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ABSTRACT 

Selective feeding of freshwater mussels: Implications for resource partitioning 

Katherine Tran                Advisor: Dr. J. D. Ackerman 

University of Guelph, 2017 

 

This study examined the feeding of three co-occurring freshwater mussel species in the 

Sydenham River at Florence, ON (a turbid river with over 25 unionid species), under static and 

ecologically relevant flow conditions. Experiments were designed to examine the change in algal 

composition (clearance rate and feeding electivity) following a feeding experiment in a 

recirculating flow chamber and an aerated tank to determine whether co-existing mussels feed 

selectively and/or partition algal resources. I hypothesized that mussel species found within the 

same reach of a river would feed differently and/or selectively on different algal taxa at different 

flow to limit competition for resources and therefore coexist. I found that the clearance rate was 

higher under flowing conditions across all the mussel species on natural seston from a turbid 

river. This was also found for specific algal taxa, which were identified using a flow cytometer, 

where higher feeding was observed on four of the nine algal taxa under flowing conditions. All 

three mussel species selected for larger particles within a 28-35 m size fraction, while rejecting 

smaller particles (12-19 m).  Jacob’s Modified Electivity index was calculated for each specific 

algal taxon, while mussels did not appear to partition resources by size, there was evidence that 

different mussel species are capable of selectively feeding on different algal species. This study 

suggests that the maintenance of mussel diversity within the same river may be facilitated by 

resource partitioning. 
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INTRODUCTION 

 

The Role of Unionid Mussels in Freshwater Ecosystems 

Freshwater unionid mussels are important components of freshwater ecosystems and serve as 

ecosystem engineers by fundamentally altering algal abundance and nutrient recycling (Vaughn 

and Hakenkamp, 2001; Haag, 2012). Their ability to clear large volumes of water influences the 

availability of nutrients in the water column through their excretion and biodeposition during 

feeding (Vaughn and Hakenkamp, 2001). Consequently, unionids stimulate productivity and thus 

increase food availability across trophic levels (Newell, 2004; Spooner and Vaughn, 2006; 

Vaughn et al., 2008; Haag, 2012). Aggregations of mussels can form beds that provide physical 

habitat for smaller benthic organisms (Haag, 2012; Vaughn et al., 2008; Strayer, 2008). Through 

their burrowing, mussels stabilize bottom substrates, increase the oxygen content of sediments 

through mixing, and release nutrients back into the water column (Haag, 2012, Vaughn and 

Hakenkamp, 2001). Mussel feeding and burrowing increases nutrient cycling and thus increases 

biodiversity (Haag, 2012).  

 

Current Threats to Mussel Populations  

North America has a diverse group of freshwater mussels with more than 300 species (Haag, 

2012). Unfortunately, the extinction and extirpation rates of mussels have increased in the last 

100 years with approximately 65% of species endangered and 30-40 taxa believed to have gone 

extinct (Haag 2012). Many factors have led to mussels being at risk including commercial shell 

harvest, habitat change, loss of suitable host fish, and invasive species (Hoftyzer et al., 2008; 

Strayer, 2008). Moreover, because freshwater mussels have limited mobility and tend to stay 



2 
 

within the same area throughout their life time, they are more susceptible to environmental 

changes, such as those caused by land-use change, habitat loss and threats from invasive species 

(Strayer, 2008; Hoftyzer et al., 2008; Hink et al., 2011). Thus, habitat degradation is one of the 

most important factors that have led to the current conservation status of mussels (Williams et 

al., 2011).  

 

Suspension Feeding   

Freshwater unionid mussels are suspension feeders that feed on a wide array of materials 

including suspended bacteria, fungal spores, dissolved organic matter, phytoplankton and 

detritus (Strayer, 2008; Haag, 2012). They are capable of consuming and digesting nutrient poor 

detrital particles using digestive-enzymes (Vaughn et al., 2008). This ability plays an important 

ecological role whereby they transform particulate organic matter into forms that are more 

readily available to other species, also known as a processing chain (Heard, 1994; Newell, 2004). 

This exerts a “bottom-up” effect by reducing the amount of particulate organic matter and 

transferring inorganic material to the sediment surface.  

 

Mussels feed by generating water currents using their cilia (on ctenidia) to bring a continuous 

supply of food inside the shell while removing waste through the exhalant siphon (Vaughn et al., 

2008). Cilia are arranged in pairs on the gill surface and the current they create draws particles 

through the inhalant siphon where they are captured on the laterofrontal cilia and transported to 

the medial gills (Galbraith et al., 2009; Haag, 2012). The complexity of the filaments on the 

laterofrontal cirri affects the particle-retention efficiency of the ctenidia, which facilitates particle 

sorting during feeding (Ward and Shumway, 2004). Food that eventually reaches the labial palp 
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is sorted for ingestion and released ultimately as waste through the exhalant siphon or rejected as 

pseudofeces (particles are surrounded by mucus) through the inhalant siphon before entering the 

digestive system (Nichols and Garling, 2000; Haag, 2012). The quantity as well as the quality of 

the seston (organic and inorganic matter in suspension) found within the water column may 

affect the suspension feeding of freshwater mussels. High concentrations of suspended material 

in the water may reduce bivalve suspension feeding rates due to clogging of their gills, leading to 

the production of pseudofeces (Winter, 1978; Hornbach et al., 1984; Foe and Knight, 1985; 

Sprung and Rose, 1988; Tuttle-Raycraft et al., 2017). Unionids vary in their ability to sort 

particles through adaptations such as gill morphology, variable cilia spacing and laterofrontal 

cilia complexity and through pedal and deposit feeding (Ward and Shumway, 2004; Haag, 2012). 

 

Coexistence of Species and Resource Partitioning 

Competition is one of the strongest species interactions that occur between individuals when they 

share a common resource that is limiting within the environment (Holomuzki et al., 2010). 

Competition has a negative impact on the individual’s fitness and affects the overall population 

dynamics (Blanchet et al., 2007). Intraspecific interactions occur between individuals of the 

same species where they limit their own population growth and interspecific interactions occur 

between two or more species (Lang and Benbow, 2013). In mussel populations, exploitative 

competition occurs where individuals compete indirectly for a shared resource and limit the 

amount of resources available for other individuals, which can occur within the same species or 

across other species (Holomuzki et al., 2010; Lang and Benbow, 2013). Species competing with 

one another for a limiting resource may face extinction if they are out-competed by a superior 

competitor (Gause, 1934). This is known as competitive exclusion.  Conversely, coexistence may 
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occur when a stable equilibrium is met that allows species to coexist with one another where 

intraspecific competition is stronger than interspecific competition and the species inhibit their 

own population growth (Hardin, 1960). 

Mussels are found in dense multispecies aggregations where they feed on resources within the 

same water column, which is a phenomenon that does not typically occur in other organisms.  

Baker and Levinton (2003) suggested that exploitative competition exists between invasive 

Dreissena polymorpha and three native unionid species using cultured algae under static 

conditions.  According to Gause’s principle (1934), no two species can occupy the same niche 

unless they partition their resources. Interestingly, a number of studies have found that mussels 

feed selectively based on particle size and quality (Dionisio Pires et al., 2004; Mistry, 2015; 

Shumway et al., 1985). For example, Dionisio Pires et al. (2004) used cultured algae to examine 

the feeding of zebra mussels under static no flow conditions using flow cytometry. They grouped 

the particles in suspension into size fractions (0-1, 1-3, 3-10, 10-30, and 30-100 m) and found 

that mussels fed at higher rates on the smallest and largest sized particles (Dionisio Pires et al., 

2004).  Similar results have been found across a number of studies (Baker and Levinton, 2003; 

Dionisio Pires et al., 2004; Atkinson et al., 2011), which suggests that mussels feed selectively 

based on particle size. Although the findings have been consistent using both cultured algae and 

natural seston, a limitation is that these experiments were conducted under static (not flowing) 

conditions – a situation that does not account for the hydrodynamic properties that mussels 

experience in their natural habitat (see below). It would be interesting to understand how unionid 

mussels coexist in such close proximity in nature without competitively excluding one another.  

Electivity indices are used to determine which types of food are preferred in a species’ diet and 

which are avoided or consumed at random (Lechowicz, 1982). This type of index utilizes the 
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types of food that are found within the environment (p) and compares it to the proportion that is 

within a species’ diet (r) to determine what the species prefer (Lechowicz, 1982). If the relative 

proportion of food found in the diet is the same as the proportion that is found within the 

environment (r = p) then the species is choosing food types at random and consumes food based 

on the proportion found in the environment. Algal taxa that are consumed in different 

proportions by a mussel species would indicate selectivity. The presence of differing selectivity 

of algal species would indicate that there may potentially be resource partitioning occurring 

amongst mussel species.  

In previous studies, Ivlev’s index and the forage ratio have most often been used to measure the 

food selectivity of species but these types of measurements have been shown to be significantly 

biased (Strauss, 1979). Ivlev’s electivity index has a high sampling error when estimating low 

levels of food consumption and requires large sample sizes for accurate estimations of selection 

(Lechowicz, 1982). A stochastic analysis conducted on these indices has shown that it results in 

a significantly skewed and highly kurtotic distribution when the sample sizes are unequal 

(Strauss, 1979). It also results in a high sampling error when estimating low levels of food and 

requires large sample sizes to calculate accurate estimates of food availability and utilization 

(Lechowicz, 1982). When using the Ivlev’s foraging ratio index, the estimates may vary 

depending on the shape of the particles, which results in bias and poor estimates as well 

(Vanderploeg and Scavie, 1979, Lechowicz, 1982).  

A more suitable index to measure prey selection is Jacob’s Modified Electivity (D), which is 

independent of relative food abundance and is less sensitive to sampling errors for rare species 

compared to Ivlev’s index (Lechowicz, 1982). Jacob’s Modified Electivity Index looks at the 

relative quantity of food item in the digestive track and compares it to the relative quantity of the 
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food item found within the environment. Recent literature analyzing the selective feeding of 

freshwater mussels has used the Jacob’s Modified Electivity index to analyze mussel feeding on 

different algae species (Baker and Levinton, 2003, Rosa et al., 2013, Rosa et al., 2017). 

Unfortunately, this electivity index is only able to calculate the selective feeding for two food 

types, so using a similar approach to Ten Winkel and Davids (1982), all other food types were 

grouped together when looking at a specific food type (Ten Winkel and Davids, 1982). This 

technique has been used to examine feeding in freshwater mussels (Baker and Levinton, 2003, 

Rosa et al., 2013, Rosa et al., 2017).  

 

Unionid Feeding Under Flowing Conditions 

A number of studies have examined the feeding of unionid mussels to provide a better 

understanding of their dietary requirements and to determine how species coexist within the 

same reach of a river. Clearance rate (CR) is the amount of material removed from a volume of 

water per mussel per unit of time (L mussel
-1 

hr
-1

) (Coughlan, 1969). There have been a number 

of studies that have analyzed the CR of unionid mussels to determine their feeding requirements 

(i.e., Baker and Levinton, 2003; Dionisio Pires et al., 2004; Atkinson et al., 2011; Vanden 

Byllaardt and Ackerman 2014).  Most of these studies were conducted under static or no-flow 

conditions in aquaria and as such did not account for the hydrodynamic conditions that mussels 

are exposed to in nature, especially in lotic systems where unionid bivalves cleared 6-20 times 

more water than lentic unionids (Silverman et al., 1997). Moreover, Vanden Byllaardt and 

Ackerman (2014) found that unionids exposed to high algal flux (J) conditions (J = UC where U 

is velocity and C is concentration of algae) in laboratory flow chambers had CR that were on 

average 20 times greater than the CR under no flux conditions. 
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Vanden Byllaardt and Ackerman (2014) examined the effect of algal flux on the CR of mussels 

using an artificial diet consisting of lab-cultured Chlorella suspended in well water and 

determined that CR differed among mussel species and between populations of the same species. 

