
The Risk Posed by Pesticides and Contaminant Mixtures to Freshwater Mussels 

(Unionidae) in Ontario 

 

by 

 

Joseph Salerno 

 

 

 

 

 

A Thesis 

presented to 

The University of Guelph  

 

 

 

 

In partial fulfilment of requirements  

for the degree of  

Master of Science  

in 

Environmental Sciences 

 

 

 

 

 

 

 

Guelph, Ontario, Canada 

Joseph Salerno, September 2018 



ii 

 

ABSTRACT 

THE RISK POSED BY PESTICIDES AND CONTAMINANT MIXTURES TO 

FRESHWATER MUSSELS IN ONTARIO 

 

Joseph Salerno      Advisors:  

University of Guelph      Ryan S. Prosser & Paul K. Sibley 

Nearly 70% of North American unionids are at risk due to impacts from waterborne 

contaminants. Few studies have compared the sensitivity of toxicological endpoints assessed 

after chemical exposures. The main goal of this thesis was to assess the risk posed by waterborne 

contaminants to different life stages of mussels. To ensure a rigorous evaluation, I first compared 

the sensitivities of three toxicity endpoints after chemical exposure, which were not significantly 

different. Toxicity tests performed across three life stages showed in general that the tested 

pesticides do not pose a risk to mussels in Ontario streams. However, the effects of some 

ubiquitous waterborne contaminants and selected binary mixtures demonstrated a relatively 

greater risk to mussels. This thesis provided critical toxicological data on the risk posed by 

waterborne contaminants to the different life stages of Ontario-sourced mussels, which will assist 

in developing water quality guideline, recovery strategies, and risk assessments. 
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PREFACE 

This thesis has been organized as a series of manuscripts. These manuscripts are either published 

(1; Chapter 2), accepted for publication (1; Chapter 3), or in-preparation for submission (1; 

Chapter 4).  

Chapter 2 

Salerno J, Gillis PL, Bennett CJ, Sibley PK, Prosser RS. 2018. Investigation of clearance rate as 

an endpoint in toxicity testing with freshwater mussels (Unionidae). Ecotoxicology and 

Environmental Safety 163, 164-171. 

 

Chapter 3 

Salerno J, Bennett CJ, Holman E, Gillis PL, Sibley PK, Prosser RS. 2018. Sensitivity of multiple 

life stages of the freshwater mussels Lampsilis siliquoidea and Villosa iris (Unionidae) to various 

fungicides and insecticides detected in Ontario (Canada) surface waters. Accepted to 

Environmental Toxicology and Chemistry on August 8, 2018. 

Chapter 4 

Salerno J, Khan H, Burton E, Deeth LE, Bennett CJ, Gillis PL, Sibley PK, Prosser RS. 

Sensitivity of larval and juvenile mussels (Unionidae) to ammonia, chloride, copper, potassium, 

and selected binary chemical mixtures. In preparation.  
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CHAPTER 1 INTRODUCTION 

With anthropogenic inputs from urban, industrial, and agricultural influences entering 

aquatic systems, much research has focused on how waterborne contaminants associated with 

these sources affect aquatic organisms. One group of aquatic organisms that is understudied in 

relation to the impacts of these contaminants are freshwater mussels (Unionidae). With drastic 

declines of “mussel” populations in many regions of North America, it is critical to assess the 

risk posed by anthropogenic stressors to mussels, since they provide a variety of ecological 

benefits that often go unrecognized. 

Biology of freshwater mussels 

In their natural environment, mussels are considered long-lived (15-40 years) and 

relatively sessile (Haag, 2012). These organisms filter-feed on microscopic particulate material 

in the overlying water column, but have also been reported to deposit feed in the sediment 

(Vaughn et al., 2008). They exhibit unique life cycle characteristics, including sexual 

dimorphism, protandry (Downing et al., 1989), and hermaphroditism when population densities 

are reduced (Bauer, 1987). Male mussels release sperm into the water column, which is filtered 

by females, so egg fertilization can occur. Larvae, or “glochidia” are brooded in the gills for 

weeks to months before attachment to a host. A host species is critical to complete the mussel 

life cycle, with certain mussel species being host-specific or host-generalists. Hosts are typically 

a fish species and in some cases mussel-host relationships can be very specific, such as the 

mudpuppy, Necturus maculosus, being the only host for the salamander mussel, Simpsonaias 

ambigua (Strayer and Jirka, 1997).  
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Female mussels can employ one of three strategies to increase the likelihood of glochidial 

infection of a host. Some species may use a lure (extension of the mantle margin) that mimics a 

fish or invertebrate to elicit an attack by the host (Haag and Warren, 2000). Mussels may release 

glochidia in packages called “conglutinates” that mimic the host prey such as worms or insect 

larvae (Jones and Neves, 2002; Haag and Warren, 2003). The last strategy is employed by host 

generalists, whereby glochidia are released into the water column in a mucous web to promote 

attachment to a fish host (Strayer et al., 2004). Glochidia attached to the host (typically on the 

gills or fins) ultimately spend several days to months in a cyst developing organ systems and 

receiving nourishment. The primary role of the parasitic phase is to initiate metamorphosis of the 

glochidia into the juvenile life stage and to promote habitat dispersal (Kat, 1982; Strayer and 

Jirka, 1997).  Once metamorphosis is complete, the juvenile mussel is released from the cyst and 

settles out of the water column and buries into the substrate to reach maturity, typically before 6 

years of age (Haag and Rypel, 2011; Jones and Neves, 2011; Haag, 2012). For this thesis, three 

life stages of mussels were employed in toxicological testing: glochidia (extracted from the gills 

of a gravid female), juveniles (4 months old), and adults (2.5 years old). This provides a strong 

basis on which to compare the relative sensitivity of the life stages and of the risks posed by 

pesticides and contaminant mixtures investigated for this thesis.  

Ecological benefits of freshwater mussels 

Mussels can often compose up to 50% of the total benthic biomass whereby large 

volumes of water are filtered by dense populations. The deposition of filtered material also 

provides an important energetic link between pelagic and benthic food webs (Negus, 1966; 

Hanson et al., 1988; Strayer et al., 1994; Haag, 2012). Filter feeding by mussel populations can 

reduce pelagic nutrient levels and improve water clarity (Negus, 1966; Vaughn et al., 2008). The 
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mixing of sediments by burrowing mussels also improves oxygen content and increases 

microbial activity (Vaughn and Hakenkamp, 2001). Mussel shells can also create and improve 

habitat for other aquatic organisms by providing physical structure and stabilization of substrate 

(Vaughn et al., 2008). Shells that remain a part of the substrate after death of the animal can 

provide a long-term source of calcium in ion poor water bodies (Green, 1980). Mussels also 

serve as important prey for various fish, mammal, and bird predators (Haag, 2012).  

Conservation status of freshwater mussels 

According to Graf and Cummings (2007), there are over 300 unionid species found in 

North America. With nearly 70% of North American freshwater mussel species listed as either 

endangered, threatened or in decline, they are one of the most imperiled groups of aquatic 

organisms (Bogan, 1993; Williams et al., 1993; Biggins et al., 1995). Being the northern limit for 

most of their distributional ranges, Canada supports 53 species with 41 found in the province of 

Ontario (Clarke, 1981). In Ontario, 15 freshwater mussel species are listed on the Species at Risk 

Public Registry (SARA, 2017). In Canada, 65% of the freshwater mussel species require 

conservation action (Metcalfe-Smith et al., 2005). Recovery strategies produced under the 

Canadian Species at Risk Act indicate that freshwater mussels have a higher sensitivity to some 

environmental contaminants compared to other aquatic invertebrates, which likely pose a threat 

to the recovery of at-risk species (Goudreau et al., 1993; Mummert et al., 2003; COSEWIC, 

2015). 

Although habitat loss and degradation is considered the main reason for drastic declines 

of mussel populations (Metcalfe-Smith et al., 1998; Metcalfe-Smith et al., 2000; Strayer et al., 

2004), factors such as water quality degradation due to anthropogenic sources, sedimentation 
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(Box and Mossa, 1999), loss of fish host species (Williams et al., 1993), and invasive species 

such as Dreissena sp. (Ricciardi and Rasmussen, 1999), also play a role. This thesis specifically 

focuses on the risk posed by environmentally relevant pesticides, which have been detected in 

Ontario surface waters, to the different mussel life stages. Exposures were also performed with 

environmentally relevant contaminants (ammonia, chloride, copper, and potassium) that are 

known to be toxic to mussels. This was followed by assessing the effects of binary mixtures that 

mussels may be exposed to in Ontario surface waters. Gravid V. iris females were collected from 

reference sites in Ontario to implement toxicity testing using the glochidia. Ontario-cultured 

Lampsilis fasciola (wavy-rayed lampmussel; Rafinesque, 1820) juveniles were used in toxicity 

testing. Both species are currently listed as “special concern” under the Committee on the Status 

of Endangered Wildlife in Canada (COSEWIC, 2010, 2015). Missouri-cultured Lampsilis 

siliquoidea (fatmucket; Barnes, 1823), which is not an at risk species, were used as a surrogate 

species for juvenile and adult life stages to reduce any negative impacts on populations found at 

reference sites. 

Toxicity testing with freshwater mussels 

With both pelagic (glochidia) and benthic (juveniles and adults) life stages, mussels can 

be used to assess multiple routes of contaminant exposure (Gillis et al., 2008; Haag, 2012; Jorge 

et al., 2013). The development of a standard method for conducting laboratory-based toxicity 

tests with early life stage mussels (ASTM-E2455-06, 2013) has led to an increased 

understanding of their sensitivity to contaminants, especially for acute (24-96 h) exposures 

(Bringolf et al., 2007b; Cope et al., 2008; Wang et al., 2008; Gillis et al., 2010; Pandolfo et al., 

2012). Studies have also assessed ecologically relevant sub-lethal effects that aquatic 

contaminants pose to juvenile and adult mussels such as contaminant bioaccumulation, stress 
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biomarkers, burial ability, and filtration rate (Naimo et al., 1992; Naimo, 1995; Archambault et 

al., 2013). 28 d sub-chronic, static renewal tests have been employed when exposing juvenile and 

adult mussels to toxicants (e.g., Gilroy et al., 2017; Prosser et al., 2017a). Since some sub-lethal 

endpoints such as growth have been shown to be more sensitive than survival (Newton and 

Bartsch, 2007b; Wang et al., 2007), changes in the response of these endpoints could be used to 

identify contaminant levels that may contribute to population declines over longer exposure 

periods. This understanding led to the first component of this thesis; to optimize and compare the 

sensitivity of clearance rate (mussel’s ability to filter algae after chemical exposure) to 

established endpoints such as survival and burial activity.  

Clearance rate in mussel toxicology 

Filtration rate is an endpoint that has been used to assess the sub-lethal toxicity of 

chemicals to mussels (e.g., Kraak et al., 1994a; Prosser et al., 2017a). This endpoint provides a 

link between behavioural responses and apical endpoints in mussel toxicity testing. Filtering 

behaviour involves the active movement of water through the mantle of a mussel, which is 

critical for feeding, gas exchange, distribution of gametes and larvae, and excretion of waste 

(Vaughn et al., 2008; Haag, 2012). In this study, filtering ability was assessed by measuring 

clearance rate, which was defined as a mussel’s ability to remove unicellular algae from the 

overlying water in a given amount of time. Although filtration rate has been assessed in mussels 

after chemical exposure (Kraak et al., 1993; Loayza-Muro and Elías-Letts, 2007), an 

optimization and comparison of the sensitivity of sub-lethal endpoints (e.g., clearance rate and 

burial ability) to apical endpoints (e.g., survival) in mussel toxicology has, to the author’s 

knowledge, not been assessed. The importance of such a study is to determine whether this 

endpoint is robust and sensitive enough to detect subtle changes in filtration when comtaminant 
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exposed mussels are compared to unexposed mussels. Burial was defined as a mussel’s ability to 

bury into clean substrate after chemical exposure. Burying into a substrate is important for 

avoiding predators and dislodgement (Haag, 2012), encrustment by invasive species such as 

Dreissena sp. (Nichols and Wilcox, 1997), and as an adaptation for drought survival (Matteson, 

1955). 

Due to the potential impact on mussel biodiversity (Metcalfe-Smith et al., 1998; 

Metcalfe-Smith et al., 2000; Gillis et al., 2017) and the associated ecological services provided 

by populations (Vaughn, 2017), it is important to investigate how aquatic contaminants may 

impact these mussel behaviours in addition to survival. Chapters 3 and 4 of this thesis focused on 

the risk posed by waterborne contaminants to mussels (pesticides and binary chemical mixtures); 

following the comparison between possible sub-lethal and apical endpoints in Chapter 2 to 

ensure that implemented endpoints were sensitive enough to detect changes between exposed 

and unexposed freshwater mussels, if present. 

Toxicity of pesticides to freshwater mussels 

The presence, and occasional exceedance of regulatory guidelines, of pesticides in 

Ontario surface waters due to agricultural runoff has caused concerns for the long-term health of 

aquatic communities (Struger et al., 2004; Kannan et al., 2006; Struger and Fletcher, 2007; 

Gouin et al., 2008; Struger et al., 2017). In 2003, 48 mill kg of pesticides were applied 

throughout the seven states and provinces bordering the Great Lakes, with 3 mill kg being 

applied in Ontario (Gouin et al., 2008). With one third of the land use in the Great Lakes basin 

dedicated to agriculture, non-target aquatic organisms are exposed to variable, though generally 

low concentrations of pesticides (Kannan et al., 2006). Some pesticides have been reported to 
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cause adverse effects on aquatic invertebrates at environmentally relevant concentrations 

(Stoughton et al., 2008; Ochoa-Acuña et al., 2009; Zubrod et al., 2014; Bartlett et al., 2018; Raby 

et al., 2018). Since waterborne contaminants have been identified as one of the key contributing 

factors to the decline of mussel species (Williams et al., 1993; Strayer et al., 2004; Gillis et al., 

2017), investigation into the risk that pesticides pose to the different life stages of these 

organisms is essential to support management (protection and recovery) initiatives.  

Previous studies have observed that glochidia are relatively insensitive to pesticide 

concentrations detected in the aquatic environment, possibly due to the lack of a developed 

nervous system. A 48 h EC50 for L. siliquoidea glochidia exposed to technical-grade chlorpyrifos 

was reported to be 430 μg/L (Bringolf et al., 2007a). Utterbackia imbecillis (paper pondshell; 

Say, 1829) glochidia exposed to technical-grade carbaryl was found to have 24 h EC50 values of 

30,100 µg/L (Johnson et al., 1993). A study by Keller and Ruessler (1997) reported an EC50 

value for malathion using Villosa sp. glochidia (24 h) and juveniles (96 h) of 54,000 and 142,000 

μg/L, respectively. Prosser et al. (2016) reported EC50 values for Lampsilis fasciola glochidia 

exposed to seven neonicotinoids (including clothianidin, imidacloprid, and thiamethoxam) and 

one butenolide (flupyradifurone) that were > 598 µg/L. The effect concentrations for the above-

mentioned studies indicate that glochidia are not sensitive to acute exposure of pesticide 

concentrations detected in Ontario surface waters.  

In comparison to glochidia, there are fewer investigations into the sub-chronic effects that 

pesticides pose to juvenile and adult freshwater mussels. This may be a result of the challenge of 

acquiring sufficient quantities of organisms to perform testing without having an adverse effect 

on natural populations, along with the logistical investment required for 28 d tests. One study 

using juvenile L. siliquoidea exposed to azoxystrobin for 28 d  reported a NOEC value of 28 
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μg/L, which was the highest concentration tested (Kunz et al., 2017). The investigator’s test 

concentration selection was based on the maximum concentration of azoxystrobin in Europe 

reported at 29.7 µg/L (Berenzen et al., 2005). Because juvenile and adult mussels have a more 

developed nervous system on which these pesticides can act, these life stages may be more 

sensitive to exposure compared to glochidia.  

The primary focus of Chapter 3 was to assess a suite of pesticides from various classes to 

the same mussel species and among life stages. Glochidia exposure studies exclusively used V. 

iris because of its “special concern” species at risk status in Canada and the lack of toxicity data 

for this species, which is suspected to have a heightened sensitivity to contaminants compared to 

other mussel species (COSEWIC, 2015).  

Toxicity of contaminant mixtures to freshwater mussels 

In aquatic environments, organisms are exposed to complex mixtures of contaminants 

related to industrial, agricultural, and urban activities (Pavlaki et al., 2011; Altenburger et al., 

2013; Jonker et al., 2016). Globally, the co-occurrence of surface water contaminants such as 

industrial chemicals, pharmaceuticals, and pesticides in the United States (Kolpin et al., 2002) 

and Europe (Adielsson et al., 2009) has been reported. In Chapter 4, the effects of chemical 

contaminants and binary mixtures to two at-risk mussel species at the glochidia and juvenile life 

stage was assessed. Villosa iris and L. fasciola were exposed to four contaminants that are 

widely known to be toxic to mussels; ammonia, copper, chloride, and potassium.  

Although few studies have assessed the effects of contaminant mixtures to mussels (e.g., 

Keller and Zam, 1991; Faria et al., 2010), single chemical exposures with glochidia have been 

widely performed. The effects of ammonia on mussels has been well studied; Wang et al. (2007) 
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reported a 48 h EC50 for V. iris glochidia of 9.2 (8.8-9.6) mg N/L (pH = 8.3 ± 0.2). Augspurger et 

al. (2003) reported adjusted EC50 values for V. iris glochidia to mg N/L (corrected to pH of 8) 

from studies by Goudreau et al. (1993) and Scheller (1997) of 5.2 and 2.4 mg N/L, respectively. 

Mussels are also known to be highly sensitive to chloride, which has become an active area of 

research due to widespread use of road salts in urban areas that coincide with mussel habitat 

(Todd and Kaltenecker, 2012; Prosser et al., 2017b). Glochidia and juvenile V. iris exposed to 

sodium chloride (NaCl) resulted in 48 h EC50 values of 1007 mg Cl-/L and 1395 mg Cl-/L, 

respectively (Pandolfo et al., 2012). In addition, 48 h NaCl exposures for five mussel species 

(including 2 Villosa sp.) generated EC50s between 334-2002 mg Cl-/L (Bringolf et al., 2007b). In 

studying the effects of copper on glochidia, Jacobson et al. (1997) reported 24 h EC50 values for 

V. iris between 36-80 μg Cu2+/L. There has also been a growing interest in the risk posed by 

potassium to mussels as natural concentrations can be elevated by human activities (Wang et al., 

2018). A recent study by Wang et al. (2018) reported a 24 h EC50 for L. siliquoidea to be 30 (28-

31) mg K+/L. Imlay (1973) also reported that mussels were not found in six rivers where 

potassium levels exceeded 7 mg K+/L. Even though this was reported over 40 years ago, very 

few published studies have investigated the risk posed by potassium to mussels.  

Since mussels are exposed to complex mixtures of contaminants in the environment, 

understanding how chemical mixtures affect these organisms will improve our ability to assess 

risk. Since only a few studies have focused on the effects of chemical mixtures to mussels (e.g., 

Keller and Zam, 1991; Faria et al., 2010) and the growing importance to evaluate the risk that 

chemical mixtures pose to aquatic organisms (Casey et al., 2004), the final chapter of this thesis 

assessed the effects of glochidia and juvenile mussels exposed to various binary chemical 

mixtures.  
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Problem formulation and objectives 

Chapter 2 

Because some sub-lethal endpoints in mussel toxicology are more sensitive than survival 

(Newton and Bartsch, 2007a; Wang et al., 2007), it is important to ensure that methods to assess 

such endpoints are robust, repeatable, and able to detect changes between exposed and 

unexposed organisms, if present. Previous studies that have assessed clearance rate reported 

varying degrees of sensitivity compared to survival (Gilroy et al., 2014; Gilroy et al., 2017; 

Prosser et al., 2017a). This discrepancy brought into question whether the method to assess 

clearance rate had been thoroughly evaluated. The problem addressed in Chapter 2 was that the 

clearance rate method implemented after chemical exposure had not undergone rigorous testing 

to determine such considerations as the concentration of algae mixture at test initiation, duration 

of clearance rate assay, and statistical power using the direct microscopic examination and 

absorbance. To the author’s knowledge, no studies that have assessed whether an impact on 

filtration rates during and after chemical exposures are due to irreparable physiological damage 

of the mussel or simply an avoidance response.  

Chapter 2 research question 

Is the optimized method to measure clearance rate a more sensitive effect endpoint in toxicity 

testing with mussels compared to survival and burial ability?  

Chapter 2 null hypothesis 

The optimized method to measure clearance rate is not a statistically more sensitive effect 

endpoint than survival or burial ability for mussels. 
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Chapter 2 objective 

To determine a robust method to assess the clearance rate of mussels for use as an effect 

endpoint in toxicity testing and to compare the sensitivity of clearance rate to traditional effect 

endpoints. 

Link to chapter 3 

Because the remainder of the research project focused on the risk posed by waterborne 

contaminants to mussels (pesticides and binary mixtures), a robust comparison between sub-

lethal and apical endpoints was implemented to determine what should be assessed at the end of 

chemical exposures using the juvenile and adult life stages.  

Chapter 3 

Few studies have conducted a comparative assessment of pesticides from various classes to the 

same mussel species or among life stages. Also, V. iris glochidia are not typically used in testing 

in Canada, resulting in a lack of toxicity data for this at-risk species that is considered to have a 

heightened sensitivity to contaminants compared to other unionid species (COSEWIC, 2015).  

Due to the challenge of acquiring sufficient quantities of juvenile and adult mussels to perform 

toxicity testing, there has been very few studies to assess the effects of pesticides on these two 

life stages which possess a more developed nervous system compared to glochidia.  

Chapter 3 research question 

Do pesticides in Ontario surface waters at environmentally relevant concentrations pose a risk to 

the different life stages of two mussel species; Villosa iris and Lampsilis siliquoidea? 
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Chapter 3 null hypothesis 

Pesticides detected in Ontario surface waters at environmentally relevant concentrations pose 

minimal risk to different life stages of two mussel species; Villosa iris and Lampsilis siliquoidea. 

Chapter 3 objective 

To determine the risk posed by 11 pesticides detected in Ontario surface waters to the different 

life stages of two mussel species; Villosa iris and Lampsilis siliquoidea.  

Link to chapter 4 

Because the three life stages of mussels were reported to be insensitive to pesticides during acute 

and sub-chronic exposures, the focus of the final research chapter was directed towards assessing 

the toxicity of binary mixtures using environmentally relevant contaminants to which mussels 

are known to be sensitive. 

Chapter 4 

Even though mussels are exposed to complex contaminant mixtures in the environment, few 

studies have focused on the effects of mixtures to these organisms (e.g., Keller and Zam, 1991; 

Faria et al., 2010), and no studies that primarily focus on Canadian species. There is a growing 

importance to evaluate the risk that chemical mixtures pose to aquatic organisms (Casey et al., 

2004) but this is hindered by a lack of toxicity data using V. iris glochidia and juvenile L. 

fasciola sourced from Ontario.  
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Chapter 4 research question 

Is the observed toxicity of selected environmentally relevant binary mixtures to glochidia and 

juvenile freshwater mussels best described by an additive model for mixture toxicity?  

Chapter 4 null hypothesis 

The observed toxicity of selected environmentally relevant binary mixtures to glochidia and 

juvenile freshwater mussels is best described by an additive model for mixture toxicity.  

Chapter 4 objective 

To determine whether an additive model for mixture toxicity best describes the toxicity of 

various binary mixtures of environmentally relevant waterborne contaminants (ammonia, 

chloride, copper, and potassium) to glochidia and juvenile mussels. 
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CHAPTER 2 INVESTIGATION OF CLEARANCE RATE AS AN ENDPOINT IN 

TOXICITY TESTING WITH FRESHWATER MUSSELS (UNIONIDAE) 

Abstract 

The implementation of ecologically relevant sub-lethal endpoints in toxicity testing with 

freshwater mussels can provide valuable information during risk assessment, especially since 

these organisms are often exposed to low levels of contaminants. This study examined how to 

optimize quantifying the filtering capacity or clearance rate (CR) of mussels after exposure to a 

reference toxicant, sodium chloride (NaCl). CR was defined as the number of algal cells an 

individual mussel can remove from the overlying water by filtration over time and was 

determined using spectrophotometric absorbance and direct microscopic examination. 

Optimization included consideration of the following factors: concentration of algae mixture at 

test initiation, duration of CR assay, and statistical power. Experimental vessels contained either 

juvenile (ten, ~ 4 months old) or adult (one, ~ 2.5 years old) Lampsilis siliquoidea. To detect a 

10% change in filtering capacity, the optimized adult CR assay was run for 48 h with 2.7 x 107 

cells/mL of algae added at test initiation and a minimum of 6 replicates per treatment. The 

optimized juvenile mussel CR assay was run for 48 h with 1.77 x 107 cells/mL of algae added at 

test initiation; however, 13 replicates would be required to detect a 10% change to satisfy each 

method. To reduce the number of juvenile mussels used in testing, a minimum of 4 replicates per 

treatment was recommended to detect a 25% change in CR. After exposure to a reference 

toxicant (NaCl), EC50s from the optimized CR assay were compared to two other mussel toxicity 

endpoints: survival and burial (ability of mussels to bury in clean sand). CR by direct 

microscopic examination was slightly more sensitive than survival and burial in juveniles and 

only slightly more sensitive than survival in adults. No significant differences (p > 0.05) were 
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detected between the EC/LC50 values determined from CR and the less labour-intensive survival 

and burial endpoints. The present study suggests the CR for juvenile and adult L. siliquoidea 

remained largely unaffected in mussels that survived a 7 d NaCl exposure.   
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Introduction 

Freshwater mussels provide a variety of services in aquatic ecosystems which include 

assisting in nutrient cycling, energy transfer, habitat structure, and water quality (Vaughn, 2017). 

Based on these ecological services, mussels can be considered critical to the function of healthy 

aquatic systems. With nearly 70% of North American freshwater mussel species listed as either 

endangered, threatened or in decline, they are one of the most imperiled groups of aquatic 

organisms (Bogan, 1993; Williams et al., 1993; Biggins et al., 1995). The drastic decline of 

populations is often associated with water quality degradation, loss of fish host species, and the 

alteration or destruction of habitat (Metcalfe-Smith et al., 1998; Metcalfe-Smith et al., 2000; 

Strayer et al., 2004).  

In their natural environment, freshwater mussels are important sentinels of water quality 

since they are considered long-lived and relatively sessile. With both pelagic (glochidia) and 

benthic (juveniles and adults) life stages, freshwater mussels can be used to assess multiple 

routes of contaminant exposure (Gillis et al., 2008; Haag, 2012; Jorge et al., 2013). The 

development of a standard method for conducting laboratory-based toxicity tests with early life 

stage freshwater mussels (ASTM-E2455-06, 2013) has led to an increased understanding of their 

sensitivity to contaminants, especially for acute (24-96 h) exposures (Bringolf et al., 2007b; 

Cope et al., 2008; Wang et al., 2008; Gillis et al., 2010; Pandolfo et al., 2012). Studies have also 

assessed ecologically relevant sub-lethal effects that aquatic contaminants pose to juvenile and 

adult mussels such as contaminant bioaccumulation, stress biomarkers, burial ability, and 

clearance rate (Naimo et al., 1992; Naimo, 1995; Archambault et al., 2013). Since some sub-

lethal endpoints such as growth have been shown to be more sensitive than survival (Newton and 

Bartsch, 2007b; Wang et al., 2007), changes in the response of these endpoints could be used to 
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identify contaminant levels that may contribute to population decline over longer exposure 

periods.   

Filtering and burial ability are two endpoints that have been used to assess the sub-lethal 

toxicity of chemicals to juvenile and adult mussels (e.g., Kraak et al., 1994a; Cooper and 

Bidwell, 2006; Prosser et al., 2017a). These two endpoints provide a link between behavioural 

responses and apical endpoints in mussel toxicity testing. Filtering behaviour in bivalves 

involves the active movement of water through the mantle, which is critical for feeding, gas 

exchange, distribution of gametes and larvae, and excretion of waste (Vaughn et al., 2008; Haag, 

2012). In this study, filtering ability was assessed by measuring clearance rate (CR), which was 

defined as a mussel’s ability to remove unicellular algae from the overlying water in a given 

amount of time within a test vessel after chemical exposure. Burial was defined as a mussel’s 

ability to bury into clean substrate after chemical exposure. Coordinating the movement to bury 

into a substrate is important for avoiding dislodgement (Haag, 2012), infestation by Dreissena 

sp. (Nichols and Wilcox, 1997), and as an adaptation for drought survival (Matteson, 1955). To 

the author’s knowledge, a comparison of the sensitivity of sub-lethal endpoints (e.g., CR and 

burial) to apical endpoints in mussel toxicology has not been assessed. 

Due to the potential impact on mussel biodiversity (Metcalfe-Smith et al., 1998; 

Metcalfe-Smith et al., 2000; Gillis et al., 2017) and the associated ecological services provided 

by populations (Vaughn, 2017), it is important to investigate how aquatic contaminants may 

impact these mussel behaviours in addition to survival. The objective of this study was to 

develop a robust method to assess CR that could be used as an ecologically relevant endpoint 

after sub-chronic/chronic toxicity testing with freshwater mussels. The goal of optimization was 

to reduce variability not associated with chemical exposure and to identify an appropriate level 
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of statistical power, i.e., increasing ability to detect an effect when an effect occurs. Following 

improvement of the CR assay method, both adult and juvenile Lampsilis siliquoidea (fatmucket; 

Barnes, 1823) were exposed to a reference toxicant, sodium chloride (NaCl), to assess the 

endpoint’s relative sensitivity compared to survival and burial. Results from previous studies that 

implemented similar methods to assess filtration rates of mussels during/after chemical 

exposures were compared to the present study. Successful optimization of CR as a toxicity test 

endpoint could provide greater insight into potential risks associated with sub-chronic 

contaminant exposures to this imperiled group of aquatic organisms.    

Materials and methods 

Test organism 

Juvenile and adult L. siliquoidea were cultured in the laboratory of Dr. Chris Barnhart at 

Missouri State University (Springfield, MO, USA). Mussels were shipped overnight and held at 

Environment and Climate Change Canada’s Aquatic Life Research Facility (Burlington, ON) at 

14 ± 2°C in a flow-through system with dechlorinated City of Burlington tap water 

(physicochemical properties Table A1). Mussels received a mixture of commercial shellfish diet 

(Instant Algae Shellfish Diet 1800® and Instant Algae Nano Diet 3600®, Reed Mariculture, 

Campbell, CA, USA) twice a day prior to testing. Adult and juvenile mussels used in 

experiments were approximately 2.5 years old (76.7 ± 0.6 mm, mean length ± standard 

deviation, n = 40) and approximately 4 months old (5.2 ± 0.6 mm, n = 20), respectively.   

Algae counting methods 

The rate at which mussels could remove particles from solution (CR) was assessed using 

an algal mixture consisting of Instant Algae Shellfish Diet 1800® (5.33 x 107 cells/mL) and 

Instant Algae Nano Diet 3600® (4.53 x 108 cells/mL) in 450 mL of deionized water (total algal 
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concentration approximately 5.07 x 108 cells/mL). The concentration of algae within each 

replicate vessel was determined at test initiation and conclusion using two methods: by direct 

examination with microscopy and by light absorbance with spectrophotometry. These two 

methods were chosen because they can be conducted with relatively low cost using standard 

laboratory equipment, as opposed to potentially cost-prohibitive instruments such as a Coulter 

Counter™ or flow cytometer. By applying the equation below, the CR in each replicate vessel 

was determined: 

Clearance rate (CR) =
(([algae] start- ([algae] start * % algal settling)) - [algae] end) * volume

# of mussels in vessel * test duration (h) 
 

 

Since all treatments during the adult CR experiments housed one organism (as 

opposed to up to 10 in juvenile experiments), algal settling was considered constant between 

vessels and was not included in the adult mussel CR calculation. Percent algal settling was 

applied to the juvenile CR calculation since toxicity (mortality) from the chemical exposure can 

result in different numbers of organisms across the replicate vessels and exposure treatments. To 

remove the influence of algal cells that settle out of solution on the calculated CR, vessels 

containing algae, but no mussels were used to determine the percent of settled algae. This algal 

settling correction was applied to the calculation of CR. 

