20 × 40 × 10 cm Plexiglas tank (8 L) 

with an air stone, and allowed to feed for a 60-min duration (once gaped). Similar to 

chamber experiments, controls were run at 18oC with samples taken at 15-minute 

intervals. Control experiments (pairs of empty shells) were undertaken to account for 

seston loss through settling.  Samples taken at time 0 and 60 min underwent further 

analysis using flow cytometry, as described above. 

 

One full replicate consisted of five chamber velocities and one no-flow experiment, each 

containing a treatment (two mussels per experimental trial) and control (two pairs of 

mussel shells), amounting to a total of 12 trials. Mussels were isolated for three days 

prior to experimental use, using a holding chamber containing only well water at a 

temperature of 18 oC.  Both the treatment and corresponding control for each treatment 

were performed on the same day to ensure that the composition of material within river 

water was similar. A total of 4 replicates was undertaken for each species. In some cases, 

mussels were reused however, they were exposed to a different experimental treatment 

than the earlier trial.  

 

Water Sample Analysis Using Flow Cytometry Techniques 

Water samples collected at t = 0 and 60 min underwent further analysis using flow 

cytometry techniques to identify the types of particles and their proportion in the samples.  

Analysis was undertaken using a FlowCAM (Model VS Series, Fluid Imaging 

Technologies, Maine, USA), which consists of a high-speed digital imaging system that 

analyzes and quantifies particles found within a given solution (FIT, 2010). As water 
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samples pass through FlowCAMs field of view, images of particles in suspension are 

taken along with detailed morphometric analysis (i.e., size, shape etc.; based on 23 

parameters) and fluorescent parameters can also be obtained through the use of a laser 

(488 nm). Once a sample was processed, Visual Spreadsheet Analysis Software was used 

to further discriminate between various types of particles found in a given sample.  These 

included several preset filters that I created to organize algal taxa into libraries, which 

Visual Spreadsheet Analysis Software used for automatic pattern recognition and 

classification in existing and future trials.  

 

FlowCAM has two image analysis operating modes: (1) AutoImage Mode, which images 

all particles found in a given solution, providing a good estimation of its overall 

composition.  It does not, however, have the capabilities of discriminating between living 

and non-living particles; and (2) Scatter/ Trigger Mode, which images particles in the 

flow path when the photomultiplier detects fluorescence due to excitation of laser light 

(488 nm) and the camera is triggered.  For the purposes of this study, both modes were 

found to be useful for analyzing selective feeding in unionids (see below).  

 

FlowCAM Setup 

Typically, large volumes of water (e.g., ≥�5 mL)�are used in flow cytometry to analyze 

particles found in a given solution (Fluid Imaging Technologies, 2012). However, due to 

the large number of sample sets (24 samples per replicate), and the imaging capabilities 

of FlowCAM, it was not practical to analyze large volumes of water. Prior to analysis, 

water samples were filtered through a 100 µm mesh to prevent clogging the flow cell that 
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could occur for irregular or large shaped particles. To begin, water was drawn through the 

FlowCAM using a syringe pump, until it reached an 80 µm flow cell. As water passed 

through the flow cell (0.2 ml min-1) images of particles were captured using a 10× 

objective lens. Once samples were analyzed they were discarded as waste. Following 

analysis, Windex (S.C. Johnson, Racine, USA) was pumped through FlowCAM to 

remove any residual particles that were stuck in the flow cell, followed by flushing the 

system out with milipore water. 

 

Size Fraction Analysis 

FlowCAMs AutoImage mode, which detects all particles in suspension and which was 

used to measure a unionids CRs of particle size fractions, provides an average of 3500 

particles were imaged for a given 1- 1.5 mL water sample (e.g., t = 0 min) but as many as 

10, 000 images were obtained if the original water sample was particularly turbid (i.e., 

Innerkip: 10 of 95 samples; Plover Mills: 15 of 95 samples). For a given species one full 

replicate would contain 24 experimental samples (6 treatments + 6 control each at t = 0 

and 60 minutes). Therefore, 4 full replicates amounted to 96 samples (24 × 4), which 

generated approximately 3.3 × 105 particle images (96 × 3500) captured by FlowCAM. 

 

One way to deal with the large number of images in flow cytometry data sets is to 

categorize particles into specific size ranges. This would allow us to determine whether 

mussels are removing particles of a given size range. Based on methods performed by 

Dionisio Pires et al. (2004) particles were categorized into 5 different size fractions; 0 – 

1, 1 – 3, 3 – 10, 10 – 30, 30 – 100 µm by creating preset size filters. CR was then 
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calculated for each fraction using Eq. (2) to determine if mussels were preferentially 

removing particles based on size, and if any differences were apparent across chamber 

velocities and no-flow experiments. In order to understand the overall distribution of 

particles found in river seston, AutoImage mode was found as the most appropriate 

method because it accounted for all types of material found in seston (living and non-

living). AutoImage mode was run using 0.5 mL of a given sample (0.5 mL sample on 

average would capture 4500 ± 144 particles in suspension from the Innerkip site on the 

South Branch of the Thames River and 9300 ± 558 particles in suspension from the 

Plover Mills site on the North Branch of the Thames River). Further analysis was then 

performed to discriminate between the types of phytoplankton (i.e. algal species) found in 

river water in order to observe selective feeding in unionids. 

 

Analyzing Selective Feeding:  

FlowCAMs Scatter/Trigger mode, which was used to detect particles that fluoresce, was 

used to measure a unionids CRs of specific algal species found in river seston. Between 1 

- 1.5 mL of water of a given sample (depending on turbidity) was used to capture a 

diverse array of algal particles found in river seston (1 - 1.5 mL sample on average would 

capture 4000 ± 212 particles found to fluoresce from the Innerkip site and 6500 ± 478 

particles found to fluoresce from the Plover Mills site). An assessment of the images was 

undertaken to discriminate among algal particles. Particles that had similar morphometric 

features (size, shape, fluorescence) were saved into separated bins. Preset filters were 

then created for each saved bin using 3 filters designed to accurately discriminate 

particles which include: (1) ESD (equivalent spherical diameter) calculated the diameter 
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as a mean Feret measurement based on 36 sample measurements taken every 5o around a 

given particle; (2) Particle length, measured the longest length of a given particle; and (3) 

Fluorescent value, which is the value at which a particle was captured (triggered; 488 nm 

laser). CR was then calculated using Eq (2) for algal particles found in high abundance 

(high relative abundance which is determined for each particle imaged by the flow 

cytometer) across river seston samples in order to examine selective feeding, and was 

compared across all chamber velocities and no-flow experiments. 

 

Statistical Analysis 

Ideally a general linear model would be used to examine the main effects of the test (i.e., 

species, flux, size fraction, algal species, and shell size) and its interactions, however CR 

was measured using three different techniques, which restricted its use. Alternatively, the 

hypotheses of this study were examined separately using different CR measurements 

(ANCOVA and ANOVA). Assumptions of homogeneity of variance (Levene’s), 

normality (Shapiro-Wilk’s test), and independence were tested in each case. Regression 

analysis (linear and non-linear) was used to fit the slopes of the model and compared 

across mussel species. If the dataset fit a linear regression, then an Analysis of 

Covariance (ANCOVA) was used to test whether the independent variable (species) and 

covariate (flux and shell length) influenced CR. Shell length was used as a covariate 

when possible, which is an approach that has been used in past studies as a method of 

accounting for shell size (Trussell, 2000; Arsenault et al., 2001).The effect of species and 

flux as well as their interaction were tested using F-tests. If there was an effect of flux, a 

Tukey’s HSD test was used to examine pairwise differences in flux. 
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Datasets that were found to exhibit a non-linear relationship between CR and flux were 

analyzed differently because linearity between dependent and independent variables is an 

assumption of an ANCOVA (Huitema, 2011). Previous studies have used Michaelis-

Menten enzyme kinetic models as a linearization method using: 

 

! = !!"#!!
(!+!!)                                              (3) 

 

where Y is the reaction velocity, X is the substrate concentration, Vmax is an estimated 

parameter representing the maximum velocity for the reaction, and Km being an estimated 

substrate concentration value at which the velocity is half the maximum velocity 

(Ratkowsky, 1986). However, estimates of these parameters (Vmax and km) can be biased 

and can provide inaccurate results (Ratkowsky, 1990). Consequently, other 

transformation methods were used to create linear relationships, but due to severe non-

linearity of the dataset an appropriate non-linear polynomial ANCOVA was used to 

analyze the original data (Huitema, 2011). In this case a quadratic regression fit the data, 

and therefore a quadratic ANCOVA was used to examine the main effects of the test as 

described earlier (Huitema, 2011). Both linear and non-linear regressions were used to 

determine if the relationship between CR and flux differed for each mussel species. All 

statistical analyses were performed using SAS Studio version 9.1 (SAS Institute Inc) and 

Minitab version 13.1 (Minitab Inc). 

 

Supplemental Experiments Involving Ligumia nasuta and Villosa iris 

Additional CR studies were performed on two other endangered Unionid species, Villosa 
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iris (Rainbow mussels) and Ligumia nasuta (Eastern Pondmussels) in order to facilitate 

comparisons with results from L. siliquoidea and L. fasciola. Villosa iris and L. nasuta 

are not closely related species, and are found in different habitats so they provide an 

opportunity to determine the generality of the results. Villosa iris are often found to 

inhabit shallow well-oxygenated reaches embedded within river substrate containing 

cobble, gravel, sand and mud, whereas L. nasuta inhabit nearshore depositional substrate 

consisting mainly of fine mud and sand (Fisheries and Oceans Canada, 2014). Ligumia 

nasuta was collected (n = 30) from Lyn Creek near Lyn, Ontario (44.575, -75.7732), 

whereas V. iris was collected (n = 52) from the Maitland River near Summerhill, Ontario 

(43.6846, -81.541). 

 

Constraints limited the CR experiments of V. iris and L. nasuta to 3 treatments: 0 cm s-1, 

2 cm s-1, and 25 cm s-1 (i.e., no-flux, low-flux and high-fluxes). However, in the case of 

V. iris additional treatments at 35 cm s-1, and 45 cm s-1 were added.  This was undertaken 

to determine the full extent of the response to flux (Ackerman, 1999; Ackerman and 

Nishihara 2004; Vanden Byllaardt and Ackerman, 2014). 

 

Table 1.4. A summary of the average shell (��standard error) measurements, and  

sediment type observed for Villosa and iris and Ligumia nasuta. 

 
Measurements Villosa iris 

(n = 52) 

Ligumia nasuta 

(n = 30) 

Shell Length (cm) 6.03 ± 0.45 5.82 ± 0.62 
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Shell Width (cm) 3.25 ± 0.32 2.64 ± 0.30 

Shell Height (cm) 2.07 ± 0.25 1.36 ± 0.17 

Sediment type Mud, sand, gravel, and 

cobble  

Mud, and Sand 

 

 

RESULTS 

 

Effect of Flow on CR 

The clearance rates (CR) of L. siliquoidea and L. fasciola increased similarly and 

monotonically with flow chamber velocity (Figure 1.5).  In the case of L. siliquoidea, 

chamber velocity had a significant effect on CR (F(5, 23) = 3.34, p = 0.040) revealed under 

an ANCOVA with replicate as the independent variable and chamber velocity as the 

covariate, following testing of assumptions of normality and homogeneity of variance (p 

< 0.05). There was no effect of replicate on CR (F(3, 23) = 0.61, p = 0.448), nor was there 

an interaction between chamber velocity × replicate (F(15, 23) = 1.32, p = 0.3210), which is 

why replicates were pooled. A Tukey’s HSD test revealed that CR at no-flow controls 

was significantly lower than all chamber velocities tested. The CR of L. fasciola also 

increased significantly with chamber velocity (F(5, 23) = 5.50, p = 0.007), but there was no 

effect of replicate (F (3, 23) = 9.70, p = 0.090) nor was there a chamber velocity × replicate 

interaction (F(5, 23) = 0.64, p = 0.68).  Pairwise differences were detected between CRs of 

no-flow controls, which were lower than all chamber velocities. 