As indicated above, the CR of mussels increased when they were exposed to higher algal flux 

and different mussel species found within the same river also differed. For example, the CR of 

Elliptio dilatata from the Grand River, ON was four times greater than all other species and its 

conspecifics from the Ausable River, ON, suggesting there may be differences in gill structure 

(indicated by Silverman et al., 1997) or behaviour in response to the different levels of algal flux 

(Vanden Byllaardt and Ackerman, 2014). The difference in feeding rates may indicate resource 

partitioning in the sense that mussel species may have become specialized to feeding at different 

velocities. However, such studies examine the feeding of mussels using one algal species 

cultured in the laboratory, which is not representative of what mussels are exposed to in natural 

habitats. For example, Dionisio Pires et al. (2004) found that the selective feeding of zebra 

mussels differed when using simple mixtures of cultured algae compared to natural seston. Using 

natural seston from the river reach would provide more relevant information pertaining to the 

coexistence of species in the same habitat. For example, it will provide further insight on the 

resource partitioning of algae found in the river and how it may reduce niche overlap. 

More recently, Mistry (2015) examined how the CR varied for two Lampsilis species exposed to 

river water under flowing conditions in a flow chamber. He determined that CR increased 

linearly as a function of water velocity, but non-linearly when the concentration of seston was 

included as the algal flux, indicative of saturation of CR at high flux. Both L. fasciola and L. 

siliquoidea had higher CR for larger particles than smaller particles at high algal flux. Further 

examination of the feeding on each individual algal taxa via imaging flow cytometry analysis 
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revealed differences between L. fasciola and L. siliquoidea in their respective CR of 

Stephanodiscus, a centric diatom. Specifically, the CR of Stephanodiscus by L. fasciola declined 

with increasing algal flux whereas it increased for L. siliquoidea. Such a difference suggests 

differential resource use and perhaps resource partitioning, however it should be noted that the 

two species were collected from the same river system but not sympatrically within the same 

reach. Moreover, the composition of the seston obtained from their collection sites also differed. 

For resource partitioning to be demonstrated definitively, sympatric mussel species collected 

from within the same river reach should be tested using river water obtained from their collection 

site. This will provide a further insight on the selective feeding strategies of unionid species that 

coexist within the same habitat when exposed to the same algal composition as their natural 

habitat. It would be reasonable to conclude, therefore, that although there have been numerous 

studies on the CR of unionid mussels, there is still an outstanding question (1) is there selective 

feeding of mussels within the same reach of a river under ecologically relevant flowing 

conditions using natural seston?  

 

Total Suspended Solids on the Feeding of Bivalves 

Although many studies have examined the feeding of bivalves in clear river systems, it is 

important to examine the effects in rivers with high concentration of total suspended solids 

(TSS). TSS can be composed of organic or inorganic material (Gascho Landis et al., 2013) and 

occurs naturally in aquatic systems such as erosions, which has increased due to land-use change 

and flow regulations by dams (Donohue and Molinos, 2009; Elbrecht et al., 2016; Wood and 

Armitage, 1997). High concentrations of TSS have been found to reduce the feeding rates of 

unionids (Gascho Landis et al., 2013; Tuttle-Raycraft et al., 2017). A study conducted on marine 
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bivalves found that high concentration of material in the water reduces the filtration rate of 

bivalves by increasing the amount of material rejected as pseudofaeces (Foster-Smith, 1975). 

Studies of the effect of TSS on the feeding of freshwater mussels have found similar results 

where high concentrations of TSS inhibited the feeding of the mussels and caused a decrease in 

the CR under static conditions (see review in Tuttle-Raycraft et al., 2017). Although the results 

are interesting, the experiments were conducted using controlled concentrations of TSS under 

static conditions, rather than under ecologically relevant flowing conditions. This raises another 

outstanding question of (2) whether mussels selectively feed under turbid flowing conditions 

using natural seston?  

 

Hypothesis 1: 

The clearance rates (CR) of mussel species will vary under different flow conditions through 

their ability to process particles at different rates potentially due to differences in gill structure. 

 

Prediction 

Under flowing conditions, the CR of mussel species will increase at different magnitudes as the 

supply of algal particles increases. 

 

Hypothesis 2: 

Mussel species found within the same reach of a river feed selectively on different algal taxa at 

different rates through resource partitioning to limit competition for resources. 
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Prediction 

The CR of sympatrically occurring mussel species feeding on natural river seston, will 

demonstrate different size-specific and/or algal-specific clearance rates. 

 

MATERIALS AND METHODS 

Mussel Collection 

Mussels were collected within the same reach of the Sydenham River at Florence, ON 

(42.65045, -82.0087) (see Figure 1). All mussels were collected on June 15
th

, 2016 with the help 

of the DFO (Fisheries and Oceans Canada) mussel workshop identification team as well as the 

Ackerman lab.  

 

  

Figure 1 The Florence Site of the Sydenham River, Ontario (42.65045, -82.0087) looking (A) 

downstream and (B) upstream of mussel collection site where water collection, water chemistry 

and river velocity were measured. 

 

Three closely related species within the subfamily Ambleminae were selected for this study: two 

species from the tribe Lampsilini: (1) Potamilus alatus (Pink Heelsplitter; n = 24) a common 

A B 
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species; (2) Ptychobranchus fasciolaris (Kidneyshell; n = 23) an endangered species (Species at 

Risk Public Registry 2013); and a species within the tribe Quadrulini (3) Quadrula quadrula 

(Mapleleaf; n = 24) a threatened species (Species at Risk Public Registry 2016). Two pairs of 

empty shells of each species were also collected to be used for the no-mussel control 

experiments to account for any seston loss not due to suspension feeding.  

Gravid females have been found to have significantly lower CR than non-gravid females due to 

the loss of gill area required for brooding larvae (Tankersley and Dimock, 1993). Thus, efforts 

were made to collect non-gravid females and males as their CR and particle retention were found 

to be almost identical during female non-brooding periods (Tankersley and Dimock, 1993). In 

this thesis, however, it was not possible to resolve between male and non-gravid female mussels 

because the species of interest are not sexually dimorphic. Non-gravidity was verified at the time 

of mussel collection as well as on 29 June 2016 following the discovery of Q. quadrula 

conglutinates a week early (consequently it is difficult to determine gravidity in this species). 

The shell length (SL), width and height were measured to obtain relatively similar sized 

individuals (SL = 7-13 cm, Table 1). 

All mussels that met the requirements were collected and placed in a cooler that was filled 1/3 

with sediments from the collection location and Sydenham river water that was collected at 50% 

depth. The cooler was aerated and transported to the Hagen Aqualab at the University of Guelph 

where they were maintained before returning to their collection site. 
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Table 1 A summary of the average shell measurements for the mussels that were collected: 

Ptychobranchus fasciolaris, Quadrula quadrula and Potamilus alatus (mean ± standard error). 

Shell 

Measurement 

Ptychobranchus 

fasciolaris 

(n = 23) 

Quadrula quadrula 

(n = 24) 

 Potamilus alatus 

(n = 24) 

Length (cm) 8.10 ± 0.18 8.05 ± 0.16 11.27 ± 0.31 

Width (cm) 2.25 ± 0.09 3.31 ± 0.08  4.08 ± 0.11 

Height (cm) 4.50 ± 0.09 6.25 ± 0.10  8.17 ± 0.17 

 

Mussel Care 

Mussels were kept in the aerated coolers, containing sediment and river water in a climate-

controlled room (18°C) for two days. Once mussels acclimated to the room temperature, they 

were carefully scrubbed and shells etched for identification purposes. Mussel species at risk (P. 

fasciolaris and Q. quadrula) were etched with a unique number followed by the year in which 

the mussel was collected (i.e. 1-16 indicated specimen 1 collected in 2016), where mussels that 

already had an etch marking was not re-etched (i.e. 3-06 indicated specimen 3 collected in 2006). 

No specific protocol was needed for the etching of common species (P. alatus), so they were 

etched by the letter ‘A’ followed by a unique number corresponding to the individual number 

(i.e. A1, A2 …etc.). Mussels were transferred into 60-L flow-through holding tanks that were 

filled with autoclaved sediments (10 cm depth of sediment) from their native site, allowing them 

to burrow, and the tanks were filled with natural river water. These holding tanks were 

transitioned from using river water to well water through a drip system that changed the water 

within the tank once per day. Mussels were fed a mixture of preserved Phyaeodactylum 
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tricornutum and Nanochloropsis limnetica (Nanno 3600 and Shellfish Diet, Reed Mariculture 

Inc., CA) daily approximately 4 × 10
9
 cells L

-1
, similar to previous experiments involving mussel 

care (Vanden Byllaardt and Ackerman, 2014; Mistry, 2015). They were kept in a climate-

controlled room of 18 °C at a 12 hour photoperiod and monitored twice daily to ensure their 

health and well being. Prior to feeding experiments, mussels were transferred into 60-L plastic 

isolation containers of well water and autoclaved sediments under lab conditions for three days 

prior to experimental use. These mussels were not fed for three days before an experiment as 

done in previous feeding studies to ensure they would feed during experimental trials 

(Ackerman, 1999; Vanden Byllaardt and Ackerman, 2014).  

 

Field Conditions 

The Florence site was examined during 14 visits between June and September 2016 to determine 

the physical and chemical characteristics of the Sydenham River. Water velocity was measured 

at 40% water depth to obtain a free stream velocity according to the velocity profile model 

(Gordon et al., 2004) using a propeller current meter (Swoffer Model 2100). A multiparameter 

probe (YSI QS600; Yellow Springs Instruments, Yellow Springs, OH, U.S.A.) was used to 

measure pH, temperature and dissolved oxygen in the river at a depth of 50% (Figure 3).  Other 

water quality data were analyzed using a Hach kit, including TSS (total suspended solids) and 

common limiting nutrients in rivers, namely total phosphate and dissolved inorganic nitrogen 

(Keck and Lepori, 2012), which are also important determinants of benthic invertebrate 

communities in the Sydenham River (Metcalfe-Smith, J. L., Maio, J. D., Staton, S. K. and De 

Solla, S. R., 2003). Water was collected using an opaque Nalgene bottle (250 mL) to examine 
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the change in nitrite, nitrate, total phosphorous and ammonia concentration in the Sydenham 

River through time.  

 

Experimental Design - Overview 

In order to test my predictions, I conducted a series of feeding experiments on three mussel 

species under no flow (in an aerated tank) and flow (in a recirculating flow chamber at a velocity 

of 30 cm s
-1

) using water collected from the Sydenham River at the Florence site. Water was 

collected on a weekly basis from the Sydenham River and stored in a climate-controlled room at 

18 °C at the University of Guelph. This allowed the water temperature to acclimate to room 

temperature before using it the following day for feeding experiments. Each experimental trial 

and control took approximately four hours (1 hour to run + 30 minute setup + 30 minute clean up 

× 2 (experimental + control trials)) to complete using the flow chamber. A total of 20 individuals 

were needed for each mussel species to complete five replicates of feeding experiments using 2 

mussels per experimental trial × 2 treatments. Control experiments were run using two pairs of 

empty mussel shells. 