Hemocytometer 

Algal cells were counted with a Neubauer Improved hemocytometer (Assistent ®, 

Germany), a gridded microscope slide with two loading chambers, under a compound 

microscope at 200x magnification. Algal cells in three sub-samples (one hemocytometer 

chamber per sub-sample) of overlying water from each treatment replicate were counted. At least 

three grid squares (0.004 mm3 each) were counted within each chamber to achieve a minimum 

total count of 100 algal cells (algal density = 3 x 106 cells/mL) (Moheimani et al., 2013). This 
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minimum algal count established a cell count error of less than 20% and served as the limit of 

detection for the direct microscopic examination using the hemocytometer (Lund et al., 1958; 

Andersen, 2005; Moheimani et al., 2013).  The concentration of algae (cells/mL) was determined 

by multiplying the volume of one grid square by the total number of grid squares counted across 

the sub-samples, which was then multiplied by 1000 to obtain the volume of sample in 

milliliters. The total number of algal cells in the overlying water was calculated by multiplying 

the concentration of algal cells by the total volume of water in each test vessel (UNESCO, 2010; 

Moheimani et al., 2013). 

  Spectrophotometer 

Overlying water samples (125 µL) from each treatment replicate were loaded onto a clear 

96-well plate (Corning Inc., USA) in triplicate. The ability of the water sample to absorb light of 

the wavelength 540, 600, and 750 nm was measured using a BioTek EL800 spectrophotometer 

(Winooski, VT, USA). To quantify the density of algal cells by absorbance, a standard curve and 

blank samples (dechlorinated water) were run in triplicate on every plate. The average blank 

absorbance reading was used to correct each sample and determine the limit of detection (LOD) 

for each plate run through the spectrophotometer as defined by Thomsen et al. (2003): 

LOD = average blank abs. reading + 3 * blank abs. standard deviation 

The standard curve, used to calculate the algal density of a sample from light absorbance, 

was a serial dilution of the algae mixture (of known concentration) added at the initiation of the 

CR assay. The algal cells in the standard curve were counted by direct microscopic examination 

using a hemocytometer, as described above. The equation derived from the linear regression of 

algal density and light absorbance was used to calculate the density of algae in the overlying 

water of each replicate vessel based on the absorbance at each wavelength. The density of algae 
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was multiplied by the total test vessel volume to determine the number of algal cells in the 

overlying water. The number of algal cells in each test vessel was determined from the mean of 

triplicate readings. 

Survival and burial endpoints  

The survival of each mussel was assessed at the end of an exposure. Mussels were 

considered alive if the valves of the mussel were closed or closed when touched (indicating 

adductor muscle function) or if visible siphoning activity or foot movement was observed 

(Naimo, 1995). Following exposure, surviving adults were placed in 1-L glass vessels with 710 

mL of overlying dechlorinated water and 100 mL of sand. Similarly, following exposure, 

surviving juvenile mussels from each replicate vessel were transferred to 250-mL vessels with 

193 mL overlying water and 25 mL of sand. Each test vessel was covered and aerated. The 

temperature and light conditions were 20 ± 1°C and a light: dark cycle of 16h: 8h, respectively. 

Burial was assessed 24 h after initial introduction to the test vessel. Successful burial was defined 

as any attempt by a mussel to burrow into the sand. To minimize handling, CR was assessed in 

the same vessel as burial. 

Clearance rate assay optimization: adult mussels 

An appropriate initial algal concentration would be one that was high enough to enable 

detection with a hemocytometer and spectrophotometer after a period of mussel feeding, though 

not being so high to occlude identification and quantification of subtle changes in algal 

concentration. To determine the appropriate concentration of algae at the beginning of the test, 

six algal concentrations ranging from 6.76 x 106 to 4.05 x 107 cells/mL were assessed (one test 

vessel per algal concentration). One adult L. siliquoidea was added to each test vessel and 

samples of overlying water were taken at test initiation and conclusion (t = 24 h) to quantify 
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changes in the concentration of algae. Test vessels were gently aerated to provide continual 

mixing and limit settling of algal cells.   

An appropriate filtering duration would be one that enables control mussels (i.e., those 

not exposed to contaminants) to clear sufficient algal cells so that significant differences between 

initial and final algal concentrations could be detected.  However, filtering time must be brief 

enough to prevent algal concentrations from falling below detection limits. A test duration that 

fulfilled these two requirements would increase the ability to detect differences in CR across 

treatments where mussels were exposed to a chemical or stress. To assess the duration of time 

that the mussels should be allowed to filter, five replicate vessels, each with one adult L. 

siliquoidea were prepared with the appropriate concentration of algae (as determined above). 

Samples of overlying water were taken at 0, 24, 36, and 48 h to assess algal concentration. The 

sampling event that demonstrated the greatest percent difference in algal density (compared to 

initiation, t = 0 h) was selected for the optimized CR method. The variability in CR between 

replicates was used to conduct a power analysis using SigmaPlot 13 (Systat Software Inc., CA, 

USA). The power analysis allowed for the determination of the number of replicates required to 

detect a 10% (high sensitivity) and 25% (low sensitivity) difference in CR while maintaining a 

statistical power (β) of 0.8 ( = 0.05) based on the variability observed in the CR of control 

mussels. To improve the sensitivity of the CR method after chemical exposure, the number of 

replicates that could detect a 10% difference in CR was preferred over 25% since a smaller 

change in the mussel’s ability to clear algae across treatments could be detected. However, if the 

number of replicates required to achieve this was not logistically feasible, the number of 

replicates which enabled detection of a 25% difference in CR was used. 
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Clearance rate assay optimization: juvenile mussels 

The appropriate concentration of algae at test initiation, optimal filtering activity duration 

and experimental power were also determined for juvenile mussels. Two algal concentrations 

(1.77 x 107 and 2.53 x 107 cells/mL) were assessed using five replicate test vessels each 

containing ten juvenile L. siliquoidea. Sub-samples of overlying water were taken at 0, 24, and 

48 h to quantify changes in algal concentration. The percent decrease in algal concentration at 

each sampling event was calculated. The sampling event that reported the largest percent 

decrease in algal density (compared to initiation, t = 0 h) that remained above the hemocytometer 

and spectrophotometer detection limits was chosen for the juvenile CR assay. A power analysis 

(β = 0.8,  = 0.05) to determine the number of replicates required to detect a 10 and 25% 

difference in CR was conducted in SigmaPlot 13 using the variability in CR between the 

replicate vessels.  

Reference toxicant (sodium chloride) exposure 

To assess the performance of the optimized CR assay in contaminant-exposed mussels, 

both adult and juvenile mussels were exposed to a reference toxicant, sodium chloride (NaCl, 

CAS 7647-14-5, Fisher Scientific, ON, Canada), for 7 d prior to assessing their ability to remove 

algae from the overlying water. Adult mussels were exposed to 0, 1000, 2000, 3500, and 5000 

mg Cl-/L and juvenile mussels were exposed to 0, 500, 1250, 2000, and 2750 mg Cl-/L 

(nominal). Sodium chloride was chosen as the reference toxicant because freshwater mussels, 

particularly the early life stages, have a heightened sensitivity to salt (Gillis, 2011; Prosser et al., 

2017b). Both adult and juvenile exposures were conducted in 1-L vessels with 100 mL of 

aquarium sand and 750-mL of exposure solution with one and ten mussels, respectively. Each 

exposure treatment satisfied the minimum number of replicates as determined from the power 



24 

 

analysis conducted during the CR assay optimization described above. Each treatment replicate 

received a complete test vessel change and 100% solution renewal on day four of the adult 

mussel NaCl exposure. Water quality parameters (pH, conductivity, dissolved oxygen, chloride, 

ammonia, salinity, and temperature) were assessed at test initiation, day four (before and after 

adult mussel vessel change), and at test completion (Tables A2 and A3). Selected exposure 

solutions were analyzed by the National Laboratory for Environmental Testing (NLET) 

(Environment and Climate Change Canada, Burlington, ON, Canada) to confirm chloride 

readings from a benchtop chloride meter (Orion Dual Star pH/ISE and Orion chloride ion 

selective electrode 9617BNWP, Thermo Scientific, MA, USA) (Table A4). Samples submitted 

to NLET for chloride analysis were measured by Ion Chromatography with a detection limit of 

0.01 mg Cl-/L. The mean chloride recovery was 101.2 ± 1.1% (n = 14) using certified reference 

materials. At the end of the 7 d NaCl exposure, mussel survival was assessed in each replicate 

vessel prior to transferring mussels into the clean test vessels to commence the burial and CR 

assessments (see below).  

Statistical analyses 

The concentration of chloride causing 50% lethality (LC50) and the effective 

concentration causing a 50% reduction in burial or CR relative to the control treatment (EC50) 

along with 95% confidence intervals were estimated by non-linear regression using the drc 

package in RStudio version 3.3.2 (Ritz and Streibig, 2005; Prosser et al., 2016; RStudio, 2016). 

LC50 and EC50s were determined using the measured concentration of chloride from the 

benchtop meter at test initiation. Results were reported as mean ± standard error (SE). Significant 

differences between control and chloride treatments (α = 0.05) for CR, survival, and burial data 

were analyzed using one-way analysis of variance (ANOVA) in SigmaPlot 13. Normality and 
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equal variance among treatments were determined using the Shapiro-Wilk and Brown-Forsythe 

tests, respectively. If normality or equal variance were not met, a Kruskal-Wallis test on ranks 

was conducted to identify significant differences between treatments. If significant differences 

were detected between the control and chloride treatments, a post hoc Dunn’s test was 

performed. The Holm-Sidak method was applied post hoc if a significant difference between the 

control and chloride treatments was detected in CR. 

Results and discussion 

  Clearance rate optimization: adult mussels  

The feeding experiment to assess various initial algal concentrations (Table A5) in adult 

mussels revealed that after 24 h, the two lowest concentrations (6.8 x 106 and 1.4 x 107 cells/ 

mL) were close to or below the limit of detection for two of the three spectrophotometer 

wavelengths (540 and 600 nm) and were below the hemocytometer detection limit (Figure A1). 

The two highest algal concentrations assessed (3.4 x 107 and 4.1 x 107 cells/ mL) were difficult 

to work with and required dilution to quantify with a hemocytometer (Figure A1).  While both 

intermediate algal concentrations (2.0 x 107 and 2.7 x 107 cells/mL) resulted in comparable 

quantification using microscopy and absorbance after the mussels had fed (assay completion), 

2.7 x 107 cells/mL was selected because this concentration was conducive to quantification using 

microscopy and absorbance techniques both at the initiation and conclusion of the assay (Figure 

A1).  

The experiment that assessed optimal duration of adult mussel feeding revealed that both 

for the hemocytometer and spectrophotometry (at 540, 600, and 750 nm) enumeration methods, 

the greatest change in algal concentration occurred after 48 h (Tables A6 to A8). The mean (± 

SE) percent decrease in algal concentration for 24, 36, and 48 h were 33.1 (± 2.79), 79.3 (± 
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1.58), and 80.1 (± 0.86) %, respectively, across the enumeration methods employed (Figure A2). 

The power analysis conducted using the variation in CR between replicates for a 48 h assay 

indicated that, for adult mussels, fewer replicates would be required to maintain a statistical 

power of 0.8 compared to durations of 24 or 36 h (Table 2-1). Also, to detect a 10% change in 

CR and maintain a power of 0.8, a minimum of 6 replicates should be included for algal 

solutions enumerated with a hemocytometer and the spectrophotometer wavelengths examined 

(Table 2-1). The ability to detect change in algal concentration was reduced when fewer 

replicates were used; for example, 3 replicates were able to detect only a 25% difference (α = 

0.8) in CR (Table 2-1). It was recommended that 6 adult mussel replicates per treatment be used 

due to the reduction of endpoint variability and ability to detect a smaller change in CR.  

Reference toxicant (sodium chloride) exposure: adult mussels 

Adult mussel survival decreased with increasing NaCl exposure, with 100% mortality at 

the two highest exposure treatments (3260 and 4440 mg Cl-/L) and 75% (± 15.3) survival at 

1870 mg Cl-/L (Figure 2-1) (measured Cl-).  Burial activity of control mussels (87.5± 11.7 %) 

was higher than in mussels that survived the 1870 mg Cl-/L treatment (33.3± 19.2 %), though the 

difference was not significant (p > 0.05) (Figure 2-1 and Table A9). CR was significantly greater 

(p < 0.05) in the highest chloride concentration where survival was present (1870 Cl-/L) than the 

controls when algae was quantified using absorption at 600 and 750 nm wavelengths (Figure 2-2 

and Table A10). The hemocytometer was more sensitive at measuring changes in the 

concentration of algae compared to spectrophotometry. Effect measures (i.e., ECx) for CR 

determined using a hemocytometer resulted in tighter confidence intervals compared to effect 

measures for CR determined at absorbances of 600 and 750 nm (Table 2-2). When comparing 

EC50 and LC50s for the various endpoints examined, burial was the most sensitive (EC50: 1501 
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mg Cl-/L), followed by CR (EC50: 2056 mg Cl-/L) and survival (LC50: 2062 mg Cl-/L), though 

none were significantly different (Table 2-2). In addition, the LC/EC50 values for survival and 

burial had tighter confidence intervals than any CR detection method employed.  

We believe the observed significant difference in CR with the 650 and 750 nm 

absorbances was likely an artifact caused by the insensitivity of the spectrophotometer detection 

method employed (Figure 2-2). If CR had increased with NaCl exposure, comparable results 

would have been expected for algal quantifications conducted using the hemocytometer method, 

which was shown to be more sensitive at detecting changes in algal concentration in this study 

(Table 2-2). Overall, these results seem to indicate that even at chloride concentrations that cause 

partial mortality and inhibition in the ability of mussels to bury, the surviving adult mussels’ 

ability to clear algae from the overlying water remained largely unaffected after exposure.  

Similar CR methods have been employed as an endpoint to assess the sub-lethal effects 

of contaminants in other studies with adult L. siliquoidea, although statistical power was not 

considered.  Gilroy et al. (2017) investigated the effects of three pharmaceuticals (amitriptyline, 

iopamidol, and sertraline) and estimated algal CR by quantifying chlorophyll levels before and 

after mussels fed on an algae mixture for 75 min.  In that study, exposure to the investigated 

pharmaceuticals reported no significant difference (p > 0.05) in CR across treatments, as in the 

present study. In contrast, another study reported that two pharmaceuticals (moxifloxacin and 

rosuvastatin) produced a significant reduction (p < 0.05) in algal CR (Gilroy et al., 2014).  Since 

statistical power was not considered in the above-mentioned studies, it is difficult to determine 

whether significant differences in CR are repeatable.  
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Clearance rate optimization: juvenile mussels 

Of the two algal concentrations added at test initiation (Tables A11 and A12), 1.77 x 107 

cells/mL resulted in a greater percent decrease for both sampling events (24 and 48 h), with the 

greatest decrease occurring after 48 h (82.3 ± 3.9 %, Table A13). The concentration of algae also 

remained above the detection limit for each method of measurement (i.e., hemocytometer and 

light absorbance). A test duration of 48 h was also supported by the power analysis run using the 

variation in CR between control replicates with unexposed mussels. A CR assay with juvenile 

mussels that is run for 48 h requires less replicates to maintain a power of 0.8 compared to a 24 h 

test duration (Table 2-1). To detect a 10% change in CR when implementing the two methods, at 

least 13 replicates would be required compared to a minimum of 4 replicates to detect a 25% 

change in algal clearance after 48 h. Due to the increased effort for hemocytometer algae 

enumeration and numbers of test animals required to detect a 10% change at 48 h (13 replicates 

per treatment), we opted for a more manageable minimum of 4 replicates per treatment to detect 

a 25% difference in CR. Like the power analysis performed with adult mussels, the minimum 

number of replicates varied with the method used to quantify algae. 

Reference toxicant (sodium chloride) exposure:  juvenile mussels  

Juvenile mussel survival decreased with increasing NaCl exposure, with 100% mortality 

at the two highest exposure treatments (2420 and 2370 mg Cl-/L) and 100% survival at the 1530 

mg Cl-/L treatment (Figure A3). No significant difference (p > 0.05) in burial was detected 

across treatments where mussels survived (Figure A3 and Table A9). While there was a slight 

decrease in CR with increasing chloride exposure when algal concentration was quantified with a 

hemocytometer (Figure A4), overall, no significant differences (p > 0.05) were detected between 
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control mussels and those exposed to sodium chloride regardless of the method used to measure 

algal concentration (Table A14). 

The hemocytometer was again more sensitive to changes in algal concentration and 

produced effect measures (i.e., ECx) with tighter confidence at the 95% level than the 

spectrophotometer (Table 2-2). The effect endpoint with the narrowest 95% confidence intervals 

was survival (Table 2-2). Although the effect measures for CR determined using a 

hemocytometer (1703 mg Cl-/L) were slightly lower compared to the effect measures for burial 

and survival (1736 and 1917 mg Cl-/L, respectively), no significant differences (p > 0.05) were 

detected among the various endpoints (survival, burial, and CR) (Table 2-2). 

Other studies that have employed similar methods to assess CR in ecotoxicology studies 

with juvenile freshwater mussels have also found the endpoint to be inconclusive and/or not a 

sensitive indicator of sub-lethal exposure.  Although Gilroy et al. (2017) reported a decreasing 

trend in a chlorophyll-based CR as pharmaceutical exposure increased, no significant differences 

(p > 0.05) in the endpoint using juvenile L. siliquoidea across treatments were detected. 

Similarly, Prosser et al. (2017a) implemented direct microscopic examination with a 

hemocytometer to investigate the effect of substituted phenylamine antioxidants (SPAs) on the 

CR of juvenile (7-15 months old) L. siliquoidea. Similar to our study, Prosser et al. (2017a) 

reported CR was not significantly different (p > 0.05) across exposure concentrations and 

concluded that CR was not consistently more sensitive than mortality from SPAs exposure since 

CR for the majority of chemicals tested reported higher ECx values. Using data provided in the 

supplementary information of Prosser et al. (2017a), a power analysis revealed that between 6 

and 11 replicates per treatment would have been required to detect a 25% change in CR based on 
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the reported control variability (n= 4 per test) which infers the lack of sensitivity of CR as an 

endpoint, and supports our finding that burial and survival are more sensitive endpoints. 

Filtration rate as a sub-lethal endpoint in toxicity testing with freshwater bivalves  

A range of methods have been used to assess the ability of mussels to filter during and 

after chemical exposure. This endpoint has been referred to as clearance rate (CR), filtration rate, 

or siphoning behaviour. Kraak et al. (1994a) investigated the effects of short-term metal 

exposure (cadmium, copper, and zinc) on the filtration rate of Dreissena polymorpha using algae 

(3 x 104 cells/mL), a Coulter Counter, and Coughlan’s (1969) equation. Loayza-Muro and Elías-

Letts (2007) also employed a similar method (2 x 105 algae cells/mL) to assess filtration rate of 

the South American species Anodontites trapesialis exposed to the same metals, although cells 

were quantified using a hemocytometer. Both studies demonstrated a dose-response relationship, 

where filtration rate decreased in exposure treatments compared to the controls (Kraak et al., 

1994a; Loayza-Muro and Elías-Letts, 2007). Since mortality was low and independent of metal 

concentration in both studies, filtration rate was the more sensitive endpoint. Both studies 

assessed filtration while the mussels were still exposed to the contaminant, whereas our study 

assessed algal clearance in clean water 24 h after exposure had ceased (i.e., after the burial 

assay). Therefore, it is possible that if CR was assessed while mussels were still being exposed to 

NaCl, impairments could have been detected at lower exposure concentrations since visual 

observations reported that mussels were closed more frequently in higher chloride concentrations 

(Table A15). These results may indicate that reduced CR during exposure is likely an avoidance 

behaviour by the mussels (Hartmann et al., 2016), and our finding of no significant decrease (p > 

0.05) in CR (after exposure) suggests that there is no residual impact on a surviving mussel’s 

filtering ability following NaCl exposure.   
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Another approach has been implemented to assess siphoning behaviour in contaminant-

exposed bivalves. Cooper and Bidwell (2006) assessed siphoning behaviour using neutral red 

dye particles during and after Corbicula fluminea (Asian Clam) was exposed to chlorpyrifos 

(organophosphate pesticide). The removal of red particles was determined using a 

spectrophotometer and the rate of filtration was calculated using Coughlan’s (1969) equation. 

While siphoning behaviour was significantly reduced (p < 0.05) during chlorpyrifos exposure 

(>3.13 mg/L), likely an avoidance behaviour to exposure, no differences were detected across 

treatments when siphoning behaviour was assessed after clams were transferred to clean water 

(Cooper and Bidwell, 2006). We can only speculate that such recovery occurred in our study 

where CR was not significantly different (p > 0.05) in NaCl-exposed mussels once they were 

placed in clean water.  

Conclusions 

The lack of sensitivity of CR when implementing the described methods made it difficult 

to detect subtle changes in filtering activity following exposure to a chemical stressor. However, 

our results indicate that algal concentrations determined by direct microscopic examination with 

a hemocytometer was less variable than concentrations estimated using light absorbance with a 

spectrophotometer. Despite the attempt to optimize the CR assay, overall, we found that the ECx 

values for CR were not significantly more sensitive (p > 0.05) compared to those for survival and 

burial. If CR was assessed during the chemical stressor exposure, a reduction in filtering activity 

may have been observed, but such a reduction would likely be due to avoidance behaviour rather 

than long term impacts of the exposure. It is important to consider that it requires an approximate 

25-fold increase in person hours to measure CR using the direct microscopic examination 

method compared to visually assessing burial and quantifying survival. The overall variability in 
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the sensitivity of the CR assay employed and reported in this study brings to question if this 

assay (where CR is assessed after exposed mussels are transferred to clean water) can be 

considered a repeatable and reliable sub-lethal endpoint in mussel ecotoxicology experiments 

where a static renewal design is implemented.  
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Tables 

Table 2-1 Number of vessel replicates required per treatment to detect an effect at each sampling 

time for the juvenile and adult mussel clearance rate assay, while maintaining statistical power of 

0.8 ( = 0.05) (n = 5). Power analysis was performed using the clearance rate results from 

unexposed mussels for each detection method (absorption of light at 450, 600, and 750 nm, and 

hemocytometer) to determine the number of replicate treatments required for each detection 

method.  

 

Detection method Required Replicates in Juvenile Exposures Required Replicates in Adult Exposures 

 10% Effect  25% Effect  10% Effect 25% Effect 

  24 h 48 h 24 h 48 h 24 h 36 h 48 h 24 h 36 h 48 h 

Spectrophotometer 540 nm 65 9 12 3 230 16 6 38 4 3 

Spectrophotometer 600 nm 37 12 7 4 341 20 6 56 5 3 

Spectrophotometer 750 nm 38 13 7 4 156 19 6 26 5 3 

Hemocytometer  9 7 3 3 42 19 4 8 5 3 
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Table 2-2 Concentration causing 50% mortality or a 50% change in effect endpoints and 95% 

confidence intervals (CI) for adult and juvenile mussels exposed to increasing measured 

concentrations of chloride. Clearance rate was determined by measuring the changes in the 

concentration of algae using a hemocytometer and absorption of three wavelengths of light (i.e., 

540, 600, 750 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Endpoint 
Adult LC/EC50         

(mg Cl-/L) (95% CI) 

Juvenile LC/EC50 

(mg Cl-/L) (95% CI) 

Survival 2062 (1189-2936) 1917 (1897-1937) 

Burial 1501 (960-2042) 1736 (863-2609) 

Clearance rate   

Hemocytometer 2056 (622-3490) 1703 (1109-2296) 

540 nm 2092 (670-3515) 1943 (590-3297) 

600 nm 2269 (733-3805) 1998 (608-3388) 

750 nm 2075 (-4417-8567) 2003 (671-3335) 
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Figures 

Figure 2-1 Percent survival and percent burial of adult mussels exposed to increasing measured 

concentrations of chloride. Significant differences (p < 0.05) among treatments compared to the 

control treatment (i.e., 31 mg Cl-/L) for survival are indicated with an asterisk (n = 8). Error bars 

represent standard error.  
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Figure 2-2 Mean clearance rate for adult mussel exposed to increasing measured concentration 

of chloride (n = 8). The change in the concentration of algae was measured using a 

hemocytometer or absorbance of light at three wavelengths (i.e., 540, 600, 750 nm) (n = 8). 

Significant difference (p < 0.05) among treatments compared to the control treatment (i.e., 31 mg 

Cl-/L) are indicated with an asterisk. Error bars represent standard error. 
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CHAPTER 3 SENSITIVITY OF MULTIPLE LIFE STAGES OF THE FRESHWATER 

MUSSELS LAMPSILIS SILIQUOIDEA AND VILLOSA IRIS TO VARIOUS 

FUNGICIDES AND INSECTICIDES DETECTED IN ONTARIO (CANADA) SURFACE 

WATERS 

Abstract 

Freshwater mussels contribute important ecological functions to aquatic systems. The water 

filtered by mussel assemblages can improve water quality and the mixing of sediments by 

burrowing mussels can improve oxygen content and release nutrients. However, nearly 70% of 

North American freshwater mussel species are listed as either endangered, threatened, or in 

decline. In Ontario, 28 species are in decline or in need of protection. Even though freshwater 

mussels have a heightened sensitivity to some contaminants, few studies have investigated the 

risks that various pesticide classes pose to one freshwater mussel species or among life stages. 

Lampsilis siliquoidea and Villosa iris were the focus of the present study, with the later currently 

listed as a Species at Risk “special concern” status in Ontario. A potential risk to the recovery of 

freshwater mussel species is the presence and persistence of pesticides in Ontario surface waters. 

Acute (48 h) toxicity tests were performed with V. iris glochidia to determine the effect on 

viability (surrogate for survival) following exposure to four fungicides (azoxystrobin, boscalid, 

metalaxyl, and myclobutanil) and 7 insecticides - three neonicotinoids (clothianidin, 

imidacloprid, and thiamethoxam), two carbamates (carbaryl and malathion), one 

organophosphate (chlorpyrifos), and one butenolide (flupyradifurone). Juvenile and adult L. 

siliquoidea were also exposed to azoxystrobin, clothianidin, imidacloprid (juvenile only), and 

carbaryl (adult only). The study found that all life stages were insensitive to the fungicides and 

insecticides tested with EC/LC50s greater than 161 μg/L. The pesticides tested likely represent 
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minimal risk (hazard quotients < 5.4 x10-3) to freshwater mussel viability and survival in acute 

(48 h) and sub-chronic (28 d) exposures, respectively, in Ontario streams where fungicides and 

insecticide concentrations were considerably lower than those tested in the present study. 
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Introduction 

North American freshwater mussels can compose up to 50% of the total benthic biomass 

in aquatic systems (Negus, 1966; Hanson et al., 1988; Strayer et al., 1994; Haag, 2012) and their 

populations contribute important ecological functions associated to energy transfer, habitat 

structure, nutrient cycling, and water quality (Vaughn, 2017). North America supports over 300 

freshwater mussel species with 53 species present in Canada (Metcalfe-Smith et al., 2000; Graf 

and Cummings, 2007). With nearly 70% of freshwater mussel species in North America 

endangered, threatened, or in decline, they are frequently referred to as one of the most imperiled 

groups of organisms globally (Bogan, 1993; Williams et al., 1993; Biggins et al., 1995). In the 

Canadian province of Ontario, 41 species of freshwater mussels have been identified, with 15 

species listed on the Species at Risk Public Registry (Clarke, 1981; SARA, 2017). Freshwater 

mussel populations are often under threat due to water quality degradation, presence of invasive 

species, loss of fish host species, and the alteration or destruction of their habitat (Gillis and 

Mackie, 1994; Metcalfe-Smith et al., 1998; Strayer et al., 2004). 

In Ontario, the presence of pesticides in surface waters due to agricultural runoff has 

caused concern (Struger et al., 2004; Kannan et al., 2006; Struger and Fletcher, 2007; Gouin et 

al., 2008; Struger et al., 2017). In 2003, 48 mill kg of pesticides were applied throughout the 

seven US states (Illinois, Indiana, Michigan, Minnesota, New York, Ohio, Pennsylvania and 

Wisconsin) and one province (Ontario) bordering the Great Lakes, with 3 mill kg being applied 

in Ontario (Gouin et al., 2008). With one third of the land use in the Great Lakes basin dedicated 

to agriculture, non-target aquatic organisms are exposed to variable though generally low 

concentrations of pesticides (Kannan et al., 2006). Some pesticides have been shown to cause 

adverse effects on aquatic invertebrates at environmentally relevant concentrations (Stoughton et 
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al., 2008; Ochoa-Acuña et al., 2009; Zubrod et al., 2014; Bartlett et al., 2018; Raby et al., 2018). 

Because waterborne contaminants have been identified as one of the key contributing factors to 

the decline of freshwater mussel species (Williams et al., 1993; Strayer et al., 2004; Gillis et al., 

2017), investigation into the risk that pesticides pose to these organisms is essential to support 

management (protection and recovery) initiatives. Although previous studies exposing 

freshwater mussels to pesticides have indicated relative insensitivity at environmental 

concentrations (Keller and Ruessler, 1997; Bringolf et al., 2007a; Prosser et al., 2016), few 

studies have assessed a suite of pesticides from various classes to the same freshwater mussel 

species or among life stages.  

The primary focus of this investigation was to assess the risk that specific fungicides and 

insecticides pose to the different life stages of freshwater mussels, particularly the larval stage 

(glochidia) of Villosa iris (Rainbow; Lea, 1929), a “special concern” species listed in Canada 

under the Committee on the Status of Endangered Wildlife in Canada (COSEWIC, 2015). The 

potential effect of one fungicide and three insecticides on juvenile and adult life stages was also 

investigated using a non-threatened species, Lampsilis siliquoidea (fatmucket; Barnes, 1823). 

Juvenile and adult freshwater mussels possess a more developed nervous system than glochidia, 

which is the site where toxic modes of action occur for a number of classes of popular 

insecticides (e.g., neonicotinoids). Previous studies that investigated the effects of pesticides on 

freshwater mussels typically focused on the effects of pesticides on the larval glochidia or 

juvenile (< 2 weeks old) life stages (e.g., Bringolf et al., 2007b; Prosser et al., 2016). The present 

study assessed the risk posed by five classes of pesticides to V. iris glochidia along with juvenile 

(4 months old) and adult (2.5 years old) L. siliquoidea. The goal of the present study was to 

characterize the potential effects of pesticides present in the surface waters of Ontario. These 
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data will help inform the risk characterization of common-use pesticides (fungicides and 

insecticides) to this imperiled group of aquatic invertebrates.  