 

CR also differed between Lampsilis species across all chamber velocities and no-flow 
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controls. Given the difference of size between both Lampsilis species (L. siliquoidea shell 

length = 11.15 ± 0.83 cm, N = 51; L. fasciola shell length = 6.65 ± 1.01, N = 27), it was 

important to incorporate size into this ANCOVA as a covariate. Whereas the CR 

increased significantly for both species, L. siliquoidea had higher CR than L. fasciola 

(ANCOVA species: F(1, 47) =  7.03, p = 0.011; chamber velocity: F(5, 47) = 102.87, p < 

0.0001; shell length: F(1, 47) =  0.47, p = 0.498).  This analysis is informative, but it does 

not account for the seston flux mussels experienced under experimental trials.  

 

 

Figure 1.5. Clearance rates (CR) of Lampsilis siliquoidea (SL = 11.15 cm � 0.83) and 

Lampsilis fasciola (SL = 6.65 cm � 1.01) in response to chamber velocity. Each point 

represents the average CR (± standard error, n = 4) of a given experimental condition (L. 

siliquoidea: (0.04 ± 0.01) speed + 0.59 ± 0.22, R2 = 0.94, p = 0.0160; L. fasciola: (0.24 ± 

0.04) speed + 0.06 ± 0.18, R2 = 0.96, p < 0.0001). Solid lines represent linear regressions 

L. siliquoidea(

L. fasciola(

mean ± SE 

CR : Fluorometer  

SL = 11.1 ± 0.8 cm 
SL = 6.6 ± 1.0 cm 
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to the data set. CR was measured using a calibrated fluorometer.    

 

 

Effect of Seston Flux on CR 

The concentration of suspended material in the river water used in each experimental trial 

was required to determine the flux that mussels experienced under different chamber 

velocities.  It was important to resolve which of the several estimates of concentration 

provided by the FlowCAM system was appropriate. In this case, I sought to validate CR 

estimates obtained using the FlowCAM results against those based on results from 

calibrated fluorometers reported above and elsewhere (e.g., Vanden Byllaardt and 

Ackerman, 2014).  CR was estimated by: (1) using all particles detected within seston 

under Auto Image Mode (e.g., all particles are imaged); (2) excluding small detrital 

particles (< 3 µm) from (1); (3) using a particle size range corresponding to algal sizes (8 

– 50 µm) in (1); and (4) using particles found to fluoresce in river seston under 

Scatter/Trigger mode (e.g., only fluorescent particles are imaged). Method (4) provided 

the strongest relationship when the CR estimate from the FlowCAM concentration 

estimate was plotted against the CR from the fluorometer for both L. siliquoidea (R2 = 

0.63) and L. fasciola (R2 = 0.50) (excluding velocity of 10 cm s-1, which had large range 

of initial concentrations). This was somewhat satisfying as both techniques involve the 

enumeration of fluorescent material in suspension; the FlowCAM providing analysis on a 

particle scale and the Fluorometer integrating within a sample volume. Consequently, the 

concentration values provided by FlowCAMs Scatter/Trigger mode were used to 

calculate total algal flux for both unionid species, because the fluorescent particles 
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primarily consisted of algal particles.  The algal flux was also used in cases where the CR 

of a given algal taxon was examined (see below).  

 

Because the initial river seston concentration was not controlled during the experiments, 

each CR value from the fluorometer was assigned a flux value based on the product of the 

chamber speed and the concentration determined at t = 0 min under Scatter/Trigger mode.  

The flux values were binned into equal increments (i.e., every 50,000 particle m-2 hr-1), 

and the mean CR vs. mean flux data were plotted as in the case of CR vs. speed. In some 

cases, CR could not be determined because more particles were detected at t = 60 min 

than at t = 0 hr. This occurred in 5/24 and 3/24 cases for centric diatoms and 

Chloromonas respectively for L. siliquoidea and in 4/24, 7/24, and 7/24 cases 

respectively for centric diatoms, Chlorella, and pennate diatoms for L. fasciola, as noted 

in the degrees of freedom of the statistical test.  

 

The CR of L. siliquoidea and L. fasciola increased non-linearly with flux, exhibiting an 

‘ascending concave down curve relationship’ in a pattern characteristic of saturating 

kinetics (e.g., Michaelis-Menten, Ratkowsky, 1980; Huitema, 2011; Figure 1.6).   The 

data set was best fit to a non-linear quadratic model, where CR was found to increase 

with flux eventually saturating at high fluxes for both L. siliquoidea: CR = (0.87 ��0.08) 

flux – (0.10 ��0.01) flux 2 - 0.31 ��0.11; n = 5, R2 = 0.98, p = 0.0017; Figure 1.6) and 

L. fasciola: CR = (0.52 ��0.12) flux – (0.06 ��0.02) flux 2 - 0.22 ��0.16; n = 5, R2 = 

0.97, p = 0.050; Figure 1.6).  
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Flux had a significant effect on CR in L. siliquoidea (Quadratic ANCOVA F(4, 23) = 13.55, 

p < 0.0001), and Tukey’s HSD indicated significant differences between the no-flux and 

lower flux as well as flux higher than 7 × 105 particles m-2 hr-1.  The pattern was similar 

for CR in L. fasciola (F(4, 23) = 3.79, p = 0.019), but in this case, a heterogeneous model 

was used in SAS Studio to fit the dataset because of heterogeneity of variance. A Tukey’s 

HSD indicated that the no-flux conditions differed from all fluxes examined. Differences 

in feeding abilities were apparent between species when shell length was incorporated as 

a covariate, with L. siliquoidea having higher CR than L. fasciola (Quadratic ANCOVA 

flux F(5, 47) = 30.15, p < 0.0001; species: F(1, 47) = 4.03 p = 0.0510; shell length: F(1, 47) = 

0.94, p = 0.3377).  

!

!

 

Figure 1.6. Clearance rates (CR) of Lampsilis siliquoidea (SL = 11.15 cm � 0.83) and 

L. siliquoidea(

L. fasciola(

mean ± 95% conf intervals 
 

CR : Fluorometer  

SL = 11.1 ± 0.8 cm 
SL = 6.6 ± 1.0 cm 
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Lampsilis fasciola (SL = 6.65 cm � 1.01) in response to algal flux. Each point represents 

the average CR taken at a given flux and the solid lines represent quadratic regressions to 

the data (L. siliquoidea: CR = (0.87 ��0.08) flux – (0.10 ��0.01) flux2 - 0.31 ��0.11; 

n = 5, R2 = 0.98, p = 0.0017) and L. fasciola: CR = (0.52 ��0.12) flux – (0.06 ��0.02) 

flux2 - 0.22 ��0.16; n = 5, R2 = 0.97, p = 0.050).  In order to determine if CR responses 

differed between both unionid species, 95% confidence intervals were plotted for both 

the independent and dependent variables. CR was measured using a calibrated 

fluorometer. 

 

 

Relationship between CR and Particle Size Fraction 

The relationship between CR and particle size fraction was similar in L. siliquoidea and 

L. fasciola and increased with particle size (Figure 1.7). It is important to note that 

whereas chamber velocity had a significant effect on CR for both Lampsilis species (L. 

siliquoidea: F(5, 29) = 6.44, p = 0.001; L. fasciola: F(5, 29) = 9.21, p = 0.0001), there was no 

simple relationship that was observed among velocities across particle size fraction (data 

was not included). Therefore all no-flow control and chamber velocities were averaged to 

provide a total CR for a given size fraction (Figure 1.7). Particle size fractions, revealed 

under Auto Image Mode were binned using the pattern from Dionisio Pires et al. (2004). 

CR varied significantly with size fraction for L. siliquoidea (ANOVA size fraction: F(4, 29) 

= 6.00, p = 0.002) and a Tukey’s test revealed significant differences between the 

smallest size fraction (0 – 1 µm) and the larger size fractions (3 – 10, 30 – 100 µm). 

Similar results were obtained for the CR of L. fasciola where significant effects of size 
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fraction were detected (size fraction: F(4, 29) = 16.88, p <0.0001). A Tukey’s test revealed 

that the CR of the smallest size fraction (0 – 1 µm) were significantly lower than the CR 

obtained for the larger size fractions (3 – 10, 10 – 30, 30 – 100 µm). Both Lampsilis 

species cleared larger sized particles at higher rates than smaller particles, regardless of 

chamber velocities or no-flow conditions (Figure 1.7) – likely related to the size 

differences of the two species (L. siliquoidea: 11.15 ± 0.83 cm; L. fasciola: 6.65 ± 1.01 

cm).  

 

 

 

Figure 1.7. The clearance rates (CR) of Lampsilis siliquoidea and Lampsilis fasciola 

based on the size fraction of river seston size fraction. All bars represent the average CR 

(± standard error) of all flowing and non-flowing conditions (pooled). CR was 

determined using FlowCAMs AutoImage mode. 

 

mean ± SE 

CR : FlowCAM AutoImage mode  L. siliquoidea: SL = 11.1 ± 0.8 cm 
 
L. fasciola: SL = 6.6 ± 1.0 cm 
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Algal Species Found in River Seston 

FlowCAMs scatter/trigger mode was used to capture high-resolution images of algal 

species found in river seston, which were then classified and organized into separate 

libraries based on different morphometric features (ESD diameter, length, and 

fluorescence value). Algal species that had distinctive features were classified to the 

genus level. When genus level difference could not be resolved from the low-resolution 

images they were grouped together using a high level designation. For example, the 

images of centric diatoms were referred to as “centric diatoms” because distinctive 

structural features were not clear. However centric diatoms were thought to be either 

Stephanodiscus and Cyclotella species. Similarly pennate diatoms could have included 

Fragilaria, Navicula, Nitzschia or Synedra. Species that belong to the same genus were 

further discriminated by size (i.e., Scenedesmus small and large), and broad categories 

were created for species that showed unique characteristics that were difficult to 

distinguish (i.e., needle flagellate). The classifications were verified through consultation 

with Professor Ralph H. Smith (Biology Department, University of Waterloo; December 

10th, 2014). The taxa along with their respective characteristics are presented in Table 1.5 

and 1.6 for the Innerkip and Plover Mills sites, respectively.  