Water samples were collected at the start and end of each experiment to analyze the change in 

particle concentration and algal composition. The fluorescence of the water samples were 

measured in a Turner Designs 10 AU field fluorometer. The samples were then diluted by 50% 

with hydropure water and a volume of 5.3 mL of water sample was run through an imaging flow 

cytometer (FlowCAM, Model VS Series, Fluid Imaging Technologies, Maine, USA), which took 

approximately two hours to complete. There were a total of 120 water samples (3 species × 2 

flow conditions (no flow and flow) × 2 (experiment and control) × 2 (t0 and t60) × 5 replicates) 

that were analyzed using the FlowCAM to determine the change in algal composition in the 
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water following feeding. Size fraction analysis via the flow cytometer was used to determine 

feeding rates on particles between 4 to 35 m. The mussel CR was calculated for all the common 

algal taxa identified from images taken by the FlowCAM and was compared among the three 

mussel species to determine possible resource partitioning. The electivity was also calculated 

using Jacob’s Modified Electivity Index to determine the preferential selection and avoidance of 

algal taxa by each mussel species. 

 

Water Collection 

Water was collected once a week upstream of the mussel collection site (Figure 1) at mid depth 

using opaque plastic water containers (23 L) that limited light penetration and hence limited 

algae growth. A total of six containers were collected each week (14.5 L per trial + control), 

enough to complete one replicate of one treatment for all three species. This ensured that all 

water samples were examined within one week of river water collection to prevent change in 

algae composition. Water collection did not occur following a rainfall event, which was 

monitored using hydrometric data from Environmental Canada (Water Office, 2016), to limit the 

influence of material entrained in runoff etc. All water collected was transported to the Hagen 

Aqualab and stored in a climate controlled room before it was used for the recirculating flow 

chamber (14.5 L) during CR experiments and no flow aerated tank (8 L) the following day.  

River water used for each experimental treatment was collected one week apart, thus the algal 

composition of the river water used in the experiment may have differed. This potential 

limitation in the design did not permit the direct comparison of the effect of flow (no flow and 

flow) using the same river water collection (i.e., from the same day). Consequently, a small 

experiment was undertaken in which both no flow and flow treatments were conducted using the 
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same water (i.e., within one week). For this experiment, a total of 12 individuals of P. fasciolaris 

were used to complete three replicates of both flow and no flow experiments. Nine mussels were 

reused from the main experiment but these were exposed to the opposite experimental treatments 

in the mini experiment (Appendix 1.3).  

 

Recirculating Flow Chamber 

Flow experiments were conducted in a 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 water entrance; Figure 2) using 14.5 L of river water from their natural habitat. Two 

mussels were placed within the sediment chamber (filled with autoclaved sediment collected at 

the Florence site) so that only 1 cm of their shells extended from the sediment surface with the 

siphon facing towards the flow (similar to how they are found in nature). Individual mussels 

were randomly assigned to different treatment groups within a replicate using a random block 

design.  

 

Figure 2 Scale drawing of the recirculating flow chamber that was used for the flow CR 

experiments (from Mistry, 2015).  
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The recirculating flow chamber generated the water velocity needed to examine how river 

conditions affect the CR of species. The flow chamber was run at a velocity of 30 cm
 
s

-1
, which 

was determined using an Acoustic Doppler Velocimeter (Vectrino ADV; Nortek, Norway).
  
This 

velocity corresponded to the average velocity measured at the site during the summer in 2015 

(i.e., 29.5 ± 2.3 cm s
-1

, n = 3). All experimental and no-mussel control trials (paired mussel 

shells) were undertaken on the same day to minimize any differences in the river water used. 

Different individual mussels were used for each trial for the feeding experiments. Experimental 

trials began once the mussels began to feed (when they appear to gape) or within a 15 minute 

acclimation period and they were monitored regularly. 

Experiments were run for one hour and 20 mL water samples were collected upstream of the 

mussel chamber at the beginning and end of each experiment (t0 and t60). In addition, 10 mL of 

water was collected every 15 minute during the experiment to measure the Chlorophyll a 

concentrations in a calibrated fluorometer (Turner Designs 10AU) (see equation (1)). The change 

in Chlorophyll a concentrations (C) was used to calculate the CR of each feeding experiment 

given by 

 

CR = 
𝑉𝑜𝑙

𝑁𝑡
(ln

𝐶𝐼𝑛𝑖𝑡𝑖𝑎𝑙

𝐶𝐹𝑖𝑛𝑎𝑙
− ln

𝐶𝑐𝑡𝑟𝑙 𝐼𝑛𝑖𝑡𝑖𝑎𝑙

𝐶𝑐𝑡𝑟𝑙 𝐹𝑖𝑛𝑎𝑙
)                                                             (1) 

 

where Vol is the volume of the chamber/tank (14.5 L for flow chamber and 8 L for aerated tank), 

N is the number of mussels used per experimental trial (2), t is the time (1 hr), and CInitial and 

Cfinal are the concentration of Chlorophyll a at t0 and t60 in experimental trials and CctrlInitial and 

Ccrtrlfinal  are the respective values for no-mussel control (two pair of empty shells) trials to 

account for any seston loss from settling (Coughlan, 1969). It is important to note that the CR 
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equation (1) consists of two independent measurements; a mussel feeding factor (CInitial /Cfinal) 

and a no-mussel control factor (CctrlInitial /Cctrlfinal). The strength of the feeding component was 

assessed using the r
2 

of the relationship between the ln CR and time. The assumptions of equation 

(1) are that: (1) reduction in concentration of particles is due to animal filtration or particle 

settling; (2) animal pumping rate is constant; (3) particle retention efficiency is 100%; and (4) 

particle suspension is homogeneous (Coughlan, 1969). 

No Flow Tanks 

Aerated tanks were used to measure the CR of mussels under static no flow conditions. Similar 

to the recirculating flow chamber experiments, two mussels were selected at random and placed 

in a 20 × 40 × 20 cm (8 L) glass tank with an airstone. A control experiment was run 

simultaneously in a second tank using two pairs of empty mussel shells. Experiments began once 

the mussels were gaped (or following a 15 acclimation period) and were run for 60 minutes. 

Mussel feeding was examined during these no flow conditions at the start (t0) and end (t60) of the 

experiment by taking 20 mL subsamples near the opening of the mussels. Similar to the 

recirculating flow chamber, 10 mL water samples were also collected throughout the experiment 

to calculate the CR using equation (1). 

 

Flow Cytometer Techniques 

A flow cytometer was used to examine the change in the composition of suspended particles 

following mussel feeding (Dionisio Pires et al., 2004; Atkinson et al., 2011). In this case, 

imaging flow cytometry, which is a particle imaging technique used to image the particles 

passing through the flow cell (Fluid Imaging Technologies, 2012), was used to identify the algal 

taxa (to the genus level when possible) within water samples to ascertain the removal by 
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freshwater mussels. Subsamples collected at the start and end of each experimental trial were 

examined using the FlowCAM Trigger mode, which uses a laser light (488 nm) to excite 

Chlorophyll-containing particles. The fluorescence triggered the camera to image particles in the 

flow path and gave quantitative measures of each particle. 

Algal particles were examined under 20 × objective magnification using FlowCAM Trigger 

mode before and after feeding experiments to determine mussel CR. This magnification targets 

particles between ~4 and 50 μm. The former value is the accepted value for 100% retention 

efficiency for bivalves (Cranford et al., 2011) and the later represents the limit due to the 

magnification and the fact that water was sieved using a 35 µm mesh filter before use in the 

FlowCAM to prevent clogging of the flow cell.  This approach included 14 of the 16 algal taxa 

that were found using the 10× objective magnification during preliminary studies in 2015 (see 

Appendix 1.3). A total of 144 water samples from the main and mini experiments were run 

through the flow cytometer (12 samples per replicate for each treatment). Water samples were 

diluted by 50% to obtain an imaging efficiency of approximately 1.5 particles per used image
 

and the sample size was chosen to obtain an abundance of > 15 cells for each algal taxa 

(sufficient to compare CR among different algal taxa and to determine feeding). The flow 

cytometer ran each water sample at a speed of 0.050 mL min
-1 

for approximately 120 minutes.  

The images captured were monitored throughout the entire sample to ensure no particles were 

clogged during the sampling period and particles did not adhere to the side of the flow cell. 

Following each sample, the excess water was discarded and pumped out of the system. Windex 

(S. C. Johnson, Racine, USA) was used to remove any residual particles followed by hydropure 

to flush the flow cell. 
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Flow Cytometer Analysis 

The flow cytometer collected quantitative measurements of algal particles that passed through 

the flow cell using the VisualSpreadsheets Version 3.2 particle property fields. All detrital 

particles and nonfluorescent material (i.e., particles that were not green in colour or were clearly 

detrital in nature) were removed from the analyses by manually deleting the images in the 

VisualSpreadsheets files. Preset filters were used to sort the particles into 1-m size bins ranging 

from 4 m to 35 m. These data were used to determine CR for each 1-m size bin via Equation 

(1).  In 2.5% of the cases, the particle count of the control value at t = 60 min had up to four 

more particles than the count at t = 0 (note that on average >2900 ± 397 particles were counted at 

a particular time). I assumed this to be a sampling error (i.e., differences that can occur when 

measuring multiple subsamples) in the no-mussel control and set the difference to zero. 

Statistical analysis could not be undertaken on the 1-m size fractions due to violations of 

statistical assumptions, which was also the case when the data were averaged into 2-m size 

bins. The particles were, therefore, averaged over 8-m bins (i.e., 4-11, 12-19, 20-7, and 28-35 

m) for the analysis of size (see below).  

A library of algal taxa (Table 2) developed in the laboratory allowed me to determine the CR for 

specific algal taxa identified in the water samples from the Florence site on the Sydenham River. 

Pre-defined parameters measured by the VisualSpreadsheet program were used to classify 

particles based on fluorescence as well as the following morphological features: (1)  CH1 peak is 

the peak fluorescence value; (2) Equivalent Spherical Diameter (ESD) is the mean feret 

measurement calculated based on 36 sample measurements conducted every 5°; (3) Particle 

length is the maximum linear dimension of a particle; (4) Particle width is the minimum linear 

dimension of a particle; and (5) Volume ESD is the sphere volume calculated using the ESD 
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diameter (Fluid Imaging Technologies, 2012). The CR was calculated using equation (1) for each 

of nine algal taxa that were found in high abundance across all the river seston samples. In this 

case, C was based on the concentration of algal taxa (number counted per volume analyzed in the 

flow cytometer) measured at time 0 and time 60 min. 

Table 2 Algal taxa identified from the Sydenham River using flow cytometry with the average 

properties (μm). Algal taxa that are bolded were used in the feeding rate study involving three 

mussel species. 

Taxon Flow 

Cytometry 

Images 

CH1 

peak 

Diameter 

ESD 

Length Width Volume 

ESD 

Cyanobacterium 

sp.  
87.15 4.50 4.78 4.14 48.84 

Navicula 

(Diatom) 

 120.52 22.65 32.7 7.51 6576.17 

Melosira 

(Diatom) 

 

       
107.58 

           
31.04 

         
37.34 

         
16.88 16113.73 

Large centric Diatom 

 170.12 9.42 10.12 8.53 465.63 

Small centric diatom 

 161.08 4.93 5.50 4.19 66.92 

Chrysophyte sp. 

 207.07 9.14 10.84 7.09 593.40 

Cryptomonas 

(Cryptomonad) 

 184.13 16.93 22.22 9.96 2705.10 

Euglena sp. 1 

(Euglenid) 
 140.94 17.29 24.20 9.10 2745.81 

Euglena sp. 2 

(Euglenid) 

 133.29 29.19 42.01 12.22 16734.10 
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Chlorella 

(Green Algae) 

 132.39 5.23 5.88 4.27 79.09 

Westella 

(Green Algae) 

 144.57 16.23 18.76 12.61 3010.97 

Desmodesmus 

(Green Algae) 

 121.54 12.81 15.63 7.41 1490.04 

Chloromonas 

(Green Algae) 

 155.88 8.27 8.77 7.69 310.81 

Chlorophyte 

sp. 