Materials and methods 

  Villosa iris glochidia exposures 

In accordance with Species at Risk permits (16-PCAA-00008 and 17-PCAA-00014), 

gravid V. iris were collected in the spring of 2016 and 2017 from reference sites on the Maitland 

River near Listowel, ON, Canada (43.771813, -81.309155) and returned promptly after glochidia 

were carefully extracted. Freshwater mussels were cared for at the Aquatic Life Research 

Facility (ALRF) (Environment and Climate Change Canada (ECCC), Burlington, ON) at 12 ± 

2°C in a flow-through system with dechlorinated City of Burlington tap water (physicochemical 

properties of ALRF dechlorinated water are outlined in Table B1) and fed a mixture of 

commercial shellfish diet (Instant Algae Shellfish Diet 1800® and Instant Algae Nano Diet 

3600®, Reed Mariculture, Campbell, CA, USA) twice a day. Acute toxicity tests (48 h) with 

glochidia were performed following the ASTM-E2455-06 (2013) guideline. Glochidia viability, 

which is a surrogate for survival of freshwater mussel larvae (ASTM-E2455-06, 2013), was 

estimated by determining the number of glochidia with open and closed valves before and after 

the addition of a saturated solution of sodium chloride, NaCl. As an obligate parasite, if glochidia 

are unable to attach to a fish host by closing their valves, they are considered functionally dead. 

Percent viability was determined using the following equation:  

Percent viability = (# closed after NaCl - # closed prior to NaCl) / (# closed after NaCl + # open after NaCl) * 100  

Tests were conducted using moderately hard reconstituted water (MHW) as the dilution 

water (physicochemical properties of MHW are reported in Table B2) as outlined in USEPA 

(1994). For each test, glochidia were carefully extracted by flushing the gills of gravid females 
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with water (60% MHW and 40% ALRF water) using a syringe. The viability of a glochidia sub-

sample from each female was assessed prior to testing to ensure it was ≥ 90% (Table B3). 

Glochidia from at least three females with viability ≥ 90% were pooled and viability of the 

pooled glochidia was reassessed.  

The pesticides chosen for investigation in the present study are registered for use in 

Canada by the Pesticide Management Regulatory Agency and most have previously been 

detected in Ontario surface waters by ECCC’s National Pesticides Monitoring and Surveillance 

Network (NPMSN, 2017). Based on these considerations, V. iris glochidia were exposed to four 

fungicides (azoxystrobin, boscalid, metalaxyl, and myclobutanil), seven insecticides - three 

neonicotinoids (clothianidin, imidacloprid, and thiamethoxam), two carbamates (carbaryl and 

malathion), one organophosphate (chlorpyrifos), and one butenolide (flupyradifurone). 

Flupyradifurone is registered by the Pesticide Management Regulatory Agency (PMRA) and has 

not been detected in Ontario surface waters, but was included because it is being considered as a 

potential alternative for neonicotinoid insecticides in North America (Bartlett et al., 2018). 

Exposure solutions were prepared in MHW at 20 ± 2 °C using technical grade pesticides 

(Table B4). The nominal concentrations of pesticides for the glochidia tests ranged from 0 to 

21,200 μg/L, with the greatest concentration in exposures below each pesticide’s water solubility 

(Table B4). Approximately 500 glochidia were added to 100 mL of pesticide solution in each test 

vessel (250-mL glass beaker). Four replicate test vessels were prepared for each treatment and a 

minimum of five concentrations (plus control treatment) were included in each experiment. Five 

replicate test vessels of MHW were included in each experiment as a control treatment. Test 

vessels were incubated for 48 h at 20 ± 2 °C with a 16 light: 8 h dark photoperiod. Viability of 

glochidia in each test vessel was measured after 24 and 48 h using a sub-sample of > 100 
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glochidia. Results for pesticide exposures with glochidia (ECx) were reported for the longest time 

duration where control viability declined less than 10% compared to control viability at test 

initiation (ASTM-E2455-06, 2013). Water quality parameters (pH, conductivity, dissolved 

oxygen, chloride, total ammonia, and temperature) were measured in exposure solutions at test 

initiation and conclusion (Table B5). Water samples were collected at test initiation and/or 

termination and stored at -80 °C until processed for quantification of pesticide exposure 

concentrations. 

  Lampsilis siliquoidea juvenile and adult exposures  

Juvenile and adult life stages of L. siliquoidea were exposed to selected pesticides for 28 

d. Lampsilis siliquoidea were used as a surrogate for at-risk freshwater mussel species such as V. 

iris because they have been widely used in toxicological testing throughout North America (e.g., 

Bringolf et al., 2007b; Cope et al., 2008; Gilroy et al., 2014; Raimondo et al., 2016; Prosser et 

al., 2017a). Lampsilis siliquoidea were cultured at Missouri State University (Springfield, MO, 

USA) and cared for in the ALRF under the same conditions as the field-collected V. iris.  

Adult and juvenile mussels were approximately 2.5 years old (76.7 ± 0.57 mm, mean 

length ± standard deviation, n = 40) and 4 months old (5.2 ± 0.62 mm, n = 20), respectively. 

Obtaining cultured freshwater mussels allowed for the standardization of the age and size of the 

test organisms. Juvenile L. siliquoidea were exposed to azoxystrobin, clothianidin, and 

imidacloprid. Adult L. siliquoidea were exposed to azoxystrobin, carbaryl, and clothianidin. 

Results from the V. iris glochidia exposures were used to determine which pesticides would 

potentially cause a decrease in survival in juvenile and adult L. siliquoidea during sub-chronic 

exposure (28 d). Three pesticide exposures were implemented for the juvenile and adult life 
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stages (compared to the 11 glochidia exposures) to reduce the number of organisms used during 

exposures and reduce time and cost of tests. Solutions were prepared by dissolving the pesticide 

in ALRF water at 20 ± 2 °C. Nominal concentrations of pesticides ranged from 0 to 10,000 μg/L. 

The greatest concentration of pesticide used in each test was below the solubility of the pesticide 

in water (Table B4). Tests were conducted in 1-L glass vessels with 100 mL of aquarium sand 

(CaribSea Super Naturals Premium Aquarium Substrate, CaribSea, Fort Pierce, FL, USA) and 

750 mL of exposure solution. Each vessel received 250 µL of an algae mixture (a mixture of 12 

mL Instant Algae Shellfish Diet 1800® and 3 mL Instant Algae Nano Diet 3600®, Reed 

Mariculture in 450 mL of deionized water) twice daily within test vessels. Whether and how 

pesticides interacted or bound to algae was not assessed in this study. 

Each test for juvenile and adult mussels had 3 and 4 replicates, respectively (the carbaryl 

exposure had 5-10 replicates to increase the number of adult mussels to extract hemolymph to 

assess hemocyte viability; data not shown).  Each replicate vessel in the adult and juvenile tests 

contained 1 and 10 individuals, respectively.  Vessels were aerated, and light conditions followed 

a 16 light: 8 dark h photoperiod. For the adult mussel exposures, an 80% renewal of solution 

occurred on days 7 and 21 with a complete test vessel change on day 14. For the juvenile mussel 

tests, 80% renewals occurred every 7 days. Water quality (pH, conductivity, dissolved oxygen, 

chloride, total ammonia, and temperature) were measured in test vessels before and after each 

renewal (Tables B6 and B7). Water samples were taken at test initiation and at day 7 to confirm 

the concentration of the pesticide in solution. Survival was assessed by visually inspecting each 

juvenile and adult mussel at the end of toxicity tests. Response to touch, visible aperture activity, 

or foot movement were used as visual indicators of survival. Juvenile and adult mussel control 

survival was required to be > 80% for exposure to be considered valid (ASTM-E2455-06, 2013).  
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Analysis of water   

MHW and ALRF water samples were analyzed by the National Laboratory for 

Environmental Testing (ECCC, Burlington, Ontario, Canada) to confirm the physicochemical 

properties of each matrix (Tables B1and B2). Water samples were also submitted for pesticide 

analysis to the University of Guelph’s Laboratory Services Division (ISO/IEC 17025 accredited, 

Guelph, Ontario, Canada). Pesticides were extracted from water using the method referred to as 

the Quick, Easy, Cheap, Effective, Rugged, and Safe Method (Schenck and Hobbs, 2004). In 

summary, samples were extracted into 1% acetic acid in acetonitrile in the presence of anhydrous 

sodium acetate and magnesium sulfate. Depending on the pesticide, extracts were either analyzed 

using liquid or gas chromatography. For liquid chromatography, extracts were evaporated and 

reconstituted with methanol and 0.1 M ammonium acetate. Sample extracts were analyzed using 

liquid chromatography coupled with electrospray ionization tandem mass spectrometry. The 

limit of detections for each investigated pesticide by liquid chromatography were: boscalid 

MDL= 0.1 ppb, MQL= 0.3 ppb; carbaryl MDL= 0.07 ppb, MQL= 0.2 ppb; clothianidin MDL= 

0.1 ppb, MQL= 0.3 ppb; flupyradifurone MDL= 0.08 ppb, MQL= 0.2 ppb; imidacloprid MDL= 

0.1 ppb, MQL= 0.4 ppb; and thiamethoxam MDL= 0.06 ppb, MQL= 0.2 ppb. For gas 

chromatography, the extract was evaporated and reconstituted in toluene and hexane. Sample 

extracts were analyzed using gas chromatography coupled with tandem mass spectrometry (GC-

MS/MS). The limit of detections for each investigated pesticide by gas chromatography were: 

azoxystrobin MDL = 0.09 ppb, MQL = 0.3 ppb; chlorpyrifos MDL = 0.05 ppb, MQL = 0.2 ppb; 

malathion MDL= 0.1 ppb, MQL = 0.4 ppb; metalaxyl MDL = 0.04 ppb, MQL = 0.1 ppb; and 

myclobutanil MDL = 0.05 ppb, MQL = 0.2 ppb. Measured concentrations of pesticides for the 

glochidia, juvenile, and adult mussel toxicity tests are reported in Tables B8 to B10.  
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  Statistical analyses 

The concentration of each pesticide causing 10, 25, or 50% loss in viability (ECx) or 

survival (LCx) along with 95% confidence intervals (CI) were estimated by non-linear regression 

using the drc package in RStudio version 3.3.2 (Ritz and Streibig, 2005; Prosser et al., 2016; 

RStudio, 2016). The ECx values for the 48 h glochidia tests were determined using the measured 

concentrations of each pesticide at test initiation, as there was a relatively minor change in the 

majority of measured concentrations of pesticides from 0 h to 48 h (Table B8). The LCx values 

for the 28 d juvenile and adults tests were determined using the geometric mean of the measured 

concentrations at day 0 and day 7, as the measured concentrations decreased considerably over 

the 7 d period when solutions were renewed (Table B9 and B10).  Based on a binomial 

distribution, mortality data were fit to a 2-parameter log-logistic model with the lower and upper 

limits set to 0 and 1. No-Observed-Effect-Concentration (NOEC) values for each pesticide were 

also determined using one-way analysis of variance (ANOVA) in SigmaPlot (Systat Inc., San 

Jose, CA). Normality and equal variance among treatments were determined using the Shapiro-

Wilk and Brown-Forsythe tests, respectively. If normality or equal variance were not met, a 

Kruskal-Wallis test on ranks was conducted to identify significant differences among treatments. 

If a significant difference among treatments was identified, comparisons between the control and 

pesticide treatments were performed using the Holm-Sidak method comparison.  

Hazard assessment  

An exposure distribution of the pesticide concentrations in surface water from 2010 to 

2016 reported by the United States Geological Survey (USGS) Water Quality Database (USGS, 

2017) was constructed using the Weibull equation (P = (i/n+1) * 100) for each pesticide. P, i, and 
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n represent the percent rank, the rank number of the surface water concentration, and total 

number of recorded surface water concentrations, respectively. The exposure distributions were 

constructed to relate the effect endpoints estimated in the present study to concentrations of 

pesticides in surface waters of North America. A hazard assessment of the pesticides to the 

different life stages of freshwater mussels was also conducted by calculating hazard quotients 

that compared viability and survival (EC10, 25, or 50 for V. iris glochidia at 24 or 48 h; LC50 for 

juvenile and adult L. siliquoidea at 28 d) to the maximum reported concentrations of pesticides 

measured in Ontario (Struger and Fletcher, 2007; Bartlett et al., 2016; Struger et al., 2016; 

NPMSN, 2017; Struger et al., 2017) and United States surface waters (USGS, 2017). Ontario and 

United States surface water concentrations and associated water quality guidelines/criteria for 

available pesticides are reported in Table 3-1.   

Results and discussion 

  Analysis of water 

 Pesticide concentrations in analyzed control treatments were below the limit of detection. 

For glochidia exposures, the mean percent difference between the nominal and measured 

concentration at test initiation was 35.6% (± 26.4%, standard deviation) (Table B8). The mean 

percent difference between the nominal and measured concentrations at initiation for the juvenile 

and adult exposures was 31.1% (± 19.1%) (Tables B9 and B10). Attempting to reach the 

solubility limits for certain pesticides is most likely why discrepancies between the nominal and 

measured initial concentration of pesticides for each life stage exposure occurred (Table B4). 

When comparing the measured concentrations at test initiation and day 7 prior to the renewal 

(Tables B9 and B10), the mean percent difference in concentrations for the juvenile and adult 
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pesticide exposures was 57.1% (± 35.4%). This decrease in the measured pesticide concentration 

over the 7 days between solution renewals may have been a result of chemical degradation, 

volatilization, adsorption to glass test vessels, and/or uptake by the juvenile and adult mussels in 

the treatment vessels. 

  Villosa iris glochidia exposures 

 In five (azoxystrobin, clothianidin, flupyradifurone, imidacloprid, and thiamethoxam) of 

the 11 pesticide exposures, control viability did not meet the required standard (i.e., < 10% 

decline from test initiation) after 48 h (ASTM-E2455-06, 2013). These five exposures were 

performed using V. iris collected in May 2016 which had been held in the ALRF until July (< 10 

weeks holding). However, gravid mussels in 2017 were collected at the end of April and 

exposures with those glochidia were completed by the end of May (< 5 weeks holding). This 

discrepancy in holding time between years may, at least partially, explain why the 2016 pesticide 

exposures did not meet acceptability control viability standards at 48 h. Therefore, results for 

azoxystrobin, clothianidin, flupyradifurone, and thiamethoxam were reported at 24 h because the 

24 h control viability met the ASTM-E2455-06 (2013) guideline (Table 3-2).  

For the neonicotinoid insecticides investigated (clothianidin, imidacloprid, and 

thiamethoxam), the greatest concentration tested for each caused a 1.1 to 8.2% difference in 

glochidia viability when compared to the control treatment at 24 h (Tables 3-2, B11 to B13). For 

the remaining pesticides (except azoxystrobin), the greatest concentration tested for each caused 

a 2.3 to 25.0% difference in viability (Tables 3-2, B11 to B13). The EC10 for V. iris glochidia 

was more than three orders of magnitude greater than the 100th centile of USGS surface water 

distribution for imidacloprid (Figure 3-1). When compared to the maximum Ontario surface 
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water concentration, the EC10 value for imidacloprid was ~1,600 times greater (Struger et al., 

2017) (Figure 3-1). 

Out of the 11 pesticides investigated, azoxystrobin was the only chemical where an EC50 

value could be calculated (1438 µg/L [850-2026 µg/L, 95% CI]) (Figures 3-1, 3-2, and B1 to 

B8). When compared to the maximum Ontario surface water concentration, the EC50 value for 

azoxystrobin was ~1,700 times greater (NPMSN, 2017) (Figure 3-2). The ECx values for all 

pesticides were greater than the highest concentration measured in the surface waters of Ontario 

and United States (no surface water data for flupyradifurone) (Struger and Fletcher, 2007; 

Bartlett et al., 2016; Struger et al., 2016; NPMSN, 2017; Struger et al., 2017; USGS, 2017). Two 

of the 11 pesticides reported NOEC values lower than the greatest concentration tested: 

azoxystrobin (NOEC = 186 μg/L) and carbaryl (NOEC = 2380 μg/L) (Table 3-1) but were still 

greater than any reported concentration in Ontario surface waters (Tables 3-1 and 3-2). A previous 

study also reported decreased viability in glochidia exposed to the fungicides chlorothalonil, 

propiconazole, and pyraclostrobin (Bringolf et al., 2007b).   

The hazard quotients for the 11 pesticides based on environmental concentrations in 

Ontario and the United States were less than 4.0 x 10-3 and 8.9 x 10-2, respectively (Tables 3-2 

and B14), indicating that these chemicals pose a low hazard to the survival of V. iris glochidia 

during acute exposures in surface waters. Although a hazard quotient was not calculated for 

flupyradifurone (surface water data was not available), it is unlikely surface water concentrations 

for this pesticide would exceed the greatest measured concentration tested (8,400 μg/L). Because 

all effect concentrations were greater than the maximum reported Ontario surface water 

concentrations, the results from the present study indicates that V. iris glochidia are insensitive to 
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the studied pesticides at acute exposures and would likely be protected under current water 

quality guidelines (Table 3-1, Figures 3-1, 3-2, and B1 to B9).  

Previous studies have also observed the relative insensitivity of glochidia to pesticides at 

environmental concentrations. The results from the present study indicate that V. iris lies within 

the sensitivity range of other freshwater mussel species. A 48 h EC50 for L. siliquoidea glochidia 

exposed to technical-grade chlorpyrifos was reported to be 430 μg/L (Bringolf et al., 2007a). We 

could not determine an EC50 for chlorpyrifos in the present study for V. iris but the 48 h EC10  

was greater than 360 μg/L, 692 times greater than the maximum Ontario surface water 

concentration (Struger and Fletcher, 2007). An investigation using newly transformed (2 weeks 

old) Utterbackia imbecillis (paper pondshell; Say, 1829) juveniles exposed to technical-grade 

carbaryl was found to have 24 h EC50 values of 30,100 µg/L (Johnson et al., 1993). The EC50 of 

carbaryl for glochidia of six freshwater mussel species ranged from 9,100 to 43,100 μg/L (Milam 

et al., 2005). The present study reported the carbaryl EC50 for V. iris to be > 6,650 μg/L. The ECx 

values reported in the literature are substantially higher than concentrations for carbaryl in 

Ontario surface waters (Struger et al., 2016). Lampsilis siliquoidea reported a 96 h EC50 to 

malathion to be 23,000 μg/L (Wang et al., 2017). A study by Keller and Ruessler (1997) reported 

an EC50 value for malathion using Villosa sp. glochidia  (24 h) and juveniles (96 h) of 54,000 and 

142,000 μg/L, respectively, where both studies correspond with the 48 h EC50 for malathion 

observed in our investigation (> 4,900 μg/L). A previous study in our laboratory reported EC50 

values for Lampsilis fasciola (wavy-rayed lampmussel; Rafinesque, 1820) glochidia exposed to 

seven neonicotinoids (including clothianidin, imidacloprid, and thiamethoxam) and one 

butenolide (flupyradifurone) that were greater than the highest concentration tested (> 598 μg/L) 

(Prosser et al., 2016). The present study tested greater concentrations of the same pesticides 
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(between 8,400 to 17,400 μg/L) and reported NOEC and LC50 values greater than the highest 

tested concentration (Table 3-2). The above-mentioned studies along with our investigation 

supports that the glochidia life stage of freshwater mussels is insensitive to acute exposures of 

the various classes of pesticides tested.  

Lampsilis siliquoidea juvenile and adult exposures 

 For the neonicotinoid insecticides clothianidin and imidacloprid, the greatest 

concentration tested caused 0 and 22% reduction in juvenile mussel survival, respectively, 

compared to the control treatment after 28 d (Tables 3-3, B15 and B16, Figures B9 to B11). The 

NOEC values for clothianidin and imidacloprid, 9,033 and 9,121 μg/L, respectively, were the 

greatest concentrations tested (Table 3-3). For azoxystrobin, 100% mortality in juveniles was 

reported at the greatest concentration and an LC50 of 161 μg/L [127-194 µg/L] was estimated 

which was significantly lower than the glochidia EC50 when CIs were compared (Litchfield and 

Wilcoxon, 1949). The NOEC value for azoxystrobin was 150 μg/L. The Ontario and United 

States hazard quotients for these three pesticides were less than 5.4 x 10-3 and 8.0 x 10-1, 

respectively, indicating that these chemicals pose a low hazard to juvenile L. siliquoidea in North 

American surface waters (Tables 3-1, 3-3, B14, and Figures B9 to B11).  

The greatest concentration of clothianidin tested did not cause a reduction in adult mussel 

survival compared to the control treatment after 28 d (Tables 3-4 and B17). The sensitivity of 

adult mussels to clothianidin is similar to the observed sensitivity of glochidia and juveniles 

(Tables 3-2 to 3-4). For azoxystrobin and carbaryl, 50 and 40% mortality were reported at the 

greatest concentrations, respectively (Table 3-4). The NOEC for azoxystrobin, carbaryl, and 

clothianidin were 270, 1,073, and 9,033 μg/L, respectively (Table 3-4). The hazard quotients for 
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these three pesticides in Ontario and the United States were less than 9.9 x 10-4 and 1.5 x 10-1, 

respectively, indicating that these chemicals pose a low hazard to adult L. siliquoidea in North 

American surface waters (Tables 3-1, 3-4, B14, and Figures B12 to B14). 

All LCx values were greater than the maximum reported Ontario surface water 

concentrations for these investigated pesticides (Struger et al., 2016; NPMSN, 2017; Struger et 

al., 2017) and the results from the present study indicated that both juvenile and adult L. 

siliquoidea were relatively insensitive to these pesticides at sub-chronic exposures, especially 

compared to effects on other non-target organisms including aquatic insects (e.g., Prosser et al., 

2016; Raby et al., 2018). Similar to the V. iris glochidia, juvenile and adult L. siliquoidea would 

be protected by proposed water quality guidelines (Table 3-1, Figures 3-1, 3-2, and B1 to B14). 

In comparison to glochidia, there are fewer investigations in the literature on the sub-

chronic effects that pesticides pose to juvenile and adult freshwater mussels. This may be a result 

of the challenge of acquiring a sufficient quantity of organisms to perform testing without having 

an adverse effect on natural populations, along with the logistical investment required for 28 d  

tests. Juvenile L. siliquoidea exposed to azoxystrobin for 28 d reported a NOEC value of 28 

μg/L, which was the highest concentration tested (Kunz et al., 2017). The investigator’s test 

concentration selection was based on the maximum concentration of azoxystrobin in Europe 

reported at 29.7 µg/L (Berenzen et al., 2005). Our study observed 28 d NOEC values for juvenile 

and adult L. siliquoidea of 150 and 270 μg/L, respectively. The juvenile LC50 values was 161 

μg/L [127-194 μg/L] and the adult LCx was > 873 μg/L for each azoxystrobin exposure (Tables 

3-3 and 3-4). Azoxystrobin was the only chemical tested in the present study that did not result in 

an LC50 value greater than the highest chemical concentration tested, but the observed NOEC 

exceeded concentrations measured in the surface waters of Ontario (NPMSN, 2017) (Figure B9). 
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Although freshwater concentrations of azoxystrobin in the United States have reportedly reached 

128 µg/L (USGS, 2017), the maximum concentrations in Ontario surface waters was reported at 

0.86 μg/L (NPMSN, 2017).  We did not assess sub-lethal endpoints in the present study, but 

growth and biomass production of Planorbella pilsbryi (ramshorn snail; Baker, 1926) have been 

shown to be more sensitive endpoints than survival after 28 d exposures to clothianidin, 

imidacloprid, and thiamethoxam (Prosser et al., 2016), indicating that sub-lethal effects from 

pesticide exposure can occur in mollusk species. 

Toxicity of technical-grade pesticides compared to commercial formulations 

The present study investigated on the toxicity of technical-grade pesticides across the 

different life stages of Ontario freshwater mussels to determine whether these chemicals pose a 

risk to these organisms. Most pesticides are applied as a chemical formulation to improve the 

effectiveness of the technical-grade pesticide, often in combination with solvents, adjuvants, or 

surfactants (Bringolf et al., 2007a). The toxicity of such chemical formulations should also be 

considered in the risk assessment of these pesticides to freshwater mussels. The commercial 

formulation of Roundup was found to be more toxic to L. siliquoidea (glochidia and juvenile life 

stages) compared to technical-grade glyphosate, with most of the toxicity from Roundup caused 

by the surfactant constituent MON 0181 and the technical-grade glyphosate isopropylamine salt 

(Bringolf et al., 2007c). In addition, U. imbecillis glochidia exposed to technical-grade and a 

commercial formulation of carbaryl (Sevin) was found to have 24 h EC50 values of 30,100 and 

7,900 μg/L, respectively (Johnson et al., 1993; Conners and Black, 2004). The commercial 

formulation of atrazine (Aatrex Liquid 480; Syngenta Canada) was also reported to be more 

toxic than the technical-grade atrazine during chronic exposure with L. siliquoidea juveniles 

(Bringolf et al., 2007a). In contrast, the same study reported similar toxicity when glochidia and 
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juvenile L. siliquoidea were exposed to technical-grade and commercial formulations of 

chlorpyrifos and permethrin (Bringolf et al., 2007a). Given that commercial formulations of 

pesticides may be more toxic to freshwater mussels than technical-grade pesticides, investigating 

the toxicity of the commercial formulations of the pesticides assessed in the present study would 

also be of interest.  

Conclusions 

In investigating the effects of 7 insecticides and 4 fungicides on the glochidia juvenile 

and adult life stages of the freshwater mussels- L. siliquoidea and V. iris found in Ontario, 

Canada, 48 h acute (glochidia) and 28 d sub-chronic (juvenile and adult) toxicity tests reported 

LCx values higher than the greatest concentrations measured in the surface waters of Ontario 

within the last 20 years. Other than the fungicide azoxystrobin, all LCx values were greater than 

the highest concentration tested. The hazard quotients for each pesticide were considerably lower 

than 1, indicating that these pesticides are unlikely to be contributing to the decline of freshwater 

mussels in Ontario waterbodies.  
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Tables 

Table 3-1. Greatest pesticide concentration in water reported in Ontario (National Pesticides Monitoring 

and Surveillance Network (Struger and Fletcher, 2007; Bartlett et al., 2016; Struger et al., 2016; NPMSN, 

2017; Struger et al., 2017)a) and United States (United States Geological Survey (USGS, 2017)) for each 

investigated pesticide. The associated Canadian Council for the Ministers of the Environment (CCME, 

2007), World Health Organization (WHO, 2004), United States Environmental Protection Agency 

(USEPA, 2017) water quality guidelines (WQG) or benchmarks are included. All concentrations are 

reported in μg/L and pesticides were indicated as insecticide (I) or fungicide (F).   

Pesticide 

CCME 

WHO 

WQG 

USEPA 

Chronic Aquatic 

Life Benchmarks 

(Invertebrates) 

USGS  

(2010-2016) 

NPMSN  

(1998-2016) 

Short 

Term 

WQG 

Long 

Term 

WQG 

Max Recorded 

Surface Water 

Conc. 

Max Recorded 

Ontario Surface 

Water Conc. 

Azoxystrobin (F) - - - 44 128.0 0.86 

Boscalid (F) - - - 790 11.2 4.53 

Carbaryl (I) 3.3 0.2 - 0.5 13.0 0.95 

Chlorpyrifos (I) 0.02 0.002 30 0.04 11.3 0.52 

Clothianidin (I) - - - 1.1 1.6 0.40 

Flupyradifurone (I) - - - - - - 

Imidacloprid (I) - 0.23 - 1.05 4.2 10.40 

Malathion (I) - - - 0.1 4.1 0.61 

Metalaxyl (F) - - - 100 9.1 1.33 

Myclobutanil (F) - - - - 0.8 1.96 

Thiamethoxam (I) - - - 50,000 5.4 1.34 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56 

 

Table 3-2. Mean and standard deviation (SD) of Villosa iris glochidia viability in the control 

treatment and treatment with the greatest concentration of (technical grade) pesticides after 24 or 

48 h of exposure. The percent difference between glochidia viability in the control and treatment 

with the greatest exposure, the No-Observed-Effect Concentration (NOEC), the concentration 

causing a 50% decrease in glochidia viability (i.e., EC50, reported with 95% confidence intervals 

(CI)), and hazard quotient comparing greatest concentration measured in Ontario surface water 

to effect endpoints were reported. Tested pesticides were indicated as insecticide (I) or fungicide 

(F).   

aFlupyradifurone is registered by Health Canada’s Pest Management Regulatory Agency for use in 

Canada but has not been detected in Ontario surface waters. 

 

 

 

 

Pesticide 

Measured 

treatment 

(μg/L) 

Duration of 

exposure (h) 

Mean glochidia 

viability (±SD) 

% Difference 

in viability 

 

NOEC 

(μg/L)  

Reported ECx  

(10, 25, 50) 

ECx (μg/L) 

[95% CI] 
Hazard quotient 

Azoxystrobin (F) Control 24 92.4 (1.5) 48.7 186 50 
1438  

[850-2026] 
6.0 x 10-4 

 1,320  47.4 (13.1)      

Boscalid (F) Control 48 94.9 (0.3) 2.58 1,140 10 >1,140 4.0 x 10-3 

 1,140  92.5 (1.2)      

Carbaryl (I) Control 48 90.1 (2.4) 25.0 2,380 25 >6,650 1.4 x 10-4 

 6,650  67.5 (11.5)      

Chlorpyrifos (I) Control 48 90.4 (13.4) 5.4 360 10 >360 1.4 x 10-3 

 360  85.5 (1.5)      

Clothianidin (I) Control 24 90.5 (2.8) 8.2 13,800 10 >13,800 2.9 x 10-5 

 13,800  83.1 (2.33)      

Flupyradifurone (I) Control 24 91.6 (3.3) 1.3 8,400 10 >8,400 N/Aa 

 8,400  90.4 (3.0)      

Imidacloprid (I) Control 24 90.5 (2.7) 7.0 16,800 10 >16,800 6.2 x 10-4 

 16,800  84.2 (4.9)      

Malathion (I) Control 48 91.5 (2.3) 2.3 4,900 10 >4,900 1.3 x 10-4 

 4,900  89.2 (6.7)      

Metalaxyl (F) Control 48 95.0 (2.1) 1.5 9,100 10 >9,100 1.5 x 10-4 

 9,100  96.3 (2.2)      

Myclobutanil (F) Control 48 96.6 (2.4) 6.0 3,500 10 >3,500 5.6 x 10-4 

 3,500  88.7 (3.8)      

Thiamethoxam (I) Control 24 91.6 (3.3) 1.1 17,400 10 >17,400 7.7 x 10-5 

 17,400  92.7 (1.8)      
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Table 3-3 Mean and standard deviation (SD) of Lampsilis siliquoidea juvenile survival in the 

control and measured treatment with the greatest concentration of (technical grade) pesticides 

after 28 d of exposure. The percent difference between survival in the control and treatment with 

the greatest exposure, the No-Observed-Effect Concentration (NOEC), the concentration causing 

a 50% decrease in survival (i.e., LC50, reported with 95% confidence intervals (CI)), and hazard 

quotient comparing greatest concentration measured in Ontario surface water to effect endpoints 

were reported. Tested pesticides were indicated as insecticide (I) or fungicide (F).   

Pesticide 
Treatment 

(measured) 

Mean 

survival 

(±SD) 

Percent 

difference 

in survival 

(%) 

NOEC 

(μg/L) 

Reported ECx  

(10, 25, 50) 

LCx (μg/L) 

 [95% CI] 

Hazard 

quotient 

Azoxystrobin (F) Control 
100.0 

(0.0) 
100.0 150  50 161 [127-194] 5.4 x 10-3 

 873 μg/L 0.0 (0.0)      

Clothianidin (I) Control 90.0 (8.2) 22.2 9,033 25 >9,033 4.4 x 10-5 

 9,033 μg/L 70.0 (8.2)      

Imidacloprid (I) Control 96.6 (5.8) 0.0 9,121 10 >9,121 1.1 x 10-3 

 9,121 μg/L 96.6 (5.8)      

 

Table 3-4 Mean and standard deviation (SD) of Lampsilis siliquoidea adult survival in the 

control and measured treatment with the greatest concentration of (technical grade) pesticides 

after 28 d of exposure. The percent difference between survival in the control and treatment with 

the greatest exposure, the No-Observed-Effect Concentration (NOEC), the concentration causing 

a 50% decrease in survival (i.e., LC50, reported with 95% confidence intervals (CI)), and hazard 

quotient comparing greatest concentration measured in Ontario surface water to effect endpoints 

were reported. Tested pesticides were indicated as insecticide (I) or fungicide (F).   