 

 

 Table 1.5. Morphometric features of algal species found in the South Branch of the 

Thames River near Innerkip. 
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Algal Species ESD Diameter 

(µm)  

Length 

(µm) 

Ch1 Peak FlowCAM Scatter/ 

Trigger Mode 

Image ESD Volume 

(µm3) 

Centric Diatom 

(i.e. Stephanodiscus 

/ Cyclotella) 

23.2 ± 0.6 24.5 ± 0.8 150 – 300  

6251 ± 169 

Chloromonas 12.7 ± 0.1 13.4 ± 0.2 50 – 150  

922 ± 62 

Pennate Diatom 

(i.e. Fragilaria, 

Navicula, Nitzschia 

or Synedra) 

20.9 ± 0.8 32.2 ± 1.5 50 – 150  

4233 ± 884 

Needle Flagellate 22.5 ± 0.9 27.4 ± 1.7 

 

50 – 100 

 
5561 ± 636 

Pediastrum 34.2 ± 2.8 37.2 ± 3.2 50 – 150 

 

223164 ± 59185 

Scenedesmus 

(small) 

19.4 ± 0.7 24.8 ± 1.2 50 – 150  

3775 ± 314 
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Table 1.6. Morphometric features of algal species found in the North Branch of the 

Thames River near Plover Mills 

Algal Species ESD Diameter 

(µm) 

Length 

(µm) 

Ch1 Peak FlowCAM Scatter/ 

Trigger Mode 

Image ESD Volume 

(µm3) 

Centric Diatom 

(i.e. 
Stephanodiscus 

 
/Cyclotella) 

21.3 ± 0.5 22.8 ± 0.6 150 – 300   

4675 ± 87 

Chloromonas 17.3 ± 0.5 18.6 ± 0.4 150 – 250  

1379 ± 171 

Pennate 

Diatom 

(i.e. Fragilaria, 

Navicula, 

Nitzschia or 

Synedra) 

37.0 ± 2.2 59.0 ± 3.4 50 – 350   

5148 ± 330 

Large 

Flagellate 

 

 

 

29.4 ± 3.0 39.7 ± 5.3 50 – 200  

 

 

 

66643 ± 5005 
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Pediastrum 41.1 ± 1.9 45.4 ± 2.4 50 – 150  

 

187731 ± 35246 

Scenedesmus 

(Small) 

24.8 ± 1.1 29.4 ± 1.4 50 – 150  

3776 ± 314 

Scenedesmus 

(Large) 

42.5 ± 1.7 55.3 ± 1.2 80 – 180  

 
41526 ± 5820 

Cryptomonas 19.9 ± 0.8 25.3 ± 1.4 150 – 200  

1977 ± 322 

Chlorella 7.6 ± 0.3 9.2 ± 0.2 50 – 100 
 

307 ± 41 

Rhodomonas 9.3 ± 0.1 12.2 ± 0.2 10 – 50  

326 ± 44 

Westella 18.4 ± 0.9 19.1 ± 0.9 50 – 150  

2015 ± 151 

Cyanobacteria 

 

 

 

17.4 ± 0.7 19.3 ± 0.5 50 – 250   

2378 ± 251 
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Closterium 79.1 ± 1.8 111.8 ± 4.0 150 – 250  

431054 ± 126079 

Gyrosigma 68.7 ± 1.1 103.9 ± 1.8 150 – 300 

 

190903 ± 6578 

!
 
 

 

The relative abundance of a given algal species found in natural river seston was 

measured for both Lampsilis species (see Figure 1.8, and 1.9). The first step was to 

determine the total number of algal particles found within a sample. The particle count of 

each algal species was then divided by the total number of algal particles within that 

sample and multiplied by 100%. This provided the relative abundance of each algal 

species found within a given sample. The procedure was performed for all chamber 

velocity and no-flow controls, each containing 4 samples (4 replicates) and the average 

was determined.  The biovolume of a given algal species was determined in relation to its 
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relative abundance. To do so the ESD Volume (provided by FlowCAM; Table 1.5 and 

1.6) of an algal species was multiplied by its relative abundance. The relative biovolume 

percentage was determined by dividing the biovolume of a given algal species by the 

total biovolume of all algal species and multiplied by 100% (Figure 1.8 and 1.9)  

 

Six algal species were found at the South Branch of the Thames River at Innerkip (L. 

siliquoidea collection site; Table 1.5), however, only the centric diatom and Chloromonas 

were found in high abundance contributing approximately 95% of the relative abundance 

of algae detected (Figure 1.8). In terms of size fraction, 5 of the 6 algal species (83.3%) 

fell within the 10 – 30 µm size range and the remainder (16.6%) fell within the 30 – 100 

µm size range.  Fourteen algal species were found at the Plover Mills site on the North 

Branch of the Thames Rivers (L. fasciola collection site; Table 1.6). Three of these 

(centric diatom, pennate diatom, and Chlorella) were found in high abundance 

comprising approximately 60% of the relative abundance of algae detected (Figure 1.9). 

In terms of size, 2 of 14 algal species (14.3%) fell within the 3 – 10 µm size range, 7 of 

14 (50%) fell within the 10 – 30 µm size range, and 5 of 14 (35.7%) fell within the 30 – 

100 µm size range. No identifiable algal species fell within the smaller size fraction 

ranges (0-1, 1-3 µm) at either site even though these were the most abundant particles 

detected under the Auto Image mode.  It is relevant to note that the centric diatom, 

pennate diatom, Scenedesmus small, and Pediastrum, were found at both sites.   
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Figure 1.8. The relative abundance and relative biovolume (%) of algal species found 

within the South Branch of the Thames River near Innerkip. Relative abundance 

represents the average abundance of an algal species taken across all chamber velocities 

and no-flow controls observed at t = 0, with standard error bars, and the biovolume 

represents the ESD volume of a given algal species in relation to its relative abundance.  

 

 

 

 

 

 

 

mean ± SE 



! ! !46!

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. The relative abundance and relative biovolume (%) of algal particles found 

within the Thames River near Plover Mills. Relative abundance represents the average 

abundance of an algal species taken across all chamber velocities and no-flow controls 

observed at t = 0, with standard error bars, whereas biovolume represents the ESD 

volume of a given algal species in relation to its relative abundance. 

 

 

Effect of Flux on Lampsilis species CRs of Specific Algal Species  

The clearance rate (CR) of L. siliquoidea varied with both the flux and the species of 

algae in the water; it increased non-linearly with the flux of the centric diatoms 

mean ± SE 
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(Quadratic ANOVA F(4, 18) = 3.11, p = 0.050; Quadratic regression: CR = (1.04 ��0.15) 

flux – (0.12 ��0.02) flux2 - 0.05 ��0.19; n = 5, R2 = 0.96, p = 0.016) and decreased 

non-linearly with the flux of Chloromonas (F(4, 18) = 5.85, p = 0.043; CR = – (1.28 ��

0.24) flux + (0.17 ��0.04) flux2 + 3.05 ��0.32; n = 5, R2 = 0.94, p = 0.010; Figure 

1.10).  Tukey’s test revealed that the CR differed significantly between no-flux and high 

flux treatments in both centric diatoms and Chloromonas. A quadratic ANCOVA 

revealed that the CR of L. siliquoidea varied with the flux for centric diatoms vs. 

Chloromonas (species: F(1, 9) = 18.22, p = 0.005).  

 

! 

Figure 1.10. Lampsilis siliquoidea’s clearance rate (CR) of algal species. Each point 

represents the average CR and the average algal flux (± 95% confidence intervals). CR 

and flux was determined using FlowCAMs Scatter/Trigger mode. Solid lines represent 

Centric Diatom 

Chloromonas 

mean ± 95% conf intervals 
CR : FlowCAM Scatter/Trigger mode  
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quadratic regressions to the data set. 

 

 

 

The clearance rate (CR) of L. fasciola also varied with the flux and the species of algae in 

the water, but in this case, the CR of all species declined linearly with flux (Centric 

Diatom: CR = (-0.30 ± 0.11) flux + 3.32 ± 1.44; n = 5, R2 = 0.98, p = 0.005; Chlorella: 

CR = (-0.14 ± 0.05) flux + 3.88 ± 1.97; n = 5 , R2 = 0.96 , p = 0.006; and Pennate Diatom: 

CR = (-0.08 ± 0.03) flux + 4.91 ± 2.33; n = 5 , R2 =  0.78, p = 0.025; Figure 1.11).  The 

flux of centric diatoms did not have a significant effect on CR of L. fasciola (ANOVA 

F(4, 19) = 1.14 , p = 0.3756), but significant effects were detected for both Chlorella and 

pennate diatoms (F(4, 18) = 3.29, p = 0.049 and F(4, 18) = 3.42, p = 0.044, respectively).  

Tukey’s test revealed that the CR differed significantly between no-flux and flux 

conditions in all 3 algal species. An ANCOVA revealed no significant differences 

between the abilities of L. fasciola to remove centric diatoms, Chlorella, and Pennate 

diatoms (species: F(1, 14) = 2.47, p = 0.130).  
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Figure 1.11. Relationship between the clearance rate (CR) of Lampsilis fasciola and the 

flux of specific algal species. Each point represents the average CR and the average algal 

flux (± 95% confidence intervals). CR and Flux was determined using FlowCAMs 

Scatter/Trigger mode. Solid lines represent linear regressions to the data set.  

 

 

Supplemental Experiments Involving Ligumia nasuta and Villosa iris  

The clearance rate (CR) of L. nasuta and V. iris increased non-linearly with flux (L. 

nasuta CR = (0.17 ��0.22) flux – (0.008 ��0.05) flux2 - 0.43 ��0.20; n = 5, R2 = 0.86, 

p = 0.8874; V. iris CR = (0.36 ��0.11) flux – (0.47 ��0.02) flux2 - 0.18 ��0.15; n = 5, 

R2 = 0.88, p = 0.1364; Figure 1.12), and seston flux had a significant effect on CR for 

both species (L. nasuta ANOVA: F(2,8) = 19.81, p = 0.0023; V. iris ANOVA: F(4, 19) = 

mean ± 95% conf intervals 
CR : FlowCAM Scatter/Trigger mode  

Centric Diatom 

Chlorella 

Pennate Diatom 
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52.45, p < 0.0001). A Tukey’s test revealed that the CR of both L. siliquoidea, L. fasciola 

differed from L. nasuta and V. iris. Differences in feeding abilities were apparent 

between L. siliquoidea, L. fasciola, L. nasuta, and V. iris when shell length was 

incorporated as a covariate (Quadratic ANCOVA species: F(3, 76) = 9.02, p < 0.0001; flux: 

F(4, 76) = 29.97, p < 0.0001; shell length: F(1, 76) = 0.17, p = 0.686). 

!!

 

 Figure 1.12. Clearance rates (CR) of Lampsilis siliquoidea (SL = 11.15 cm � 0.83), 

Lampsilis fasciola (SL = 6.65 cm � 1.01), Villosa iris (SL = 6.03 cm � 0.45) and 

Ligumia nasuta (SL = 5.82 cm � 0.62) in response to algal flux. Each point represents 

the average CR taken at a given flux and the solid lines represent quadratic fits to the 

data.  

 

 

 

L. siliquoidea(

L. fasciola(

V. iris(

L. nasuta(

mean ± 95% conf intervals 
CR : Fluorometer  

SL = 11.1 ± 0.8 cm 
SL = 6.6 ± 1.0 cm 
SL = 5.8 ± 0.6 cm 
SL = 6.0 ± 0.4 cm 
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DISCUSSION 

 

Seston Flux and Unionid Feeding  

To my knowledge, this is the first study to test the effects of natural seston flux on the 

clearance rates of freshwater mussels.  The clearance rates (CR) of L. siliquoidea, L. 

fasciola, L. nasuta, and V. iris  increased with chamber velocity in a linear fashion. All 

species cleared more than 3 times more suspended material at the highest chamber 

velocity compared with no-flow controls. These results are consistent with those obtained 

for freshwater mussels (Ackerman, 1999; Vanden Byllaardt and Ackerman, 2014) and a 

variety of marine bivalves (reviewed in Ackerman and Nishizaki 2004). However, these 

mass transfer relationships changed when the concentration of fluorescent material in the 

water was included in the assessment through the determination of flux (i.e., 

concentration × velocity).   Specifically, the CRs of all unionid species increased non-

linearly with flux and appeared to saturate around 7.0 ×105 m-2 hr-1. As previously 

mentioned, higher seston concentrations will increase a mussels handling time, and so 

higher fluxes will restrict their ability to feed in a characteristic type II functional 

response (Bontes et al., 2007).  

 

Michaelis-Menten kinetics has also been used to describe this non-linear pattern, where 

there is initially an enhancing effect of flux on unionid CR until a saturation point is 

reached and CR reaches a plateau (see figure 1 in Vanden Byllardt and Ackerman, 2014).  

Overall these relationships are consistent with Vanden Byllaardt and Ackerman (2014) 

although the magnitude of the response was lower in this study because we used natural 

seston rather than a single species of algae. This is consistent with Ackerman et al. 
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(2001), who found that CRs of dreissenid mussels using lake seston were 40% of those 

based on a single algal species (Chlorella). 