 113.66 5.04 5.28 4.75 73.12 

 

The relative abundance of the algal taxa was calculated by determining the total particle count 

for each algal taxon, and dividing that value by the total number of algal particles found within 

each sample and multiplying by 100%. This was done for all water samples collected at the start 

of each feeding experiments (t0) across all mussel species for both treatments, each containing 

five samples (five replicates) and the average relative abundance was determined (± the standard 

error across all 30 samples). The relative biovolume was calculated by first determining the 

average ESD volume for 30 particles using the flow cytometer (based on height, width and 

depth). The volume for each alga was multiplied by the average relative abundance to determine 

the relative biovolume. 

 

Electivity 

Jacob’s Modified Electivity Index (D) was determined using 

 

 𝐷𝑖 =
𝑟𝑖−𝑝𝑖

(𝑟𝑖 + 𝑝𝑖)−2 (𝑟𝑖 × 𝑝𝑖)
       (2) 
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where ri is the relative quantity of food item in the digestive track (removed from the water) and 

pi is the relative quantity of the food item found within the environment (pi). The value ranges 

from -1 to +1 with negative values indicating avoidance, positive values indicating preference, 

and 0 indicating random feeding. This electivity index was applied to the size fraction data as 

well as the specific algal taxon.  The relative proportion of food items within the environment 

(pi) was determined from the particle counts at t0 obtained from the flow cytometer, and r was 

determined from those at t60 assuming that all particles cleared from the water were ingested (i.e., 

within the digestive track; ri). Jacob’s Modified Electivity Index was determined for all three 

mussel species under both flow treatments. 

  

Statistical analysis 

The data were analyzed using an Analysis of Covariance (ANCOVA) run as a generalized linear 

mixed model (GLIMMIX) to test whether independent variables (mussel species, algal taxa, size 

fraction and treatment) and covariate (shell length and initial particle count) had an effect on the 

clearance rate and electivity (dependent variables), which were analysed separately. In cases 

where the covariate was not significant, it was removed from the analysis. The assumption of 

homogeneity of variance was tested using the Levene’s Test and the assumption of normality 

was examined using the Shapiro-Wilk Test. In cases where the assumptions were violated, the 

data were transformed to meet the assumptions of the statistical model. When transformations 

were not sufficient to meet the assumptions of homogeneity of variance, the Kenward-Rogers 

Degrees of freedom approximation was used to adjust for the variance (Bowley, 2015). In cases 

where the assumption of normality was violated, the data set was assumed to be non-Gaussian 

and a different distribution and link function was used to fit the data set; the model with the 
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lowest likelihood ratio test was used. When fixed effects were significant, a Tukey’s HSD Test 

was used to examine which of the pairwise comparisons were significant. The data were split 

amongst the fixed effects (mussel species, algal taxa, treatment) when an interaction effect was 

found to be significant when looking at the pairwise interactions of interest and to prevent over 

adjusting for the data (Bowley, 2015).  

A three-way ANOVA test was used to analyze the effects of (1) treatment, (2) size fraction and 

(3) mussel species along with the three-way and two-way interacting effects. An exponential 

transformation was used to fit the assumptions of normality and homogeneity of error (p < 0.05). 

There were three cases where a three-way ANOVA could not be run because the assumptions 

could not be met. In these cases (CR for size fraction analysis, CR and feeding electivity for 

specific algal taxa analysis), separate 2-way ANOVAs for all combinations of factors were ran 

separately for each mussel species as well as for each separate size fraction/algal taxa to compare 

the feeding among mussel species. All statistical analyses were conducted in the SAS Studio 

University Edition version 9.1 (SAS Institute Inc). A significance of  = 0.05 was used 

throughout this study. 

RESULTS 

 

Field Conditions 

The Sydenham River at the Florence site had an average velocity of 33.2 ± 2.2 cm s
-1

 and an 

average depth of 39.5 ± 1.4 cm during 2016 (29.5 ± 2.3 cm and 25.8 ± 1.1 cm, respectively in 

2015; see Appendix 1.1). Water quality data were collected on a weekly basis from June 15 to 

September 19, 2016 (i.e., 14 observations; Figure 3). The water temperature varied throughout 

the sampling period from 20.7 °C to a high of 25.2 °C and then a reduction to 19 °C by the end of 
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the sampling period. There was no consistent pattern in the dissolved oxygen concentration 

throughout the sampling period, which was supersaturated (118 ± 5 % saturation). Conversely, 

pH increased from 8.41 at the start of the sampling period by ~9 % to 9.18. The opposite trend 

was seen in the water level of the Florence site based on the hydrometric data obtained from 

Environmental Canada (Water Office, 2016) where the water level gradually decreased 

throughout the sampling period from a depth of 3.39 m to 3.13 m.  
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Figure 3 Water quality data measured on a weekly basis from 15 June to 19 September 2016 in 

the Sydenham River at the Florence site: (A) water temperature, (B) dissolved oxygen, (C) pH 

and (D) water level from the Water Office (2016). (insert = mean and standard error, n = 14).  
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Figure 4 Water nutrient data collected on a weekly basis from 27 June to 19 September 2016 in 

the Sydenham River at the Florence site: (A) nitrite, (B) nitrate, (C) ammonia and (D) total 

phosphorous.  
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The levels of various nutrients were also measured on a weekly basis from June 27 to September 

19, 2017 (Figure 4). There was a consistent peak across all of the nutrients on July 11, 2016 

where there was a slight increase in water level as well. The level of nitrite and nitrate gradually 

decreased from 0.046 and 8.35 mg
 
L

-1
 on July 14, i.e., by ~90% and ~98% respectively 

throughout the sampling period. There were no consistent patterns observed for the level of 

ammonia and total phosphorous, which averaged 0.072 ± 0.009 and 0.799 ± 0.135 mg
 
L

-1
, 

respectively over the period. TSS was 51.01 ± 3.96 mg
 
L

-1
 from August to September (4 sample 

dates). 

 

Mussel CR based on Chlorophyll Fluorescence 

The clearance rates (CR) differed among mussel species and treatments (Figure 5) after one 

outlier for Q. quadrula (flow replicate 1) was removed because the calculated CR was 11 times 

higher than the average CR observed across all the replicates.  It is difficult to ascertain whether 

this was due to unidentified gravidity, but the occurrence was limited as determined by the 

feeding response.  The r
2
 of the feeding response (ln CR vs. time) were > 75% except for 6/30 

cases (3 in each of P. fasciolaris and Q. quadrula), which assumes constant feeding. Significant 

differences in CR was observed among mussel species (F(2,22) = 6.80, p = 0. 005), but not 

between treatments (F(1,22) = 0.74, p = 0.400) or their interaction (F(2,22) = 2.14, p = 0.141). The 

covariate shell length was not a significant factor on the CR (F(2,21) = 1.26, p = 0.299). A Tukey-

Kramer’s pairwise comparison revealed that the CR of P. alatus was significantly higher than Q. 

quadrula (p = 0.004).  P. fasciolaris had a significantly higher CR under flow conditions than no 

flow conditions (p = 0.043) as revealed through a Tukey-Kramer’s test sliced by the factor 

mussel. This indicates feeding differences of P. fasciolaris under different flowing conditions. 
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Figure 5 The clearance rate (CR) of Ptychobranchus fasciolaris (SL = 8.10 ± 0.18), Quadrula 

quadrula (SL = 8.05 ± 0.16) and Potamilus alatus (SL = 11.27 ± 0.31) mussels under no flow 

(aerated tank) and flowing (30cm s
-1

) conditions based on the change in Chlorophyll a 

concentrations measured using a calibrated fluorometer. Bars are the mean and error bars are 

standard errors (n = 5). 

A limitation of the results presented in Figure 5 is that river water was collected in alternating 

weeks, so the effect of treatment could have been confounded by temporal differences in algal 

composition. A small experiment examining the effect of treatment (no flow vs. flow) on the CR 

of P. fasciolaris was conducted using water collected at the same time with new water collected 

weekly as replicates (Figure 6). The results revealed that the CR of P. fasciolaris was 

significantly higher under flowing conditions than no flow conditions (F(1,3) = 22.28, p = 0.018). 

The covariate shell length was not significant (F(1,2) = 0.37, p = 0.060). These results support the 
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results reported in Figure 5, but do not provide insight into what size or type of algae were 

cleared from the water. 

 

Figure 6 The clearance rate (CR) of Ptychobranchus fasciolaris under no flow conditions 

(aerated tank) vs. flow (30 cm s
-1

). (Bars are the mean and error bars are standard errors, n = 5). 

 

Mussel CR based on Particle Size Fraction 

The size frequency distribution of particles from the Sydenham River (i.e., at t0) was right 

skewed (Figure 7). Differences between these types of data and those obtained after feeding were 

used to determine the CR of specific sizes of fluorescent material (i.e., 1 m resolution) 

presented in Figure 8.   
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Figure 7  Relative frequency distribution of sizes of fluorescent particles sampled on July 4, 

2016 using FlowCAM trigger mode (mean ± standard error, n = 6). 

 

A three-way ANOVA was used to analyze the effect of three independent factors on the CR: (1) 

mussel species (2) size fraction and (3) treatment. As indicated above, the statistical analysis 

could not be undertaken on the 1-m size fractions using the full model or partial two-way 

models due to violations of statistical assumptions, which was also the case when the data were 

averaged into 2-m size bins (likely due to limited sample sizes in some bins). The particles 

were, therefore, averaged over 8-m increments (i.e., 4-11, 12-19, 20-7, and 28-35 m) for the 

analysis of size (Figure 9). In this case, the three-way model failed to meet the assumptions of 

normality and homogeneity of error (p < 0.050) so the model was split into three separate two-

way ANOVAs in order to examine the CR of mussels under the different conditions.  
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Figure 8 The clearance rate (CR) for each 1-m size fraction under no flow and flow (30 cm s
-1

) 

conditions for A) Ptychobranchus fasciolaris, B) Quadrula quadrula and C) Potamilus alatus. 

(Bars are the mean ± standard errors, n ≤ 5). Note that these data needed to be averaged into 8-

m size bins for statistical analysis (see Figure 9). 
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There were differences in the CR of P. fasciolaris (using square root transformed data) on the 

different size fractions (F(3,78) = 4.14, p = 0.009) but not between treatments (F(1,78) = 2.31, p = 

1.322) or their interaction (F(3,78) = 1.38, p = 0.256; Figure 9A). A Tukey-Kramer’s test revealed 

that P. fasciolaris had significantly higher CR on the 20-27 m size fraction vs. the 4-11 m 

fraction (p = 0.018) and on the 28-35m size fraction vs. the 4-11 m fraction (p = 0.034). 

Conversely, the CR of Q. quadrula (using square root + ln transformed data) varied with particle 

size fraction and flow treatment but not with their interaction (respectively, F(3,84) = 4.14, p = 

0.004;  F(1,84) = 2.31, p = 0.044; and F(3,84) = 1.38, p = 0.818; Figure 9B).  In this case there was 

significantly higher CR under flowing conditions vs. no flow conditions and Q. quadrula had a 

significantly higher CR on the 20-27 m size fraction vs. the 4-11 m fraction (p = 0.002).  The 

CR of P. alatus also varied with particle size fraction, flow treatment and their interaction 

(respectively F(3,76) = 4.14, p = 0.005; F(1,76) = 2.31, p = 0.043; F(3,76) = 1.38, p = 0.034; Figure 

9C).  They cleared at significantly higher rates under flowing conditions than no flow conditions, 

had significantly higher CR on the 20-27 m size fraction vs. the 12-19 m fraction (p = 0.013) 

and the 28-35m size fraction vs. the 12-19 m fraction (p = 0.046), especially under flowing 

conditions. All three mussel species had higher CR on larger sized particles vs. smaller sized 

ones.  It is important to note that the smallest size particles were the most abundant in the water 

column (Figure 7).  These two-way statistical analyses conducted by mussel species indicate that 

mussels feed differently on different sized particles but do not explain how the feeding within 

each size fraction differs among mussel species. 