Pesticide 
Treatment 

(measured) 

Mean 

survival 

(±SD) 

Percent 

difference in 

Survival 

(%) 

NOEC 

(μg/L) 

Reported ECx  

(10, 25, 50) 
LCx (μg/L) 

Hazard 

quotient 

Azoxystrobin (F) Control 100.0 (0.0) 50.0 270 50 >873 9.9 x 10-4 
 873 μg/L 50.0 (50.0)      

Carbaryl (I) Control 100.0 (0.0) 40.0 1,073 50 >1,073 8.8 x 10-4 
 1,073 μg/L 60.0 (51.6)      

Clothianidin (I) Control 100.0 (0.0) 0.0 9,033 10 >9,033 4.4 x 10-5 
 9,033 μg/L 100.0 (0.0)      
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Figures 

Figure 3-1 Percent distribution of the insecticide, imidacloprid. The log concentration of the 

imidacloprid is reported on the x-axis and the percent distribution of the 2010-2016 surface water 

concentrations of imidacloprid from the United States Geological Survey (USGS, 2017) is on the 

y-axis. The three-dashed line is the Canadian Council of Ministers of the Environment Long 

term Water Quality Guideline (0.23 µg/L; CCME, 2007), the dotted line represents the United 

States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic 

Invertebrates (1.05 µg/L; USEPA, 2017) , the solid line is the maximum Ontario surface water 

for imidacloprid reported by the National Pesticides Monitoring and Surveillance Network 

(10.40 µg/L; NPMSN, 2017; Struger et al., 2017), and the dashed line is the reported EC10 value 

for the 48 h exposure using Villosa iris glochidia (present study).  
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Figure 3-2 Percent distribution of the fungicide, azoxystrobin. The log concentration of the 

azoxystrobin is reported on the x-axis and the percent distribution of the 2010-2016 surface 

water concentrations of azoxystrobin from the United States Geological Survey is on the y-axis. 

The dashed line represents the United States Environmental Protection Agency’s Chronic 

Aquatic Life Benchmark for Aquatic invertebrates (44 µg/L; USEPA, 2017), the solid line is the 

maximum Ontario surface water for azoxystrobin reported by the National Pesticides Monitoring 

and Surveillance Network (0.862 µg/L; NPMSN, 2017), and the dashed line is the reported EC50 

value for the 48 h exposure using Villosa iris glochidia (present study). 
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CHAPTER 4 SENSITIVITY OF GLOCHIDIA AND JUVENILES OF THE 

FRESHWATER MUSSEL SPECIES – VILOSA IRIS AND LAMPSILIS FASCIOLA 

(UNIONIDAE) TO AMMONIA, CHLORIDE, COPPER, POTASSIUM, AND SELECTED 

BINARY CHEMICAL MIXTURES 

Abstract 

In aquatic environments, organisms such as freshwater mussels are most likely exposed to 

complex contaminant mixtures related to industrial, agricultural, and urban activities. With 

growing interest in understanding the risk that chemical mixtures pose to mussels, this 

investigation focused on the effects of various waterborne contaminants (ammonia, chloride, 

copper, and potassium) and selected binary chemical mixtures following a fixed-ratio design to 

Villosa iris glochidia and juvenile Lampsilis fasciola. In individual exposures, 48 h EC50 values 

were determined for V. iris glochidia exposed to ammonia chloride (7.4 [6.6-8.2, 95% 

confidence intervals] mg N/L), ammonia sulfate (8.4 [7.6-9.1] mg N/L), copper sulfate (14.2 

[12.9-15.4] μg Cu2+/L), potassium chloride (12.8 [11.9-13.7] mg K+/L), potassium sulfate (10.1 

[8.9-11.2] mg K+/L), and sodium chloride (480.5 [435.5-525.5] mg Cl-/L). The 7 d LC50 for 

juvenile L. fasciola were reported for potassium sulfate (45.0 [18.8-71.2] mg K+/L), and sodium 

chloride (1738.2 [1418.6-2057.8] mg Cl-/L). In Ontario, concentrations of these waterborne 

contaminants have been reported to co-occur at sites where concentrations exceed the EC10 for 

both life stages. Binary exposures for V. iris glochidia (chloride-ammonia, chloride-copper, and 

copper-ammonia) and juvenile L. fasciola (chloride-potassium) were analyzed using a 

regression-based, dose-response mixture analysis modeling framework. Results from the mixture 

analysis determined whether the concentration addition (CA) or independent action (IA) model 

best fit the mixture data and if deviation towards dose-ratio (DR) or dose-level (DL) 

synergism/antagonism (S/A) occurred. For all binary exposures with glochidia, CA was the best 

fit model with nonadditive deviation occurring for mixtures containing copper. Using the model 
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deviation ratio (MDR), all three glochidia mixture exposures were adequately described by CA 

(mean = 0.71) and IA (mean = 0.97) whereas the juvenile mixture exposure was only adequately 

described by CA (mean = 0.64; IA mean = 0.05).  The hypothesis that all studied binary 

exposures were best modeled by CA was supported. 
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Introduction 

To assess the risk of chemicals in aquatic environments, the toxicity of single compounds 

is typically the focus in ecotoxicological studies (Barata et al., 2006) even though organisms are 

exposed to complex contaminant mixtures related to industrial, agricultural, and urban activities 

(van Gestel et al., 2010; Pavlaki et al., 2011; Altenburger et al., 2013). Filter feeders, such as 

freshwater mussels, are considered an ideal test organism in assessing waterborne contaminants 

due to their ability to filter the overlying water column and the high likelihood of simultaneous 

exposure to multiple waterborne contaminants (van Gestel et al., 2010).  

Freshwater mussels are also integral in aquatic ecosystems since they contribute to 

ecosystem functions such as nutrient cycling, energy transfer, habitat structure, and water quality 

(Vaughn, 2017). Unfortunately, they are also considered one of the most imperiled groups of 

aquatic organisms in North America (Bogan, 1993; Williams et al., 1993; Biggins et al., 1995). 

Two species, Villosa iris (rainbow mussel; Lea, 1830 ) and Lampsilis fasciola (wavy-rayed 

lampmussel; Rafinesque, 1820) are currently listed as “special concern” under the Committee on 

the Status of Endangered Wildlife in Canada (COSEWIC, 2010, 2015). Population declines are 

often attributed to poor water quality from human inputs of waterborne contaminants and the 

alteration or destruction of habitat (Metcalfe-Smith et al., 2000; Strayer et al., 2004). 

To date, most toxicity studies using mussels have focused on individual chemical 

exposures. These studies have shown that freshwater mussels are particularly sensitive to 

ammonia (Augspurger et al., 2003; Mummert et al., 2003; Newton and Bartsch, 2007; Wang et 

al., 2007), chloride (Gillis, 2011; Prosser et al., 2017), copper (Gillis et al., 2008b; Jacobson et 

al., 1997; Jorge et al., 2013; Wang et al., 2007), and potassium (Wang et al., 2017; Wang et al., 
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2018). These four contaminants enter aquatic systems via runoff from a variety of anthropogenic 

sources: fertilizers, industrial and wastewater effluents, and paved surfaces, which exert 

iono/osmoregulatory/circulatory impairment on all freshwater mussel life stages (Barron et al., 

2015; Wang et al., 2017). Upon review of the Ontario Provincial Water Quality Monitoring 

Network’s (PWQMN) database (PWQMN, 2018), there were multiple events in 2014 where 

waterborne contaminants such as ammonia, chloride, copper, and potassium occurred at levels 

that coincide with effect concentrations for freshwater mussels (Wang et al., 2017). Similarly, 

aquatic monitoring efforts in the United States (Kolpin et al., 2002) and Europe (Adielsson et al., 

2009) have also reported the co-occurrence of anthropogenic contaminants such as industrial 

chemicals, pharmaceuticals, and pesticides in surface waters. Since freshwater mussels are 

known to be highly sensitive to these aquatic contaminants (e.g., Gillis, 2011), there is a growing 

importance to evaluate the risk that chemical mixtures pose to aquatic organisms (Casey et al., 

2004).  However, only a few studies have investigated the effects of chemical mixtures on 

freshwater mussels (e.g., Keller and Zam, 1991; Faria et al., 2010). In this study, V. iris glochidia 

and juvenile L. fasciola were exposed to single and binary chemical mixtures, specifically 

focusing on chemicals that mussels are known to be sensitive to: ammonia, chloride, copper, and 

potassium. 

To better predict and study the effects of mixtures in toxicity testing, new tools have been 

developed to analyze mixture toxicity data. The test design in this investigation followed the 

fixed-ray or fixed-ratio design outlined by Casey et al. (2004). To analyze the data, a regression-

based, dose-response mixture analysis modeling framework was used, where the toxicity of the 

mixture depends on the toxicity of the components and how they interact in a dose-dependent 

way (Jonker et al., 2005). 



64 

 

The objectives of this study were to: (1) Assess of the individual toxicity of ammonia, 

chloride, copper, and potassium; and (2) Characterize the cumulative toxicity of binary mixtures 

of these chemicals to both V. iris glochidia and juvenile L. fasciola for 48 h (acute) and 7 d (sub-

chronic) exposures, respectively. Deviations of mixture toxicity from concentration addition 

(CA) and independent action (IA) during the glochidia and juvenile exposures were assessed. To 

determine if both reference models adequately described by the glochidia and juvenile mixture 

data, model deviation ratios (MDR) values were also calculated. Based on the shared mode of 

action by these four chemicals (Wang et al., 2017), it was hypothesized that the CA model would 

best describe the toxicity data. 

Materials and methods 

Organisms 

In accordance with our 2017 Species at Risk permit (17-PCAA-00014), gravid female V. 

iris were collected in the May 2017 from a reference site on the Maitland River near Listowel, 

ON (43.771813, -81.309155) and returned promptly after test completion. Mussels were cared 

for at the Aquatic Life Research Facility (ALRF; Environment and Climate Change Canada 

(ECCC), Burlington, ON) and kept at 12 ± 2°C in a flow-through system with dechlorinated 

Burlington city tap water (ALRF; physicochemical properties in Table C1) and fed a mixture of 

commercial shellfish diet (Instant Algae Shellfish Diet 1800® and Instant Algae Nano Diet 

3600®, Reed Mariculture, Campbell, CA) twice a day prior to testing. Glochidia from gravid 

female V. iris were used in chemical exposures. 

Juvenile L. fasciola were laboratory cultured by the Ontario Ministry of Natural 

Resources and Forestry at the White Lake Fish Culture Station (Sharbot Lake, ON, Canada). 
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Gravid female L. fasciola were collected from a population on the Grand River (Cambridge, 

ON). Smallmouth bass (Micropterus dolomieu) were used as the host fish species, with 

infestation and drop off dates of mussels occurring on August 11, 2016 and August 22 to 

September 9, 2016, respectively. Juveniles were cared for in culture “mucket buckets” described 

by Barnhart (2006) until they reached 1.5-2.0 mm in length, after they were transferred to tub-

wellers; both held at 21.2 °C. Culture water was obtained from White Lake and filtered to 1 μm 

(physicochemical characteristics reported in Table S2). Mussels were fed a mixture of shellfish 

diet hourly by peristaltic pump and once to twice a day in the tub-weller. Juveniles (approx. 1 

year old and 10.5 ± 1.3 mm in length, n = 100) were delivered to ECCC (Burlington, ON, 

Canada) and transferred to aquaria with clean sand (CaribSea Super Naturals Premium Aquarium 

Substrate, CaribSea, Fort Pierce, FL, USA) in ALRF water held at 20 ± 2°C. Juveniles were fed  

shellfish diet twice a day until two days prior to testing. 

Glochidia viability 

Acute toxicity tests (48 h) were performed following the ASTM-E2455-06 (2013) 

guideline, with methods described in Salerno et al. (2018a). In summary, glochidia viability, 

which is an accepted surrogate for survival of freshwater mussels, was estimated by determining 

the number of glochidia with open and closed valves before and after the addition of a solution 

of sodium chloride, NaCl. As an obligate parasite, if glochidia are unable attach to a fish host by 

closing their valves, they are considered functionally dead. Percent viability was determined 

using the following equation:  

Percent viability = (# closed after NaCl -# closed prior to NaCl)/ (# closed after NaCl + # open after NaCl) *100 
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Tests were conducted in moderately hard reconstituted water (MHW; physicochemical 

properties in Table C3) as outlined in USEPA (1994). For each test, glochidia were carefully 

extracted by flushing the gills of three gravid females with water (60% MHW and 40% ALRF 

water) using a hypodermic needle. Glochidia viability from each female mussel was determined 

(single chemical exposures; Table C4 and mixture exposures; Table C5) and pooled to assess the 

viability again in three subsamples (single chemical exposures; Table C6 and mixture exposures; 

Table C7). The viability of a glochidia sub-sample from each female and pooled sample was 

required to be ≥ 90% (ASTM-E2455-06, 2013).  Approximately 500 glochidia were added to 

100 mL of exposure solution in each test vessel (250-mL glass beaker). Test vessels were 

incubated for 48 h at 20 ± 2 °C with a 16 h light: 8 h dark photoperiod. Viability of glochidia in 

each test vessel was measured after 48 h using a sub-sample of > 100 glochidia. To be 

considered a valid test, control viability must remain above 90% at 48 h (ASTM-E2455-06, 

2013). 

Juvenile survival 

Juvenile exposures were conducted in 600-mL glass vessels with 60 mL of aquarium 

sand (CaribSea Super Naturals Premium Aquarium Substrate, CaribSea, Fort Pierce, FL, USA) 

and 400 mL of exposure solution (made in ALRF water) with 10 mussels. Each treatment had 

three replicates. Test vessels were incubated for 7 d at 20 ± 2 °C with a light: dark photoperiod of 

16: 8 h. An 80% solution renewal occurred on day two, four, and six.  The survival of each 

mussel was assessed at the end of the 7 d exposure. Mussels were considered alive if the valves 

of the mussel were closed or closed when touched (indicating adductor muscle function) or if 

visible filtering activity or foot movement was observed. Control survival was required to be > 

80% for exposure to be considered valid (ASTM-E2455-06, 2013).  
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Water chemistry 

For all glochidia exposures (48 h) to single chemical and binary mixtures, benchtop water 

chemistry parameters (pH, conductivity, dissolved oxygen, chloride, total ammonia, and 

temperature) were measured in exposure solutions at test initiation and conclusion (single 

chemical exposures; Table C8 and mixture exposures; C9). Water samples were collected at both 

events. During the juvenile exposures (7 d), benchtop water chemistry was assessed at test 

initiation (day zero), before and after vessel change on day two, four, six, and at test completion 

(day seven) (Table C10). Water samples were collected at test initiation, before/after each 

change over, and at test termination. Selected exposure solutions from the glochidia and juvenile 

exposures were analyzed by the National Laboratory for Environmental Testing (NLET) (ECCC, 

Burlington, ON, Canada) to adequately characterize each treatment concentration (ammonia, mg 

N/L; chloride, mg/L; copper, µg/L; and potassium, mg/L) (Table C11 to C16). 

Single chemical test design: glochidia exposures 

The 48 h EC50 for V. iris glochidia was assessed for six chemicals: ammonia chloride, 

ammonia sulfate, sodium chloride, potassium chloride, potassium sulfate, and copper sulfate 

(Table C17) following the ASTM-E2455-06 (2013) guideline. Four replicate test vessels were 

prepared for each treatment and five or six concentrations (plus control treatment) were included 

in each experiment. Exposure concentrations were prepared by serial dilution. Five replicate test 

vessels of MHW were included in each experiment as a control treatment. Nominal 

concentrations for each chemical were; ammonia chloride (0-24 mg total ammonia/L), ammonia 

sulfate (0-16 mg total ammonia/L), sodium chloride (0-5000 mg Cl-/L), potassium chloride (0-

100 mg K+/L), potassium sulfate (0-100 mg K+/L), and copper sulfate (0-50 μg Cu2+/L).  
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Binary mixture test design: glochidia exposures 

 Three binary mixture tests were designed using the toxic unit (TU) concept to create 

exposure scenarios based on a fixed-ray experimental design. This enabled mixtures to be 

analyzed at a constant concentration ratio while the total concentration of the mixture was 

systematically varied (van Gestel et al., 2010). A concentration-response curve of the mixture is 

analyzed similar to the concentration-response curve of a single chemical (van Gestel et al., 

2010). TUs were determined as a ratio of the actual concentration of each chemical and the 

corresponding EC50 determined during the single chemical exposure tests. The three binary 

mixtures tested were ammonia sulfate-sodium chloride (ammonia-chloride), ammonia sulfate-

copper sulfate (ammonia-copper), and sodium chloride-copper sulfate (chloride-copper).  

Compounds were tested at five TU ratios (1:0, 3:1, 1:1, 1:3, and 0:1). The TU levels for the 

ammonia-chloride mixture test were 0.11, 0.33, 1.0, 3.0, and 6.0. The TU levels for the 

ammonia-copper and chloride-copper test were 0.25, 0.5, 1.0, 2.0, and 3.0.  The combination of 

five TU ratio treatments and five levels results in 10 single and 15 binary mixture exposure 

treatments (Figure 4-1).  

Single chemical test design: juvenile exposures 

To determine LC50 values for chloride and potassium, juvenile L. fasciola were exposed 

twice to sodium chloride or potassium sulfate for seven days. The exposure concentrations for 

the first tests were 0, 300, 500, 900, 1600, and 3000 mg Cl-/L and 0, 4.7, 8.5, 15.4, 27, and 50 mg 

K+/L (nominal). After determining nominal LC50 values derived from these exposures (Table 4-

1), juvenile mussels were exposed again to sodium chloride or potassium sulfate at 0, 900, 1260, 

1680, and 3000 mg Cl-/L and 0, 14, 24, 40, 64, and 102 mg K+/L (nominal), respectively. EC50 
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values from the second sodium chloride and potassium sulfate exposure were used as the TU 

level for the binary exposure.  

  Binary mixture test design: juvenile exposures 

 One mixture test with sodium chloride and potassium sulfate was designed following the 

same outline described above. Only one mixture exposure was conducted due to logistical 

constraints (i.e., availability of cultured L. fasciola and cost). Sodium chloride was selected due 

to its environmental relevance and frequent application as a reference toxicant in mussel 

toxicology (e.g. Bringolf et al., 2007b; ASTM-E2455-06, 2013) and potassium sulfate was 

selected since the risk potassium poses to freshwater mussels is poorly understood to this early 

life stage (Wang et al., 2018). Compounds were tested at five TU ratios (1:0, 3:1, 1:1, 1:3, and 

0:1). The TU level for this exposure was 1.0 to reduce the number of L. fasciola used. The 

combination of five TU ratio treatments at one level results in two single and three different 

binary exposure treatments. Since a concentration-response surface could not be constructed 

using this experimental design, the concentration-response relationship of the mixture was 

evaluated by only calculating the model deviation ratio (MDR). 

EC/LCx values 

The concentration of each toxicant causing 50% mortality (LC50; juvenile mussels) or a 

50% reduction in viability relative to the control treatment (EC50; glochidia) along with 95% CI 

were estimated by non-linear regression using the drc package in R Studio version 3.3.2 (Ritz 

and Streibig, 2005; Prosser et al., 2016; RStudio, 2016). LC/EC50s were determined using the 

measured concentration of each toxicant at test initiation and were used to determine the TU for 

each respective mixture exposure. 
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Component-based approach for assessing mixture toxicity 

The method to analyze mixture data in this investigation implemented the regression-

based, concentration-response computational method approach outlined in Jonker et al. (2005), 

which has been frequently applied in mixture toxicity testing (e.g., Gomez-Eyles et al., 2009; 

Kienle et al., 2009; de Boer et al., 2013; 2017; Maloney et al., 2018). This approach is 

considered a “component-based” approach since the effects of the chemical mixture are 

explained in terms of the individual chemical component responses that make up the mixture. 

Using the concentration-response curves of the single chemical components allows for a 

comparison with both CA and IA reference models. In CA, it is assumed that compounds have 

similar mechanism of action  (Pöch, 1993; van Gestel et al., 2010). IA is assumed when 

compounds have dissimilar mechanisms of action and the only components that contribute to the 

overall toxicity in the mixture are at a concentration whose effect is greater than 0 (Bliss, 1939; 

van Gestel et al., 2010). IA and CA both assume that there are no interactions (noninteractive 

mixture toxicity) between the components in a mixture, that is, they do not influence each other’s 

uptake, distribution or metabolization (Jonker et al., 2005). 

This analysis approach can determine the best fit model (CA vs. IA) and whether 

deviation was present using added a and b parameters assessed in a stepwise fashion (Jonker et 

al., 2005; Maloney et al., 2017). Parameter a was used to describe if the reference model deviates 

to synergism (-a) or antagonism (+a) (Jonker et al., 2005; Maloney et al., 2017). Parameter b (as 

bi and bDL) describes the type of synergism or antagonism occurring. The bi parameter determines 

concentration-ratio dependent deviation from the reference model, indicating a shift between 

synergism and antagonism as a result of the ratio of mixture constituents. The bDL parameter 

describes concentration-level dependent deviation, where the shift between synergism and 
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antagonism is due to the cumulative magnitude of the TUs (Jonker et al., 2005; Maloney et al., 

2017). 

Model deviation ratio (MDR) 

For this investigation, the calculation of the MDR value for each mixture exposure was 

described in Belden et al. (2007). This simple ratio method is used to express the deviation of 

observed toxicity predicted by the CA and IA models, where the expected effect concentration 

(LC/EC50; predicted by the model) is divided by the observed effect concentration (obtained 

from toxicity testing) (Belden et al., 2007). The MDR values are expressed as factors of the 

predicted values. Observed values that fall outside a factor of 2 of the predicted value (0.5-2.0) 

would indicate deviation from either the CA or IA model (Belden et al., 2007). 

Results and discussion 

Water chemistry 

The mean percent difference between the measured concentrations of Cl-, Cu2+, N total 

ammonia, and K+ at test initiation (0 h) and termination (48 h) ranged from 8.3 ± 2.7 (standard 

deviation) to 21.8 ± 3.2% across the six glochidia exposures (Table C18). Concentrations of Cu2+ 

deviated the most from nominal to measured concentrations in the two lowest treatments, likely 

as a result of attempting to create treatment concentrations in µg/L (Table C18). The percent 

difference between the measured concentrations at test initiation (0 h) and termination (7 d) were 

4.5 ± 0.7 and 8.7 ± 1.3% during the sodium chloride and potassium chloride juvenile exposures, 

respectively (Table C19). Water quality results using benchtop meters and NLET were consistent 

across tests (Tables C8 to 10) and within the treatments (Tables C11 to 16). 
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  EC/LCx values: glochidia exposures 

 Mean control viability across all six single chemical exposures in acute 48 h exposures 

with glochidia was greater than 95% and 94% at the initiation and termination of each test (Table 

C20), respectively, which met the test acceptability criterion of ≥ 90% control viability (ASTM-

E2455-06, 2013). For ammonia chloride and ammonia sulfate, the V. iris 48 h EC50 values were 

7.4 (6.6-8.2; 95% confidence intervals) and 8.4 (7.6-9.1) mg N/L, respectively. The EC50 for 

these two chemicals was not significantly different based on 95% confidence interval 

comparison (Litchfield and Wilcoxon, 1949). The effects of ammonia on freshwater mussels 

have been well studied; Wang et al. (2007) reported a similar 48 h EC50 for V. iris of 9.2 (8.8-

9.6) mg N/L (pH = 8.3 ± 0.2). Augspurger et al. (2003) reported adjusted EC50 values for V. iris 

to mg N/L (corrected to pH of 8) from studies by Goudreau et al. (1993) and Scheller (1997) of 

5.17 and 2.42 mg N/L, respectively. The effective concentrations for total ammonia reported in 

this investigation fall within those previous reported.  

 The EC50 for V. iris exposed to sodium chloride for 48 h was 480.5 (435.5-525.5) mg Cl-

/L. Freshwater mussels are known to be highly sensitive to chloride, which has become an active 

area of research due to widespread use of road salts in urban areas that coincide with mussel 

habitat (Todd and Kaltenecker, 2012; Prosser et al., 2017b). Glochidia and juvenile V. iris 

exposed to sodium chloride in reconstituted hard water resulted in 48 h EC50 values of 1007 

(624-1880) mg Cl-/L and 1395 (698-2778) mg Cl-/L, respectively (Pandolfo et al., 2012). In 

addition, 48 h NaCl exposures for five mussel species (including 2 Villosa sp.) generated EC50s 

between 334-2002 mg Cl-/L (Bringolf et al., 2007b). The EC50 value reported in this study falls 

between the ranges determined by Bringolf et al. (2007b).   
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 For V. iris exposed to copper sulfate, the 48 h EC50 was 14.2 (12.9-15.4) μg Cu2+/L. 

Previous studies investigating the effects of copper on glochidia have reported slightly higher 

EC50 values, where Gillis et al. (2008) reported a 48 h EC50 for L. siliquoidea to be 22.0 μg 

Cu2+/L and Jacobson et al. (1997) reported 24 h EC50 for V. iris between 36-80 μg Cu2+/L. Such 

discrepancies may be a result of intraspecific variation (V. iris sampled from two different 

reference sites; Listowel, Ontario, CA and Scott County, Virginia, USA), which has been 

described by Gillis (2011). 

 The 48 h EC50 values for V. iris exposed to potassium chloride and potassium sulfate 

were 12.8 (11.9-13.7) and 10.1 (8.9-11.2) mg K+/L, respectively. There has also been a growing 

interest in the risk posed by potassium to aquatic organisms including freshwater mussels, as 

natural concentrations can be elevated by anthropogenic activities (Wang et al., 2018). Potassium 

chloride (KCl) has been considered as a potential molluscicide to combat invasive Dreissena sp. 

in North America (Fisher et al., 1991; Waller et al., 1993; Wildridge et al., 1998).  However, 

very few published studies have investigated the risk posed by potassium to unionids. This study 

is the first to determine the toxicity of potassium to V. iris sourced from Ontario. Wang et al. 

(2018) reported a 24 h EC50 for L. siliquoidea to be 30 (28-31) mg K+/L, which would support 

that glochidia demonstrate a heightened sensitivity to potassium compared to chloride.  

 The effect concentrations of these contaminants were compared to surface water 

concentrations in the Canadian province of Ontario using the most recent PWQMN dataset 

available (2014) (PWQMN, 2018). In this year, there were 67, >51, and 92 events where the 

surface water concentrations for copper, potassium, and chloride exceeded the 48 h EC10 for V. 

iris, respectively (Table C21). Although no events in 2013 and 2014 occurred where ammonia 

(mg N/L) concentrations exceeded the EC10 for V. iris, there were two occurrences reported in 
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2012. This may be an indication that environmental concentrations of ammonia would not likely 

pose a risk to V. iris glochidia. There were also 12, 35, and 22 events in the Ontario, Canada in 

2014 where co-occurrences of chloride and copper, chloride and potassium, and copper and 

potassium that exceeded V. iris EC10 values (Table C22). However, further investigation needs to 

be conducted to determine whether the exceedances for individual and co-occurring chemicals in 

these events occurred at sites where populations of freshwater musses are present, specifically 

species that are considered threatened or endangered.  

Component-based approach for assessing mixture toxicity: glochidia exposures 

Within each TU, one treatment consisted of 100% of either chemical used in the binary 

exposure. Using these treatments across all TUs from the exposure, 48 h EC50 values for each 

chemical were determined and compared to the EC50 values determined from the single chemical 

exposure. This was performed to determine the overall reproducibility and accuracy of the 

laboratory tests (Maloney et al., 2018). Across the three mixtures (which produced two EC50 

values per chemical), the only single chemical EC50 that fell within the 95% confidence intervals 

of its positive control EC50 during the binary exposures was chloride (480 [435.5-525.5] mg Cl-

/L) during the chloride-ammonia exposure (516.5 [440.79-592.28] mg Cl-/L). The remaining 

positive control EC50 values were all significantly lower than those reported from the single 

chemical exposures, where the percent differences between the single chemical and positive 

control EC50s ranged from 7.5-56.3% (Table 4-2).  

When comparing the validity of each mixture test performed, the average glochidia 

viability in all control treatments at test initiation (0 h), 24 h, and test termination (48 h) was 95.9 

± 2.0%, 95.1 ± 2.4%, and 94.7 ± 2.6%, respectively (Table C23). Although there was 
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discrepancy in EC50 values between the single chemical exposures and positive controls, this 

may have been a result of implementing wild collected organisms which may introduce a higher 

variability compared to laboratory cultured organisms. Due to the number (nine glochidia tests in 

total) and the large quantity of glochidia required to implement the binary chemical mixture 

tests, different gravid V. iris were used to collect glochidia across tests. When applying the same 

component-based approach for neonicotinoid mixtures with Chironmus dilutus, (Maloney et al., 

2017) suggested that lower effect concentrations in positive controls during mixture exposures 

(compared to single chemical exposures) was a result of narrower concentration ranges 

implemented, which calculated a more accurate effect concentration for each chemical 

component.  

Binary mixture: chloride-ammonia glochidia exposure 

The chloride-ammonia mixture was best described by the CA model (residual sum of 

squares (RSS) = 784; IA RSS = 883). The synergism/antagonism (S/A), dose-ratio (D-R), and 

dose-level (D-L) parameters did not significantly improve (p > 0.05) model fit (Tables 2-3, C24, 

and C25). In the chloride-ammonia mixture data, 92.6% of the variability was explained by the 

CA model.  

Binary mixture: chloride-copper glochidia exposure 

The chloride-copper mixture data was best described by CA model (RSS = 1913; IA RSS 

= 2120). All three extension parameters of the CA model (S/A, D-R, and D-L) significantly 

improved (p > 0.05) the model fit (Tables 4-3, C26, and C27). When the CA model was 

extended with the S/A parameter, an a = -1.9 indicated synergistic effects (RSS = 1725, χ2 = 

187, and p = 1.2 x10-42). The D-R parameter (a = -2.3 and b = 0.78) indicated antagonism when 
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the toxicity of the mixture was mainly caused by chloride (RSS = 1718, χ2 = 194, and p = 6.5 

x10-43). The D-L parameter (a = -2.6 and b = 0.39) determined synergism at low dose level and 

antagonism at high dose level, where the change between synergism and antagonism occurred at 

a level higher than the EC50 (RSS = 1713, χ2 = 200, and p = 4.1 x10-44). The best fit model was 

CA with dose-level deviation. This model described 82.3% of variability in the mixture data. 

Binary mixture: copper-ammonia glochidia exposure 

The copper-ammonia mixture data was best described by CA (RSS = 1548; IA RSS = 

1900). All three extension parameters of the CA model (S/A, D-R, and D-L) significantly 

improved (p > 0.05) the model fit (Tables 4-3, C28, and C29). When the CA model was 

extended with the S/A parameter, an a = -1.6 determined synergistic effects (RSS = 1380, χ2 = 

166.7, and p = 3.9 x10-38). The D-R parameter (a = 0.48 and b = -3.81) determined synergistic 

effects that were mainly caused by copper (RSS = 1195, χ2 = 353, and p = 2.1 x10-77). Similarly, 

the D-L parameter (a = -0.71 and b = -1.89) determined synergism at low dose level and 

antagonism at high dose level, where the magnitude was dose-level dependent (RSS = 1377, χ2 = 

169, and p = 1.4 x10-37). Therefore, the best fit model was CA with dose-ratio deviation (86.1% 

of data variability described).  