  

Whereas L. fasciola, V. iris, and L. nasuta are relatively similar in shell size (Tables 1.1 

and 1.4), the feeding abilities of each species varied with flux. These results may suggest 

that partitioning of resources are species specific as suggested by Vanden Byllaardt and 

Ackerman (2014). The CR response of V. iris also began to decline at higher flux. This 

relationship has been observed in marine bivalves where CR will increase with water 

velocity up until a maximum CR is reached, with additional increases in water velocity 

causing a decline in CRs (Wildish and Kristmanson, 1997) due to behavioral instabilities 

(Ackerman 1999). This implies that the feeding abilities of freshwater unionids could be 

restricted at higher fluxes, caused by high velocity events, similar to those seen in marine 

bivalves. 

 

Selective Feeding Response by Size Fraction  

The majority of studies observing selective feeding of bivalves from lotic habitats 

(Atkinson et al., 2011; Baker and Levinton, 2003) have been performed under static non-

flowing conditions, which does not account for hydrodynamic conditions of their native 

site.  This study, however, examines the selective feeding under flowing conditions (i.e., 

seston flux). 

 

I found that L. siliquoidea and L. fasciola removed larger particles (>10 µm) at higher 

rates than smaller particles (detected using FlowCAMs AutoImage mode), regardless of 
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the water velocity. Importantly, the majority of algal species found in the seston sampled 

in the South and North Branches of the Thames River (Innerkip and Plover Mills sites, 

respectively) were also larger sized particles (>10 µm).  However, particles of this size 

only represented 25% of the particles detected under AutoImage mode.  It is likely then 

that the small particles, which represented the majority of particles detected, were 

inorganic or detrital in nature as they did not fluoresce under Scatter/Trigger mode. These 

results provide evidence that unionids are capable of distinguishing between nutritional 

phytoplankton from non-nutritional detrital material under flowing conditions, which is 

indicative of selective feeding.  This result is consistent with the observation that 

unionids feed primarily on algae and to a lesser extent on bacteria and detrital particles 

(Nichols and Garling, 1999). Atkinson et al. (2011) observed that unionids selectively 

removed nanoeukaryotes and picoautotrophs (2 – 10 µm) from natural seston, 

demonstrating their ability to distinguish between living and non-phytoplankton material 

similar to selective feeding observed through the current study. I did not find evidence of 

high abundance of nanoeukaryotes and picoautotrophs in the Thames River.  The 

potential for selective feeding was also reported in Baker and Levinton (2003) for three 

unionid species, however, their experiments consisted of suspensions containing 

cyanobacteria (Microcystis), phytoplankton and detrital particles, which are not 

representative of the types of assemblages found in natural seston and were not 

undertaken under flowing conditions. 

 

Studies have shown that the organization of gill surface structure varies across bivalve 

species (Riisgard, 1988; Silverman et al., 1997; Galbraith et al., 2008). As mentioned 
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earlier, the gills generate currents via cilia to bring continuous supplies of oxygen and 

food inside their shell (Nichols and Garling, 1999), but they are also the site of particle 

capture (Riisgård et al. 2010; Jørgensen, 2010). Importantly, bivalves from lotic habitats 

differ in gill structure from those found in lentic habitats, specifically the former contain 

more cilia per cirral plate (Silverman et al., 1997). The organization of gill surface 

structures surrounding both L. siliquoidea and L. fasciola, may allow them to effectively 

capture larger particles found in river seston. Unfortunately collection permits did not 

permit us to sacrifice mussels species at risk (L. fasciola, V. iris, and L. nasuta) in order 

to examine their gill structure. 

 

Selective Feeding of Specific Algal Species  

The use of FlowCAMs Scatter/trigger mode enabled us to distinguish six algal species in 

the seston collected in the South Branch of the Thames River, of which we able to track 

two taxa of high abundance (centric diatoms and Chloromonas) through clearance rate 

experiments. We found that the CR of L. siliquoidea increased and saturated at higher 

flux of centric diatoms, whereas it decreased to an asymptotic value at higher fluxes for 

Chloromonas (i.e., opposite response to centric diatoms). We distinguished 14 algal 

species in the North Branch of the Thames River, of which we were able to track three 

taxa of high abundance (centric diatoms, pennate diatoms, and Chlorella). Unlike L. 

siliquoidea, the CR of L. fasciola decreased with increasing flux for all three algal 

species. It is important to note that the relative biovolume differed from the relative 

abundance due to differences in the size of algal cells detected. However, there was a 

correspondence between abundance and biovolume for centric diatoms in L. siliquoidea 
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and centric diatoms and pennate diatoms for L. fasciola. Evidence of selective feeding 

(i.e., differences in the species specific CR) decreased with flux for four of the five algal 

species examined. This contradicts my second prediction, which states that CR will be 

higher for larger more nutritional particles delivered at higher fluxes because of the type 

II functional response. This would also suggest that selective feeding is limited at higher 

fluxes because of their inability to discriminate between nutritional phytoplankton and 

non-nutritional detrital particles. However, the CRs of centric diatoms by L. siliquoidea 

increased with flux, which supported my prediction and suggests that this mussel species 

may have this ability to discriminate at high flux.  

 

Interestingly, both Lampsilis species CR response to flux differed for the algal species 

centric diatoms. While L. siliquoidea’s CRs of centric diatoms increased with increasing 

flux for, L. fasciola CRs decreased with increasing flux (Figure 1.12). Diatoms have been 

characterized as a better nutritional resource than green algae (i.e., Chloromonas) because 

they contain a higher percentage of unsaturated fatty acids (Gatenby et al., 1997). The 

ability of L. siliquoidea to remove centric diatoms at higher rates than Chloromonas with 

flux suggests that they are able to distinguish between algae of different nutritional value. 

This may also be applicable to L. fasciola, which removed centric diatoms at higher rates 

than Chlorella (green algae) at no-flux and low fluxes (minimal differences were detected 

at high fluxes). 

 

Atkinson et al., (2011) found that invasive dreissenids and Corbicula grazed on material 

of all sizes, i.e., they did not find evidence of selective feeding. Conversely, Dionisio 
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Pires et al. (2004) found that zebra mussels selectively removed smaller (0 – 1 µm) and 

larger (30 – 100 µm) sized particles and were able to distinguish between living 

phytoplankton (<10 µm) and non-phytoplankton material. The ability of invasive species 

to selectively remove a wider range of particles found in natural seston as seen by 

Atkinson et al. (2011) and Dionisio Pires et al. (2004) suggests that resource utilization 

and habitat requirements may differ among native and invasive bivalve species. It is 

interesting to postulate that the ability to graze on a wider array of particles found in 

natural seston is one reason why invasive species have been able to dominate freshwater 

ecosystems. Regardless, it is evident that future studies of the selective feeding in 

bivalves should be done under flowing conditions, as selective feeding was found to vary 

with flux in this study. 

 

Evidence for Niche Separation 

The results of this study provide some intriguing evidence for niche separation among 

four different unionid species, facilitated in part by hydrodynamics (Ackerman and 

Nishizaki, 2004; Vanden Byllaardt and Ackerman, 2014). The differences in CR with 

increasing flux observed between L. siliquoidea and L. fasciola, especially with respect to 

centric diatoms, indicate that unionids have specialized among hydrodynamic conditions.  

This was suggested by Vanden Byllaardt and Ackerman (2014) who based their 

arguments on the clearance rates of Chlorella-spiked water. In our case, we focused on 

specific algal species contained within the natural seston collected from the Thames 

River. Partitioning of different resources (natural seston) could explain how species can 

co-exist in the same habitat (Ackerman and Nishizaki, 2004). A Unionid’s abilities to 
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partition resources (algal species) differently could, therefore, be suggestive of niche 

separation. 

 

Figure 1.13. L. siliquoidea and L. fasciola CR of algal species centric diatom (found in 

high abundance in both natives river seston) in response to flux. Each point represents the 

average CR and the average flux (± standard error) with lines representing quadratic fits. 

 

 

Future Studies 

Although both Lampsilis species were found in the Thames River, they were obtained 

from different subwatersheds, and both branches of the river differed in velocity, 

temperature, and seston. The seston obtained at the L. fasciola collection site included a 

larger diversity of algal species, and many that were not detected in the seston at the L. 

siliquoidea collection site. Future studies should focus on their examination of the 

mean ± SE 

CR : FlowCAM Scatter/Trigger mode  
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selective feeding strategies of unionid species that co-exist in the same habitat and thus 

are exposed to the same seston. For example, the Sydenham River in Southwestern 

Ontario is home to a diverse array of native unionid species both common and 

endangered. Their ability to co-exist under the same habitat is a phenomenon that has yet 

to be resolved. Examining differences in selective feeding for species co-existing in the 

same habitat could further our understanding of resource partitioning and niche 

separation.  

 

Changes to freshwater ecosystems can have implications on the growth and survival of 

unionids. For example, environmental changes (i.e., temperature) could lead to changes 

in hydrology both globally and locally, which could influence the magnitude and timing 

of water flow. Alterations in flow can change the composition and population dynamics 

of phytoplankton found in natural seston (Reynolds, 1989; Huisman et al., 2004), which 

may have implications on suspension feeding of unionids. Habitat alterations have been 

shown to drastically reduce unionid populations (Randklev et al., 2013; Shea et al., 2013; 

Williams et al., 2011; Ricciardi et al., 1998), and could have detrimental effects on future 

populations, as such it would be important to examine the feeding strategies in unionids. 

 

 

CONCLUSION 

 

Both Lampsilis species examined had the highest CRs at high fluxes similar to 

observations made by Vanden byllaardt and Ackerman (2014) for unionid species found 
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in lotic habitats. This was also observed through supplementary experiments on V. iris 

and L. nasuta, which supports my first hypothesis. Lampsilis siliquoidea and L. fasciola 

were able to selectively remove material found in river seston based on both size and 

quality. Size fraction analysis indicates that unionids removed larger sized particles at 

higher rates than smaller sized particle. The majority of algal species identified in 

Thames River seston were >10 µm, which could account for why higher CR was seen in 

larger size fractions. Flow cytometry techniques demonstrated that selective feeding of 

algal species differed amongst species when exposed to flux and no-flux. Lampsilis 

siliquoidea was able to remove different algal species at high rates at both lowest and 

highest fluxes tested. Lampsilis fasciola, however, was only able to selectively remove 

algal species under no-flux and low fluxes; they were not able to discriminate between 

algal species at high fluxes. CRs based on centric diatoms increased with flux in L. 

siliquoidea CR but decreased with flux in L. fasciola CR. This suggests that 

hydrodynamic factors affect selective feeding in unionids, and that differences in 

resource partitioning exist between species, which could explain how similar species co-

exist in the same habitat.   

 

The majority of studies examining selective feeding in bivalves have been undertaken in 

marine systems. Only few studies have been applied to freshwater systems, and most of 

those have focused on lakes. Regardless of the system, selective feeding studies have 

been done under static no-flow conditions, which is not representative of the types of 

conditions found in natural habitats. It is evident from the results presented here that, 

the CRs of unionids vary by particle size and nutritional quality, hence supporting my 
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second hypotheses. Future studies should examine selective feeding of unionids in the 

same habitat to better understand how this phenomenon operates and evolved. Lastly, 

these results have profound implications for assessing the role of unionids in aquatic 

ecosystems and in particular how they affect the phytoplankton. This is a subject that 

warrants further study.      
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Appendix 1.1 

Determining Chamber Velocities for the Recirculating Flow Chamber 

A new recirculating flow chamber was used for the clearance rate experiments on adult 

mussels (Figure 1.4). Adjusting the pump rate of the recirculating flow chamber allowed 

us to determine the desired chamber velocities (2, 10, 15, 20, 25 cm s-1) using a side 

looking Acoustic Doppler Velocimeter (ADV; Nortek, Norway). Flow characteristics 

were observed for each chamber velocity in order to determine whether water flow was 

straight and uniform across the entire upper section of the recirculating chamber. Higher 

chamber velocities (i.e., 25 cm s-1) produced non-uniform and irregular flow on the open 

channel that served as the test section. Flow straighteners were placed near the inlet of the 

chamber to ensure that water became straight and uniform before reaching the mussels 

chamber (2.0 m downstream). By placing 4 flow 1 – 1.5 cm thick straighteners at 1, 7, 

14, and 20 cm downstream of the inlet, we were able to create uniform flow conditions 

(Figure 1.A1).  
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Figure 1.A1. A top view image showing flow straighteners arranged 1, 7, 14, and 20 cm 

downstream of the inlet from the pipe (at left) to the open channel (at right) of the 

recirculating flow chamber. 