A two-way statistical analysis was conducted within each size fraction to examine the effects of 

mussel species and treatment on the CR.  The results for the smallest size fraction (4-11 m) 

(using ln transformed data) revealed no differences among species, a significant effect of  
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Figure 9 The clearance rate (CR) for each size fraction bin (4-11; 12-19; 20-27; and 28-35 m) 

under no flow (aerated tank) and flow (30 cm s
-1

) conditions for A) Ptychobranchus fasciolaris, 

B) Quadrula quadrula, and C) Potamilus alatus. (Bars are the mean and error bars are standard 

errors, n = 5). 
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treatment and no interaction of species × treatment (respectively, F(2,79) = 1.90, p = 0.157; F(1,79) 

= 7.99, p = 0.006; F(2,79) = 0.12, p = 0.885).  The CR was higher under flow conditions than no 

flow.  Significant differences were not detected within any of the three remaining size fractions 

analyzed: 12-19 m (using ln transformed data; species: (F(2,60) = 0.99, p = 0.378; treatment: 

F(1,60) = 0.26, p = 0.612; and interaction: F(2,60) = 1.67, p = 0.196); 20-27 m (using cosine 

transformed data; species: F(2,94) = 0.89, p = 0.415; treatment: F(1,94) = 1.03, p = 0.313; and 

interaction: F(2,94) = 0.36, p = 0.702); and 28-35m; (using cosine transformed data; species: 

F(2,32) = 0.95, p = 0.396; treatment: F(1,32) = 1.29, p = 0.264; and interaction: F(2,32) = 0.58, p = 

0.568).  It is likely that the low abundance of larger particles within the water column (Figure 7) 

increased the variability in the results and minimized the opportunity to detect differences.   

 

Algal Taxa Found within the Sydenham River at Florence 

The flow cytometer captured images of algal particles that passed through the flow cell under 

Trigger mode and there were 9 algal taxa that were found in high abundance across all the water 

samples from the Sydenham River. These nine algal taxa (Euglena sp. 1, Euglena sp. 2, 

Chrysophyte sp., Chlorella, small centric diatom, Cryptomonas, Desmodesmus, Chlorophyte sp. 

and Chloromonas) included 4 (44.4%) that fell within the 4-11 m size range, 4 (44.4%) that fell 

within the 12-19 m size range, and the remaining algal taxon (11.1%) fell within the 28-35 m 

size range (Figure 10). Note that none of the algal taxa fell within the 20-27 m size range. Of 

the nine algal taxa identified, Chlorella, Chlorophyte sp., and Chloromonas had the highest 

relative abundance contributing ~68% of the total abundance but representing only 7% of the 

total biovolume. Conversely, Euglena species 1 and 2 have the largest ESD volume, making up 



36 
 

approximately 79% of the total biovolume, but only representing 18% of the relative abundance 

(Figure 10).  

 

Figure 10 The relative abundance and relative biovolume of the common algal taxa found within 

(A) the 4 – 11 m size fraction (B) the 12-19 m size fraction and (C) the 28-35 m size fraction 

across all water samples within the Florence site of the Sydenham River (vertical lines separate 

the size ranges). (Bars are the mean ± standard errors, n = 5).   

Effect of Flow on the CR of Algal Taxa 

A three-way ANCOVA was used to analyze the effect of three independent variables: (1) mussel 

species (2) algal taxa and (3) treatment and their interactions on the CR (dependent variable) 

with shell length as the covariate. Unfortunately, the statistical model did not meet the 

assumptions of normality and homogeneity of variance so two-way analyses were run separately 

for (1) each mussel species and (2) each algal taxon.   
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A two-way ANOVA for P. fasciolaris (using ln transformed data) revealed significant effects of 

treatment, algal taxa and their interaction (respectively F(1,37) = 20.85, p < 0.0001; F(8,37) = 3.43, p 

= 0.005; F(8,37) = 3.28, p = 0.006; Figure 11A).  The CRs were higher under flow conditions than 

no flow conditions, consistent with the size fraction and fluorometer analysis. Tukey-Kramer’s 

test revealed significantly higher CR on Cryptomonas vs. Chlorella (p = 0.010), Chloromonas (p 

= 0.018) and Chlorophyte sp. (p = 0.048). The Tukey-Kramer’s test was sliced by algal taxa to 

determine the effect of treatment within each algal taxon. This revealed significantly higher CR 

under flow conditions for three of the nine algal taxa: Euglena sp. 2 (p = 0.042), Euglena sp. 1 (p 

= 0.001), Chrysophyte sp. (p = 0.039) and the opposite for Chloromonas (p = 0.015) where 

higher feeding was found under no flow conditions. 

Marginally significant treatment effects were determined for Q. quadrula (using ln transformed 

data), but no significant effect of algal taxa nor their interaction was found (respectively F(1,33) = 

3.80, p = 0.065; F(7,33) = 1.07, p = 0.378; F(7,33) = 1.82, p = 0.132; Figure 11B).  Q. quadrula had 

marginally significantly higher CR on algae under flow conditions than no flow conditions. The 

feeding of P. alatus (using ln transformed data) was similar in this regard with significant effect 

of treatment, but not of algal taxa, nor the interaction of the two factors (respectively, F(1,33) = 

5.28, p = 0.028;  F(7,33) = 0.07, p = 0.999; F(7,33) = 1.04, p = 0.423; Figure 11C).  P. alatus cleared 

algae at a higher rate under flow conditions than no flow conditions.  Results based on the flow 

cytometer revealed significant effect of treatment across all three mussel species where algae are 

cleared at a higher rate under flow conditions.  
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Figure 11 The clearance rate (CR) of A) Ptychobranchus fasciolaris, B) Quadrula quadrula and 

C) Potamilus alatus under no flow (aerated tank) and flow (30 cm s
-1

) conditions and for 9 algal 

taxa identified in Sydenham River water. (Bars are the mean ± standard errors, n = 5). 
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Separate two-way ANOVAs were run for each algal taxon to determine the effects of treatment 

and mussel species on CR.  Interestingly, the three algal taxa that mussels cleared at the lowest 

rate were found in the smallest size fraction (4-11 m). Significant differences were detected 

within five of the nine algal taxa and the statistical results for the tests of fixed effects are 

provided in Table 3.  

Results for Cryptomonas (using ln transformed data) indicated significant treatment effects, 

significant effects of mussel species and their interaction (respectively, F(1,5) = 175.83, p < 0.001; 

F(2,5) = 29.13, p = 0.002; F(2,5) = 7.31, p = 0.033).  Mussel species had significantly higher CR on 

Cryptomonas under flow conditions and P. fasciolaris had higher CR than Q. quadrula (p = 

0.005) and P. alatus (p = 0.004) but no differences were detected between Q. quadrula and P. 

alatus (p = 0.573).  A closer examination of the pairwise comparison for the interacting factors 

revealed that P. fasciolaris had a significantly higher CR on Cryptomonas than Q. quadrula (p = 

0.006) and P. alatus (p = 0.005) under no flow conditions. 

Results for Euglena species 1 revealed significant treatment effects, significant effects of mussel 

species (P. alatus was excluded from the analysis due to insufficient data), and a significant 

interaction (respectively F(1,3) = 36.56, p = 0.009; F(1,3) = 32.18, p = 0.011; F(1,3) = 60.33, p = 

0.004).  The CR of Euglena species 1 was significantly higher under flow conditions for P. 

fasciolaris than Q. quadrula (p = 0.011). 

The analysis of Euglena species 2 (using ln transformed data) revealed significant treatment 

effects, significant effects of mussel species, but not a significant interaction (respectively F(1,10) 

= 17.49, p = 0.002; F(2,10) = 4.68, p = 0.03; F(2,10) = 1.35, p = 0.303).  The CRs on Euglena 
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species 2 were higher under flow conditions for P. fasciolaris and Q. quadrula, but not P. alatus, 

and P. fasciolaris had a higher CR on Euglena species 2 than did Q. quadrula (p = 0.030). 

A significant interaction was detected in Chloromonas (using ln transformed data) (F(2,19) = 4.96, 

p = 0.018), but no treatment nor species effects were found (respectively F(1,19) = 0.03, p = 0.874; 

F(2,19) = 2.77, p = 0.088). In this case, P. fasciolaris had a higher CR on Chloromonas under no 

flow conditions (p = 0.026), opposite of what was observed for the other two mussel species.  

A marginal significant treatment effect was detected in Chlorella (using ln transformed data) 

(F(1,19) = 4.02, p = 0.056) but no significant differences across the mussel species (F(2,19) = 1.43, p 

= 0.265) nor their interaction was found (F(2,19) = 1.23, p = 0.314). In this case, mussels had a 

higher CR on Chlorella under flow conditions vs. no flow.  

Significant effect of treatment, species and their interaction were not found in the remaining 4 

algal taxa: (1) Chlorophyte sp. (using ln transformed data; F (1,15) = 0.34, p = 0.569; F(2,15) = 1.70, 

p = 0.217; F(2,15) = 0.15, p = 0.865); (2) small centric diatom (using sine transformed data; F (1,10) 

= 0.49, p = 0.500; F(2,10) = 2.09, p = 0.175; F(2,10) = 0.71, p = 0.516); (3) Chrysophyte sp. (using 

ln transformed data; F (1,3) = 1.58, p = 0.297; F(2,3) = 0.10, p = 0.905; F(1,3) = 0.44, p = 0.554); and 

(4) Desmodesmus (using ln transformed data; F (1,13) = 0.01, p = 0.942; F(2,13) = 1.76, p = 0.210; 

F(2,13) = 2.95, p = 0.088).  
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Table 3 Analysis of clearance rate (CR) on each algal taxa identified in Sydenham River water 

by treatment, mussel species and the interactions. Values indicate the p-value for a two way 

ANOVA test
*
. 

Tests of Fixed Effect 

Algal Taxa Treatment Mussel Species Trt×Mussel Sp 

Chlorophyte sp. 0.569 0.217 0.865 

Small centric diatom 0.500 0.175 0.516 

Chlorella 0.056 0.265 0.314 

Chloromonas 0.874 0.088 0.018 

Chrysophyte species 0.297 0.905 0.554 

Desmodesmus 0.942 0.210 0.088 

Cryptomonas < 0.001 0.002 0.033 

Euglena Species 1 0.009 0.011 0.004 

Euglena Species 2 0.002 0.037 0.303 

*
 Significant effects (p < 0.05) indicated in bold and marginal significance is underlined. 

 

Electivity Index to Examine Selective Feeding on Particle Size Fraction 

The selective feeding on different particle size fractions was analyzed across mussel species 

using Jacob’s Modified Electivity Index (Figure 12). A significant effect of size fraction (F(3,95) = 

3.08, p = 0.031) was detected and a Tukey-Kramer’s test revealed preferential feeding on the 

largest size fraction (28-35 m) and avoidance of particles within the second smallest size 

fraction (12-19 m; p = 0.042). No other factors and interactions were significant (Table 4). 
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Figure 12 The Jacob’s Modified Electivity Index calculated for (A) Ptychobranchus fasciolaris, 

(B) Quadrula quadrula and (C) Potamilus alatus under no flow and flow treatments. (Bars are 

the mean ± standard errors, n = 5). 
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Table 4 Analysis of electivity (Jacob’s Modified Electivity Index) on different particle size by 

three independent factors and their interactions.  The test was arranged as a randomized complete 

block design
*
. 