Model deviation ratio (MDR): glochidia exposures 

For all three binary mixtures using V. iris glochidia, the mean MDR values were 

calculated to determine if CA and/or IA adequately described the mixtures toxicity. The mean 

MDR values for the chloride-ammonia, chloride-copper, and copper-ammonia mixtures under 

CA were 0.71 ± 0.56, 1.28 ± 0.85, and 1.15 ± 0.68, respectively (Tables 4-4 and C30). The mean 

MDR values for the chloride-ammonia, chloride-copper, and copper-ammonia mixtures under IA 
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were 0.97 ± 0.45, 1.33 ± 0.60, and 1.32 ± 0.59, respectively (Tables 4-4 and C30). Since these 

values fall within a factor of two of the expected data, the toxicity of the mixtures is adequately 

described by the reference models. Although some of the individual observed values within 

treatment replicates do not fall within a factor of two of the predicted values (see minimum and 

maximum MDR values; Tables 4-4 and C30), this is likely a result of the variability associated 

with assessing the viability of glochidia during exposures. For example, when comparing the 

three replicate vessels of one treatment during the chloride-ammonia exposure (TU 1 at 75% of 

the EC50 for chloride [367 mg Cl-/L] and 25 % of the EC50 for ammonia [2.27 mg N/L]), the 

viability was 90.1, 19.0, and 55.2% (Table C23). Since the concentration of both chemicals was 

consistent across replicates, the standard deviation for viability was ± 29.0%. This results in 

individual MDR values of 0.38, 1.95, and 0.85 for CA. By looking at the MDR value of each 

replicate, only two out of three would be described by the CA model compared to an average 

MDR value of 1.06. For this reason, the mean MDR value better reflects the overall assessment 

of the three datasets under CA and IA.  

EC/LCx values: juvenile exposures 

During the 7 d exposures of L. fasciola exposed to sodium chloride and potassium 

sulfate, survival in the control treatments remained at 100% at test termination. The first set of 

exposures (Test 1; Table 4-1) reported nominal 7 d LC50 values of 36.7 (-338.5-412.0) mg K+/L 

and 1743.4 (330.8-3156.0) mg Cl-/L. The second set of exposures (Test 2; Tables 4-1 and C31) 

resulted in narrower confidence intervals, with LC50 values of 45.0 (18.8-71.2) mg K+/L and 

1738.2 (1418.6-2057.8) mg Cl-/L. Although these exposures were performed with one year old 

organisms, previous studies that used two week-old juveniles reported similar EC50 values. Wang 

et al. (2017) reported a 96 h EC50 for L. siliquoidea exposed to potassium chloride at 46 (38-54) 
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mg K+/L and sodium chloride (n = 5) between 1893 and 2246 mg Cl-/L. A 7 d exposure using 

four-month-old L. siliquoidea resulted in a LC50 of 1917 (1897-1937) mg Cl-/L (Salerno et al., 

2018b). Across these studies, the EC/LC50 values for juvenile mussels exposed to potassium 

sulfate were not significantly different from one another. Further, four of the five repeated 

sodium chloride exposures in Wang et al. (2017) were not significantly different from the effect 

concentration reported in this study (2246 [2211-2281] mg Cl-/L).  

The 2014 PWQMN dataset was reviewed to determine if the effect concentrations of 

chloride and potassium occurred at environmentally relevant concentrations in Ontario surface 

waters. The number of sampling events where the EC10 for juvenile L. fasciola was exceeded for 

chloride and potassium were fewer compared to the V. iris glochidia, with only 2 (chloride) and 

8 (potassium) events exceeding the 7 d EC10 for L. fasciola (Table C21). With that in mind, there 

were no events in 2014 where concentrations of chloride and potassium co-occurred at levels 

exceeding the effect concentrations (Table C22).  

Model deviation ratio (MDR): juvenile exposures 

Since only a single ratio was tested during the juvenile binary mixture exposure, the 

mean MDR values were used to determine if the two reference models (CA and IA) adequately 

described the toxicity of the mixture. For the chloride-potassium mixture, the mean MDR values 

from CA and IA were 0.64 ± 0.58 and 0.05 ± 0.07, respectively (Tables 4-4, C30, and C32). By 

comparing the two MDR values, CA better described the mixture data over IA since the mean 

MDR value reported that the observed data fell within a factor of 2 of the expected data.  
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Previous chemical mixture investigations with unionids 

Although the acute and chronic effects of metals mixtures to the invasive Dreissena 

polymorpha have been investigated (Kraak et al., 1993; 1994b; 1999), few studies have observed 

the effects of waterborne contaminants to Ontario unionids. Previous studies that have assessed 

mixtures toxicity to unionids have focused on metal mixtures with copper, which was also used 

in our study. Faria et al. (2010) assessed the combined toxicity of waterborne contaminants 

(copper, 4-nonylphenol, mercury, and methyl mercury) to the freshwater mussel Unio 

elongatulus. Glochidia exposures (48 h) followed a similar method to that in our study, where 

individual chemical exposures were performed to determine a concentration-response 

relationship followed by exposure to mixtures following a fixed-ray design. Observed mixture 

toxicity was not accurately predicted by either CA or IA, even though IA was hypothesized. 

Although the present study involved binary mixtures with copper, results determined that the 

ammonia-copper and chloride-copper exposures were best modelled by CA for glochidia and 

juvenile mussels.  

 Keller and Zam (1991) investigated the effects of nickel, cadmium, copper, mercury, and 

zinc to juvenile (1-2 d old) Anodonta imbecilis along with four binary metal mixtures following 

96 h of exposure. The LC50 values from the single metal exposures were used as the highest 

concentration for each metal in the mixture test and the remaining concentrations were prepared 

by a series of 60% dilutions in soft reconstituted water. The cadmium-copper mixture reported 

additive toxicity after 48 h. In contrast, the copper-cadmium mixture was determined to be 

slightly antagonistic after 96 h.  In our present investigation, the toxicity of binary mixtures 

containing copper were best modelled by CA. 
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Conclusions  

Following the investigation into the binary chemical mixture with V. iris glochidia 

(ammonia-chloride, ammonia-copper, chloride-copper) and juvenile L. fasciola (chloride-

potassium), the mixture data for all exposures was best described by the CA model. This was 

also supported by the calculated average MDR values determined for each exposure. Since all 

four chemicals had the same mechanism of action, the hypothesis that all mixture exposures 

were best modeled by an additive model for mixture toxicity (CA) was supported. The 

investigated contaminants do co-occur at concentrations in some North American surface waters 

that could impact the glochidia and juvenile mussels. Consequently, when assessing the risk of 

these waterborne contaminants to freshwater mussel populations, co-occurrence should be 

considered.  

Acknowledgments 

Funding for this project included the Natural Sciences and Engineering Research Council 

Collaborative Research and Training Experience Program (CREATE: Fund number 2013-

432269) and the Ontario Ministry of Natural Resources and Forestry’s Species-at-Risk Research 

Fund (RF_49_16_UofGSibley). Authors would like to thank A. Mehlenbacher, the Ontario 

Ministry of Natural Resources and Forestry’s White Lake Fish Culture Station, and D. Bowes for 

their assistance on this project. 

 

 

 

 



81 

 

Table 4-1 Reported EC/LC50 values for Villosa iris glochidia and juveniles exposed to various 

chemicals for 48 h. Effect endpoints and 95% confidence intervals (CI) were estimated using 

nominal (juvenile Lampsilis fasciola test 1) or measured (V. iris glochidia test and juvenile L. 

fasciola test 2) chemical concentrations at test initiation (0 h). 

Chemical  Units 
Villosa iris glochidia  

EC50 (95% CI) 

Lampsilis fasciola juvenile 

 LC50 (95% CI) 

  

Test 1  

(measured initial 

concentration) 

Test 1  

(nominal initial 

concentration) 

Test 2  

(measured initial 

concentration) 

Ammonia chloride mg N/L 7.4 (6.6-8.2) - - 

Ammonia sulfate mg N/L 8.4 (7.6-9.1) - - 

Copper sulfate μg Cu2+/L 14.2 (12.9-15.4) - - 

Potassium chloride mg K+/L 12.8 (11.9-13.7) - - 

Potassium sulfate mg K+/L 10.1 (8.9-11.2) 36.7 (-338.5-412.0) 45.0 (18.8-71.2) 

Sodium chloride mg Cl-/L  480.5 (435.5-525.5) 1743.4 (330.8-3156.0) 1738.2 (1418.6-2057.8) 
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Table 4-2 48 h EC50 values for Villosa iris glochidia during single chemical exposure and using 

the positive control treatments during each binary chemical exposure. Effect endpoints were 

estimated using the measured chemical concentration at test initiation (0 h). Percent difference 

between single chemical exposure and positive control treatments are reported. 

Chemical  Units 

Single Chemical Test 

EC50 (95% C.I.) 

Positive Control 

EC50 (95% C.I.) 

Percent 

difference (%) 

in EC50 values 

(measured initial 

concentration) 

(measured initial 

concentration) 

 

     

Chloride-Ammonia     

Ammonia sulfate mg N/L 8.4 (7.6-9.1) 4.0 (2.81, 5.14) 52.4 

Sodium chloride mg/L Cl- 480.5 (435.5-525.5) 516.5 (440.79, 592.28) 7.5 

     

     

Copper-Ammonia     

Ammonia sulfate mg N/L 8.4 (7.6-9.1) 4.4 (3.61, 5.12) 47.6 

Copper sulfate μg/L Cu2
+ 14.2 (12.9-15.4) 10.1 (8.95, 11.18) 28.9 

     

     

Chloride-Copper     

Sodium chloride mg/L Cl- 480.5 (435.5-525.5) 298.7 (264.80, 332.62) 37.8 

Copper sulfate μg/L Cu2
+ 14.2 (12.9-15.4) 6.2 (3.97, 8.44) 56.3 
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Table 4-3 Summary of analysis of effect for Villosa iris glochidia exposed to selected binary 

chemical mixtures after 48 h. The reported concentration addition (CA) and independent action 

(IA) residuals and best fit model are reported. A comparison of the best fit model (CA or IA) to 

dose-ratio (DR) and dose-level (DL) synergism/antagonism (S/A) are reported as p values. 

Model parameters (deviation functions a and b) for the most appropriate parameter extension 

were used to interpret results using Jonker et al., 2005.  Effect endpoints were estimated using 

chemical concentrations measured at test initiation (0 h).  

 

Table 4-4 Calculated mean, standard deviation (SD), minimum, and maximum deviation ratios 

(MDR) using concentration addition (CA) and independent action (IA) reference for Villosa iris 

glochidia and Lampsilis fasciola juvenile mussels exposed to binary chemical mixtures. 

Chemical concentrations used to estimate MDR values were measured at test initiation (0 h). 

Binary Chemical Test Concentration Addition Independent Action 

 Mean MDR SD Minimum MDR Maximum MDR Mean MDR SD Minimum MDR Maximum MDR 

Villosa iris glochidia         

Chloride-Ammonia 0.71 0.56 4.55 x 10-3 2.42 0.97 0.45 0.20 2.38 

Chloride-Copper 1.28 0.85 0.30 4.22 1.33 0.60 0.51 3.11 

Copper-Ammonia 1.15 0.68 0.18 3.11 1.32 0.59 0.51 3.11 

Lampsilis fasciola juvenile         

Chloride-Potassium 0.64 0.58 0.31 2.45 0.05 0.07 0.01 0.28 

 

 

 

    
p-values Model parameters 

 

Binary 

mixture 

exposure 

CA 

residuals 

IA 

residuals 

Best fit 

model 
CA vs. S/A CA vs. DR S/A vs. DR CA vs. DL S/A vs. DL a b Interpretation of results 

 

Concentration addition 

Chloride-

Ammonia 
784.0 882.7 CA 8.4 x 10-2 2.2 x 10-1 8.3 x 10-1 1.4 x 10-1 3.4 x 10-1 - - 

Chloride-

Copper 
1912.6 2120.5 CA 1.1 x10-42 6.5 x10-43 8.9 x10-3 4.1 x10-44 4.4 x10-4 -2.57 0.38 

Dose-level dependent synergism at low 

dose level and antagonism at high dose 

level. Change occurs at higher dose than 

EC50 

Copper-

Ammonia 
1547.6 1899.7 CA 3.9 x 10-38 2.1 x 10-77 1.9 x 10-42 1.4 x 10-37 8.2 x 10-2 0.48 -3.81 

 

Dose-ratio dependent synergism where 

toxicity of the mixture is mainly caused 

by copper 
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Figure 4-1. Scatter plot matrix of measured contaminant concentrations of ammonia, chloride, 

and copper mixture treatments during 48 h exposures with Villosa iris glochidia. Matrix A, B, 

and C depict the experimental design for the chloride-ammonia, chloride-copper, and copper-

ammonia, respectively.  
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CHAPTER 5 GENERAL DISCUSSION AND CONCLUSIONS 

Investigation of clearance rate as an endpoint in toxicity testing with freshwater 

mussels (Unionidae) 

Since aquatic organisms are typically exposed to low concentrations of waterborne 

contaminants, the implementation of sub-lethal endpoints that can be clearly linked to apical 

endpoints (i.e., survival and reproduction) in toxicity testing can provide valuable information 

during risk assessment. In this study, I examined how to optimize quantifying the filtering 

capacity or clearance rate (CR) of mussels after exposure to a reference toxicant, NaCl. I tested 

the hypothesis that the optimized CR method is no more sensitive of an endpoint than survival 

and burial ability for mussels after chemical exposure. 

After juvenile and adult L. siliquoidea were exposed to NaCl for 7 days, the optimized 

CR method was not more sensitive than survival and burial endpoints based on a comparison of 

ECx values and 95% confidence intervals. Using the described methods to assess CR it was 

difficult to detect subtle changes in filtering activity following NaCl exposure. To implement the 

optimized CR assay would require an approximately 25-fold increase in person hours to count 

algal cells using the direct microscopic examination method compared to visually assessing 

burial and quantifying survival. Further, the overall variability in the CR method employed in 

this study brings to question if this endpoint can be considered a repeatable and reliable sub-

lethal endpoint in mussel toxicity experiments.  

Building upon this research, the optimized CR method could be assessed during 

contaminant exposure, which may determine whether exposed mussels are exhibiting avoidance 

behaviour (Hartmann et al., 2016) to reduce exposure time. This observation was reported in my 

study from the increase of adult mussels with closed valves as chloride concentration increased 
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during NaCl exposure (Table A15). It is incredibly important to assess the robustness and 

repeatability of any endpoint applied in toxicity testing because results likely used in risk 

assessments and water quality guidelines. If the method used to collect data does not have 

statistical power, results may not be repeatable and may under or over estimate risk. 

Sensitivity of multiple life stages of the freshwater mussels Lampsilis siliquoidea and Villosa 

iris  (Unionidae) to various fungicides and insecticides detected in Ontario (Canada) surface waters  

Even though freshwater mussels have a heightened sensitivity to some waterborne 

contaminants, few studies have investigated the risks that various pesticide classes, which have 

been detected in Ontario surface waters, pose to mussel species at different life stages. To 

address this research question I tested the hypothesis that insecticides and fungicides detected in 

Ontario surface waters are not toxic to the different life stages of two freshwater mussel species 

at environmentally relevant concentrations. 

I tested the effects of technical-grade insecticides (7) and fungicides (4) on the different 

life stages of freshwater mussels found in Ontario after 48 h acute (glochidia) and 28 d sub-

chronic (juvenile and adult) toxicity tests. The hazard quotients for each pesticide were < 1, 

indicating that these pesticides are unlikely to be contributing to mussel population declines in 

Ontario waterbodies. In all cases, EC/LCx values were greater than the maximum concentrations 

measured in the surface waters of Ontario within the last 20 years. Because most pesticides are 

applied as a chemical formulation to improve the effectiveness of the technical-grade pesticide, 

often in combination with solvents, adjuvants, or surfactants (Bringolf and others 2007a), future 

investigation should focus on assessing the toxicity of commercial formulations of pesticides to 

at-risk mussel species, since some commercial formulations result in increased toxicity to 

mussels (Bringolf et al., 2007c). 
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Results from Chapter 3 provide valuable data about the risk posed by insecticides and 

fungicides to the different life stages of freshwater mussels. The toxicity results using Ontario-

sourced organisms will contribute to the creation or revisions of water quality guidelines in 

Canada, assist the Pesticide Management Regulatory Agency to the determine the risk associated 

with these tested pesticides, and formulate recovery strategies for species at risk mussels and risk 

assessments. It is also important to note that both species are “special concern” because at-risk 

species are often more sensitive than common species (Gillis et al., 2008).   

Sensitivity of glochidia and juveniles of the freshwater mussel species  - Villosa iris 

and Lampsilis fasciola (Unionidae) to ammonia, chloride, copper, potassium, and selected 

binary chemical mixtures 

In aquatic environments, freshwater mussels are frequently exposed to complex 

contaminant mixtures related to industrial, agricultural, and urban activities. However, few 

studies have evaluated the toxicity of mixtures on freshwater mussels and little is known of the 

risks posed from exposures to multiple, interacting contaminants. To address this research 

question, I evaluated binary mixtures of various common and co-occurring contaminants to test 

the hypothesis that the toxicity of selected environmentally relevant binary mixtures to glochidia 

and juvenile freshwater mussels is best described by an additive model for mixture toxicity.  

Following the investigation into the binary mixture with V. iris glochidia (ammonia-

chloride, ammonia-copper, chloride-copper) and juvenile L. fasciola (chloride-potassium), the 

mixture data for all exposures was best described by the CA model. This was also supported by 

the calculated average MDR values determined for each exposure. The investigated 

contaminants do co-occur at concentrations that could impact the glochidia and juvenile mussels. 
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Whether mussel populations occur at these sites of chemical co-occurrence has not been 

investigated. Consequently, when assessing the risk of these waterborne contaminants to 

freshwater mussel populations, co-occurrence should be considered.  

For the compounds tested in the present study, results indicated that the CA model is 

appropriate for risk assessment purposes. To advance this research, investigation into more 

complex ternary mixtures of common co-occurring chemicals at environmentally relevant 

concentrations would provide greater insight into how such mixtures impact mussels. Results 

from Chapter 4 provide valuable data about the risk posed by contaminant mixtures to the 

different life stages of freshwater mussels. Similar to Chapter 3, the toxicity results using 

Ontario-sourced organisms will contribute to the creation or revisions of water quality guidelines 

in Canada and assist in the formulation of recovery strategies for species at risk mussels and risk 

assessments. Previously, no studies have implemented Ontario-sourced species to perform 

mixture exposures, which also provided valuable single chemical effect concentrations for two at 

risk species: V. iris and L. fasciola. This chapter was novel because it was the first time Ontario 

lab-cultured mussels were implemented in toxicity testing. Collecting data using Canadian lab-

cultured organisms is incredibly important since intraspecific variation in sensitivities to 

contaminants has been reported between Canadian and American sourced glochidia, with 

heightened sensitivities seen in Canadian organisms (Gillis, 2011).  In terms of risk assessment, 

the toxicity of the investigated binary exposures can be viewed as additive, with little uncertainty 

that synergistic or antagonistic deviations are going to occur in aquatic systems, which may over 

or under estimate risk.    
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Concluding statement 

Based on the results presented in this thesis, the optimized CR endpoint was no more 

sensitive than other endpoints used in mussel toxicology after 7 d exposures to NaCl. This robust 

comparison between possible sub-lethal (e.g., CR and burial) and apical (e.g., survival) endpoints 

supported the following chapters assessing glochidia viability and juvenile/adult survival during 

chemical exposures. After performing acute (glochidia; 48 h) and sub-chronic (juvenile and 

adult; 28 d) exposures, pesticides detected in Ontario surface waters demonstrated a minimal risk 

to the three life stages of mussels. Because these organisms are insensitive to pesticides, the goal 

of the final research chapter was to assess the toxicity of binary mixtures using environmentally 

relevant contaminants to which mussels are known to be sensitive. All binary mixture exposures 

were best described by the, which were all adequately described by an additive model for 

mixture toxicity. Future studies should focus on understanding the effects of commercial 

pesticide formulations and/or ternary contaminant mixtures to the different life stages of 

freshwater mussels. Expanding on this area of research would provide a better understanding of 

the risks that waterborne contaminants pose to this globally imperilled group of organisms. 
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Appendix A 

Table A1 Physicochemical properties of water (n = 4) from Environment and Climate Change 

Canada’s (ECCC) Aquatic Life Research Facility used to hold juvenile and adult Lampsilis 

siliquoidea. Standard deviations (SD) are indicated in parentheses. Analyses were conducted by 

ECCC’s National Laboratory for Environmental Testing in Burlington, ON, Canada. 

Physicochemical property Mean value (SD) 

Ca2+ 35.7 (0.3) mg/L 

Mg2+ 9.0 (0.07) mg/L 

K+ 1.7 (0.02) mg/L 

Silica 1.3 (0.04) mg/L 

Na+ 15.5 (0.6) mg/L 

Cl- 26.5 (0.3) mg/L 

F- 0.7 (0.01) mg/L 

SO4
2- 26.9 (0.1) mg/L 

Dissolved inorganic carbon 21.6 (0.1) mg/L 

Dissolved organic carbon 0.9 (0.0) mg/L 

NH4
+ / NH3 0.017 (0.001) mg/L 

NO3
-/NO2

- 0.78 (0.23) mg/L 

Soluble reactive phosphorus 0.009 (0.006) mg/L 

Nitrogen, total Kjeldahl 0.16 (0.03) mg/L 

Alkalinity (CaCO3) 90.35 (0.64) mg/L 

pH 8.13 (0.28) 

Specific conductance (25 ºC) 316 (4) µS/cm 

Hardness 126 (0) mg/L 
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Table A2 Mean, standard deviation (SD), maximum, and minimum of water quality parameters in replicate test vessels across treatments of exposed adult Lampsilis siliquoidea to sodium chloride.   

Nominal Treatment 

Concentration (mg Cl/L) 
  pH Dissolved Oxygen (mg/L) Temperature (ºC) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L)* 
Chloride (mg/L) 

Control (0) 

Mean (SD) 8.2 (0.1) 8.4 (0.5) 24.0 (4.1) 329.3 (8.4) 0.1 (0.1) 33.7 (9.8) 
Max. 8.3 9.1 31.1 343.0 0.3 47.4 

Min. 8.0 7.9 21.1 321.0 0.0 20.2         

1000  

Mean (SD) 8.0 (0.3) 8.1 (0.3) 20.1 (1.7) 3515.0 (78.3) 0.2 (0.2) 998.5 (125.1) 

Max. 8.2 8.6 22.0 3620.0 0.5 1200.0 
Min. 7.5 7.6 17.5 3410.0 0.0 856.0 

        

2000 

Mean (SD) 8.0 (0.3) 8.0 (0.4) 62.9 (74.5) 6550.0 (127.3) 0.1 (0.1) 2065.0 (235.2) 
Max. 8.3 8.6 191.8 6630.0 0.3 2400.0 

Min. 7.4 7.6 16.5 6330.0 0.0 1820.0         

3500 

Mean (SD) 7.9 (0.4) 7.6 (0.2) 19.9 (2.4) 10540.0 (486.4) 0.0 (0.0) 3136.7 (153.7) 

Max. 8.2 7.8 22.2 10970.0 0.0 3260.0 
Min. 7.4 7.5 16.6 9860.0 0.0 2920.0         

5000 

Mean (SD) 7.8 (0.2) 6.7 (0.8) 18.6 (1.3) 14855.0 (445.0) 0.0 (0.0) 4005.0 (435.0) 

Max. 7.9 7.4 19.9 15300.0 0.0 4440.0 

Min. 7.6 5.9 17.3 14410.0 0.0 3570.0 

*Ammonia (NH3/NH4
+) concentrations obtained using a salicylate-based API Ammonia Test Kit (Mars Fishcare, Inc., Pennsylvania, USA). 5 mL of exposure water was transferred to medicine cup and 

8 drops of a sodium salicylate solution (#1) and sodium hypochlorite solution (#2) were added. After 5 minutes, the colour of exposure water was compared to reference card to visually assess ammonia 

concentration. 
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Table A3 Water quality parameters in test vessels across treatments at the test initiation and conclusion of juvenile Lampsilis siliquoidea exposed to sodium chloride.   

Sampling Event 
Nominal Chloride Concentration 

(mg/L) 
pH 

Dissolved Oxygen 

(mg/L) 

Temperature 

(°C) 

Conductivity 

(µS/cm) 

Ammonia* 

(mg/L) 

Chloride 

(mg/L) 
 0.00 8.2 8.5 21.7 343.0 0.0 44.9 
 0.50 7.2 7.8 21.8 1985.0 0.0 617.0 

Test initiation (day 0) 1.25 7.2 7.8 21.9 4340.0 0.0 1530.0 
 2.00 7.1 7.9 21.9 6630.0 0.0 2420.0 
 2.75 7.3 8.0 22.0 8740.0 0.0 3170.0         
 0.00 8.3 8.0 19.3 368.0 0.3 57.7 
 0.50 8.3 8.2 18.9 2040.0 0.3 717.0 

Test takedown (day 7) 1.25 8.3 8.2 18.8 4430.0 0.5 1620.0 
 2.00 8.3 8.0 18.7 6780.0 1.0 3040.0 
 2.75 - - - - - - 

*Ammonia (NH3/NH4
+) concentration obtained using a salicylate-based API Ammonia Test Kit (Mars Fishcare, Inc., Pennsylvania, USA). 5 mL of exposure water was transferred to medicine cup and 8 

drops of a sodium salicylate solution (#1) and sodium hypochlorite solution (#2) were added. After 5 minutes, the colour of exposure water was compared to reference card to visually assess ammonia 

concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A4 Chloride concentrations (mg/L) from Lampsilis siliquoidea exposures to sodium chloride. A comparison between benchtop (handheld meter-based) readings and analysis conducted by 

Environment and Climate Change Canada’s National Laboratory for Environmental Testing (NLET) in Burlington, ON, Canada using standard methods. 
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   Nominal Chloride            Chloride Concentration (mg/L)   Percent Difference (%)  
Test   Concentration (mg/L) Sample Event  Benchtop Meter NLET Nominal vs. Benchtop Nominal vs. NLET Benchtop vs. NLET 

Adult  

 0 test initiation 31.1 28 - - 10.5 

 2000 test initiation 1870 2050 6.7 2.5 9.2 

 3500 test initiation 3260 3610 7.1 3.1 10.2 

 0 day 3 20.2 21.6 - - 6.7 

 3500 day 3 2920 3720 18.1 6.1 24.1 

 3500 renewal solution (day 3) 3230 3250 8.0 7.4 0.6 

Juvenile 

 0 test initiation 44.9 30.1 - - 33.0 

 0.5 test initiation 617 540 20.9 7.7 12.5 

 1.25 test initiation 1530 1350 20.1 7.7 11.8 

 2 test initiation 2420 2170 19.0 8.2 10.3 

 2.75 test initiation 3170 2890 14.2 5.0 8.8 

 0 test takedown (day 7) 57.7 33.5 - - 41.9 

 0.5 test takedown (day 7) 717 552 35.7 9.9 23.0 

 1.25 test takedown (day 7) 1620 1330 25.8 6.2 17.9 

 2 test takedown (day 7) 3040 2170 41.3 8.2 28.6 
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Table A5 Initial and final (24 h) total algal counts to determine appropriate algal density to add for the adult mussel clearance rate assay.  

  Total algal count at initiation (0 h) Total algal count at conclusion (24 h) 

Added algal concentration (cells/mL) 540 nm 600 nm 750 nm Hemocytometer 540 nm 600 nm 750 nm Hemocytometer 

0 0 0 0 0 0 0 0 0 

6760000 2860000000 2060000000 5600000000 2960000000 -356000000 -325000000 1060000000 188000000 

13500000 6490000000 5730000000 8600000000 8550000000 269000000 175000000 1310000000 413000000 

20300000 11800000000 11100000000 13300000000 12700000000 7270000000 8010000000 7980000000 7130000000 

27000000 16600000000 16300000000 17400000000 18500000000 7270000000 7760000000 7390000000 7280000000 

33800000 19900000000 19900000000 20400000000 22600000000 7460000000 7930000000 7480000000 6710000000 

 

Table A6 Total algal counts at initiation and completion of 24 h clearance assay with adult mussels. 

  
 

Total Cell Count at 0 h  Total Cell Count at 24 h  

Test Vessel  540 nm 600 nm 750 nm Hemocytometer 540 nm 600 nm 750 nm Hemocytometer 

1 22100000000 21600000000 21900000000 21900000000 18600000000 127000000 16700000000 369000000 

2 22300000000 21600000000 22200000000 21500000000 17800000000 160000000 15900000000 334000000 

3 22600000000 22100000000 22600000000 21400000000 14500000000 320000000 12800000000 456000000 

4 22200000000 21600000000 22000000000 20100000000 17900000000 156000000 16200000000 328000000 

5 23300000000 22900000000 23100000000 21300000000 13300000000 403000000 11800000000 481000000 
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Table A7 Total algal counts at initiation and completion of 36 h clearance assay with adult mussels. 

  Total Cell Count at 0 h  Total Cell Count at 36 h  

Test Vessel  540 nm 600 nm 750 nm Hemocytometer 540 nm 600 nm 750 nm Hemocytometer 

1 24400000000 23800000000 24300000000 18500000000 5840000000 6060000000 5370000000 5100000000 

2 24700000000 23900000000 24300000000 21300000000 7490000000 7980000000 6870000000 6940000000 

3 24100000000 23300000000 23800000000 20000000000 3160000000 3340000000 2770000000 1910000000 

4 24100000000 23300000000 23700000000 20500000000 4880000000 5000000000 4170000000 3830000000 

5 27300000000 26700000000 27300000000 19100000000 4670000000 4830000000 3970000000 2740000000 

 

Table A8 Total algal counts at initiation and completion of 48 h clearance assay with adult mussels. 

  Total Cell Count at 0 h  Total Cell Count at 48 h  

Test Vessel  540 nm 600 nm 750 nm Hemocytometer 540 nm 600 nm 750 nm Hemocytometer 

1 21500000000 21200000000 21700000000 20400000000 4400000000 4360000000 4250000000 3790000000 

2 19900000000 19700000000 19900000000 19200000000 4060000000 4030000000 3620000000 4200000000 

3 21100000000 20900000000 21200000000 20400000000 3380000000 3270000000 2880000000 3860000000 

4 21700000000 21300000000 21700000000 20300000000 4570000000 4570000000 4500000000 3980000000 

5 21200000000 21000000000 21400000000 18400000000 5680000000 5880000000 5620000000 2960000000 
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Table A9 Mortality and burial of juvenile (out of 10 organisms) and adult (out of 1 organism) 

Lampsilis siliquoidea following 7 d exposure to sodium chloride.  

Juvenile Nominal 

Chloride Concentration 

(mg/L) 

Juvenile 

Mortality 

Juvenile 

Burial 

Adult Nominal Chloride 

Concentration (mg/L) 

Adult 

Mortality 

Adult 

Burial 

0 0 10 0 0 1 

0 0 10 0 0 0 

0 0 10 0 0 1 

0 0 10 0 0 1 

500 0 10 0 0 1 

500 0 10 0 0 1 

500 0 10 0 0 1 

500 0 10 0 0 1 

1250 0 10 1000 0 0 

1250 0 9 1000 0 0 

1250 0 10 1000 0 1 

1250 0 9 1000 0 1 

2000 10 0 1000 0 1 

2000 10 0 1000 0 1 

2000 10 0 1000 0 1 

2000 10 0 1000 0 1 

2750 10 0 2000 1 0 

2750 10 0 2000 0 0 

2750 10 0 2000 0 0 

2750 10 0 2000 0 0 

- - - 2000 1 0 

- - - 2000 0 1 

- - - 2000 0 0 

- - - 2000 0 1 

- - - 3500 1 0 

- - - 3500 1 0 

- - - 3500 1 0 

- - - 3500 1 0 

- - - 3500 1 0 

- - - 3500 1 0 

- - - 3500 1 0 

- - - 3500 1 0 

- - - 5000 1 0 

- - - 5000 1 0 

- - - 5000 1 0 

- - - 5000 1 0 

- - - 5000 1 0 

- - - 5000 1 0 

- - - 5000 1 0 

- - - 5000 1 0 
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Table A10 Clearance rate results (cells/mussel/h) of adult Lampsilis siliquoidea in each replicate 

test vessel following 7 d exposure to sodium chloride. 