 

 

Velocity values were measured across the width and length of the chamber at different 

depths to better understand the flow field near the mussel holding chamber. All velocity 

measurements were obtained at 25 cm s-1 so that variability in water velocity could be 

observed across the entire mussel chamber. The ADV was used to produce a contour of 

the velocities in the flow chamber beginning at a distance of 1.5 m downstream from the 

last flow straightener. Measurements were taken at: (1) 0.5 cm height (water flow below 

the siphon); (2) 1 cm (water flow at the level of a siphon); and (3) 2 cm (water flow 

above the siphon).  

 

2!cm!

Flow!!!
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Chamber velocity was highest in the central of the chamber and decreased steadily at 

both sides, but note that the ADV could not be used to measure velocity with 1.5 cm of 

the side of the chamber (Figure 1.A2). This flow pattern was consistently observed across 

all 3 depths (Figure 1.A2, 1.A3, and 1.A4).  Higher water velocities were measured at 1 

cm and 2 cm heights from the bottom compared to 0.5 cm.  

 

 

 

Figure 1.A2. Contour plot of the velocity measured in the flow chamber (top view) 0.5 

cm above the bottom.  Velocity measurements were taken at 2 cm intervals in both the 

streamwise and cross stream directions beginning at x = 1.5 m downstream of the flow 

straighteners but not within 1.5 cm of the sides (i.e., a total of 49 velocity measurements). 
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Figure 1.A3. Contour plot of the velocity measured in the flow chamber (top view) 1.0 

cm above the bottom.  Velocity measurements were taken at 2 cm intervals in both the 

streamwise and cross stream directions beginning at x = 1.5 m downstream of the flow 

straighteners but not within 1.5 cm of the sides (i.e., a total of 49 velocity measurements). 
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Figure 1.A4. Contour plot of the velocity measured in the flow chamber (top view) 2.0 

cm above the bottom.  Velocity measurements were taken at 2 cm intervals in both the 

streamwise and cross stream directions beginning at x = 1.5 m downstream of the flow 

straighteners but not within 1.5 cm of the sides (i.e., a total of 49 velocity measurements).!
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CHAPTER 2: THE CLEARANCE RATES OF RECENTLY METAMORPHOSED 

JUVENILE MUSSELS (BIVALVIA: UNIONIDAE) UNDER FLOWING 

CONDITIONS 

 

ABSTRACT 

Despite their ecological relevance, which is in large part a consequence of their 

suspension feeding activities, the early life history of unionid mussels is not well 

understood.  I, therefore, examined the suspension feeding rates (i.e., clearance rates, CR) 

of recently-metamorphosed juvenile unionid mussels of Lampsilis siliquoidea (1 – 4 

week old) and Lampsilis fasciola (1 – 3 week old), Villosa iris (2 week old), and Ligumia 

nasuta (1 week old) under ecologically relevant flow conditions in a newly designed 

recirculating racetrack flow chamber system.  The range in velocities examined were 

determined experimentally using a permeameter containing riverbed material (63 µm – 

6.5 cm) in which juvenile mussels are likely to reside.  My experiments were designed to 

determine whether algal flux affected the ability of juvenile mussels to clear Chlorella 

vulgaris from the chamber. The CRs of all unionid species increased linearly with algal 

flux regardless of the age of the mussels, and also with mussel size (correlated with age). 

These results provide new insight into the feeding abilities of recently-metamorphosed 

juvenile mussels under flux, which may help our understanding of their habitat 

requirements and also provides some intriguing evidence of niche separation.  
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INTRODUCTION 

 

Freshwater unionid mussels play a vital role in aquatic ecosystems due to their 

suspension feeding including: the clarification of lakes and rivers; nutrient cycling; and 

benthic-pelagic coupling (Galbraith and Vaughn, 2009; Williams et al., 2011). By 

improving quality of aquatic habitats they in turn create a more suitable environment for 

other organisms (Williams et al., 2011). Historically, they dominated the benthic biomass 

of aquatic ecosystems in North America (Howard, 2006; Vaughn et al., 2008), where 

they thrived especially in undisturbed lotic waters (Vaughn et al., 2008). Unfortunately, 

freshwater mussels are considered the most imperiled taxon in North America with 

approximately 65% of known species endangered or threatened and about 30 taxa 

believed to have become extinct in the last 100 years (Haag and Williams, 2014). A 

number of factors have caused a decline in mussel populations in North America 

including commercial exploitation and invasive species (Anthony and Downing, 2001), 

however, the leading cause is thought to be through habitat degradation (Ricciardi et al., 

1998; Williams et al., 2011). Because mussels typically spend their entire lives in the 

same location they experience many alterations in habitat directly (Vaughn and Taylor, 

1998). In particular, juvenile mussels are very sensitive to environmental changes 

(Yeager et al., 1994; French and Ackerman 2014), which is an increasing concern 

because little is known about their habitat requirements. The situation is even more acute 

for recently metamorphosed juvenile mussels, with much of our understanding about the 

life history of unionids being based on either their larval (glochidia) or adult stages 

(reviewed in French and Ackerman, 2014). 
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One of the major differences between unionids and other bivalves is their unique life 

cycle (Bogan, 1993). Whereas most marine bivalves produce free-swimming veliger 

larvae that eventually metamorphose and grow into adults (Ackerman et al., 1994), 

unionids require a host fish in order for their parasitic glochidia larvae to develop (Bogan, 

1993). Sperm discharged by a male is drawn into a female’s mantle cavity through its 

incurrent siphon where the eggs are fertilized and develop into larvae throughout the 

marsupial gills (Storer, 1951).  Glochidia encyst onto the gills or fins of a suitable host 

fish to further develop into metamorphosed juveniles (Gatenby et al., 1996). Once 

reaching their free-living stage as juveniles, they excyst from the host fish, and settle to 

the bottom to further develop within riverbeds (Gatenby et al., 1996).  Host fish are 

thought to be largely responsible for the distribution of mussels throughout watersheds 

(Watters, 1996) but juveniles will only survive if they reach a favorable habitat (Neves 

and Widlak, 1987; French and Ackerman 2014).  

 

Given that the early life stages of mussels are crucial to their recruitment, it is surprising 

that little is known about their basic biology especially when conservation efforts have 

been directed at captive breeding techniques (Barnhart, 2006; Thomas et al., 2010; 

Gatenby et al., 1997). There is still a large gap in our understanding of how temperature, 

water flow and the quality or type of food and/or its availability affect the growth and 

development of juvenile mussels (Barnhart, 2006). This is exacerbated by the fact, that to 

my knowledge, there have been no observations of recently-metamorphosed juveniles in 

riverbeds; in other words, we do not know where they exist in nature until they are large 

enough to identify visually.  This is because the shells of recently-metamorphosed 
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juvenile mussels are transparent for up to 2 months in age (< 1 mm), and are extremely 

difficult to locate in the field (Hastie et al., 2000). For example, studies have examined 

how stream hydrological processes influence the distribution and habitat of larger 

juvenile and adult mussel assemblages (Hastie et al., 2000), but not recently-

metamorphosed juveniles. Adult mussels occupy riverbeds within various substrata (i.e., 

sand, gravel, cobble), while larger juveniles typically inhabit depositional areas behind 

large bed forms (i.e. boulders) and along stream banks (Yeager et al., 1994; Neves and 

Widlak, 1987).  Presumably, recently-metamorphosed juveniles occupy a habitat similar 

to that of larger juvenile mussels. 

 

Recently-metamorphosed juveniles are likely to experience pore water currents within the 

interstitial sediments behind large bed forms, but this is a subject that is yet to be 

resolved. It would be reasonable then to examine the characteristics of these regions 

including the nature of pore water velocity (Shum, 1993).  Pore water velocity varies due 

to the permeability (ability of a liquid to pass through pores due to the packing of 

granular material; Boulton et al., 1998) properties of a streambed, which includes surface 

and subsurface pores in the aggregations of streambed material (Ghodrati et al., 1999). 

The characteristics of these pores are what determine the strength and directionality of 

flow (Boulton et al., 1998), which will vary throughout streambeds and thus influence the 

habitat requirements of recently-metamorphosed juvenile mussels.  
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Feeding in Juvenile Mussels 

Several studies have examined the habitat requirements of juvenile mussels by observing 

their feeding abilities (Gatenby et al., 1997; Yeager et al., 1994). Specifically, pedal 

feeding is used in early juvenile life stages to move material directly into the mantle by 

cilia on the foot (Haag, 2012). By extending and retracting their foot they are able to 

sweep food into their mouth (Haag, 2012). Once their gills are fully developed they 

transition to suspension feeding, where food capture of suspended material is done by 

generating currents through a series of cilia, found on the inner surface of the mantle, 

demibranches, and visceral mass (Galbraith et al., 2008; Vaughn et al., 2008). The 

transition between pedal and suspension feeding has been reported in recently 

metamorphosed Villosa iris (Yeager et al., 1994), however it is not well defined for other 

species. 

 

Several studies have found that the main food source of mussels is algae (Nichols and 

Garling, 1999), primarily because it contains high percentages of unsaturated fatty acids, 

crucial to their growth and development (Gatenby et al., 1997). These resources are 

essential during the early life stages of several bivalves as observed by Gatenby et al., 

(1997), who demonstrated that recently-metamorphosed juveniles survived longest when 

given live algae diets as opposed to yeast diets or those containing bacteria.  Relatively 

few studies have examined the feeding of recently-metamorphosed juveniles in marine or 

freshwater systems, perhaps because difficulties arise when using them as test subjects 

due to their small and fragile state. Studies have examined the burrowing (Yeager et al., 

1993), growth rates (Cahalan et al., 1989) and the effects of sediment loading on feeding 
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(Gatenby et al., 1996) of recently-metamorphosed juveniles, however the effects of the 

transport of material (i.e., flux) on suspension feeding abilities has yet to be examined. 

This is relevant not only to the fact that juvenile mussels experience different pore water 

velocities but also because recent studies have demonstrated that algal flux affects the CR 

of adult mussels (Vanden Byllaardt and Ackerman, 2014; Chapter 1).  Specifically, 

Vanden Byllaardt and Ackerman (2014) found that the CR of four unionid species was 

significantly higher under high algal flux (Chlorella vulgaris added to well water) than 

results obtained under standard non-flowing conditions. Similar results were 

demonstrated in the current study for adult unionids, where CR increased with increasing 

flux of river seston (see Chapter 1). The goal of this study is, therefore, to determine 

whether algal flux affects the ability of recently-metamorphosed juvenile Wavyrayed 

Lampmussels (Lampsilis fasciola) and Fatmucket (Lampsilis siliquoidea) mussels to 

clear Chlorella vulgaris.  Juvenile mussels were obtained by collecting glochidia from 

gravid female mussels from the Thames River, Ontario, which were used to infest host 

fish (e.g., McNichols et al. 2011).  The CR of newly metamorphosed juveniles of known 

age was measured under ecologically relevant algal flux in a newly designed recirculating 

racetrack flow chamber.  The range of velocities used was based on pore water velocities 

obtained in a permeameter using substrate collected from mussel collection sites. 