Fixed Effects Numerator df Denominator df F Value 
z 

Pr>F 

Treatment 1 95 0.19 0.667 

Size Fraction 3 95 3.08 0.031 

Mussel Species 2 95 0.40 0.669 

   Treatment × Size 3 95 0.95 0.413 

   Treatment × Sp. 2 95 1.60 0.208 

   Size × Species 6 95 0.69 0.662 

      Trt × Size × Sp. 6 95 1.36 0.240 

*
 Significant effects (p < 0.05) indicated in bold. 

 

Electivity Index to Examine Selective Feeding on Algal Taxa 

Selective feeding was also examined on algal taxa across the mussel species under the two flow 

conditions. Results indicate that there was both selection (positive values) and avoidance 

(negative values) of algal taxa but the response was not consistent between the treatments or 

among mussel species (Figure 13). A three-way ANCOVA examining the effects of (1) mussel 

species (2) algal taxa and (3) treatment and their interactions on the electivity could not be 

undertaken because the model failed to meet the assumptions of normality and homogeneity of 

error (p > 0.05). Consequently, separate two-way analyses were undertaken (1) within a mussel 

species and (2) within an algal taxon, similar to the approach that was taken on the analysis of 

CR.  
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There was no significant effect of treatment in the selective feeding of P. fasciolaris (using 

exponential transformed data) (F(1,39) = 0.73, p = 0.398), however significant difference among 

the electivity on algal taxa were detected  (F(8,39) = 2.53, p = 0.026); the interaction of the two 

factors was not significant (F(7,39) = 1.20, p = 0.325).  Pairwise differences were found for the 

selective feeding on Cryptomonas vs. avoidance on Chlorella (p = 0.012), Chloromonas (p = 

0.045) and Chlorophyte sp. (p = 0.023), which is consistent to the CR analysis where P. 

fasciolaris had significantly lower CR on these three algal taxa compared to Cryptomonas. 

Selective feeding was not detected in Q. quadrula in terms of treatment (F(1,38) = 0.24, p = 

0.628), algal taxa (F(8,38) = 1.27, p = 0.290), nor their interaction (F(7,38) = 0.97, p = 0.470).  The 

results for P. alatus (using exponential transformed data) revealed a significant effect of the 

interaction (F(6,37) = 2.52, p = 0.038), but not of treatment (F(1,37) = 1.14, p = 0.292) nor algal taxa 

(F(7,37) = 1.13, p = 0.365).   The statistical analysis could not be undertaken for Euglena species 1 

because of the limited number of data points.   
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Figure 13 The Jacob’s Modified Electivity Index calculated under no flow (aerated tank) and 

flow (30 cm s
-1

) for (A) Ptychobranchus fasciolaris, (B) Quadrula quadrula and (C) Potamilus 

alatus. (Bars are the mean ± standard errors, n = 5). 
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To examine whether mussels feed at different rates on the same algal taxa the data set was 

separated to examine feeding across the mussel species on each algal taxon. A two-way ANOVA 

was used to analyze the effects of mussel species and treatment for each of the nine algal taxa 

and the results are summarized in Table 5. A significant interaction effect (F(2,13) = 5.48, p = 

0.019) was found for the electivity of small centric diatoms but none was found for treatment 

(F(1,13) = 0.28, p = 0.608) or mussel species (F(2,13) = 0.73, p = 0.502). In this case, P. alatus 

preferred small centric diatoms under no flow but avoided them under flow (p = 0.014). There 

was also selective feeding observed across the mussel species under flow conditions (p = 0.033) 

where P. fasciolaris and Q. quadrula preferred small centric diatoms while P. alatus avoided 

them.  

A similar pattern was observed in Chloromonas where a marginal significant interaction was 

found (F(2,11) = 3.58, p = 0.063), but no effect of treatment (F(1,11) = 0.25, p = 0.625), nor mussel 

species (F(2,11) = 1.88, p = 0.198) was detected.  A Tukey-Kramer’s pairwise comparison within 

each mussel species found that P. fasciolaris preferred Chloromonas under no flow but avoided 

it under flow conditions. There was also selective feeding under flow conditions between mussel 

species, where P. fasciolaris avoided Chloromonas and P. alatus preferred it (p = 0.032). A 

marginal significance difference among mussel species was found for Cryptomonas (F(2,8) = 3.64, 

p = 0.075), but no significant treatment effect (F(1,8) = 0.01, p = 0.943) or interaction (F(2,8) = 

1.08, p = 0.384) was found.   
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Table 5 Analysis of electivity (Jacob’s Modified Electivity Index) on each algal taxa as affected 

by treatment, mussel species and the interactions. Values indicate the p-value for a two way 

ANOVA test
*
. 

Tests of Fixed Effect 

Algal Taxa Treatment Mussel Species Trt*Mussel Sp 

Chlorophyte species 0.922 0.177 0.317 

Small centric diatom 0.608 0.502 0.019 

Chlorella 0.782 0.591 0.465 

Chloromonas 0.625 0.198 0.063 

Chrysophyte Species 0.155 0.460 0.871 

Desmodesmus 0.551 0.315 0.892 

Cryptomonas 0.943 0.075 0.384 

Euglena Species 1 0.960 0.975 0.442 

Euglena Species 2 0.787 0.351 0.231 

* 
Significant effects (p < 0.05) indicated in bold and marginal significance underlined. 

Results for the remaining six algal taxa revealed no significant effects of treatment, mussel 

species, nor their interaction: (1) Chlorophyte sp. was analyzed using the Kenward-Rogers 

degree of freedom method as it did not meet the assumption of homogeneity of variance 

(Treatment: F(1,16.01) = 0.01, p = 0.922; Species: F(2,16.02) = 1.93, p = 0.177; Interaction: F(2,16.02) = 

1.23, p = 0.317); (2) Chlorella  (Treatment: F(1,19) = 0.08, p = 0.782; Species: F(2,19) = 0.54, p = 

0.591; Interaction: F(2,19) = 0.80, p = 0.465); (3) Chrysophyte species (Treatment: F(1,7) = 2.55, p 

= 0.145; Species: F(2,7) = 0.87, p = 0.460; Interaction: F(1,7) = 0.03, p = 0.871); (4) Desmodesmus 

(Treatment: F(1,16) = 0.37, p = 0.551; Species: F(2,16) = 1.24, p = 0.315; Interaction: F(2,16) = 0.120, 

p = 0.892); (5) Euglena species 1, which was based on P. fasciolaris and Q. quadrula due to lack 

of data points for P. alatus (Treatment: F(1,3) = 0.00, p = 0.960; Species: F(1,3) = 0.00, p = 0.975; 
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Interaction: F(1,3) = 0.78, p = 0.442); and (6) Euglena species 2 (Treatment: F(1,17) = 0.08, p = 

0.787; Species F(2,17) = 1.11, p = 0.351; Interaction F(2,17) = 1.60, p = 0.231). Differences in the 

selectivity of algal taxa were observed across the mussel species and were found to be significant 

in three of the nine algal taxa (Table 6). This is likely due to the high variability across the 

replicates, resulting in a high standard error calculated. It is difficult to analyze the selective 

feeding using natural seston found in turbid rivers, which is why studies in the past have used 

cultured algae to examine the selective feeding of mussels.  

Table 6 Results of the statistical analysis of feeding electivity on algal taxa. Only significant 

results are presented as selective feeding (+), avoidance (-) and no significance (◦). In the case of 

Cryptomonas, treatment effects were not significant. 

Species Small Centric Diatom Chloromonas Cryptomonas 

No Flow Flow No Flow Flow 

P. fasciolaris ◦ + + - + 

Q. quadrula ◦ + ◦ ◦ - 

P. alatus + - + + - 

 

DISCUSSION  

The objectives of this study were to examine (1) Hypothesis 1 to determine if the CR of mussel 

species will vary under different flow conditions and (2) Hypothesis 2  to determine if mussel 

species found within the same reach of a river feed selectively on different algal taxa at different 

rates. Prior to this study, the selective feeding of mussels found within turbid rivers under 

flowing conditions using natural seston was not known. Studies have shown that mussels are 
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capable of selecting different sized particles using cultured algae (Atkinson et al., 2011; Dionisio 

Pires et al., 2004) as well as natural seston (Dionisio Pires et al., 2004) under static no-flow 

conditions. The selective feeding of different sized particles has also been found under relevant 

flow conditions using natural seston (Mistry, 2015), but that study was not conducted on mussel 

species nor algal taxa from the same river reach. Conversely, I examined the feeding (clearance 

rates; CR) of three mussel species under no-flow and, more ecologically relevant, flowing 

conditions using natural seston within river water. The mussel species were collected from the 

same reach of a river as was the river water used to examine their feeding.  I found statistically 

significant differences among the three mussel species using three techniques to determine CR in 

water samples: (1) the Chlorophyll a concentration measured by a fluorometer; (2) the size 

fraction of the algae determined from a flow cytometer used in trigger mode (i.e., via 

fluorescence); and (3) the enumeration of specific algal taxa identified from images taken by the 

flow cytometer under trigger mode (Table 7). The latter two types of data were also used to 

determine the feeding electivity of the mussels on particle size and specific algal taxa, which 

revealed significant differences among mussel species as well as selection and avoidance of 

algae by different mussel species. Taken together such differences in CR and electivity among 

mussel species indicate that mussels maybe partitioning algal resources to avoid competition thus 

coexist within the same habitat (Metcalfe-Smith et al., 2003). 

 

 

 

 



50 
 

Table 7 Interpretation of resource partitioning using clearance rate and feeding measures. 

Bolded cells represent significant observation made in this study (p < 0.05). 

Measure\Outcome Resource Avoidance Neutral Use Selective Feeding 

CR (fluorescence) (-) with increasing flow No change with 

increasing flow 

(+) with increasing flow 

-- (Q. quadrula and 

P. alatus) 

(P. fasiciolaris) 

CR (size fraction) (-) with decreasing size 

Higher (-) rate 

indicative of higher 

avoidance 

No change with 

increasing velocity 

(+)  with increasing size 

Higher (+) rate 

indicative of higher 

selectivity 

(4 – 11 m) (12– 19 m and 

28– 35 m) 

(20-27 m) 

CR algal taxa (-) with increasing flow 

 

Higher (-) rate indicative 

of higher avoidance 

No change with 

increasing velocity 

(+)  with increasing 

flow 

Higher (+) rate 

indicative of higher 

selectivity 

-- -- (P. fasiciolaris, Q. 

quadrula and P. alatus) 

Jacob’s Modified 

Electivity Index: 

size fraction 

0 > D ≥ -1 D = 0 0 < D ≤ 1 

(12– 19 m) (4– 11 m and 20– 

27 m) 

(28– 35 m) 

Jacob’s Modified 

Electivity Index: 

algal taxa 

0 > D ≥ -1 D = 0 0 < D ≤ 1 

(Small centric diatoms, 

Chloromonas  and 

Cryptomonas) 

(Small centric 

diatoms, 

Chloromonas) 

(Small centric diatoms, 

Chloromonas and 

Cryptomonas) 

-- = not applicable 
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Competition for Resources 

Baker and Levinton (2003) hypothesized that the decline in native mussel populations may be 

due to exploitative competition with D. polymorpha for the same limiting resource (Microcystis), 

which the native mussels (Margaritifera margaritifera, Amblema plicata, and Pyganodon 

cataracta) were less efficient at sorting.  Their results were obtained using cultured algae under 

static conditions.  Atkinson et al. (2011) and Dionisio Pires et al. (2004) also found that invasive 

species were capable of selectively removing a wider range of particles, suggesting that selective 

feeding and therefore the habitat requirements may differ among native and invasive species. 

Specifically, Atkinson et al. (2011) found that invasive species (Corbicula fluminea) were less 

selective than the native species (Elliptio crassidens) and thus act as generalists and occupy a 

broader trophic niche. This would help to explain how C. fluminea dominate freshwater 

ecosystems.  