Adult Nominal Chloride  

Concentration (mg/L) 

Adult Clearance Rate (cells/mussel/h) 

Hemocytometer  540 nm 600 nm 750 nm 

0 26600000 329000000 295000000 313000000 

0 28400000 397000000 355000000 381000000 

0 20800000 321000000 284000000 298000000 

0 40400000 402000000 348000000 372000000 

0 41800000 478000000 419000000 455000000 

0 42200000 497000000 417000000 452000000 

0 47800000 534000000 450000000 490000000 

0 46100000 553000000 472000000 514000000 

1000 23100000 400000000 342000000 368000000 

1000 31000000 520000000 444000000 480000000 

1000 36200000 500000000 440000000 479000000 

1000 28000000 397000000 353000000 378000000 

1000 38700000 513000000 438000000 477000000 

1000 37700000 534000000 458000000 497000000 

1000 35600000 491000000 426000000 463000000 

1000 46200000 560000000 495000000 541000000 

2000 0 0 0 0 

2000 33100000 477000000 478000000 474000000 

2000 46100000 551000000 545000000 546000000 

2000 40000000 537000000 543000000 543000000 

2000 0 0 0 0 

2000 28900000 473000000 488000000 484000000 

2000 34500000 489000000 501000000 493000000 

2000 37700000 541000000 562000000 554000000 

3500 0 0 0 0 

3500 0 0 0 0 

3500 0 0 0 0 

3500 0 0 0 0 

3500 0 0 0 0 

3500 0 0 0 0 

3500 0 0 0 0 

3500 0 0 0 0 

5000 0 0 0 0 

5000 0 0 0 0 

5000 0 0 0 0 

5000 0 0 0 0 

5000 0 0 0 0 

5000 0 0 0 0 

5000 0 0 0 0 

5000 0 0 0 0 
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Table A11 Algal counts with 1.77 x 107 cells/mL of algae mixture added during the juvenile mussel clearance rate assay.  

  Total algal count at initiation (0 h) Total algal count at 24 h Total algal count at 48 h 

Test Vessel 540 nm 600 nm 750 nm Hemocytometer 540 nm 600 nm 750 nm Hemocytometer 540 nm 600 nm 750 nm Hemocytometer 

1 3460000000 2810000000 3310000000 5260000000 1330000000 1060000000 1340000000 2600000000 185000000 18600000 141000000 957000000 

2 3040000000 2460000000 2910000000 5430000000 1300000000 990000000 1250000000 2360000000 278000000 159000000 306000000 969000000 

3 3590000000 2900000000 3420000000 4500000000 1180000000 966000000 1220000000 2090000000 278000000 65400000 196000000 1040000000 

4 3640000000 2900000000 3420000000 4540000000 1430000000 1130000000 1420000000 2350000000 333000000 112000000 251000000 929000000 

5 3390000000 2710000000 3210000000 4930000000 1640000000 1230000000 1540000000 2210000000 130000000 18600000 141000000 943000000 

 

Table A12 Algal counts with 2.53 x 107 cells/mL of algae mixture added during the juvenile mussel clearance rate assay.  

  Total algal count at initiation (0 h) Total algal count at 24 h Total algal count at 48 h  

Test Vessel  540 nm 600 nm 750 nm Hemocytometer 540 nm 600 nm 750 nm Hemocytometer 540 nm 600 nm 750 nm Hemocytometer 

1 4970000000 4020000000 5150000000 4450000000 2860000000 2200000000 2540000000 3020000000 953000000 854000000 1120000000 1630000000 

2 5070000000 3990000000 5110000000 6050000000 3070000000 2350000000 2700000000 2970000000 1350000000 1080000000 1410000000 2060000000 

3 5490000000 4260000000 5450000000 5350000000 3360000000 2620000000 3010000000 3580000000 1920000000 1460000000 1900000000 1900000000 

4 5270000000 4080000000 5230000000 5850000000 3250000000 2470000000 2840000000 2580000000 1840000000 1330000000 1740000000 2080000000 

5 5050000000 4050000000 5190000000 5630000000 3250000000 2590000000 2970000000 2900000000 1520000000 1270000000 1650000000 2000000000 

 

Table A13 Mean percent decrease in concentration of algae across detection methods after allowing juvenile mussels to filter for 24 

and 48 h with two different concentrations of algae at the start of the assay (n = 5). Standard error reported in brackets.       

 

 Mean percent decrease in concentration of algae 

Sampling time (hour) Initial algal concentration of 

1.77 x 107 cells/mL 

Initial algal concentration of 

2.53 x 107 cells/mL 

24 41.1 (±3.7) 30.1 (±3.1) 

48 82.3 (±6.9) 59.9 (±3.8) 
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Table A14 Clearance rate results (cells/mussel/h) of juvenile Lampsilis siliquoidea in each 

replicate test vessel following 7 d exposure to sodium chloride. 

  Juvenile Clearance Rate (cells/mussel/h) 

Juvenile Nominal 

Chloride Concentration 

(mg/L) 

Hemocytometer 540 nm 600 nm 750 nm 

0 2510000 3280000 3110000 3290000 

0 2210000 2680000 2440000 2590000 

0 2440000 3020000 3010000 2740000 

0 2280000 2400000 2220000 2580000 

500 2140000 2170000 1950000 2200000 

500 2400000 2650000 2260000 2660000 

500 1860000 1680000 1420000 1680000 

500 2200000 3600000 3780000 3530000 

1250 2090000 2680000 2740000 2990000 

1250 2180000 3060000 2850000 3310000 

1250 1970000 2630000 2630000 2650000 

1250 1560000 2510000 2440000 2560000 

2000 0 0 0 0 

2000 0 0 0 0 

2000 0 0 0 0 

2000 0 0 0 0 

2750 0 0 0 0 

2750 0 0 0 0 

2750 0 0 0 0 

2750 0 0 0 0 

 

Table A15 The number of adult mussels with closed valves (out of 8) 24 h after test initiation. 

Nominal treatment (mg Cl-/L) Number of closed mussels 

0 0 

1000 1 

2000 5 

3500 8 

5000 8 
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Figure A1 Concentration of algae in test vessels before (A) and after (B) allowing an adult 

Lampsilis siliquoidea to filter for 24 h (n = 1). The concentration of algae was measured using a 

hemocytometer and spectroscopy (the absorbance of light with three wavelengths: 540, 600, 750 

nm). 
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Figure A2 Mean percent decrease in the concentration of algae (%) due to adult mussel filtering 

in test vessels for 24, 36, and 48 h (n = 5).  Percent decrease was determined by comparing the 

concentration of algae at test initiation relative to the concentration at the three sampling events 

using hemocytometer and absorption of three wavelengths of light (i.e., 540, 600, 750 nm). Error 

bars represent standard error.  
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Figure A3 Mean percent survival and percent burial of juvenile mussels exposed to increasing 

concentrations of measured chloride (n = 4). Error bars represent standard error. Significant 

differences (p < 0.05) between the control (i.e., 45 mg Cl-/L treatment) and treatments for 

survival are indicated with an asterisk. 
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Figure A4 Mean clearance rate for juvenile mussels exposed to increasing concentrations of 

measured chloride (n = 4). Error bars represent standard error and chloride concentration in 

control treatment; 45 mg Cl-/L. Clearance rate was determined by measuring the changes in the 

concentration of algae using hemocytometer and absorption of light at three wavelengths.
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Appendix B 

Table B1 Physicochemical properties of water (n= 4) from Environment and Climate Change 

Canada’s Aquatic Life Research Facility used to hold gravid mussels and implement juvenile 

and adult mussel toxicity tests. Standard deviations (SD) are indicated in parentheses. Analyses 

were conducted by Environment and Climate Change Canada’s National Laboratory for 

Environmental Testing in Burlington, Ontario, Canada.  

 

Physicochemical property Mean value (standard deviation) 

Ca2+ 35.7 (0.3) mg/L 

Mg2+ 9.0 (0.07) mg/L 

K+ 1.7 (0.02) mg/L 

Silica 1.3 (0.04) mg/L 

Na+ 15.5 (0.6) mg/L 

Cl- 26.5 (0.3) mg/L 

F- 0.7 (0.01) mg/L 

SO4
2- 26.9 (0.1) mg/L 

Dissolved inorganic carbon 21.6 (0.1) mg/L 

Dissolved organic carbon 0.9 (0.0) mg/L 

NH4
+ / NH3 0.017 (0.001) mg/L 

NO3
-/NO2

- 0.78 (0.23) mg/L 

Soluble reactive phosphorus 0.009 (0.006) mg/L 

Nitrogen, total Kjeldahl 0.16 (0.03) mg/L 

Alkalinity (CaCO3) 90.35 (0.64) mg/L 

pH 8.13 (0.28) 

Specific conductance (25 ºC) 316 (4) µS/cm 

Hardness 126 (0) mg CaCO3 
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Table B2 Physicochemical properties of reconstituted moderately hard water (MHW) (n= 7) 

used in toxicity testing with Villosa iris glochidia. Standard deviations (SD) are indicated in 

parentheses. Analyses were conducted by Environment and Climate Change Canada’s National 

Laboratory for Environmental Testing in Burlington, Ontario, Canada. 

 

Physicochemical Property Mean value (SD) 

Ca2+ 16.6 (1.5) mg/L 

Mg2+ 13.1 (1.3) mg/L 

K+ 2.2 (0.2) mg/L 

Silica 0.5 (0.1) mg/L 

Na+ 32.2 (3.0) mg/L 

F- 0.01 (0.01) mg/L 

SO4
2+ 91.1 (8.6) mg/L 

Alkalinity (CaCO3) 69.8 (5.6) mg/L 

Hardness 95.2 (8.5) mg/L 

Dissolved inorganic carbon 17.0 (1.6) mg/L 

Dissolved organic carbon 0.7 (0.3) mg CaCO3 
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Table B3 Viability of Villosa iris glochidia from individual mussels prior to pooling for use in 

toxicity testing. Standard deviations (SD) are indicated in parentheses. 

 

Experiment Female mussel 
Viability of 

glochidia 
Mean viability (SD) 

     

Azoxystrobin 1 94   

 2 96  

 3 94 94.7 (0.9) 

     

Boscalid 1 94   

 2 96   

 3 94 94.7 (0.9) 

     

Carbaryl 1 97   

 2 94   

 3 97 96.3 (1.3) 

     

Chlorpyrifos 1 94   

 2 99   

 3 97 96.9 (1.8) 

     

Clothianidin 1 97   

 2 96   

 3 94 95.3 (1.3) 

     

Flupyradifurone 1 97   

 2 94   

 3 90 93.5 (2.8) 
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Table B3 Continued. 

 

Experiment Female mussel Viability of glochidia Mean viability (SD) 

     

Imidacloprid 1 97   

 2 96  

 3 94 95.3 (1.3) 

     

Malathion 1 96   

 2 95   

 3 97 96.4 (0.6) 

     

Metalaxyl 1 97   

 2 94   

 3 97 96.3 (1.3) 

     

Myclobutanil 1 95   

 2 95   

 3 98 96.7 (1.6) 

     

     

Thiamethoxam 1 97   

 2 94   

 3 90 93.5 (2.8) 

 

 

Table B4 CAS # and water solubility for each investigated pesticide (Sigma Aldrich). 

Pesticide Name CAS # 
Purity (%) Water solubility 

(µg/L) 

Azoxystrobin 131860-33-8 ≥98.0 6,000 (20°C)a 

Boscalid 188425-85-6 99.9 4,600 (20°C)a 

Carbaryl 63-25-2 99.9 110,000 (22°C)a 

Chlorpyrifos 2921-88-2 ≥98.0 1,400 (25°C)a 

Clothianidin 210880-92-5 98.0 327,000 (20°C)a 

Flupyradifurone 951659-40-8 ≥98.0 3,200,000 (20°C)b 

Imidacloprid 138261-41-3 99.9 610,000 (20°C)a 

Malathion 121-75-5 ≥95.0 143,000 (20°C)a 

Metalaxyl 57837-19-1 99.8 8,400,000 (20°C)a 

Myclobutanil 88671-89-0 99.6 142,000 (25°C)a 

Thiamethoxam 153719-23-4 95.0 4,100,000 (25°C)a 
aWater solubilities for pesticides were reported on PubChem, www.pubchem.ncbi.nlm.nih.gov 
bWater solubility of flupyradifurone reported by Bayer, www.sivanto.bayer.com/doc/Technical-

Information-SIVANTO.pdf

http://www.pubchem.ncbi.nlm.nih.gov/
http://www.sivanto.bayer.com/doc/Technical-Information-SIVANTO.pdf
http://www.sivanto.bayer.com/doc/Technical-Information-SIVANTO.pdf
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Table B5 Mean, standard deviation (SD), maximum, and minimum values for water quality parameters in replicate test vessels across 

treatments at the initiation (t = 0 h) and conclusion (t = 48 h) of tests that exposed Villosa iris glochidia to fourteen pesticides for 48 h.  

 
Experiment   pH Dissolved 

oxygen 

(mg/L) 

Temperature (ºC) Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Chloride 

(mg/L) 

         

Azoxystrobin t = 0 h Mean 8.36 7.82 18.3 309 <0.01 3.0 

  SD 0.03 0.42 2.6 4  0.2 

  Max. 8.41 8.58 23.5 315 <0.01 3.3 

  Min. 8.32 7.31 13.9 302 <0.01 2.7 

         

 t = 48 h Mean 8.37 8.32 22.8 338 <0.01 3.2 

  SD 0.02 0.03 0.2 5  0.5 

  Max. 8.38 8.39 23.1 346 <0.01 4.5 

  Min. 8.33 8.28 22.6 330 <0.01 2.9 

         

Boscalid t = 0 h Mean 8.19 7.54 22.0 333 <0.01 2.0 

  SD 0.02 0.21 0.2 2  0.7 

  Max. 8.24 7.75 22.2 337 <0.01 3.1 

  Min. 8.17 7.13 21.7 331 <0.01 1.4 

         

 t = 48 h Mean 8.21 7.56 20.3 376 <0.01 3.0 

  SD 0.06 0.20 0.1 32  1.8 

  Max. 8.29 7.97 20.4 446 <0.01 5.6 

  Min. 8.11 7.31 20.1 357 <0.01 1.5 

         

Carbaryl t = 0 h Mean 7.25 7.74 21.6 50.1 <0.01 0.8 

  SD 0.08 0.22 0.1 0.1  0.2 

  Max. 7.36 8.09 21.8 50.3 <0.01 1.3 

  Min. 7.10 7.43 21.4 49.9 <0.01 0.6 

         

 t = 48 h Mean 7.67 8.23 21.8 62.7 <0.01 2.4 

  SD 0.04 0.25 0.1 3.5  0.5 

  Max. 7.72 8.69 22.0 68.9 <0.01 3.2 

  Min. 7.62 8.00 21.6 58.9 <0.01 1.9 
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Table B5 Continued. 

 
Experiment   pH Dissolved 

oxygen 

(mg/L) 

Temperature (ºC) Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Chloride 

(mg/L) 

         

Chlorpyrifos t = 0 h Mean 8.30 9.07 22.4 312 <0.01 2.6 

  SD 0.02 0.23 0.3 1  1.1 

  Max. 8.34 9.32 22.6 315 <0.01 5.1 

  Min. 8.28 8.74 21.8 311 <0.01 2.1 

         

 t = 48 h Mean 8.18 6.78 20.6 334 <0.01 2.7 

  SD 0.02 0.16 0.3 7  0.5 

  Max. 8.21 6.98 20.9 347 <0.01 3.7 

  Min. 8.14 6.45 20.0 328 <0.01 2.1 

         

Clothianidin t = 0 h Mean 8.19 8.39 17.3 305 <0.01 2.8 

  SD 0.07 0.32 2.2 1  0.1 

  Max. 8.30 8.84 22.1 307 <0.01 3.0 

  Min. 8.09 7.91 15.8 303 <0.01 2.6 

         

 t = 48 h Mean 8.29 8.52 21.0 337 <0.01 3.1 

  SD 0.01 0.11 0.0 6  0.4 

  Max. 8.30 8.75 21.1 345 <0.01 3.8 

  Min. 8.26 8.40 21.0 332 <0.01 2.8 
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Table B5 Continued. 

 
Experiment   pH Dissolved 

oxygen 

(mg/L) 

Temperature 

(ºC) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Chloride 

(mg/L) 

         

Flupyradifurone t = 0 h Mean 8.28 7.88 16.9 305 <0.01 2.6 

  SD 0.05 0.19 2.4 4  0.1 

  Max. 8.35 8.27 22.2 308 <0.01 2.8 

  Min. 8.22 7.71 15.4 297 <0.01 2.6 

         

 t = 48 h Mean 8.29 8.30 20.2 346 <0.01 3.2 

  SD 0.01 0.32 0.2 8  0.6 

  Max. 8.30 8.96 20.6 356 <0.01 4.6 

  Min. 8.26 7.93 19.9 335 <0.01 2.6 

         

Imidacloprid t = 0 h Mean 8.15 8.42 18.3 306 <0.01 2.7 

  SD 0.04 0.10 1.7 1  0.1 

  Max. 8.23 8.56 22.1 307 <0.01 2.8 

  Min. 8.09 8.25 17.3 303 <0.01 2.4 

         

 t = 48 h Mean 8.30 8.52 20.8 347 <0.01 3.4 

  SD 0.01 0.13 0.3 6  0.2 

  Max. 8.31 8.75 21.1 352 <0.01 3.8 

  Min. 8.29 8.40 20.4 335 <0.01 3.2 

         

Malathion t = 0 h Mean 8.10 8.28 22.7 317 <0.01 5.4 

  SD 0.09 0.15 0.1 10  2.6 

  Max. 8.29 8.55 22.8 327 <0.01 11.2 

  Min. 8.02 8.05 22.5 297 <0.01 3.8 

         

 t = 48 h Mean 8.28 8.25 20.8 348 <0.01 6.8 

  SD 0.01 0.10 0.3 11  4.1 

  Max. 8.29 8.39 21.5 370 <0.01 15.7 

  Min. 8.25 8.10 20.5 333 <0.01 4.2 
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Table B5 Continued. 

 
Experiment   pH Dissolved 

oxygen 

(mg/L) 

Temperature 

(ºC) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Chloride 

(mg/L) 

         

Metalaxyl t = 0 h Mean 7.25 7.88 21.7 49.9 <0.01 0.7 

  SD 0.07 0.42 0.1 0.2  0.2 

  Max. 7.31 8.78 21.7 50.3 <0.01 1.3 

  Min. 7.10 7.49 21.5 49.7 <0.01 0.6 

         

 t = 48 h Mean 7.40 7.96 21.7 62.7 <0.01 2.3 

  SD 0.12 0.16 0.2 2.4  0.5 

  Max. 7.54 8.28 22.0 65.9 <0.01 3.2 

  Min. 7.22 7.74 21.5 58.8 <0.01 1.8 

         

Myclobutanil t = 0 h Mean 8.28 8.18 23.3 328 <0.01 3.8 

  SD 0.03 0.22 0.9 1  0.5 

  Max. 8.35 8.60 25.1 331 <0.01 4.8 

  Min. 8.24 7.92 22.6 327 <0.01 3.2 

         

 t = 48 h Mean 8.26 8.76 19.3 342 <0.01 3.6 

  SD 0.02 0.11 0.2 6  0.7 

  Max. 8.28 8.98 19.6 352 <0.01 4.7 

  Min. 8.23 8.63 19.1 335 <0.01 2.9 

         

Thiamethoxam t = 0 h Mean 8.27 7.95 17.4 307 <0.01 2.6 

  SD 0.02 0.19 2.1 2  0.1 

  Max. 8.31 8.27 22.2 309 <0.01 2.8 

  Min. 8.24 7.73 16.1 302 <0.01 2.4 

         

 t = 48 h Mean 8.30 8.76 20.3 366 <0.01 3.6 

  SD 0.02 0.11 0.2 12  0.5 

  Max. 8.33 8.96 20.6 385 <0.01 4.6 

  Min. 8.26 8.60 20.0 345 <0.01 3.2 
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Table B6 Mean, standard deviation (SD), maximum, and minimum values for water quality parameters in replicate test vessels across 

treatments of tests that exposed juvenile Lampsilis siliquoidea to three pesticides for 28 d.  

 

Experiment  pH 

Dissolved 

oxygen 

(mg/L) 

Temperature 

(ºC) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Chloride 

(mg/L) 

Azoxystrobin Mean 8.08 8.02 19.9 349 0.1 40.6 

 SD 0.27 0.27 1.3 9 0.1 5.8 

 Max. 8.33 8.75 22.8 375 0.5 54.6 

 Min. 7.20 7.62 18.4 332 0.0 30.1 

        

Clothianidin Mean 8.11 8.31 18.8 357 0.0 36.1 

 SD 0.30 0.46 1.1 14 0.1 4.8 

 Max. 8.39 9.67 21.4 383 0.5 48.7 

 Min. 7.41 7.74 16.3 330 0.0 26.2 

        

Imidacloprid Mean 8.21 7.66 19.6 375 0.0 51.7 

 SD 0.21 0.54 1.1 15 0.0 6.0 

 Max. 8.70 9.21 22.6 407 0.3 63.7 

 Min. 7.67 7.24 18.1 341 0.0 38.6 
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Table B7 Mean, standard deviation (SD), maximum, and minimum values for water quality parameters in replicate test vessels across 

treatments of tests that exposed adult Lampsilis siliquoidea to three pesticides for 28 d.  

 

Experiment  pH Dissolved 

oxygen 

(mg/L) 

Temperature 

(ºC) 

Conductivity 

(µS/cm) 

Ammonia 

(mg/L) 

Chloride 

(mg/L) 

Azoxystrobin Mean 8.08 8.28 18.8 447 0.1 55.7 

 SD 0.31 0.46 1.9 148 0.2 37.2 

 Max. 8.53 9.65 21.7 925 1.0 174 

 Min. 7.21 7.55 16.2 333 0.0 23.2 

        

Carbaryl Mean 8.21 7.67 20.9 429 0.8 85.1 

 SD 0.22 0.89 1.5 267 1.4 154.4 

 Max. 8.46 9.81 23.2 2087 4.0 871.0 

 Min. 7.62 6.75 19.0 310 0.0 41.2 

        

Clothianidin Mean 7.89 8.35 18.2 434 0.1 63.7 

 SD 0.36 0.45 1.5 167 0.3 47.4 

 Max. 8.37 9.67 21.2 1024 1.0 218.0 

 Min. 7.21 7.65 15.5 329 0.0 26.0 
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Table B8 Measured concentrations of pesticides in water from 48 h exposures of Villosa iris glochidia at test 

initiation and conclusion. The percent difference of the measured concentrations over time are presented. 

 

Pesticide 
Nominal concentration 

(μg/L) 

Measured concentration 

(µg/L) time 0 h 

Measured concentration 

(µg/L) time 48 h 

% Difference  

nominal vs. 0 h 

Azoxystrobin 27 5.8 - 78.5 

 80 22 - 72.3 

 239 78 - 67.4 

 717 186 - 74.1 

 2150 564 - 73.8 

 4300 1320 - 69.3 

Boscalid 218 183 - 16.1 

 437 300 - 31.4 

 875 420 - 52 

 1750 600 - 65.7 

 3500 1140 - 67.4 

 3700 460 - 87.6 

Carbaryl 123 112 112 8.9 

 370 273 266 26.2 

 1111 770 770 30.7 

 3333 2380 2100 28.6 

 10000 6650 6300 33.5 

Chlorpyrifos 14 1.89 - 86.5 

 44 300 - 11.4 

 133 108 - 18.8 

 400 126 - 68.5 

 1200 360 - 70 

Clothianidin  850 426.6 - 49.8 

 1700 1020 - 40 

 3400 2520 - 25.9 

 6800 5580 - 17.9 

 13600 13800 - 1.5 

Flupyradifurone 61.3 57.9 - 5.4 

 612.5 660 - 7.8 

 1875 2100 - 12 

 3750 3960 - 5.6 

  7500 8400 - 12 
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Table B8 Continued. 

 

Pesticide 
Nominal 

concentration (μg/L) 

Measured concentration 

(µg/L) time 0 h 

Measured concentration (µg/L) 

time 48 h 

% Difference  

nominal vs. 0 h 

Imidacloprid  227.5 142.2 - 37.5 

 2275 1740 - 23.5 

 4550 3600 - 20.9 

 9100 7200 - 20.9 

 18200 16800 - 7.7 

Malathion 123 58.8 42 52.2 

 370 175 98 52.7 

 1111 553 357 50.2 

 3333 1680 1120 49.6 

 10000 4900 3360 51 

Metalaxyl 123 140 1.3 13.8 

 370 378 434 2.2 

 1111 1190 1330 7.1 

 3333 3430 4340 2.9 

 10000 9100 11900 9 

Myclobutantil 61 133 70 118 

 185 140 154 24.3 

 555 413 525 25.6 

 1666 1190 1610 28.6 

 5000 3500 3850 30 

Thiamethoxam 132.5 63.2 - 52.3 

 1325 1020 - 23 

 2650 2220 - 16.2 

 10600 8400 - 20.8 

  21200 17400 - 17.9 
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Table B9 Measured concentrations of pesticides in water from in 28 d exposures of juvenile Lampsilis siliquoidea at the initiation and 

solution change at the 7 d exposure period. The geometric mean of the concentrations measured at Day 0 and Day 7 are presented. The 

percent difference of the measured concentrations over time are presented. 
 

  Nominal concentration (μg/L) Measured concentration (μg/L) Geometric 

mean (µg/L) 

Concentration % difference 

Pesticide   Day 0 Day 7 Nominal vs. Day 0 Day 0 vs. Day 7 

Azoxystrobin 500 138 26.8 61 72.4 80.6 

 1000 400 56 150 60 86 

 2000 960 76 270 52 92.1 

 4000 2800 272 873 30 90.3 

Clothianidin 1250 1200 960 1073 4 20 

 2500 2200 1760 1968 12 20 

 5000 4400 2640 3408 12 40 

 10000 10200 8000 9033 2 21.6 

Imidacloprid 1250 820 960 887 34.4 17.1 

 2500 1900 1920 1910 24 1.1 

 5000 4000 2720 3298 20 32 

  10000 8000 10400 9121 20 30 
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Table B10 Measured concentrations of pesticides in water in 28 d exposures of adult Lampsilis siliquoidea at the initiation and 

solution change at the 7 d exposure period. The geometric mean of the concentrations measured at Day 0 and Day 7 are presented. The 

percent difference of the measured concentrations over time are presented. 

  Nominal concentration (μg/L) Measured concentration (μg/L) Geometric 

mean (µg/L) 

Concentration % difference 

Pesticide   Day 0 Day 7 Nominal vs. Day 0 Day 0 vs. Day 7 

Azoxystrobin 500 138 26.8 61 72.4 80.6 

 1000 400 56 150 60 86 

 2000 960 76 270 52 92.1 

 4000 2800 272 873 30 90.3 

Carbaryl 1250 740 44 180 40.8 94.1 

 2500 1560 56 296 37.6 96.4 

 5000 3000 140 648 40 95.3 

 10000 6400 188 1097 36 97.1 

Clothianidin 1250 1200 960 1073 4 20 

 2500 2200 1760 1968 12 20 

 5000 4400 2640 3408 12 40 

  10000 10200 8000 9033 2 21.6 
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Table B11 Viability of Villosa iris glochidia following exposure to azoxystrobin, boscalid, carbaryl, and chlorpyrifos for 24 and 48 h 

(nominal concentrations). 

 
Azoxystrobin 

(µg/L) 
% Viability 

Boscalid 

(µg/L) 
% Viability 

Carbaryl 

(µg/L) 
% Viability 

Chlorpyrifos 

(µg/L) 
% Viability 

 24 h 48 h  24 h 48 h   24 h 48 h  24 h 48 h 

Control 94.56 85.44 Control 89.93 94.48 Control 94.95 91.45 Control 91.35 97.99 

Control 93.22 92.47 Control 95.97 95.54 Control 94.07 86.36 Control 97.09 98.31 

Control 92.38 69.91 Control 95.48 95.16 Control 97.62 89.14 Control 96.36 66.67 

Control 90.10 62.60 Control 94.77 94.33 Control 96.35 91.16 Control 94.39 94.70 

Control 91.80 77.86 Control 97.08 95.21 Control 92.09 92.48 Control 91.06 94.29 

27 88.57 75.61 218 98.67 - 123.45 94.66 91.89 14 95.05 90.43 

27 93.10 83.45 218 94.49 - 123.45 93.65 78.76 14 98.48 92.56 

27 89.66 70.37 218 92.47 - 123.45 96.48 88.36 14 88.98 94.64 

27 93.44 73.58 218 96.60 - 123.45 93.86 94.06 14 97.62 93.46 

80 91.67 83.11 437 96.03 - 370.37 94.78 90.06 44 97.44 98.20 

80 92.90 79.17 437 96.41 - 370.37 92.79 87.70 44 95.10 98.26 

80 95.24 38.00 437 94.52 - 370.37 95.24 89.05 44 97.25 97.69 

80 94.83 88.57 437 93.55 - 370.37 96.19 87.31 44 92.20 67.59 

239 92.13 67.46 875 91.08 - 1111.1 91.67 81.54 133 96.45 92.00 

239 93.91 80.99 875 93.57 - 1111.1 90.83 92.75 133 95.31 92.74 

239 84.38 41.88 875 92.45 - 1111.1 96.75 89.60 133 91.79 94.50 

239 85.23 55.81 875 97.71 - 1111.1 95.19 88.72 133 90.91 87.30 

717 85.96 62.93 1750 94.67 - 3333.3 98.55 98.00 400 96.75 94.12 

717 84.76 72.80 1750 96.40 - 3333.3 96.53 89.55 400 97.18 93.67 

717 83.93 61.76 1750 93.57 - 3333.3 98.28 94.55 400 94.44 93.33 

717 90.99 70.43 1750 93.84 - 3333.3 96.52 88.00 400 95.61 87.07 

2150 76.27 31.19 3500 92.72 89.38 10000 98.23 74.44 1200 94.64 86.92 

2150 71.85 47.12 3500 88.05 92.91 10000 93.00 50.96 1200 92.31 85.71 

2150 67.52 33.33 3500 93.44 93.62 10000 96.21 68.42 1200 94.17 83.33 

2150 86.06 49.00 3500 95.00 93.90 10000 94.50 76.07 1200 93.71 85.99 

4300 41.44 1.96          

4300 69.72 0.00          

4300 42.34 0.00          

4300 36.00 0.00          
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Table B12 Viability of Villosa iris glochidia following exposure to clothianidin, flupyradifurone, and imidacloprid for 24 and 48 h 

(nominal concentrations). 