The underlying question of this study is:  

 

Do the clearance rates of recently-metamorphosed juveniles change with flux as has 

been demonstrated for adult mussels? 
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Hypothesis 

H1: The CRs of juvenile mussels will vary with algal flux as the supply of nutritional  

particles increases, which has been seen with algal flux in previous studies involving 

adult bivalves by Vanden Byllaardt and Ackerman (2014) 

 

  Prediction: The CRs of juvenile mussels will increase with increasing flux  

 

Ho: The CR of juvenile mussels will be similar across all levels of algal flux 

 

 

MATERIALS AND METHODS 

 

Juvenile Mussels Fish Host Transformation  

Two closely related species of unionid mussels were selected for this study: (1) Lampsilis 

siliquoidea (Fatmucket), which is a common species in Canada and (2) Lampsilis fasciola 

(Wavyrayed lampmussels), which is a Species at Risk in Canada (special concern; 

Species at Risk Public Registry, 2015) and in Ontario (threatened; Species at Risk Public 

Registry, 2015). Gravid L. siliquoidea were collected from the South Branch of the 

Thames River near Innerkip, Ontario (43.25728, -80.73725), whereas gravid L. fasciola 

were collected from the North Branch of the Thames River near Plover Mills, Ontario 

(43.149791, -81.19184) in accordance with SARA (SECT 73 SARA C&A 13-001), and 

ESA permits (AY-B-008-13). Collection was done through sieving bottom sediment 

using excavation, racooning (sifting sediments through fingers) or visual searching 

methods, where gravid females were identified by swollen marsupial gills. Females were 

transported to the Hagen Aqualab at the University of Guelph in an aerated temperature 
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controlled cooler and were maintained at 11°C to prevent glochidia release (Galbraith et 

al. 2009). They were fed and monitored on a daily basis as part of another study. 

Following laboratory protocols whereby glochidia from ½ of the marsupial gills were 

removed, gravid females were returned to their native site to complete their reproduction.  

!

Juvenile mussels were transformed using fish infestation techniques (L. siliquoidea on 

Ambloplites rupestris (Rockbass) and L. fasciola on Micropterus dolomieu (Smallmouth 

bass)) in the Hagen Aqualab at the University of Guelph as part of another study in the 

Ackerman Lab (details in McNichols et al., 201).  Upon release, newly transformed 

juveniles were placed in age specific cohorts within jAHAB recirculating systems 

(juvenile aquatic habitat units) in the Hagen Aqualab.  Survival and growth rates were 

measured at 1 week intervals by placing the juveniles on a plastic petri dish where they 

were photographed using a dissecting microscope (Nikon SMZ-2T) with a digital camera 

(SCMOS Series, AmScope; Figure 2.1).  
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Figure 2.1. A photograph of two-week old Lampsilis fasciola juveniles, adjacent to a 

wire of known diameter used as a reference. All images were taken through a dissecting 

microscope (Nikon SMZ-2T) with a digital camera (SCMOS Series, AmScope).  

 

 

Clearance rate experiments were performed on a cohort of juveniles at weekly 

intervals.  Lampsilis siliquoidea were examined at 1, 2, 3, and 4 weeks of age whereas L. 

fasciola were examined at 1, 2, and 3 weeks of age. All juveniles exhibited growth 

through this time interval (Table 2.1).  At a given age, individuals were distributed 

equally among replicates. Four replicate of the experiment were undertaken if there were 

more than 60 mussels (e.g., 80 = four replicates of 20 individuals (four mussels in each of 

five treatments)) or three replicates if there were fewer than 60 mussels (60 = three 

replicates of 20 individuals (four mussels in each of five treatments)). Following the 

290(µm(
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experiment, all individuals were returned to their species specific holding chamber where 

they were cultured and used at older ages.  Unfortunately the survivorship was relatively 

poor and I could not track individuals through time, which is why I used a repeated 

measures design to examine the results (see below) by assuming that individuals were 

exposed under the same treatment and replicate at each age. This allowed me to compare 

the CRs of juveniles of different ages. In the case of 4-week old L. siliquoidea juveniles, 

additional individuals (n = 15) of similar size (t = 0.77 and p = 0.231), but without prior 

exposure in experiments, were added to the remaining cohort of 4 week old juveniles (n = 

15) for the experiment.  These were analyzed using the same assumption for the repeated 

measures design. 

 

Table 2.1. Average shell length (�standard error) measurements of recently- 

metamorphosed juvenile Lampsilis siliquoidea and Lampsilis fasciola. 

 
Age Lampsilis siliquoidea 

Shell Length (µm) 

Lampsilis fasciola 

Shell Length (µm) 

1 Week Old 291 ± 1.45 µm              

(n = 80) 

285 ± 1.67 µm               

(n = 100) 

2 Week Old 322 ± 2.90 µm             

(n = 60) 

315 ± 3.16 µm                

(n = 80) 

3 Week Old 362 ± 3.74 µm              

(n = 45) 

350 ± 3.97 µm                

(n = 80) 

4 Week Old 393 ± 3.62 µm              N/A 
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(n = 30) 

 

 

 

Pore Water Velocity Measurements 

Measurements of the Hydraulic Conductivity of River Substrate 

An investigation of the pore water velocities that recently-metamorphosed juveniles 

would experience in their natural habitat was undertaken in the laboratory. Pore water 

velocities of a given material can be determined from its hydraulic conductivity (k), 

which can be defined as the ease with which a liquid can pass through a porous medium 

(Ghodrati et al., 1999). In this case, the rate of water infiltration through sediment 

samples enclosed between two porous plates in the permeameter was measured at the 

effluent end (Daniel and Trautwein, 1994; Kalbus et al., 2006). A constant head (in which 

a reservoir was placed fixed at a point above the permeameter) was used to ensure 

constant pressure head difference (Daniel and Trautwein, 1994). Care was taken to ensure 

that all air bubbles were removed from the system and thus allowing the material to be 

packed and fully saturated prior to experimental testing. Darcy’s equation has been used 

to measure k as follows: 

 

    ! = !"
!!!                                                              (2.1) 
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where k represent the hydraulic conductivity (cm s-1), Q is the rate of discharge (m3 s-1), L 

is the length of the  column (cm), A is the area of the column (cm2), h is the constant head 

difference, and t is the time of water displacement through the porous medium.  

 

The permeameter was constructed from standard PVC (polyvinyl chloride) schedule 40 

pipes and NPT (National Pipe Thread) fittings, and was comprised of two components; 

(1) the permeameter; and (2) the constant pressure head system. The permeameter 

column was made using a 2-inch (5.08 cm diameter) PVC pipe (area = 718.1 cm2), 

approximately 45 cm in length. An end cap was attached to the bottom of the column and 

threaded to attach a hose fitting, so that water could pass through the permeameter and 

into a 1000 mL graduated cylinder (Figure 2.2).  A 100 µm nylon mesh on top of PVC 

pegboard plate (hole diameter = 0.5 cm) was placed in the bottom of the end cap to 

ensure material was retained within the permeameter. A constant pressure head was 

established by maintaining a constant head reservoir using a 3-inch tee in which tapwater 

was added, and which served as an overflow that was connected to a 25 cm length of 3-

inch (7.62 cm diameter PVC pipe (area = 598.4 cm2) that served as the reservoir.  
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Figure 2.2. Picture of the constant head permeameter used to measuring the hydraulic 

conductivity of riverbed substrate, performed in the Ackerman Lab at the University of 

Guelph.  

 

The permeameter was packed with a mixture of sediment sizes consisting of pebbles (4 – 

64 mm), granules (2  – 4 mm), and sand (63 µm – 2 mm) representative of interstitial bed 

sediment, which was collected from the Thames River as part of another study in the 

Ackerman Lab. The permeameter was packed using equal portion (i.e., 1/3 by volume) of 

3-Inch 
PVC Tee 

3-Inch PVC 
pipe reservoir 

2-3 Inch 
reducer 

2-Inch 
permeameter 

Graduated 
cylinder 
(1000 mL) 

Overflow for 
constant head 



! ! !89!

each sediment size class. Due to the size constraints of the permeameter, cobble (>64 

mm) was not examined. Tap water (20 ± 1 oC) was then turned on allowing water to 

infiltrate the permeameter apparatus, where discharge was collected in a waste bucket. 

Once water discharge became constant it was assumed that the granular material was 

fully saturated and all air bubbles were removed from the system. An experimental run 

began by measuring the rate of discharge into a 1000 mL graduated cylinder. This was 

performed 10 times using the same packed granular material in order to account for 

variability within the system (pseudo-replicates). Measured k values were then used to 

estimate pore water velocities as per Eqn (2.1). 

 

Racetrack Flow Chamber  

The racetrack flow chamber system was constructed out of a 1-cm thick PVC plate and 

consisted of five racetrack flow chambers, arranged in a 5 × 1 configuration representing 

one experimental replicate of four speeds and one no-flow control (Fig 2.3A).  A 12-volt 

variable speed supply was geared to 100, 75, 50, and 25% of the motor speed in the first 

four chambers with the last chamber used as a no-flow control (i.e., no paddle wheel). 

Each racetrack was oval in shape (12 cm long × 4.5 cm wide) with a channel (1.5 cm 

wide × 1.0 cm deep; 25 ml of water volume) and two turning vanes to condition the flow. 

A paddle wheel drive mechanism, located near the far end of the first channel, was used 

to drive water in a continuous motion. The paddle wheel filled the width of the working 

channel (1.5 cm), and was oriented so that the maximum depth was 1.0 cm. The wheel 

consists of 25 paddles distributed equally around the wheel so that 13 paddles were 

submersed in water at all times. The paddles drive water through the first straight section 
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of the oval into the turning vanes and then into the second straight portion of the oval, 

where the juveniles were placed in a small circular 1-mm deep depression on the bottom 

of the channel floor. The depression was shallow enough to ensure that juveniles were 

exposed to flowing conditions but were not carried away (Figure 2.3B).    
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Figure 2.3. Racetrack flow chamber system used to measure the clearance rate of 

juvenile unionid mussels under different flux.  A – photograph of the racetrack flow 
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chamber system. The first four chambers are geared to 100, 75, 50, and 25% of the motor 

speed with the last chamber used as a no-flow control. B – schematic of an individual 

racetrack flow chamber. The paddle wheel drives water in a circular motion by pushing 

water around the turning vane towards the other working channel containing the juvenile 

feeding chamber, where water flows back towards the paddle wheel. Turning vanes help 

guide water uniformly around the bend. The black arrow represents the direction of water 

flow.   

 

 

Clearance Rate Experiments  

Based on pore water velocities measured through natural stream sediments (see Results), 

racetrack flow chambers were operated at 4 chamber velocities: (a) 0.5 cm s-1; (b) 1 cm s-

1; (c) 1.5 cm s-1; (d) 2 cm s-1; and (e) the no-flow control. Chamber velocities were 

determined through water velocity measurements using polystyrene bead tests (see 

Appendix 2.1). All chamber velocities corresponded to laminar flow based on the 

Reynolds number of the channel given by,  

 

!" = !"!
!                                                            (2.2) 

 

where U is chamber velocity (m s-1), dh is the hydraulic diameter of the racetrack 

chamber (4 × flow area / wetted perimeter = 0.02 cm), and ν is the kinematic viscosity of 

water at 20oC (i.e., Re = 343 at the highest velocity; i.e., 10-2 m s-1 × 1.71 × 10-2 m / 10-6 
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m2 s-1; Table 2.2). Chlorella vulgaris (1.0 × 106 cells mL-1) was added to UV filtered river 

water and algal flux (j) was determined as:  

 

! = !"                                                              (2.3) 

 

where C (cells mL-1) is the concentration of C. vulgaris and U (cm s-1) is the velocity of 

water in the racetrack chamber. This provided the following levels of algal flux: (a) 5.0 × 

105 cells cm-2 s-1, (b) 1.0 × 106 cells cm-2 s-1; (c) 1.5 × 106 cells cm-2 s-1; and (d) 2.0 × 106 

cells cm-2 s-1. All experimental trials included (e) a no-flow control in order to make 

comparisons with previous studies (i.e., Dionisio Pires et al, 2004). Units of flux were 

kept within cells cm-2 s-1 in order to make easier comparisons to other juvenile studies 

(i.e., Cahalan et al. 1989). 