I compared the feeding of species with different conservation status under relevant flowing 

conditions to determine whether they fed in a similar manner. I found that species vary in their 

feeding ability, where the common species had an overall higher clearance rate and fed on a 

wider range of algal taxa than the two SAR species examined. Conversely, the endangered 

species, P. fasciolaris, had the lowest clearance rate but was capable of selectively removing 

Cryptomonas over other algal taxa in the water column at a higher rate. These findings are 

consistent with other studies where more successful species (common species/invasive species) 

act as generalists and feed on a wider array of particles in the water column. This indicates that 

the feeding ability across mussel species vary and may contribute to their conservation status, but 

this conclusion is made based on a limited number of species examined. 
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Selective Feeding of Freshwater Mussels 

Resource partitioning has been widely examined in freshwater mussels to examine the 

competition between species. Selective feeding based on particle size was reported in D. 

polymorpha by Ten Winkel and Davids (1982), who found that these mussels preferred particles 

between 15 and 45m while rejecting particles that were smaller or larger than this range under 

static conditions using simple mixtures of cultured algae. A more recent study by Dionisio Pires 

et al. (2004) found that D. polymorpha (SL = 18 - 22 mm) selectively removed particles ≤ 1 m 

and 30-m using natural seston in an aerated jar. Horgan and Mills (1997), however found 

no differences in the CR on particle size classes <100 m but they used small mussels (SL = 9-11 

mm) and mussel size affects the uptake of material in freshwater and marine bivalves (Vanden 

Byllardt and Ackerman, 2014; Ackerman and Nishizaki, 2004).  I found that unionid mussels 

preferred larger particles, which is consistent with Dionisio Pires et al. (2004), however my 

results also indicated that unionid mussels rejected smaller particles when using natural seston 

under relevant flowing conditions. I cannot comment on the ≤ 1 m size fraction because I did 

not examine particles < 4 m; bivalves are reported to have low particle retention efficiency for 

such particle size (Cranford et al., 2011). The CR across all mussel species in this study varied 

across all size fractions but overall the mussel selectively fed on larger particles (28-35 m) 

while rejecting smaller particles (12-19 m). It is important to note that the majority of algal 

particles found in the Sydenham River were in the 4 to 11 m size range (algal taxa that were 

examined in this study do not represent the entire algal community in the Sydenham River, only 

a fraction of the abundant algae throughout the sampling period were included in this study). 

Mussels are capable of selecting particles based on their size and they vary in their ability to 

clear these particles.  
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A recent study that examined the feeding of dreissenids (D. polymorpha and D. bugensis) found 

that mussels select for specific phytoplankton taxon rather than just size (Tang et al., 2014). In 

their study, Tang et al. (2014) found that dreissenids fed selectively and their CR on different 

algal species ranged greatly and was driven by seasonal changes in phytoplankton taxon rather 

than on phytoplankton size. Their results indicate that D. bugensis cleared similar-sized particles 

as D. polymorpha but different species of algae were cleared at different rates under static 

conditions using natural seston. An earlier study found that selective feeding based on algal 

taxon, in this case, Cryptomonas occurred in D. polymorpha under simple algal mixture 

experiments in the lab (Ten Winkel and Davids, 1982). Regardless, my results suggest that 

selectivity of specific algal taxa occurs in unionids under field conditions. This is based on the 

finding that P. fasciolaris had the highest CR for Cryptomonas and the lowest CR for Chlorella, 

Chloromonas and Chlorophyte sp. The results from the electivity analysis support this statement 

in that P. fasciolaris preferred Cryptomonas while avoiding the other three algal taxa. The rate at 

which specific algal taxa were cleared varied across mussel species, suggesting that species vary 

in their ability to selectively feed on a given algal taxon. This may be related in part to the ability 

of mussels to sort through algal particles in turbid environments and selectively feed under both 

flow and static conditions (see below).  

Mechanism of Selective Feeding 

Mussels vary in their ability to select between nutritious and less nutritious particles. For 

example, Atkinson et al. (2011) found that unionids are capable of distinguishing between living 

and non-phytoplankton material (such as detritus) using natural seston in static conditions. This 

has also been demonstrated by Mistry (2015) using natural seston under flowing conditions 

where he found that L. siliquoidea and L. fasciola removed larger particles at a higher rate where 
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smaller particles consisted of mainly inorganic or detrital particles. Similarly, I found that 

smaller particles, which represented 85% of the particles detected using Trigger mode, were 

avoided by all mussel species, while mussels selected for larger particles (27-35 m size). This 

suggests that mussels may not only select for particles based on size but may be capable of 

distinguishing particles based on nutritional quality (Mistry, 2015). 

Other algal properties, such as their chemical nature, have been examined in a number of studies 

and were also found to play an important role in particle selection (Ten Winkel and Davids, 

1982). Ten Winkel and Davids (1982) found that particles with gelatinous layers may be easily 

identified by mussels via a chemical mechanism, which may explain the selection of 

Cryptomonas species. Similarly, Davids (1964) found that bivalves may have chemoreceptors 

that may assist with their selection. A recent study by Rosa et al. (2017) examined the surface 

properties of different algal species to determine whether bivalves select for distinct surface-

property profiles during feeding. They found that marine bivalves fed selectively on 

approximately half of the 11 pairings of nine algal species and that wettability (contact angle) 

explained more than 90% of the variability in the calculated electivity index. These results are 

consistent to what was suggested by Rosa et al. (2013) where they found that non-specific 

physicochemical interactions play an important role in selective feeding in bivalves when they 

examined the feeding of Mytilus edulis using various properties of spheres. 

Other mechanisms may also affect the particle selection of mussels such as the gill structure. For 

example, lotic unionids cleared up to 20× more water than species found in lentic systems, which 

Silverman et al. (1997) attributed to more cilia per cirral plate of the gills in lotic species 

(Silverman et al., 1997). Interestingly, gill structure and gill to palp size ratios also correlate with 

the suspended particulate matter concentrations (Dutertre et al., 2009). Unfortunately, the gill 
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structure of mussels was not examined in this study due to the conservation status of the mussels 

(P. fasciolaris and Q. quadrula). 

Effect of Turbidity on Suspension Feeding 

Studies have shown that high TSS (total suspended solids) reduces the suspension feeding rates 

of bivalves by clogging their gills, which leads to the production of pseudofeces (Winter, 1978; 

Hornbach et al., 1984; Foe and Knight, 1985; Sprung and Rose, 1988; Tuttle-Raycraft et al., 

2017). This has been attributed to lower efficiency of sorting  natural seston (Ten Winkel and 

Davids, 1982), because high TSS increases the time needed to clean gill surfaces  and thus 

causes a decrease in the CR (Tuttle-Raycraft et al., 2017).  It is reasonable to suggest that this 

time consuming process might also reduce the ability of bivalves to feed selectively, which is 

why it is important to examine the selective feeding of bivalves in turbid systems. Unfortunately, 

however, pseudofeces could not be examined in this study because of the recirculating flow 

system. 

Despite the high TSS concentrations measured in the Sydenham River, however, P. fasciolaris 

fed selectively on 3 of the 9 algal taxa examined, whereas Q. quadrula and P. alatus fed 

selectively on 2 of the 3 aforementioned algal taxa as determined using the electivity index 

(Table 6).  Interestingly, bivalves in turbid systems have a larger palp to gill area ratio, which 

may facilitate more efficient pre-ingestion particle selection (Payne et al., 1995; Dutertre et al., 

2009). This further suggests that species found in turbid rivers feed in similar ways to those in 

clear rivers.  
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Effect of Flow on Mussel Feeding 

The feeding of bivalves is affected by water velocity, which has been previously demonstrated 

using cultured algae and natural seston in marine mussels (Wildish and Kristmanson 1997; 

Ackerman and Nishizaki, 2004) and freshwater mussels (Ackerman, 1999; Vanden Byllaardt and 

Ackerman, 2014). Similar results were also found by Mistry (2015), where he examined the 

effect of algal flux on the feeding of unionids from different subwatersheds of the Thames River 

using natural seston under flowing conditions. He found that Lampsilis siliquoidea cleared 

Stephanodiscus (a centric diatom) at a higher rate with increasing flux, whereas the CR of 

Lampsilis fasciola declined with increasing flux. This suggests that mussels may partition 

resources based on the algal flux they experience (i.e., L. fasciola specializes on Stephanodiscus 

at low flux vs. L. siliquoidea, which specializes on Stephanodiscus at high flux). My results are 

consistent with the above because they indicate that the majority of algal taxa were removed at a 

higher rate under flow conditions, with the exception of P. fasciolaris which removed 

Chloromonas at a higher rate under no flow conditions. This further suggests that flow rate may 

affect mussel selectively feeding ability (Mistry, 2015). 

To the best of my knowledge, the selective feeding across mussel species within the same habitat 

had never been examined using natural seston under flowing conditions. Two of the three 

mussels species I examined tended to feed at a higher rate under flowing conditions and this was 

most pronounced in P. fasciolaris where the CR was >2× higher under flowing conditions based 

on the change in Chlorophyll aconcentration determined using the calibrated fluorometer. This 

supports Hypothesis 1 that the CR of mussel species will vary under different flow conditions 

through their ability to process particles at different rates. However, I note that it was not 

consistent for all mussel species because I did not find significant effects of flow on the feeding 



57 
 

of Q. quadrula and P. alatus using no-flow vs flow comparison. Mistry (2015) found that the CR 

of four unionid mussels increased with velocity where the species cleared more than 3× more 

particles at the highest velocity (25 cm s
-1

) compared to the no-flow controls. Vanden Byllaardt 

and Ackerman (2014) also found that the feeding varied with algal flux where some species had 

up to 41× increase in CR compared to the no flux controls. They examined species in a fast 

flowing lotic system and compared the CR to its conspecifics from a slow lotic system and found 

that the CR was up to 4× greater, further indicating that mussels may specialise to different 

hydrodynamic conditions. My results are consistent with Vanden Byllaardt and Ackerman 

(2014) and Mistry (2015) who hypothesized that resource partitioning was species specific based 

on partitioning of the hydrodynamic environment. Mussels may have a larger impact on the 

clarity of freshwater aquatic environments than previously determined from studies conducted 

under static conditions, especially those in lotic environments (Silverman et al., 1997; Vanden 

Byllaardt and Ackerman, 2014). Results from static conditions may be of limited ecological 

value and models of the effects of mussels on aquatic environments should consider flow 

conditions.   

Competition in Aquatic Environments 

Competition between mussel species has been widely examined because ecologists are interested 

in the way species coexist within the same habitat through utilization of different resources. 

Studies have examined exploitation competition between mussel species and found that invasive 

mussels outcompete native mussels on the same limiting resource (Microcystis) by sorting 

through particles more efficiently (Baker and Levinton, 2003) or feeding on a wider range of 

particles (Dionisio Pires et al., 2004). In this study, my results further indicate that coexisting 

mussel species partition resources to avoid exploitation competition on the same limiting 
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resource. This occurs when individuals limit the amount of resources available through indirectly 

competing for a shared resource (Holomuzki et al., 2010; Lang and Benbow, 2013). My results 

indicate that species selectively feed on different algal taxa at different rates, thus it may 

facilitate coexistence within the same reach of a river. This supports Hypothesis 2 where mussel 

species found within the same reach of a river feed selectively on different algal taxa at different 

rates through resource partitioning to limit competition for resources. 