 
Clothianidin 

(µg/L) 

Percent of 

viable glochidia 

Flupyradifurone 

(µg/L) 

Percent of 

viable glochidia 

Imidacloprid 

(µg/L) 

Percent of 

viable glochidia 

 24 h 48 h   24 h 48 h  24 h 48 h 

Control 90.98 89.08 Control 94.78 93.38 Control 90.98 89.08 

Control 95.45 88.00 Control 88.99 79.03 Control 95.45 88.00 

Control 87.04 92.50 Control 90.38 80.60 Control 87.04 92.50 

Control 90.08 76.47 Control 96.04 79.70 Control 90.08 76.47 

Control 88.99 77.54 Control 87.72 74.60 Control 88.99 77.54 

850 85.22 75.86 61.25 91.82 89.62 227.50 92.31 88.00 

850 86.21 63.28 61.25 92.38 75.00 227.50 80.70 79.00 

850 69.11 42.74 61.25 94.17 75.00 227.50 85.71 79.82 

850 62.20 21.24 61.25 94.17 73.60 227.50 87.41 76.47 

1700 85.27 87.61 612.5 93.81 90.91 2275 87.72 86.07 

1700 87.69 74.78 612.5 91.67 84.73 2275 86.92 61.00 

1700 91.79 56.80 612.5 92.31 91.96 2275 90.08 85.60 

1700 83.47 67.89 612.5 95.24 78.90 2275 81.65 77.34 

3400 89.52 86.07 1875 90.57 84.47 4550 90.85 91.11 

3400 80.34 60.00 1875 94.25 87.50 4550 86.13 78.99 

3400 81.00 72.00 1875 91.45 92.52 4550 84.68 80.83 

3400 85.96 63.64 1875 89.91 87.90 4550 91.15 80.65 

6800 82.30 76.07 3750 85.45 90.99 9100 90.32 89.13 

6800 96.26 89.42 3750 92.86 84.96 9100 88.46 91.67 

6800 89.13 63.30 3750 92.24 96.12 9100 84.55 77.69 

6800 84.03 73.39 3750 91.38 57.69 9100 85.83 79.31 

13600 85.37 78.05 7500 91.45 91.51 18200 86.41 84.17 

13600 80.00 81.10 7500 85.34 88.79 18200 92.91 90.52 

13600 81.65 75.42 7500 92.25 95.38 18200 84.55 83.62 

13600 85.32 60.16 7500 92.62 90.99 18200 90.65 78.51 
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Table B13 Viability of Villosa iris glochidia following exposure to malathion, metalaxyl, myclobutanil, and thiamethoxam for 24 and 

48 h (nominal concentrations). 

 
Malathion 

(µg/L) 

Percent of 

viable glochidia 

Metalaxyl 

(µg/L) 

Percent of 

viable glochidia 

Myclobutanil 

(µg/L) 

Percent of 

viable glochidia 

Thiamethoxam 

(µg/L) 

Percent of 

viable glochidia 

 24 h 48 h   24 h 48 h   24 h 48 h  24 h 48 h 

Control 89.44 94.55 Control 94.95 92.42 Control 92.42 90.91 Control 94.78 92.24 

Control 90.15 93.10 Control 94.07 87.41 Control 97.06 96.32 Control 88.99 79.03 

Control 90.10 92.31 Control 97.62 88.10 Control 98.46 96.15 Control 90.38 80.60 

Control 94.51 93.25 Control 96.35 93.75 Control 97.52 95.87 Control 96.04 79.70 

Control 93.41 89.40 Control 92.09 87.77 Control 97.62 92.06 Control 87.72 74.60 

123.45 87.84 88.39 123.45 96.19 90.20 132.50 95.42 91.33 132.50 90.40 90.18 

123.45 93.68 78.32 123.45 99.22 90.70 132.50 96.30 97.06 132.50 87.72 89.86 

123.45 95.03 83.33 123.45 95.93 83.33 132.50 91.16 93.33 132.50 92.59 90.99 

123.45 93.87 91.67 123.45 93.20 84.96 132.50 96.21 95.14 132.50 88.14 84.75 

370.37 94.44 90.63 370.37 97.35 86.18 1325 87.20 95.57 1325 90.98 92.04 

370.37 94.44 95.12 370.37 98.35 93.55 1325 91.38 93.04 1325 82.46 92.91 

370.37 96.15 93.92 370.37 94.44 87.70 1325 91.18 84.78 1325 92.70 84.07 

370.37 81.87 90.83 370.37 96.99 90.23 1325 87.41 92.00 1325 84.96 87.38 

1111.1 93.72 93.16 1111.1 97.10 88.08 2650 75.25 89.13 2650 90.48 91.15 

1111.1 91.40 92.23 1111.1 96.83 91.15 2650 95.63 93.84 2650 93.91 91.00 

1111.1 89.29 95.36 1111.1 98.83 84.66 2650 97.89 98.54 2650 85.29 81.25 

1111.1 86.26 91.23 1111.1 94.78 84.38 2650 94.63 94.92 2650 90.77 89.11 

3333.3 86.50 90.52 3333.3 95.12 88.48 10600 95.15 92.47 10600 86.49 80.14 

3333.3 88.46 92.07 3333.3 95.49 74.65 10600 85.31 95.63 10600 88.52 63.16 

3333.3 95.57 90.07 3333.3 97.64 84.80 10600 96.92 97.17 10600 86.67 89.05 

3333.3 96.65 89.30 3333.3 94.33 49.26 10600 93.16 98.40 10600 88.80 91.28 

10000 80.25 95.14 10000 96.75 88.00 21200 87.27 87.23 21200 92.96 90.35 

10000 88.00 95.54 10000 94.12 89.62 21200 92.98 95.76 21200 90.15 93.16 

10000 94.12 94.44 10000 99.13 91.06 21200 90.37 88.62 21200 95.08 91.67 

10000 94.59 93.39 10000 95.24 85.63 21200 84.24 82.79 21200 92.48 92.42 
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Table B14 Maximum recorded pesticide concentrations in United States surface waters (USGS) and toxicity results (EC/LC50) of 

Villosa iris (VI) glochidia and Lampsilis siliquoidea (LS) juveniles and adults. Hazard quotients for each life stage exposed to 

pesticides in the United States are reported.  

Pesticide 

USGS (2010-2016) Glochidia VI Juvenile LS Adult LS Glochidia VI Juvenile LS Adult LS 

Max recorded surface EC50 LC50 LC50 hazard quotient hazard quotient hazard quotient 

water concentration (μg/L) (µg/L) (µg/L) (µg/L)    

Azoxystrobin 128 1438 [850, 2026] 161 [127, 194] 873 8.9 x 10-2 8.0 x 10-1 1.5 x 10-1 

Boscalid 11.2 >1140 - - 9.8 x 10-3 - - 

Carbaryl 13 >6650 - 1073 2.0 x 10-3 - 1.5 x 10-4 

Chlorpyrifos 11.3 >360 - - 3.1 x 10-2 - - 

Clothianidin 1.6 >13800 9033 9033 1.2 x 10-4 1.2 x10-4 3.6 x 10-4 

Flupyradifurone - >8400 - - - - - 

Imidacloprid 4.2 >16800 9121 - 2.5 x 10-4 4.6 x 10-4 - 

Malathion 4.1 >4900 - - 8.5 x 10-4 - - 

Metalaxyl 9.1 >9100 - - 9.9 x 10-4 - - 

Myclobutanil 0.8 >3500 - - 2.4 x 10-4 - - 

Thiamethoxam 5.4 >17400 - - 3.1 x 10-4 - - 

Maximum recorded United States surface water concentrations of pesticides reported by the United States Geological Survey's Water 

Quality Data. https://www.waterqualitydata.us/portal/. 
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Table B15 Mortality (number of dead juvenile mussels out of 5 individuals) in each replicate test 

vessel when juvenile Lampsilis siliquoidea were exposed to chemicals for 7 d range finger tests 

(nominal concentrations). 

 
Azoxystrobin 

(μg/L) 
Mortality 

Boscalid 

(μg/L) 
Mortality 

Carbaryl 

(μg/L) 
Mortality 

Imidacloprid 

(μg/L) 
Mortality 

Control 0 Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 Control 1 

4.19 0 3.61 0 780 0 Control 0 

4.19 0 3.61 0 780 0 Control 0 

16.79 0 14.45 1 3125 0 10 0 

16.79 0 14.45 0 3125 0 10 0 

67.18 0 57.81 0 12500 1 10 0 

67.18 0 57.81 0 12500 1 10 0 

268.75 0 231.25 0 50000 5 10 1 

268.75 1 231.25 0 50000 5 100 0 

1075 4 925 0 - - 100 0 

1075 4 925 0 - - 100 0 

4300 4 3700 0 - - 100 0 

4300 5 3700 0 - - 100 1 

- - - - - - 1000 0 

- - - - - - 1000 0 

- - - - - - 1000 0 

- - - - - - 1000 1 

- - - - - - 1000 1 

- - - - - - 5000 1 

- - - - - - 5000 1 

- - - - - - 5000 0 

- - - - - - 5000 1 

- - - - - - 5000 1 

- - - - - - 10000 0 

- - - - - - 10000 1 

- - - - - - 10000 1 

- - - - - - 10000 0 

- - - - - - 10000 0 
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Table B15 Continued.  

 
Malathion 

(μg/L) 
Mortality 

Metalaxyl 

(μg/L) 
Mortality 

Myclobutanil 

(μg/L) 
Mortality 

Thiamethoxam 

(μg/L) 
Mortality 

Control 0 Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 Control 0 

Control 0 Control 0 78 0 Control 0 

750 0 780 0 78 1 6250 0 

750 0 780 0 310 1 6250 0 

2500 0 3125 0 310 0 12500 0 

2500 0 3125 0 1250 2 12500 0 

10000 0 12500 0 1250 0 25000 0 

10000 0 12500 0 5000 0 25000 0 

40000 0 50000 0 5000 1 50000 0 

- - 50000 0 - - 50000 0 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 

- - - - - - - - 
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Table B16 Mortality (number of dead juvenile mussels out of 10 individuals) in each replicate 

test vessel when juvenile Lampsilis siliquoidea were exposed to azoxystrobin, clothianidin, and 

imidacloprid for 28 d (nominal concentrations). 

 
Azoxystrobin 

(µg/L) 
Mortality 

Clothianidin 

(µg/L) 
Mortality 

Imidacloprid 

(g/L) 
Mortality 

Control 0 Control 0 Control 0 

Control 0 Control 1 Control 0 

Control 0 Control 2 Control 1 

500 0 1250 1 Control 0 

500 0 1250 1 1250 0 

500 0 1250 2 1250 0 

1000 3 2500 2 1250 1 

1000 2 2500 3 2500 2 

1000 2 2500 1 2500 1 

2000 10 5000 3 2500 1 

2000 10 5000 3 5000 1 

2000 10 5000 1 5000 4 

4000 10 10000 2 5000 0 

4000 10 10000 3 10000 0 

4000 10 10000 4 10000 1 
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Table B17 Mortality (number of dead adult mussels out of 1 individual) in each replicate test 

vessel when adult Lampsilis siliquoidea were exposed to azoxystrobin, carbaryl, and clothianidin 

for 28 d (nominal concentrations).  

 
Azoxystrobin (µg/L) Mortality Carbaryl (g/L) Mortality Clothianidin (µg/L) Mortality 

Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 

Control 0 Control 0 Control 0 

500 0 Control 0 1250 0 

500 0 Control 0 1250 0 

500 0 Control 0 1250 0 

500 0 Control 0 1250 0 

1000 0 Control 0 2500 0 

1000 0 Control 0 2500 0 

1000 0 1200 1 2500 0 

1000 0 1200 0 2500 0 

2000 0 1200 0 5000 0 

2000 0 1200 0 5000 0 

2000 0 1200 1 5000 0 

2000 0 2500 0 5000 0 

4000 0 2500 0 10000 0 

4000 0 2500 0 10000 0 

4000 1 2500 1 10000 0 

4000 1 2500 0 10000 0 

- - 2500 0 - - 

- - 2500 0 - - 

- - 2500 0 - - 

- - 2500 0 - - 

- - 2500 1 - - 

- - 5000 0 - - 

- - 5000 0 - - 

- - 5000 1 - - 

- - 5000 0 - - 

- - 5000 1 - - 

- - 10000 0 - - 

- - 10000 0 - - 

- - 10000 1 - - 

- - 10000 0 - - 

- - 10000 0 - - 

- - 10000 0 - - 

- - 10000 1 - - 

- - 10000 0 - - 

- - 10000 1 - - 

- - 10000 0 - - 
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Figure B1 Percent distribution of boscalid. The log concentration of the boscalid is reported on the x-axis 

and the percent distribution of the 2010-2016 surface water concentrations of boscalid from the United 

States Geological Survey is on the y-axis (USGS, 2017). The green line represents the United States 

Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic invertebrates (790 

μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for boscalid reported by the 

National Pesticides Monitoring and Surveillance Network (4.53 μg/L; NPMSN, 2017), and the purple line 

is the reported EC10 value for the 48 h exposure using Villosa iris glochidia (our study).    

 
Figure B2 Percent distribution of carbaryl. The log concentration of the carbaryl is reported on the x-axis 

and the percent distribution of the 2010-2016 surface water concentrations of carbaryl from the United 

States Geological Survey is on the y-axis (USGS, 2017). The green line represents the United States 

Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic invertebrates (0.5 

μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for carbaryl reported by the 

National Pesticides Monitoring and Surveillance Network (0.949 μg/L; Struger et al., 2016), and the 

purple line is the reported EC25 value for the 48 h exposure using Villosa iris glochidia (our study). 
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Figure B3 Percent distribution of chlorpyrifos. The log concentration of the chlorpyrifos is reported on 

the x-axis and the percent distribution of the 2010-2016 surface water concentrations of chlorpyrifos from 

the United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the United 

States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic invertebrates 

(0.04 μg/L; USEPA, 2017), the orange line is the World Health Organization Water Quality Guideline (30 

μg/L; WHO, 2004), the red line is the maximum Ontario surface water for chlorpyrifos reported by the 

National Pesticides Monitoring and Surveillance Network (0.52 μg/L; Struger and Fletcher, 2007), and 

the purple line is the reported EC10 value for the 48 h exposure using Villosa iris glochidia (our study).   

 

Figure B4 Percent distribution of clothianidin. The log concentration of the clothianidin is reported on the 

x-axis and the percent distribution of the 2010-2016 surface water concentrations of clothianidin from the 

United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the United 

States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic invertebrates 

(1.1 μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for clothianidin reported by 

the National Pesticides Monitoring and Surveillance Network (0.399 μg/L; Struger et al., 2017), and the 

purple line is the reported EC25 value for the 24 h exposure using Villosa iris glochidia (our study).   
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Figure B5 Percent distribution of malathion. The log concentration of the malathion is reported on the x-

axis and the percent distribution of the 2010-2016 surface water concentrations of malathion from the 

United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the United 

States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic invertebrates 

(0.1 μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for malathion reported by 

the National Pesticides Monitoring and Surveillance Network (0.611 μg/L; Bartlett et al., 2016), and the 

purple line is the reported EC10 value for the 48 h exposure using Villosa iris glochidia (our study).   

 
Figure B6 Percent distribution of metalaxyl. The log concentration of the metalaxyl is reported on the x-

axis and the percent distribution of the 2010-2016 surface water concentrations of metalaxyl from the 

United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the United 

States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic invertebrates 

(100 μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for metalaxyl reported by 

the National Pesticides Monitoring and Surveillance Network (1.33 μg/L; Struger et al., 2016), and the 

purple line is the reported EC10 value for the 48 h exposure using Villosa iris glochidia (our study).   

 



141 

 

 
Figure B7 Percent distribution of myclobutanil. The log concentration of the myclobutanil is reported on 

the x-axis and the percent distribution of the 2010-2016 surface water concentrations of myclobutanil 

from the United States Geological Survey is on the y-axis (USGS, 2017). The red line is the maximum 

Ontario surface water for metalaxyl reported by the National Pesticides Monitoring and Surveillance 

Network (1.96 μg/L; NPMSN, 2017) and the purple line is the reported EC10 value for the 48 h exposure 

using Villosa iris glochidia (our study).   

 
Figure B8 Percent distribution of thiamethoxam. The log concentration of the thiamethoxam is reported 

on the x-axis and the percent distribution of the 2010-2016 surface water concentrations of thiamethoxam 

from the United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the 

United States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic 

invertebrates (50000 μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for 

thiamethoxam reported by the National Pesticides Monitoring and Surveillance Network (1.34 μg/L; 

Struger et al., 2017), and the purple line is the reported EC10 value for the 24 h exposure using Villosa iris 

glochidia (our study).   
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Figure B9 Percent distribution of azoxystrobin. The log concentration of the azoxystrobin is reported on 

the x-axis and the percent distribution of the 2010-2016 surface water concentrations of azoxystrobin 

from the United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the 

United States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic 

invertebrates (44 μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for 

azoxystrobin reported by the National Pesticides Monitoring and Surveillance Network (0.862 μg/L; 

NPMSN, 2017), and the purple line is the reported LC50 value for the 28 d exposure using juvenile 

Lampsilis siliquoidea (our study). 

 

Figure B10 Percent distribution of clothianidin. The log concentration of the clothianidin is reported on 

the x-axis and the percent distribution of the 2010-2016 surface water concentrations of clothianidin from 

the United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the United 

States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic invertebrates 

(1.1 μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for clothianidin reported by 

the National Pesticides Monitoring and Surveillance Network (0.399 μg/L; Struger et al., 2017), and the 

purple line is the reported LC25 value for the 28 d exposure using juvenile Lampsilis siliquoidea (our 

study). 
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Figure B11 Percent distribution of imidacloprid. The log concentration of the imidacloprid is reported on 

the x-axis and the percent distribution of the 2010-2016 surface water concentrations of imidacloprid 

from the United States Geological Survey is on the y-axis (USGS, 2017). The black line is the Canadian 

Council of Ministers of the Environment Long term Water Quality Guideline (0.23 μg/L; CCME, 2007), 

the green line represents the United States Environmental Protection Agency’s Chronic Aquatic Life 

Benchmark for Aquatic invertebrates (1.05 μg/L; USEPA, 2017), the red line is the maximum Ontario 

surface water for imidacloprid reported by the National Pesticides Monitoring and Surveillance Network 

(10.4 μg/L; Struger et al., 2017), and the purple line is the reported LC10 value for the 28 d exposure using 

juvenile Lampsilis siliquoidea (our study). 

 

Figure B12 Percent distribution of azoxystrobin. The log concentration of the azoxystrobin is reported on 

the x-axis and the percent distribution of the 2010-2016 surface water concentrations of azoxystrobin 

from the United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the 

United States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic 

invertebrates (44 μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for 

azoxystrobin reported by the National Pesticides Monitoring and Surveillance Network (0.862 μg/L; 

NPMSN, 2017), and the purple line is the reported LC50 value for the 28 d exposure using adult Lampsilis 

siliquoidea (our study). 
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Figure B13 Percent distribution of carbaryl. The log concentration of the carbaryl is reported on the x-

axis and the percent distribution of the 2010-2016 surface water concentrations of carbaryl from the 

United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the United 

States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic invertebrates 

(0.5 μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for carbaryl reported by the 

National Pesticides Monitoring and Surveillance Network (0.949 μg/L; Struger et al., 2016), and the 

purple line is the reported LC50 value for the 28 d exposure using adult Lampsilis siliquoidea (our study). 

 

Figure B14 Percent distribution of clothianidin. The log concentration of the clothianidin is reported on 

the x-axis and the percent distribution of the 2010-2016 surface water concentrations of clothianidin from 

the United States Geological Survey is on the y-axis (USGS, 2017). The green line represents the United 

States Environmental Protection Agency’s Chronic Aquatic Life Benchmark for Aquatic invertebrates 

(1.1 μg/L; USEPA, 2017), the red line is the maximum Ontario surface water for clothianidin reported by 

the National Pesticides Monitoring and Surveillance Network (0.399 μg/L; Struger et al., 2017), and the 

purple line is the reported LC50 value for the 28 d exposure using adult Lampsilis siliquoidea (our study).  
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Appendix C 

Table C1 Physicochemical properties of water (n = 4) from the Aquatic Life Research Facility 

used to hold gravid mussels and implement juvenile and adult mussel toxicity tests. Standard 

deviations (SD) are indicated in parentheses. Analyses were conducted by Environment and 

Climate Change Canada’s National Laboratory for Environmental Testing in Burlington, 

Ontario, Canada.  

 

Physicochemical property Mean value (standard deviation) 

Ca2+ 35.7 (0.3) mg/L 

Mg2+ 9.0 (0.07) mg/L 

K+ 1.7 (0.02) mg/L 

Silica 1.3 (0.04) mg/L 

Na+ 15.5 (0.6) mg/L 

Cl- 26.5 (0.3) mg/L 

F- 0.7 (0.01) mg/L 

SO4
2- 26.9 (0.1) mg/L 

Dissolved inorganic carbon 21.6 (0.1) mg/L 

Dissolved organic carbon 0.9 (0.0) mg/L 

NH4
+ / NH3 0.017 (0.001) mg/L 

NO3
-/NO2

- 0.78 (0.23) mg/L 

Soluble reactive phosphorus 0.009 (0.006) mg/L 

Nitrogen, total Kjeldahl 0.16 (0.03) mg/L 

Alkalinity (CaCO3) 90.35 (0.64) mg/L 

pH 8.13 (0.28) 

Specific conductance (25 ºC) 316 (4) µS/cm 

Hardness 126 (0) mg/L 
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Table C2 Physicochemical properties of White Lake water (2016) used in culturing Villosa iris 

juveniles. Reported ranges for each parameter are indicated in parentheses. Water quality results 

acquired from the White Lake Fish Culture Station, Peterborough, ON. 
 

Physicochemical property  Mean value (range) 

Ca2+ 22.6 (23.9-25.7) mg/L 

Mg2+  5.83 (6.29-7.89) mg/L 

K+ 0.48 mg/L 

Silica 4.01 mg/L 

Na+  N/A 

Cl- 0.95 mg/L 

F- 0.12 mg/L 

SO4
2- 6.55 mg/L 

Dissolved inorganic carbon N/A 

Dissolved organic carbon N/A 

NH4
+ / NH3 0.021 (0.015-0.024) mg/L 

NO3
-/NO2

- N/A 

Soluble reactive phosphorus N/A 

Nitrogen, total Kjeldahl 0.44 (0.59-0.68) mg/L 

Alkalinity (CaCO3) 106 mg/L 

pH 8.08 (85.6-96.7) mg/L 

Specific conductance (25 ºC) N/A 

Hardness 84.8 (85.6-96.7) mg/L 
 

 

Table C3 Physicochemical properties of reconstituted moderately hard water (MHW) (n =7) 

used in toxicity testing with Villosa iris glochidia. Standard deviations (SD) are indicated in 

parentheses. Analyses were conducted by Environment and Climate Change Canada’s National 

Laboratory for Environmental Testing in Burlington, Ontario, Canada. 
 

Physicochemical Property Mean value (mg/L) (SD) 

Ca2+ 16.6 (1.5) 

Mg2+ 13.1 (1.3) 

K+ 2.2 (0.2) 

Silica 0.5 (0.1) 

Na+ 32.2 (3.0) 

F- 0.01 (0.01) 

SO4
2+ 91.1 (8.6) 

Alkalinity (CaCO3) 69.8 (5.6) 

Hardness 95.2 (8.5) 

Dissolved inorganic carbon 17.0 (1.6) 

Dissolved organic carbon 0.7 (0.3) 
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Table C4 Viability of glochidia sampled from gravid female mussels before glochidia from the 

rainbow mussel Villosa iris were pooled for use in single chemical testing. Standard deviations 

(SD) are indicated in parentheses. Chemicals in bolded text were used in binary mixture tests. 
 

Experiment 
Female 

mussel 
Viability of glochidia Mean viability (SD) 

     

Ammonia chloride 1 96   

 2 94  

 3 98 96.1 (1.3) 

    

Ammonia sulfate 1 95   

 2 98   

 3 91 94.6 (2.8) 

    

Copper sulfate 1 95  

 2 98   

 3 91 94.6 (2.8) 

     

Potassium chloride 1 98  

 2 97   

 3 96 97.1 (0.9) 

     

Potassium sulfate 1 96  

 2 94   

 3 98 96.1 (1.3) 

     

Sodium chloride 1 98  

 2 97   

 3 96 97.1 (0.9) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



148 

 

Table C5 Viability of glochidia sampled from gravid female mussel before glochidia from the 

rainbow mussel Villosa iris were pooled for use in binary chemical testing. Standard deviations 

(SD) are indicated in parentheses. 
 

Mixture Female mussel Viability of glochidia Mean viability (SD) 

          

Chloride-Ammonia 1 92   

 2 91   

 3 97   

 4 91   

 5 97   

 6 93 93.5 (2.5) 

     

Chloride-Copper 1 97   

 2 97   

 3 91   

 4 92   

 5 97   

 6 99 95.3 (3.1) 

    

Copper-Ammonia 1 96   

 2 99   

 3 95   

 4 93   

 5 96   

 6 99 96.3 (2.3) 
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Table C6 Viability of pooled glochidia sampled from gravid female mussels after glochidia from 

the rainbow mussel Villosa iris were pooled for use in single chemical testing. Standard 

deviations (SD) are indicated in parentheses. Chemicals in bolded text used in binary mixture 

tests. 
 

Experiment 
Female 

mussel 
Viability of glochidia Mean viability (SD) 

     

Ammonia chloride 1 98   

 2 96  

 3 94 96.3 (1.4) 

    

Ammonia sulfate 1 97   

 2 94   

 3 98 96.4 (1.4) 

    

Copper sulfate 1 97  

 2 94   

 3 98 96.4 (1.4) 

     

Potassium chloride 1 97  

 2 95   

 3 94 95.1 (1.4) 

     

Potassium sulfate 1 98  

 2 96   

 3 94 96.3 (1.4) 

     

Sodium chloride 1 97  

 2 95   

 3 94 95.1 (1.4) 

 

 

Table C7 Viability of pooled glochidia sampled from gravid female mussels after glochidia from 

the rainbow mussel Villosa iris were pooled for use in binary chemical testing. Standard 

deviations (SD) are indicated in parentheses. 
 

Experiment Female mussel Viability of glochidia Mean viability (SD) 

     

Chloride-Ammonia 1 94   

 2 92  

 3 93 92.8 (1.0) 

    

Chloride-Copper 1 99   

 2 98   

 3 98 98.6 (0.6) 

    

Copper-Ammonia 1 94  

 2 98   

 3 97 96.3 (2.0) 
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Table C8 Reported values for water quality parameters across treatments at the initiation (t = 0 h) and conclusion (t = 48 h) of tests that exposed 

Villosa iris glochidia for 48 h.  
 

Experiment   
 Nominal 

Concentration 
pH 

Dissolved Oxygen 

(mg/L) 
Temperature (ºC) 

Conductivity 

(µS/cm) 

Total Ammonia  

(mg/L) 
Chloride (mg/L) 

  (mg/L)       

Ammonia sulfate t = 0 h 0 8.28 8.74 22.4 - <0.01 - 
  1 8.29 9.45 22.4 330 1.0 7.62 
  2 8.27 9.81 22.0 338 2.0 7.79 
  4 8.32 7.87 20.3 349 4.0 6.67 
  8 8.20 8.03 19.8 381 8.0 6.20 
  16 8.18 8.03 19.8 440 >8.0 6.06 
         
 t = 48 h 0 8.2 7.25 21.1 360 <0.01 9.5 
  1 8.17 6.48 21.4 354 1.0 8.96 
  2 8.17 7.02 21.2 364 2.0 9.5 
  4 8.15 7.03 21.2 371 4.0 8.82 
  8 8.10 8.07 21.3 400 8.0 8.7 

    16 8.00 8.09 21.5 454 >8.0 8.2 
  (mg/L)       

Ammonia 

chloride 
t = 0 h 0 8.33 9.44 23.1 328 <0.01 14.1 

  4 8.25 9.49 23.1 360 4.0 29.0 
  8 8.17 9.54 23.1 391 8.0 47.2 
  12 8.13 9.47 22.9 425 >8.0 65.5 
  16 8.08 9.55 23.0 458 >8.0 82.3 
  24 8.00 9.57 22.9 522 >8.0 118 
         
 t = 48 h 0 8.34 8.66 20.4 391 <0.01 20.3 
  4 8.26 8.71 19.9 400 4.0 28.3 
  8 8.23 8.76 20.1 428 8.0 47.4 
  12 8.21 8.87 20.6 448 >8.0 66.3 
  16 8.18 8.88 20.8 476 >8.0 81.6 

    24 8.09 9.05 20.8 546 >8.0 118 
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Experiment   
Nominal 

Concentration  
pH 

Dissolved Oxygen 

(mg/L) 
Temperature (ºC) 

Conductivity 

(µS/cm) 

Total Ammonia 

(mg/L) 
Chloride (mg/L) 

  (μg/L)       

Copper sulfate t = 0 h 0 8.28 8.74 22.4 - <0.01 - 
  3.12 8.32 7.95 20.4 321 <0.01 5.23 
  6.25 8.33 8.96 20.4 323 <0.01 5.63 
  12.5 8.31 9.64 20.3 323 <0.01 5.76 
  25 8.30 9.25 20.2 323 <0.01 6.02 
  50 8.31 9.21 20.1 324 <0.01 5.84          
 t = 48 h 0 8.21 7.03 20.3 360 <0.01 9.50 
  3.12 8.20 7.44 19.5 346 <0.01 10.8 
  6.25 8.20 7.52 19.9 355 <0.01 9.02 
  12.5 8.22 7.36 19.6 357 <0.01 9.78 
  25 8.22 7.28 19.7 368 <0.01 10.2 

    50 8.24 7.23 19.8 371 <0.01 10.3 
  (mg/L)       

Potassium 

chloride 
t = 0 h 0 8.37 8.49 22.6 332 <0.01 5.76 

  10 8.41 8.52 22.7 403 <0.01 40.3 
  25 8.38 9.07 22.7 414 <0.01 41.0 
  50 8.34 8.93 22.4 506 <0.01 69.1 
  75 8.34 9.02 22.2 602 <0.01 102 
  100 8.33 8.73 22.3 690 <0.01 133          
 t = 48 h 0 8.32 8.27 21.3 367 <0.01 138 
  10 8.40 7.97 20.7 461 <0.01 70.0 
  25 8.32 8.01 20.6 489 <0.01 72.1 
  50 8.26 8.24 20.7 552 <0.01 111 
  75 8.30 9.32 20.9 667 <0.01 167 

    100 8.27 9.2 20.8 736 <0.01 210 

 

 

 

 

 

 

Table C8 Continued. 
 

Experiment   Concentration  pH 
Dissolved Oxygen 

(mg/L) 
Temperature (ºC) 

Conductivity 

(µS/cm) 

Total Ammonia 

(mg/L) 
Chloride (mg/L) 

  (mg/L)       

Potassium sulfate t = 0 h 0 8.33 9.44 23.1 328 <0.01 14.1 
  5 8.34 9.19 22.8 349 <0.01 9.36 
  10 8.34 9.52 22.8 366 <0.01 8.26 
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  17.5 8.35 9.42 22.7 392 <0.01 7.62 
  25 8.34 9.90 22.8 419 <0.01 8.02 
  50 8.36 9.64 22.7 502 <0.01 7.84 
         
 t = 48 h 0 8.34 8.66 20.4 391 <0.01 20.3 
  5 8.32 8.58 20.0 371 <0.01 9.85 
  10 8.31 8.77 19.9 394 <0.01 8.70 
  17.5 8.33 8.34 20.0 433 <0.01 9.20 
  25 8.41 8.86 20.7 561 <0.01 11.9 

    50 8.35 9.32 20.5 575 <0.01 11.5 
  (mg/L)       

Sodium chloride t = 0 h 0 8.37 8.49 22.6 332 <0.01 5.76 
  100 8.34 8.68 22.6 700 <0.01 169 
  250 8.32 8.15 22.5 1210 <0.01 388 
  500 8.30 8.29 22.2 2050 <0.01 767 
  1000 8.30 8.40 22.9 3630 <0.01 1470 
  2500 8.25 8.30 22.2 8140 <0.01 3530 
  5000 8.20 8.38 22.4 15210 <0.01 6690 
         
 t = 48 h 0 8.32 8.27 21.3 367 <0.01 13.8 
  100 8.24 8.10 21.0 739 <0.01 237 
  250 8.23 8.06 20.6 1293 <0.01 581 
  500 8.23 7.96 20.7 2216 <0.01 1160 
  1000 8.22 8.07 20.6 4140 <0.01 2380 
  2500 8.20 8.02 20.5 9010 <0.01 5370 

    5000 8.16 7.60 20.5 16890 <0.01 10000 
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Table C9 Reported values for water quality parameters across treatments at the initiation (t = 0 h) and 

conclusion (t = 48 h) of binary mixture tests that exposed Villosa iris glochidia for 48 h.  
 