 

Table 2.2. A summary of racetrack algal flux conditions used to examine the feeding 

rates of recently-metamorphosed juveniles.  

 
Racetrack Algal Conc. 

(cells mL-1) 

Velocity 

(cm s-1) 

Flux        

(cells cm-2 s-1) 

Chamber Re Flow 

Conditions 

1 1. 0 × 106 0 0 0 Laminar 

2 1. 0 × 106 0.5 0.5 × 106 8.5 × 101 Laminar 

3 1. 0 × 106 1 1.0 × 106 1.7 × 102 Laminar 

4 1. 0 × 106 1.5 1.5 × 106 2.5 × 102 Laminar 

5 1. 0 × 106 2 2.0 × 106 3.4 × 102 Laminar 
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Prior to experiments, juveniles were placed within UV filtered river water and isolated 

for 3 hours without food. An initial 5 mL sample of the algal suspension was placed in a 

container before an experimental trial, representing the concentration at time t = 0 for all 

racetracks. Depending on the number of juvenile mussels alive, 1-5 juveniles were placed 

in each feeding chamber along with 25 mL of algal seston suspension. Racetracks were 

then set to the desired chamber velocity. Juveniles were allowed acclimate for 15 min and 

the clearance rate experiments were run for 60 min. Juveniles were returned to their 

holding chambers and water samples were collected from each racetrack and placed in 

separate plastic containers (t = 60). The racetrack apparatus was cleaned, washed with 

disinfectant (Superior Solutions, Ontario, Canada), and left to dry. Samples taken at t = 0 

and 60 were then analyzed through a calibrated fluorometer (Turner Designs 10-AU; 

Sunnyvale, CA, USA) to determine Chlorophyll a concentrations in the water samples. 

Chlorophyll a change detected by the fluorometer was used to determine clearance rate 

(CR) values using the Coughlan (1969) equation: 

 

    CR = !"#!" (ln
!!!"#"$%
!!"#$% − ln

!"#$%!!"#"$%
!"#$%!"#$%)                            (2.4) 

    

where Vol is the volume of water used, N is the number of mussels used (assuming all 

juveniles were feeding), t is time, C is the concentration of C. vulgaris. Cctrl is the 

concentration of C. vulgaris in chambers without mussels. Preliminary experiments were 

done in order to accurately measure the rate of algal loss within each racetrack chamber. 

Experiments were run under each algal flux condition (4 trials per racetrack), whereas an 

average Ccntrl of each racetrack was used to measure the change in algal concentration 
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over 60 min. The subscripts Initial and final represent the measurements taken at t = 0 and 60 

min, respectively.  

 

Supplemental Experiments Involving Ligumia nasuta and Villosa iris  

Additional CR studies were performed on two endangered unionid species, Villosa iris 

(Rainbow mussels) and Ligumia nasuta (Eastern pondmussels), in order to facilitate 

comparisons with CR results from L. siliquoidea and L. fasciola. Gravid L. nasuta were 

collected from Lyn Creek near Lyn, ON (44.575, -75.7732), and transformed on Perca 

flavescens (Yellow Perch; Eramosa River, White Lake) and Micropterus dolomieu 

(Smallmouth Bass; Niagara River, Speed and Eramosa River, Correctional Ponds, Grand 

River). Gravid V. iris were collected from the Maitland River near Summerhill, ON 

(43.6846, -81.541), and transformed on Ambloplites rupestris (Rockbass) and 

Micropterus dolomieu. V. iris and L. nasuta reside in different habitats, while L. 

siliquoidea and L. fasciola, which are closely related inhabit the same river. Due to 

difficulties in raising and rearing juveniles in the laboratory, CR experiments were 

performed on 2 week old V. iris (SL: 373 ± 1.70 µm) and 1 week old L. nasuta (SL: 216 

± 2.38 µm).  

 

Statistical Analysis 

An analysis of covariance (ANCOVA) was used to test whether the independent variable 

(species) and covariates (flux, and shell length) influenced CR for both mussel species. 

The main effects of the test were examined using F-tests. If there was a main effect of 

species, a Tukey’s HSD test was used to identify significant pairwise differences. 
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Assumptions of homogeneity of variance (Levene’s), Normality (Shapiro-Wilk’s test), 

and independence were tested within each case. A repeated measures analysis of 

covariance (ANCOVA) was also used to test whether the repeated independent variable 

(age) and covariate (flux) influenced CR for both mussel species. Regression analysis 

(linear and non-linear) was used to fit the slopes of the model and compared across both 

mussel species. All statistical analyses were performed using SAS Studio University 

Edition version 9.1 (SAS Institute Inc). 

 

 

RESULTS 

 

Pore Water Velocities of River Substrate 

Constant head permeameter tests were undertaken to measure the hydraulic conductivity 

(k) of Thames River bed substrate, in order to estimate pore water velocities that recently-

metamorphosed juveniles could experience in their native habitat. The k of river substrate 

determined using Eq (2.1), was 0.46 ± 0.05 cm s-1, but ranged between 0.27 cm s-1 and 

0.73 cm s-1 (Fig. 2.4). Given that river water levels vary according to the hydrograph 

(Water Office, 2015), I chose to increase the velocities examined in the racetrack flow 

chamber by a factor of 4; i.e., 0.5, 1.0, 1.5, and 2.0 cm s-1. This allowed me to account for 

a wider range of pore water velocities that recently-metamorphosed juveniles likely 

experience in their native habitats.  
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Figure 2.4. A frequency distribution of measured hydraulic conductivity (k) values  

across all replicates (n = 10), using a constant head permeameter.   

 

 

Effect of Chamber Velocity on CR 

The clearance rates (CR) of L. siliquoidea increased similarly and monotonically with 

algal flux across all age groups (1 – 4 week old juveniles; Figure 2.5).  Both age and flux 

had a significant effect on CR (age: F(3, 19) = 127.21, p < 0.0001; covariate flux: F(4, 19) = 

77.09, p < 0.0001) revealed under a repeated measures ANCOVA with age as the 

repeated independent variable and flux as the covariate, following testing the assumptions 

of normality and homogeneity of variance (p < 0.05). A Tukey’s HSD test revealed that 4 

week old juveniles differed from 1, 2 and 3 week old juveniles. 1 and 2 week old 

juveniles also differed from 3 week old juveniles.  



! ! !98!

! 
Figure 2.5. Clearance rates (CR) of Lampsilis siliquoidea versus algal flux. Each point 

represents the average CR (± standard error) taken at a given flux and the solid lines 

represent linear fits to the data (1 Week: CR = (0.11�0.01) flux + 0.43�0.06; n = 5, R2 

= 0.91, p = 0.011; 2 Week: CR = (0.16�0.03) flux + 0.34�0.11; n = 5, R2 = 0.88, p = 

0.016; 3 Week: CR = (0.19�0.03) flux + 0.53�0.12; n = 5, R2 = 0.90, p = 0.013; 4 

Week: CR = (0.16�0.04) flux + 1.50�0.16; n = 5, R2 = 0.78, p = 0.047). 

 

 

The clearance rates (CR) of L. fasciola also increased linearly with flux for all age groups 

(1 – 3 week old juveniles; Figure 2.6) similar to results seen in L. siliquoidea.  

Both age and flux had a significant effect on CR (Repeated measures ANCOVA, age: F 

(2, 14) = 53.08, p < 0.0001; covariate flux: F (4, 14) = 54.0, p < 0.0001) where a Tukey’s test 

revealed that all ages were significantly different from each other (Figure 2.6).  

4 Week: SL = 393 ± 4 µm 
3 Week: SL = 362 ± 4 µm 
2 Week: SL = 322 ± 3 µm 
1 Week: SL = 291 ± 1 µm 

mean ± SE 

CR : Fluorometer  
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Figure 2.6. Clearance rates (CR) of Lampsilis fasciola vs. algal flux. Each point 

represents the average CR (± standard error) taken at a given flux and the solid lines 

represent linear fits to the data (1 week old: CR = (0.16�0.03) flux + 0.03�0.02; n = 5, 

R2 = 0.94, p = 0.0050; 2 week old: CR = (0.25�0.03) flux + 0.11�0.04; n = 5, R2 = 

0.94, p = 0.0043; 3 week old: CR = (0.34�0.04) flux + 0.39�0.05; n = 5, R2 = 0.95, p = 

0.042).  

 

CR also differed between both Lampsilis species across all chamber velocities and no-

flow controls. Given the differences in sizes between both Lampsilis species (1 – 4 week 

old L. siliquoidea shell length = 291 – 393 µm; 1 – 3 week old L. fasciola shell length = 

285 – 350 µm), it was important to incorporate size into the ANCOVA as a covariate 

similar to methods performed in Chapter 1. Whereas the CR increased significantly for 

mean ± SE 

CR : Fluorometer  

3 Week: SL = 350 ± 4 µm 
2 Week: SL = 315 ± 3 µm 
1 Week: SL = 285 ± 2 µm 
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both species, L. siliquoidea had higher CR than L. fasciola (ANCOVA species: F(1, 34) =  

39.71, p < 0.0001; flux: F(4, 34) = 32.67, p < 0.0001; shell length: F(1, 34) =  106.03, p < 

0.0001; Figure 2.7).  

 

Figure 

2.7. Clearance rates (CR) of 1, 2 and 3 week old Lampsilis siliquoidea and Lampsilis 

fasciola versus algal flux. Each point represents the average CR (± standard error) taken 

at a given flux and the solid lines represent linear fits to the data.  

 

 

Supplemental Experiments Involving Ligumia nasuta and Villosa iris  

The clearance rates (CR) of V. iris, and L. nasuta increased monotonically with flux as 

observed in both L. siliquoidea and L. fasciola, with CRs shown to differ between all 4 

Week 1  

Week 2  

Week 3  
Week 1  
Week 2  

Week 3   

L. fasciola  
 
L. siliquoidea 

mean ± SE 

CR : Fluorometer  
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unionid species through pairwise differences (ANCOVA, species: F (3, 44) = 28.50, p < 

0.0001; flux: F (4, 44) = 50.83, p < 0.0001; shell length: F (1, 44) = 116.02, p < 0.0001). 

 

 
 
Figure 2.8. The clearance rates (CR) of Lampsilis siliquoidea (1 week old: 291 µm ±  

1.45), Lampsilis fasciola (1 week old: 285 µm ± 1.67), Villosa iris (2 week old: 373 µm 

± 1.70), and Ligumia nasuta (1 week old: 216 µm ± 2.38). Each point represents the 

average CR (± standard error) taken at a given flux and the solid lines represent linear fits 

to the data (L. siliquoidea: CR = (0.11�0.01) flux + 0.43�0.06; n = 5, R2 = 0.91, p = 

0.011; L. fasciola:  CR = (0.16�0.03) flux + 0.03�0.02; n = 5, R2 = 0.94, p = 0.0050; V. 

iris: CR = (0.50�0.08) flux + 0.68�0.1; n = 5, R2 = 0.90, p = 0.0086; L. nasuta: CR = 

(0.18�0.02) flux + 0.12�0.03; n = 5, R2 = 0.94, p = 0.0062) 

V. iris: SL = 373 ± 2 µm 
L. siliquoidea: SL = 291 ± 1 µm 
L. nasuta: SL = 216 ± 2 µm 
L. fasciola: SL = 285 ± 1 µm 

mean ± SE 

CR : Fluorometer  
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DISCUSSION 

 

Algal Flux and Unionid Feeding!