Another common method for species to coexist is through spatial niche partitioning. This has 

been examined by Ackerman and Nishizaki (2004) in marine mussels where they found Mytilus 

californianus to have a growth advantage over M. trossulus in fluid dynamic conditions,which 

explains their dominance in wave-exposed habitats. This suggests that fluid dynamics play an 

important role where mussels coexist through the partitioning of their niche. This has also been 

widely examined in many fish species such as the Salvelinus alpinus (Arctic Char) and Salmo 

trutta (Brown Trout) where they occupy different depths of the lake and feed on bottom fauna at 

different times, allowing them to coexist (Nilsson, 1955). Niche partitioning was also examined 

in water snakes where they found two species to coexist through partitioning of available 

resources in the environment (Luiselli and Rugiero, 1991). They found that two co-occurring 

species found in freshwater communities selectively feed on different resources, where Natrix 

tessellate (Tessellated Water Snake) selected for fish and almost exclusively on aquatic prey 

whereas Natrix natrix (Grass Snake) preyed mainly on amphibians. The coexistence of species 

was also examined in aquatic plant species to examine the effect of biotic and abiotic factors that 

determine species diversity (Chambers and Prepas, 1990). They found that the removal of plants 

in four submerged plant communities did not result in an increase in the biomass of the 

remaining species, suggesting that interspecific competition has little effect on the coexistence of 
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species. Chambers and Prepas (1990) suggest that the coexistence of species may reflect the 

heterogeneity of the abiotic environment where resources were not limiting or submerged plants 

used different resources in the environment (Chambers and Prepas, 1990). Competition of 

species has been widely studied in aquatic environments but the mechanism underlying the 

coexistence of species is still not well understood.  

Future Studies 

Selective feeding was observed across three co-occurring species (P. fasciolaris, Q. quadrula 

and P. alatus) from the same reach of a river, under both static and flowing conditions using 

natural seston. Although this approach allowed me to directly compare selective feeding across 

the mussel species, different water samples over 10 weeks were used. This design did not allow 

for a direct comparison of selective feeding across different hydrodynamic conditions (no-flow 

vs. flow) using the same water. It would be interesting to determine whether species specialise 

under different fluid dynamic conditions, allowing them to niche partition and coexist within the 

same habitat as suggested by Vanden Byllaardt and Ackerman (2014).  

Additional species of conservation status (Species At Risk) should also be studied to compare the 

selective feeding of common and endangered species. Examining the effect of different 

hydrodynamic conditions on species with different conservation status will provide further 

insight into the underlying mechanism, such as niche partitioning, which allows species to 

coexist. There are over 25 co-occurring mussel species found within the Sydenham River with 

varying conservation status so it would be interesting to compare their selective feeding to 

determine if their feeding requirements contribute to their conservation status. It would also be 

interesting to examine the differences in SAR species feeding that have lead to their current 

conservation status (i.e. if they are specialists that are competing for the same limiting resource).  
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Changes in aquatic environments may have a greater impact on the survival of unionid species 

than previously thought. For example, habitat alterations can alter the flow of river systems 

which can alter the algae composition and population dynamics found in the water column 

(Huisman et al., 2004). Land-use changes have been found to be the main factor that has led to 

the conservation status of mussels (Williams et al., 2011). Thus it is important to examine the 

feeding strategies of mussels in order to achieve more effective rehabilitation methods. 

 

CONCLUSION 

Prior to this study, the selective feeding of mussels was limited to species found in different 

subwatersheds, thus exposing mussels to different algal composition. This study examined the 

selective feeding of mussels found within the same reach of a turbid river under lotic conditions 

using natural seston. The CR of all three mussel species were higher under lotic conditions when 

analyzing the change in algal particle concentrations using a flow cytometer. This was observed 

in the size fraction analysis where Q. quadrula and P. alatus had an overall higher CR on all the 

size fractions under flowing conditions. Analysis of specific algal taxa also revealed that under 

flowing conditions, the CR was overall higher for all three mussel species, especially on 4 of the 

9 algal taxa (Cryptomonas, Euglena sp. 1, Euglena sp. 2 and Chlorella). This is consistent with 

previous findings where the CR was highest under high flux conditions in freshwater bivalves 

and further supports my Hypothesis 1, that the CR of mussels vary at different flow conditions to 

limit competition for resources and therefore coexist. The selective feeding of mussels using 

flow cytometer techniques revealed that all three mussel species selected for larger sized 

particles and rejected smaller particles (it is important to note that the relative abundance of 

smaller particles comprised more than 85%). The CR on specific algal taxa was also examined 
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and revealed that P. fasciolaris was selectively feeding, especially under lotic conditions where 

they preferentially selected for Cryptomonas while rejecting Chlorella, Chloromonas and 

Chlorophyte species. There was also differential feeding observed across the mussel species on 

specific algal taxa where P. fasciolaris overall had a significantly higher CR on three of the nine 

algal taxa examined, supporting Hypothesis 2.  This is consistent with other studies examining 

the selective feeding of mussels in lotic conditions, thus further suggesting that dense 

aggregations of mussel fauna are able to coexist within the same habitat through resource 

partitioning.  Future studies should focus on the niche partitioning in different fluid dynamics to 

understand habitat segregation which may help further explain the coexistence of species.  
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Appendix 1.1 

Determining the Velocity of Sydenham River 

Water velocity measurements were taken using a propeller current meter (Swoffer Model 2100) 

across the river at 10 different points along the transect (as shown in Figure A1) at 40% depth. 

The average velocity was calculated to be 29.5 ± 2.3 cm s
-1

 based on 3 weekly visits in 

September 2015. 

 

Figure A1 Weekly visits to the Sydenham River, Florence was made in September (2015) to 

obtain the average velocity of the river (n = 3). 
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Appendix 1.2 

Flow Cytometry Library in 10× Objective Magnification  

Flow cytometry techniques were used to examine the changes in suspended particles under 

Trigger mode. A 10 mL sample of 20× dilution with distilled water (1:19; i.e., 5%) was screened 

through a 100 µm mesh filter to prevent large particles from clogging the flow cell and run at 0.2 

mL
 
min

-1
  under a 10×  objective magnification (run time of ~ 50 min). A library of algal taxa 

(see Table A1) developed to identify a total of 16 algal taxa in the water samples from the 

Florence Site in the Sydenham River.  A filter system was incorporated into FlowCAM software 

to sort the images and facilitate the enumeration of algae into taxa.  

 

Table A1- Algal taxa identified from the Sydenham River in the clearance rate experiments 

using flow cytometry with the equivalent spherical diameter (μm) reported under each cell (or 

group of cells). 

Taxon Images used in Flow Cytometry Library 
Centric Diatom 

 

Cryptomonid sp. 

 

 Nitzchia 
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Desmodesmus 

 

Gyrosigma 

 

 Strobilidium 

 

Euglena 

 

Cosmarium 

 

 Westella  

 

Navicula (Diatom) 

 

 Chlorella 

 

Centric diatom chain 
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Cyanobacterium 

 
Unknown 1 

 

Unknown 2  

 

Unknown #3 (diatom 

with detritus) 

 
 

Appendix 1.3 

Analysis of the mini experiment involving P. fasciolaris 

A separate smaller experiment was conducted between September 7, 2016 to September 27, 

2016 where a direct comparison of the effect of flow was examined using the same river water 

collection. I examined the feeding of P. fasciolaris under no flow and flow (30 cm s
-1

) where 

each experimental replicate was ran on the same day along with the control (empty mussel shell 

pairings). Similar to the methods in the full feeding experiment, water samples were collected at 

the start and end of each experimental trial (1 hour) and water samples were ran through the flow 

cytometer under 20 × objective magnification using FlowCAM Trigger mode (within three days 

of sample collection). A total of 24 samples was collected for this experiment where one full 

replicate was ran each week (8 samples: 1 species x 2 (control) × 2 treatments × 2 (t0 and t60)) 

and there was a total of three replicates. Using this data, I calculated the clearance rate (CR) and 

feeding electivity on particle size fraction and specific algal taxa. Statistical analysis was done 

using a two way ANOVA to examine the effect of treatment and particle size/algal taxa on the 
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CR and feeding electivity for P. fasciolaris. This will allow me to directly compare the feeding 

of P. fasciolaris under different flow conditions using the same river water. 

Clearance Rate on Size Fraction 

The particles examined were grouped into 4 different size fraction bins (i.e., 4-11, 12-19, 20-7, 

and 28-35 m) to examine the CR of P. fasciolaris (Figure A2). A two-way ANOVA was used 

to determine the effects of treatment, particle size and their interaction on the CR. There was a 

marginal significant effect of size fraction (F(3,32) = 2.41, p = 0.085) and no significant effect of 

treatment (F(1,32) = 0.07, p = 0.789) or interaction of the effects (F(3,32) = 0.49, p = 0.689). 

 

 

Figure A2 The clearance rate (CR) for each size fraction bin (4-11; 12-19; 20-27; and 28-35 

nder no flow (aerated tank) and flow (30 cm s
-1

) conditions for P. fasciolaris. (Bars are the 

mean ± standard error, n = 3) 
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Clearance Rate on Algal Taxa 

The flow cytometer captured images of algal particles and 7 algal taxa were identified in the 

water samples and the CR was calculated (Figure A3). Using a two-way ANOVA, I found that 

there was no significant effect of treatment (F(1,23) = 0.22, p = 0.646) or algae (F(6,23) = 0.78, p = 

0.5953) but a marginal significant interaction effect (F(6,23) = 2.48, p = 0.054). A Tukey-Kramer’s 

pairwise comparison revealed that the CR on small centric diatom was higher under high flow 

conditions than no flow but the opposite was seen for Chloromonas. This is similar to what was 

found in the full feeding experiment where P. fasciolaris had a significantly higher CR on 

Chloromonas under no flow conditions than high flow. 

 

Figure A3 The clearance rate (CR) of P. fasciolaris under no flow (aerated tank) and high flow 

(30 cm s
-1

) conditions and for 7 algal taxa identified in Sydenham River water. (Bars are the 

mean ± standard error, n = 3) 
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Electivity Index on Size Fraction 

Jacob’s modified electivity index was used to analyze the selective feeding of P. fasciolaris and 

a two-way ANOVA was used to analyze the effect of particle size fraction and treatment. In 

order to meet the assumption of homogeneity of variance, the Kenward-Rogers degree of 

freedom method was used. There was a significant effect of size fraction (F(3,82.28) = 8.57, p < 

0.0001) where a Tukey-Kramer’s Pairwise comparison revealed significantly higher selective 

 

Figure A4 The Jacob’s Modified Electivity Index calculated for each size fraction bin (4-11; 12-

19; 20-27; and 28-35 μm) under no flow (aerated tank) and high flow (30 cm s
-1

) conditions for 

P. fasciolaris. (Bars are the mean ± standard error, n = 3). 
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separate two-way ANOVA was ran for P. fasciolaris and particle size was marginally significant 
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particles between 4-11 m. There was also a marginal significant effect of treatment (F(1,82.12) = 

3.31, p = 0.072) where they overall had higher selectivity under flowing condition and no 

significant interaction effect (F(3,82.43) = 0.20, p = 0.894). 

Electivity Index on Algal Taxa 

The electivity index was also used to calculate the selective feeding of P. fasciolaris on each 

algal taxa (Figure A5). The Kenward-Rogers degree of freedom method was also used in this 

case to meet the assumptions of homogeneity of error. The results indicate no significant effect 

of treatment (F(1,27) = 2.25, p = 0.0.145), algae (F(6,27) = 0.25, p = 0.954) or interaction effect 

(F(6,27) =1.55, p = 0.200). There was no significant effect observed which may be caused by the 

high error bars due to the lack of replicates. 

 

Figure A5 The Jacob’s Modified Electivity Index calculated for 7 algal taxa identified in 

Sydenham River water under no flow (aerated tank) and high flow (30 cm s
-1

) conditions for P. 

fasciolaris. (Bars are the mean ± standard error, n = 3). 
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