To my knowledge, this is the first study to examine the clearance rates of recently-

metamorphosed freshwater unionid mussels as well as the first to study the effects of 

algal flux on the CRs of juveniles.  The clearance rates (CR) of L. siliquoidea (1 – 4-week 

old juveniles) and L. fasciola (1 – 3-week old juveniles) increased with algal flux in a 

linear fashion across all age groups. L. siliquoidea cleared ≈ 2 × more suspended algae at 

high flux experiments compared with no-flux controls across all age groups, whereas L. 

fasciola cleared 3 × more suspended algae at high flux experiments compared with no-

flux controls across all age groups. Supplementary experiments performed on Villosa iris 

and Ligumia nasuta revealed a similar relationship, where both species cleared ≈ 3 × 

more suspended algae at high flux experiments compared with no-flux controls. The 

effects of flux on recently-metamorphosed juveniles are similar to relationships observed 

for adult freshwater mussels (Ackerman, 1999; Vanden Byllaardt and Ackerman 2014; 

Chapter 1) and a variety of adult marine bivalves (reviewed in Ackerman and Nishizaki 

2004).  

 

It is relevant to note that some preliminary CR experiments were undertaken on 8 week 

old L. fasciola (490 ± 6.12 µm) under a higher set of flux conditions than were used 

above (2.0 × 105 cells cm-2 s-1, 5.0 × 106 cells cm-2 s-1, 6.0 × 106 cells cm-2 s-1, and 8.0 × 

106 cells cm-2 s-1; Figure 2.9). Minimal differences in CR of 8 week old L. fasciola were 

observed from 0 to 6 × 106 cells cm-2 s-1, but CR declined at highest algal flux (8.0 × 106 
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cells m2 s-1).  It is likely that the CRs were saturated at the higher flux used in these 

experiments as was seen in Chapter 1. It is also possible that these juveniles experienced 

behavioral instabilities at the highest flux, which led to the reduction of CR similar to 

what has been observed in adult dreissenid and marine bivalves (Wildish and 

Kristmanson, 1997; Ackerman, 1999; Ackerman and Nishizaki 2004).  

 

 

 

Figure 2.9. The clearance rates (CR) of 8 week old Lampsilis fasciola (490 µm ± 6.12). 

Each point represents a single CR measurement taken at a given flux and the solid lines 

represent a quadratic fit to the dataset.  
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There are several reasons that may explain the relationship between the CRs of recently-

metamorphosed juveniles and algal flux. Juveniles create feeding currents through ciliary 

or muscular activity (pedal feeding) to bring particles within close range of their feeding 

apparatus (Loo et al., 1996). Therefore they are only able to feed if material is within 

close proximity of their feeding apparatus (Cahalan et al., 1989). Once they have used all 

material within such proximity they require the transport of particles to replenish their 

food supplies, and as such, food concentration and water velocity play a crucial role in 

the feeding abilities of recently transformed juvenile mussels (Cahalan et al., 1989). The 

flux used in this study was generated by changes in water velocity using a fixed food 

concentration (C. vulgaris: 1. 0 × 106 cell mL-1). The higher flux experiments increased 

rates of particle transport, which would have resulted in more food supplies available to 

juvenile mussels resulting in higher CR.  

 

The CR of both L. siliquoidea and L. fasciola increased with age, which is likely related 

to shell size. Larger sized (Shell Length (SL) = 393 ± 3.62 µm) L. siliquoidea juveniles 

cleared 1.5 × more suspended algae in the no flux controls and highest flux (2.0 × 106 

cells cm-2 s-1) compared to smaller sized juveniles (SL = 291 ± 1.45 µm). Whereas larger 

sized (SL = 350 ± 3.97 µm) L. fasciola juveniles cleared 3 × more suspended algae in the 

no flux controls but as much as 8 × more at highest flux (2.0 × 106 cells cm-2 s-1) 

compared with smaller sized juveniles (SL = 285 ± 1.67 µm). This relationship has been 

demonstrated in both freshwater and marine bivalves (Vanden Byllaardt and Ackerman, 

2014; Ackerman and Nishizaki, 2004), where the uptake of material (i.e. algae) increased 

with mussel size.  
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CRs observed in the current study were compared to those reported for marine and 

freshwater systems. Unfortunately because limited data exists for the CRs of recently- 

metamorphosed juveniles mussels in general, the CRs of larval bivalves were used.  Log 

transformed CRs increase linearly with shell size (Figure 2.10) where the shell size and 

CRs of larval bivalves were smaller in magnitude relative to the results for juvenile 

unionid mussels. This may also be related to the fact that the CRs of larval bivalves were 

based on free-swimming veliger larvae where suspension feeding is done via velum 

(MacIssac et al, 1992) rather than ctendia in juvenile mussels (Jones et al. 1990). 

Therefore differences in the early life stages of veliger larvae could account for lower 

observed CRs.  Regardless, it is relevant to note the effect of flux on CR.
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Figure 2.10. Comparison of the feeding abilities (Log CR) of Lampsilis siliquoidea, Lampsilis fasciola, Villosa iris, and Ligumia 

nasuta and those found in the literature based on shell size, whereas all comparable CRs were of marine and freshwater veliger larvae 

under static no-flow conditions. All juvenile mussel CRs of the current study were denoted solid symbols, with differences in no-flow 

controls (0 cm s-1) and highest fluxes (2.0 x 106 cells cm-2 s-1) represented by different colours. CRs of veliger larvae were denoted by 

non filled symbols consisting of marine Pinctada margaritifera1 (Black-lip Pearl Oyster; Doroudi et al. 2003), marine Ruditapes 

decussatus2 (Grooved carpet shell; Pérez-Camacho et al. 1994), marine Mercenaria mercenaria3 (Hard clam; Gallager et al. 1994), 

marine Mytilus edulis4 (Blue mussels; Riisgård et al. 1980), and freshwater Dreissena polymorpha5 (zebra mussels; Dionisio Pires et 

al. 2004). These studies measured shell length using a microscope with a graduated eyepiece similar to the current study. The 

relationship between CR and shell size was best fit using a linear model (R2 = 0.72).  
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Evidence for Niche Separation 

The results of this study provide some intriguing evidence for niche separation among 

four different unionid species, facilitated by hydrodynamics (Ackerman and Nishizaki, 

2004; Vanden Byllaardt and Ackerman, 2014). The feeding abilities of Lampsilis 

siliquoidea, Lampsilis fasciola, Villosa iris, and Ligumia nasuta differed among species 

based on flux and no-flux conditions, which is similar to observations shown in adult 

unionids when provided seston flux (Chapter 1) and Chlorella-spiked algal flux (Vanden 

Byllaardt and Ackerman, 2014). Both adult Lampsilis species have also been observed to 

partition algal species (centric diatoms) differently based on flux and no flux conditions 

(Chapter 1). Therefore, differences in feeding abilities of unionid mussels shown at both 

early and adult life stages could explain how species can co exists in the same habitat, 

and is suggestive of niche separation.  

 

Niche separation has been relatively unstudied with regards to bivalves. Several studies 

have outlined methods of studying niche separation among various species through the 

use of multiple discriminant analyses, whereas various ecological parameters (i.e., 

physical, chemical and biotic) have been used to describe species distributions (Schoener, 

1974). Because several environmental factors (i.e., organic content, particle size 

distribution, or pH levels) can contribute to a species habitat requirements it remains 

difficult to identify how exactly several species can occupy the same niche (Green, 

1971). Green (1971) was able to demonstrate that trophic factors among other ecological 

factors (physical or chemical) was the main source of species separation in 10 bivalve 

mollusc species. While feeding was not included as an ecological parameter, they 
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suggested that niche separation could also be due to species removing material differently 

based on particle size or organic content. Regarding the latter, the current study was able 

to demonstrate that CRs differed between species based on both seston flux (adult 

unionids) and Chlorella-spiked algal flux (recently metamorphosed juveniles). Similar 

observations have been observed between the CR abilities of various mussel species, and 

have been suggestive of niche separation (Ackerman and Nishizaki, 2004; Vanden 

Byllaardt and Ackerman, 2014). Adult unionids were also shown to selectively remove 

particles differently based on size and nutritional quality (Chapter 1)/. Further 

investigation of the selective feeding abilities of unionid mussels should be done in order 

to elaborate on results of the current study.  

 

Future Studies  

The current study was able to demonstrate that CRs of recently-metamorphosed juvenile 

mussels increased with increasing algal flux by exposing juveniles to increasing water 

velocities while maintaining a fixed food concentration. Questions may be raised as to 

how CRs would be affected by flux if food concentration was varied while keeping water 

velocity fixed. Cahalan et al. (1989) found that the CRs of juvenile bay scallops 

(Argopecten irradians) increased with food concentration, however these experiments 

were done under static conditions (beaker).  

 

Selective feeding has been examined in recently- metamorphosed V. iris juveniles 

through gut content analysis (Beck and Neves, 2003). They demonstrated that selective 

feeding was similar across recently-metamorphosed juvenile and adult Villosa iris. As 
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one of the first studies to examine selective feeding in juvenile mussels, they provided 

valuable knowledge on their habitat requirements. They did not however, account for the 

hydrodynamic properties that they would experience in their natural habitat whereas 

selective feeding was found to vary with flux in adult unionid mussels (Chapter 1). It 

would be interesting to examine if flux related difference in selective feeding also exist in 

juvenile mussels.  

 

 

CONCLUSION 

 

The current study is the first to examine the CRs of recently-metamorphosed juvenile 

unionids using a newly designed recirculating racetrack flow chamber to control for algal 

flux. The CR of all unionid species examined increased with algal flux supporting my 

hypothesis. This is consistent with results from adult unionid species found in lotic 

habitats (Vanden byllaardt and Ackerman, 2014; Chapter 1). Shell size was also shown to 

affect feeding with highest CR observed in larger sized juveniles, which was similar to 

other bivalve systems (Ackerman and Nishizaki, 2004). The feeding abilities of L. 

siliquoidea, L. fasciola, V. iris, and L. nasuta differed which can help explain how 

species can co-exist in the same habitat, suggestive of niche separation.   
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Appendix 2.1  

Measurements of the Water Velocity in the Racetrack Flow Chamber 

Preliminary tests were performed in order to determine racetrack chamber velocities. As 

mentioned previously, a 12-volt variable speed supply was geared to 100, 75, 50, and 

25% of the motor speed in the first four chambers with the last chamber being used as a 

no-flow control. Therefore it was important to find what speed dial control corresponded 

with the appropriate chamber velocities (0.5, 1.0, 1.5, and 2.0 cm s-1) that were chosen 

from pore water velocity measurements (see Methods). Polystyrene beads (200-300 µm; 

density: 1.06 g cm-3, Polysciences Inc, Pennsylvania USA) were tracked to determine the  

time it takes for a given particle to pass by a given section of the racetrack. The following 

equation was then used to compute chamber velocity: 

 

! = !
!                                                                     (2.5) 

 

where U is chamber velocity (cm s-1), D is the distance (cm) for a section of the 

racetrack, and t is the time it takes for a particle to pass by that given section.  

The first racetrack (geared to 100%) was placed under a dissecting microscope and filled 

with 25 mL of water. A 3.5 cm section of one of the working channels was marked, 

where a stopwatch was used to record the time it took for a given polystyrene bead to 

pass by that section of the racetrack. Approximately 1 – 5 beads were placed within the 

racetrack and the speed supply was turned on so that the paddle wheels began to 

recirculate chamber water. Chamber velocity was measured at different motor until the 

appropriate speed was found (2 cm s-1). After which the same method of measuring 
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chamber velocity was done for each subsequent racetrack under that given motor speed. 

For each racetrack, polystyrene bead measurements were undertaken 30 times and 

averaged to give an approximate chamber velocity (Figure A2.1).  

 

 

 
Figure A2.1. Chamber velocity measurements done using polystyrene beads for each 

racetrack flow chamber geared at 25, 50, 75, and 100%. Each bar represents the average 

chamber velocity for a given racetrack (mean ± standard error).  
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