Binary Mixture   
Toxic Unit 

(TU) 

Chem. 1 / Chem. 2 

Proportion (%) 
pH 

Dissolved 

Oxygen (mg/L) 
Temperature (ºC) 

Conductivity 

(µS/cm) 

Total Ammonia 

(mg/L) 

Chloride 

(mg/L) 

Chloride-Ammonia t = 0 h  0/0 (control) 8.21 7.56 23.0 329 <0.01 1.27 
  0.11 100/0 8.12 7.74 22.7 517 <0.01 62.5 
   75/25 8.15 7.61 22.6 475 0.25 51.5 
   50/50 8.16 9.93 22.4 429 0.25 32.0 
   25/75 8.1 10.13 22.5 381 0.50 16.3 
   0/100 8.15 9.51 22.6 337 1.0 1.17 

          
  0.33 100/0 8.21 7.97 22.6 881 <0.01 169 
   75/25 8.14 7.69 22.5 752 1.0 127 
   50/50 8.15 9.21 22.5 622 2.0 80.3 
   25/75 8.13 9.23 22.4 488 2.0 38.9 
   0/100 8.14 9.11 22.6 356 4.0 0.976 

          
  1.00 100/0 8.14 8.13 22.4 1942 <0.01 535 
   75/25 8.07 7.52 22.3 1603 2.0 391 
   50/50 8.05 9.06 22.3 1188 4.0 244 
   25/75 8.01 9.03 22.3 794 >8.0 114 
   0/100 8.08 9.95 22.4 414 >8.0 1.02 

          
  3.00 100/0 8.12 8.05 22.3 5000 <0.01 1600 
   75/25 7.99 7.55 22.3 3900 >8.0 1140 
   50/50 7.94 8.81 22.3 2850 >8.0 772 
   25/75 7.90 9.05 22.3 1735 >8.0 373 
   0/100 7.87 9.51 22.3 590 >8.0 1.02 

          
  6.00 100/0 8.10 7.35 22.4 9390 <0.01 3270 
   75/25 7.95 10.57 22.4 6850 >8.0 2380 
   50/50 7.89 10.35 22.5 5240 >8.0 1550 
   25/75 7.83 9.37 22.3 3200 >8.0 803 
   0/100 7.79 9.53 22.5 848 >8.0 1.06 

          
 t = 48 h  0/0 (control) 8.17 8.27 20.7 352 <0.01 4.92 
  0.11 100/0 8.21 8.62 20.5 561 <0.01 88.2 
   75/25 8.17 8.43 20.8 501 0.25 59.3 
   50/50 8.18 7.95 20.6 475 0.25 43.7 
   25/75 8.23 7.73 21.1 422 0.50 24.5 
   0/100 8.15 9.13 21.1 370 0.50 2.61 

          
  0.33 100/0 8.20 6.54 21.3 929 <0.01 200 
   75/25 8.16 7.11 21.1 793 0.50 151 
   50/50 8.17 7.18 21.0 669 1.0 103 
   25/75 8.13 7.41 20.9 530 2.0 53.7 
   0/100 8.12 7.78 21.1 388 2.0 2.52 

          
  1.00 100/0 8.2.0 7.09 21.3 2123 <0.01 612 
   75/25 8.17 6.82 21.3 1679 1.0 515 
   50/50 8.11 6.66 21.3 1240 2.0 357 
   25/75 8.09 6.72 21.4 832 4.0 181 
   0/100 8.06 7.36 21.7 431 4.0 2.18 

          
  3.00 100/0 8.15 6.64 21.7 5370 <0.01 1810 
   75/25 8.06 6.78 21.5 4040 4.0 1260 
   50/50 7.98 7.10 21.5 2938 8.0 831 
   25/75 7.90 7.20 21.5 1794 >8.0 419 
   0/100 7.88 7.29 21.6 592 >8.0 1.69 

          
  6.00 100/0 8.14 6.57 21.6 8290 0.0 3550 
   75/25 7.93 6.57 22.1 5450 >8.0 3330 
   50/50 7.77 6.58 21.8 5500 >8.0 2210 
   25/75 7.69 6.33 21.9 3370 >8.0 1220 

      0/100 7.70 6.43 22.1 860 >8.0 2.03 
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Binary Mixture   Toxic Unit (TU) 

Chem. 1 / Chem. 2 Proportion 

(%) 
pH 

Dissolved 

Oxygen (mg/L) 

Temperature 

(ºC) 

Conductivity 

(µS/cm) 

Total Ammonia  

(mg/L) 
Chloride (mg/L) 

Chloride-Copper t = 0 h  0/0 (control) 8.22 8.92 21.7 351 <0.01 12.4 
  0.3 100/0 8.11 9.33 21.7 647 <0.01 89.0 
   75/25 8.07 10.95 21.9 569 <0.01 66.4 
   50/50 8.10 9.10 22.0 488 <0.01 44.8 
   25/75 8.19 9.19 22.3 414 <0.01 23.4 
   0/100 8.24 8.51 22.4 332 <0.01 3.14           
  0.5 100/0 8.12 10.11 21.1 968 <0.01 182 
   75/25 8.20 9.85 21.5 812 <0.01 139 
   50/50 8.11 10.24 21.6 643 <0.01 91.7 
   25/75 8.14 10.07 21.9 475 <0.01 48.0 
   0/100 8.16 8.76 21.5 3.28 <0.01 2.1           
  1.0 100/0 8.10 10.32 21.7 1562 <0.01 368 
   75/25 8.13 10.44 21.6 1274 <0.01 280 
   50/50 8.15 10.50 21.7 934 <0.01 178 
   25/75 8.12 10.36 21.8 631 <0.01 99.1 
   0/100 7.95 9.87 21.6 330 <0.01 2.13           
  2.0 100/0 8.12 10.34 21.5 2757 <0.01 752 
   75/25 8.08 10.23 21.5 2184 <0.01 566 
   50/50 8.11 10.17 21.6 1560 <0.01 365 
   25/75 8.11 10.19 21.5 926 <0.01 200 
   0/100 8.15 9.66 21.5 330 <0.01 1.66           
  3.0 100/0 8.10 10.03 21.9 5010 <0.01 1490 
   75/25 8.08 9.80 21.7 3910 <0.01 1100 
   50/50 8.10 9.87 21.9 2757 <0.01 749 
   25/75 8.08 9.93 21.9 1559 <0.01 446 
   0/100 8.16 9.64 21.8 327 <0.01 1.58           
 t = 48 h  0/0 (control) 8.23 8.97 19.9 414 <0.01 11.0 
  0.3 100/0 8.24 8.88 20.3 705 <0.01 117 
   75/25 8.22 8.88 20.6 608 <0.01 90.2 
   50/50 8.23 9.07 20.8 557 <0.01 71.4 
   25/75 8.24 9.15 20.6 489 <0.01 39.7 
   0/100 8.24 9.12 20.4 377 <0.01 26.5           
  0.5 100/0 8.19 8.91 21.9 1056 <0.01 217 
   75/25 8.31 8.71 22.3 - <0.01 185 
   50/50 8.35 9.02 21.8 889 <0.01 130 
   25/75 8.40 8.88 21.8 736 <0.01 74.6 
   0/100 8.42 8.87 20.7 431 <0.01 3.11           
  1.0 100/0 8.12 8.88 21.2 1750 <0.01 445 
   75/25 8.25 9.12 21.4 1681 <0.01 413 
   50/50 8.26 8.85 21.3 1275 <0.01 304 
   25/75 8.24 9.39 21.4 838 <0.01 155 
   0/100 8.17 9.31 21.1 401 <0.01 2.92           
  2.0 100/0 8.16 8.54 21.3 3210 <0.01 824 
   75/25 8.19 8.49 21.3 2599 <0.01 693 
   50/50 8.20 8.63 21.3 1886 <0.01 454 
   25/75 8.21 8.64 21.5 1134 <0.01 215 
   0/100 8.25 8.55 21.3 406 <0.01 1.77           
  3.0 100/0 8.14 8.45 21.4 5440 <0.01 1710 
   75/25 8.18 8.86 21.1 4260 <0.01 1370 
   50/50 8.14 8.90 21.5 2990 <0.01 886 
   25/75 8.18 8.80 21.5 1708 <0.01 547 

      0/100 8.23 8.94 21.6 365 <0.01 1.74 
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Table C9 Continued. 
 

Binary Mixture   Toxic Unit (TU) 
Chem. 1 / Chem. 2 Proportion 

(%) 
pH 

Dissolved Oxygen 

(mg/L) 

Temperature 

(ºC) 

Conductivity 

(µS/cm) 

Total Ammonia 

(mg/L) 
Chloride (mg/L) 

          
Copper-Ammonia t = 0 h  0/0 (control) 8.26 7.44 22.0 341 <0.01 2.20 

  0.3 100/0 8.17 7.14 21.7 340 <0.01 1.43 
   75/25 8.05 7.78 21.5 343 0.25 1.38 
   50/50 8.10 8.33 21.7 346 0.5 1.22 
   25/75 8.06 7.37 21.7 350 1.0 1.02 
   0/100 8.05 7.31 21.8 355 1.0 0.98           
  0.5 100/0 8.06 7.43 21.7 340 <0.01 1.33 
   75/25 8.08 7.57 21.6 349 0.25 1.40 
   50/50 8.06 7.54 21.6 359 0.5 1.28 
   25/75 8.04 7.26 21.6 369 1.0 1.17 
   0/100 8.01 7.34 21.7 378 2.0 1.08           
  1.0 100/0 8.13 7.35 21.7 339 <0.01 1.47 
   75/25 8.06 7.39 21.7 359 0.5 1.37 
   50/50 8.03 7.44 21.6 381 2.0 1.25 
   25/75 8.00 7.25 21.6 402 2.0 1.15 
   0/100 7.95 7.3 21.8 422 2.0 1.10           
  2.0 100/0 8.09 7.42 21.8 339 <0.01 1.35 
   75/25 8.00 7.41 21.6 381 1.0 1.35 
   50/50 7.93 7.36 21.6 425 2.0 1.23 
   25/75 7.91 7.28 21..6 469 4.0 1.19 
   0/100 7.85 7.35 21.6 513 8.0 1.11           
  3.0 100/0 8.09 7.40 21.8 336 <0.01 1.37 
   75/25 8.00 7.47 21.7 401 2.0 1.34 
   50/50 7.94 7.32 21.6 468 4.0 1.27 
   25/75 7.88 7.26 21.6 536 8.0 1.19 
   0/100 7.81 7.28 21.7 603 8.0 1.16           

 t = 48 

h 
 0/0 (control) 8.13 8.23 22.4 372 <0.01 1.51 

  0.3 100/0 8.27 8.66 21.5 363 <0.01 2.42 
   75/25 8.19 8.36 21.5 365 0.3 1.73 
   50/50 8.17 8.83 21.5 368 0.5 1.60 
   25/75 8.17 8.48 21.6 383 1.0 1.52 
   0/100 8.23 8.48 22.0 391 1.0 1.44           
  0.5 100/0 8.15 8.27 21.6 364 <0.01 1.27 
   75/25 8.13 8.38 21.4 371 0.5 1.35 
   50/50 8.15 8.66 21.3 378 1.0 1.17 
   25/75 8.14 8.74 21.5 394 2.0 1.56 
   0/100 8.15 8.24 21.8 409 2.0 1.80           
  1.0 100/0 8.14 8.07 21.5 358 <0.01 1.40 
   75/25 8.16 8.37 21.6 382 2.0 1.08 
   50/50 8.10 8.13 21.6 407 4.0 1.19 
   25/75 8.11 8.16 21.8 433 4.0 1.19 
   0/100 8.07 8.27 21.9 453 8.0 1.08           
  2.0 100/0 8.16 8.31 21.9 361 <0.01 1.02 
   75/25 8.12 8.62 21.7 402 4.0 1.07 
   50/50 8.07 8.36 21.7 441 8.0 1.07 
   25/75 8.02 8.30 22.0 496 >8.0 1.20 
   0/100 7..97 7.99 22.1 545 >8.0 1.35           
  3.0 100/0 8.18 8.23 22.0 358 <0.01 1.19 
   75/25 8.13 8.29 22.1 427 8.0 1.10 
   50/50 8.05 8.23 22.0 494 >8.0 1.15 
   25/75 7.97 8.37 22.2 566 >8.0 1.14 

      0/100 7.91 8.09 22.4 630 >8.0 1.08 

 

 

 

 

 

 

 

Table C10 Mean, standard deviation (SD), maximum, and minimum values for water quality parameters 

in replicate test vessels across treatments of single chemical and binary tests that exposed Lampsilis 

fasciola for 7 d. 
 

Experiment   pH 
Dissolved Oxygen 

(mg/L) 
Temperature (ºC) 

Conductivity 

(µS/cm) 

Total Ammonia 

(mg/L) 
Chloride (mg/L) 

Sodium Chloride Mean 8.2 8.59 21.2 3841.3 <0.01 1159.0 
 SD 0.1 0.45 0.8 2294.7 <0.01 693.6 
 Max. 8.3 9.64 22.4 9340.0 <0.01 2650.0 
 Min. 8.1 7.58 19.7 324.0 <0.01 45.4 
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Potassium Sulfate Mean 8.18 8.66 21.2 460.1 <0.01 52.7 
 SD 0.04 0.41 0.8 107.0 <0.01 7.3 
 Max. 8.27 9.71 22.3 713.0 <0.01 70.9 
 Min. 8.09 7.61 19.4 325.0 <0.01 37.4 

Chloride-Potassium Mean 8.2 7.54 21.2 2725.0 <0.01 788.5 
 SD 0.1 0.33 0.7 2046.7 <0.01 655.3 
 Max. 8.4 8.28 22.3 6050.0 <0.01 1980.0 

  Min. 7.8 7.11 19.6 327.0 <0.01 43.7 

 

Table C11 Reported analytical results by Environment and Climate Change Canada’s National 

Laboratory for Environmental Testing (NLET) in Burlington, Ontario, Canada using standard 

methods for single chemical glochidia toxicity tests. 
 

   Test Initiation (0 h) Test Takedown (48 h) 

Test Chemical Nominal Concentration Units Chloride Potassium Ammonia (mg N/L) 
DOC 

(mg/L) 
Copper Chloride Potassium Ammonia (mg N/L) 

DOC 

(mg/L) 
Copper 

Ammonia chloride 0 mg/L - - 0.01 - - - - 0.405 - - 
 4 mg/L - - 3.06 - - - - 2.92 - - 

 8 mg/L - - 6.28 - - - - 5.54 - - 
 12 mg/L - - 9.40 - - - - 8.14 - - 
 16 mg/L - - 12.2 - - - - 10.9 - - 
 24 mg/L - - 18.3 - - - - 16.7 - - 

Ammonia sulfate 0 mg/L - - 0.0 - - - - 0.13 - - 
 1 mg/L - - 0.748 - - - - 0.595 - - 
 2 mg/L - - 1.5 - - - - 1.14 - - 
 4 mg/L - - 3.02 - - - - 2.38 - - 
 8 mg/L - - 6.07 - - - - 4.44 - - 
 16 mg/L - - 11.7 - - - - 9.76 - - 

Copper sulfate 0 μg/L - - - 0.3 4.41 - - - 0.5 3.78 
 3.12 μg/L - - - 0.3 8.43 - - - 0.5 6.99 
 6.25 μg/L - - - 0.2 11.4 - - - 0.6 9.49 
 12.5 μg/L - - - 0.1 16.4 - - - 0.4 14.9 
 25 μg/L - - - 0.1 28.9 - - - 0.5 25.7 
 50 μg/L - - - 0.1 52.6 - - - 0.6 50.6 

Potassium chloride 0 mg/L - 2.19 - - - - 2.5 - - - 
 10 mg/L - 12.4 - - - - 13.4 - - - 
 25 mg/L - 27.2 - - - - 29.3 - - - 
 50 mg/L - 51.1 - - - - 56.7 - - - 
 75 mg/L - 76.5 - - - - 83 - - - 
 100 mg/L - 101 - - - - 111 - - - 

Potassium sulfate 0 mg/L - 2.2 - - - - 2.44 - - - 
 5 mg/L - 8.07 - - - - 9.03 - - - 
 10 mg/L - 13.3 - - - - 15.1 - - - 
 17.5 mg/L - 20.9 - - - - 24.5 - - - 
 25 mg/L - 28.3 - - - - 32.2 - - - 
 50 mg/L - 52 - - - - 57.8 - - - 

Sodium chloride 0 mg/L 3.24 - - - - 3.63 - - - - 
 100 mg/L 113 - - - - 127 - - - - 
 250 mg/L 268 - - - - 304 - - - - 
 500 mg/L 524 - - - - 555 - - - - 
 1000 mg/L 1030 - - - - 1090 - - - - 
 2500 mg/L 2540 - - - - 2710 - - - - 
 5000 mg/L 5010 - - - - 5490 - - - - 
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Table C12 Reported analytical results by Environment and Climate Change Canada’s National 

Laboratory for Environmental Testing (NLET) in Burlington, Ontario, Canada using standard 

methods for the chloride-ammonia binary chemical glochidia toxicity test. 
 

  Test Initiation (0 h) 

Toxic Unit  Chloride/Ammonia Proportion (%) Chloride (mg/L) Ammonia (mg N/L) DOC (mg/L) Copper (μg/L) 
 Control 3.14 0.008 - - 

0.11 100/0 56.4 0.008 - - 
 75/25 43.0 0.243 - - 
 50/50 29.7 0.48 - - 
 25/75 16.1 0.693 - - 
 0/100 3.12 0.925 - - 
    - - 

0.33 100/0 162 0.021 - - 
 75/25 124 0.68 - - 
 50/50 83.5 1.4 - - 
 25/75 44.3 2.19 - - 
 0/100 3.22 2.86 - - 
    - - 

1.0 100/0 482 0.047 - - 
 75/25 367 2.27 - - 
 50/50 241 4.62 - - 
 25/75 120 6.90 - - 
 0/100 3.09 9.04 - - 
    - - 

3.0 100/0 1440 0.04 - - 
 75/25 1080 7.20 - - 
 50/50 732 13.7 - - 
 25/75 368 20.2 - - 
 0/100 3.04 27.4 - - 
    - - 

6.0 100/0 2990 0.146 - - 
 75/25 2210 14.0 - - 
 50/50 1470 29.0 - - 
 25/75 762 41.5 - - 
 0/100 3.38 55.8 - - 
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Table C13 Reported analytical results by Environment and Climate Change Canada’s National 

Laboratory for Environmental Testing (NLET) in Burlington, Ontario, Canada using standard 

methods for the chloride-copper binary chemical glochidia toxicity test. 
 

    
Test Initiation (0 

h) 
      

Toxic 

Unit 

Chloride/Copper Proportion 

(%) 
Chloride (mg/L) 

Ammonia (mg 

N/L) 

DOC 

(mg/L) 

Copper 

(μg/L)  
 Control 3.02 - 0.3 1.49 

0.25 100/0 94.3 - - 1.57 
 75/25 71.8 - - 1.74 
 50/50 49.0 - - 1.68 
 25/75 25.5 - - 1.68 
 0/100 3.08 - - 2.01 
   - -  

0.5 100/0 185 - - 1.55 
 75/25 141 - - 1.65 
 50/50 94.2 - - 2.39 
 25/75 47.8 - - 5.53 
 0/100 3.08 - - 6.75 
   - -  

1.0 100/0 366 - - 3.54 
 75/25 279 - - 6.36 
 50/50 182 - - 3.04 
 25/75 93.5 - - 3.69 
 0/100 3.12 - - 4.54 
   - -  

2.0 100/0 723 - - 1.48 
 75/25 554 - - 3.18 
 50/50 364 - - 4.28 
 25/75 180 - - 5.34 
 0/100 3.12 - - 9.28 
   - -  

3.0 100/0 1140 - - 1.49 
 75/25 1090 - - 9.41 
 50/50 725 - - 16.3 
 25/75 361 - - 20.3 

  0/100 3.08 - - 31.1 
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Table C14 Reported analytical results by Environment and Climate Change Canada’s National 

Laboratory for Environmental Testing (NLET) in Burlington, Ontario, Canada using standard 

methods for the copper-ammonia binary chemical glochidia toxicity test. 
 

  Test Initiation (0 h) 

Toxic 

Unit 

Copper/Ammonia Proportion 

(%) 

Chloride 

(mg/L) 

Ammonia (mg 

N/L) 

DOC 

(mg/L) 

Copper 

(μg/L) 
 Control - 0.007 0.2 3.52 

0.25 100/0 - 0.005 - 6.67 
 75/25 - 0.529 - 5.65 
 50/50 - 1.10 - 4.88 
 25/75 - 1.66 - 4.11 
 0/100 - 2.25 - 3.49 
  -  -  

0.5 100/0 - 0.015 - 9.12 
 75/25 - 1.08 - 7.77 
 50/50 - 2.20 - 6.29 
 25/75 - 3.36 - 4.65 
 0/100 - 4.51 - 3.52 
  -  -  

1.0 100/0 - 0.013 - 14.1 
 75/25 - 2.13 - 11.4 
 50/50 - 4.48 - 8.48 
 25/75 - 6.88 - 6.07 
 0/100 - 9.14 - 6.57 
  -  -  

2.0 100/0 - 0.025 - 22.6 
 75/25 - 4.36 - 17.7 
 50/50 - 8.97 - 13.1 
 25/75 - 6.86 - 8.18 
 0/100 - 18.2 - 3.49 
  -  -  

3.0 100/0 - 0.028 - 32.2 
 75/25 - 6.59 - 25.4 
 50/50 - 13.7 - 18.4 
 25/75 - 20.8 - 11.3 
 0/100 - 27.1 - 3.64 
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Table C15 Reported analytical results by Environment and Climate Change Canada’s National Laboratory for Environmental Testing 

(NLET) in Burlington, Ontario, Canada using standard methods for single chemical juvenile toxicity tests. 
 

  Measured concentration (mg/L) per sampling time     

Nominal Concentration (mg/L) 0 d 2 d (before renewal) 2 d (after renewal) 4 d (before renewal) 4 d (after renewal) 6 d (before renewal) 6 d (after renewal) 7 d Mean  SD 

Chloride           

0 25.7 30.7 26.1 27.4 26.7 29.2 26.7 28.2 27.6 1.6 

900 947.0 - - - - - - 982.0 - - 

1260 1250.0 1310.0 1260.0 1330.0 1260.0 1260.0 1310.0 1320.0 1287.5 30.7 

1680 1660.0 1740.0 1670.0 1780.0 1670.0 1730.0 1670.0 1730.0 1706.3 41.5 

2500 2210.0 - - - - - - - - - 

3000 2960.0 - - - - - - - - - 

Potassium           

0 1.7 2.0 1.7 2.0 1.8 2.0 1.9 1.9 1.9 0.1 

14 16.7 - - - - - - 18.1 - - 

24 26.0 26.4 26.7 26.6 28.0 27.4 31.1 28.8 27.6 1.6 

40 41.1 - - - - - 42.9 44.0 42.7 1.2 

64 65.8 - - - - - - - - 0.0 

102 103.0 107.0 102.0 110.0 108.0 113.0 - - 107.2 3.8 

 

Table C16 Reported analytical results by Environment and Climate Change Canada’s National Laboratory for Environmental Testing 

(NLET) in Burlington, Ontario, Canada using standard methods for binary chemical juvenile toxicity tests. 

 

  Measured concentration (mg/L) per sampling time         

 0 d 2 d 4 d 6 d Cl- (mg/L) K+ (mg/L 

Cl-/K+ Proportion Cl- (mg/L) K+ (mg/L) Cl- (mg/L) K+ (mg/L) Cl- (mg/L) K+ (mg/L) Cl- (mg/L) K+ (mg/L) Mean  SD Mean  SD 

TU 1.0                 

0/0 27.7 1.4 28.7 0.3 26.7 0.2 26.9 0.2 27.5 0.8 0.5 0.5 

100/0 1750.0 0.7 1740.0 0.4 1750.0 0.6 1780.0 0.3 1755.0 15.0 0.5 0.2 

75/25 1320.0 11.6 1290.0 11.5 1350.0 12.2 1340.0 11.2 1325.0 22.9 11.6 0.4 

50/50 893.0 22.1 904.0 22.6 906.0 21.4 887.0 22.2 897.5 7.8 22.1 0.4 

25/75 451.0 32.6 466.0 33.0 465.0 34.1 480.0 32.7 465.5 10.3 33.1 0.6 

0/100 26.9 42.9 27.8 42.3 27.8 43.8 27.2 41.8 27.4 0.4 42.7 0.7 

 



161 

 

Table C17 CAS # for each investigated chemical. 

 
Chemical CAS # Purity (%) 

Ammonia chloride 121525-02-09 ≥99.5 

Ammonia sulfate  7783-20-2 99.8 

Copper sulfate 7758-88-8 100.1 

Potassium chloride  7447-40-7 99.6 

Potassium sulfate 7778-80-5 99.1 

Sodium chloride  7647-14-5 100.7 

 

Table C18 Percent difference in nominal vs. 0 h, nominal vs. 48 h, and 0 h vs. 48 h 

concentrations during glochidia single chemical exposures.  
 

Test Chemical Nominal Concentration 
Percent Difference in Concentrations  

Nominal vs. 0 h Nominal vs. 48 h 0 h vs. 48 h 

Ammonia chloride 4 23.5 27.0 4.6 

(mg N/L) 8 21.5 30.8 11.8 
 12 21.7 32.2 13.4 
 16 23.8 31.9 10.7 
 24 23.8 30.4 8.7 

     
 Average 22.8 30.4 9.8 
 SD 0.9 1.7 2.8 

     

Ammonia sulfate 1 25.2 40.5 20.5 

(mg N/L) 2 25.0 43.0 24.0 
 4 24.5 40.5 21.2 
 8 24.1 44.5 26.9 
 16 26.9 39.0 16.6 

     
 Average 25.1 41.5 21.8 
 SD 0.9 1.8 3.2 

     

Copper sulfate 3.1 170.2 124.0 17.1 

(μg/L) 6.3 82.4 51.8 16.8 
 12.5 31.2 19.2 9.1 
 25 15.6 2.8 11.1 
 50 5.2 1.2 3.8 

     
 Average 60.9 39.8 11.6 
 SD 55.4 41.9 4.5 

     

Potassium chloride 10 24.0 34.0 8.1 

(mg/L) 25 8.8 17.2 7.7 
 50 2.2 13.4 11.0 
 75 2.0 10.7 8.5 
 100 1.0 11.0 9.9 

     
 Average 7.6 17.3 9.0 
 SD 7.9 7.9 1.1 

     

Potassium sulfate 5 61.4 80.6 11.9 

(mg/L) 10 33.0 51.0 13.5 
 17.5 19.4 40.0 17.2 
 25 13.2 28.8 13.8 
 50 4.0 15.6 11.2 

     
 Average 26.2 43.2 13.5 
 SD 18.2 20.2 1.9 

     

Sodium chloride 100 13.0 27.0 12.4 

(mg/L) 250 7.2 21.6 13.4 
 500 4.8 11.0 5.9 
 1000 3.0 9.0 5.8 
 2500 1.6 8.4 6.7 
 5000 0.2 9.8 9.6 

     
 Average 3.4 12.0 8.3 

  SD 2.2 4.5 2.7 

 

Table C19 Percent difference in nominal vs. 0 h, nominal vs.7 d, and 0 h vs. 7 d concentrations 

during juvenile single chemical exposures.  
 

Nominal Concentration  Percent Difference in Concentration 
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Nominal vs. 0 h Nominal vs. 7 d 0 h vs. 7 d 

Chloride (mg/L)    

900 5.2 9.1 3.7 

1260 0.8 4.8 5.6 

1680 1.2 3.0 4.2 

2500 11.6 - - 

3000 1.3 - - 

    

Average 4.0 5.6 4.5 

SD 3.8 2.2 0.7 
    

Potassium (mg/L)    

14 19.3 29.3 8.4 

24 8.3 20.0 10.8 

40 2.8 10.0 7.1 

64 2.8 - - 

102 1.0 - - 

    

Average 6.8 19.8 8.7 

SD 6.1 6.8 1.3 
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Table C20 Viability of Villosa iris glochidia following 24 and 48 h (nominal concentrations) exposures to six chemicals. 
 

Ammonia 

chloride 
Percent of viable 

glochidia 

Ammonia 

sulfate 
Percent of viable 

glochidia 

Copper 

sulfate 
Percent of viable 

glochidia 

Potassium 

chloride 
Percent of viable 

glochidia 

Potassium 

sulfate 
Percent of viable 

glochidia 

Sodium 

Chloride 

Percent of viable glochidia TL 

Ammonia 

(mg/L) 

TL 

Ammonia 

(mg/L) 

Cu 2+ 

(μg/L) 

K+ 

(mg/L) 

K+ 

(mg/L) 
Cl- (mg/L) 

 
24 h 48 h 

 
24 h 48 h 

 
24h 48 h 

 
24 h 48 h 

 
24 h 48 h 

 
24 h 48 h 

Control 94.48 94.19 Control 90.51 91.61 Control 90.51 91.61 Control 94.24 96.12 Control 94.48 94.19 Control 94.24 96.12 

Control 96.13 96.33 Control 96.36 95.74 Control 96.36 95.74 Control 96.77 92.70 Control 96.13 96.33 Control 96.77 92.70 

Control 96.40 94.35 Control 97.56 94.53 Control 97.56 94.53 Control 98.36 94.17 Control 96.40 94.35 Control 98.36 95.10 

Control 98.68 98.27 Control 97.40 93.23 Control 97.40 93.23 Control 90.73 93.81 Control 98.68 98.27 Control 90.73 92.98 

Control 92.20 95.78 Control 97.47 94.62 Control 97.47 94.49 Control 95.33 96.46 Control 92.20 95.78 Control 95.33 97.32 

4 95.71 92.77 1 95.69 97.53 3.12 91.41 87.67 10 89.66 62.99 10 77.24 72.83 100 95.50 90.86 

4 92.44 89.31 1 94.34 93.75 3.12 93.97 81.69 10 54.17 53.72 10 61.06 41.89 100 90.27 92.62 

4 93.08 86.15 1 89.71 83.66 3.12 96.77 89.02 10 75.71 61.67 10 78.03 87.74 100 92.91 95.73 

4 94.55 76.98 1 96.79 93.62 3.12 92.74 88.57 10 25.00 35.14 10 79.34 62.58 100 88.29 91.74 

8 94.96 86.47 2 98.25 91.28 6.25 86.14 57.02 25 8.39 3.88 25 34.75 25.21 250 80.14 91.20 

8 94.42 47.06 2 93.28 91.50 6.25 86.67 58.74 25 8.51 1.44 25 23.20 28.66 250 80.20 93.53 

8 77.46 52.60 2 91.74 96.47 6.25 91.61 90.60 25 4.61 1.67 25 34.33 12.58 250 87.10 89.74 

8 94.16 62.20 2 94.17 92.81 6.25 92.86 83.72 25 10.00 0.71 25 63.09 58.24 250 66.91 86.96 

12 46.05 40.74 4 93.20 91.72 12.5 88.14 42.67 50 10.32 14.77 50 8.94 5.80 500 45.26 24.11 

12 81.88 42.29 4 94.89 94.19 12.5 87.76 56.95 50 9.29 17.05 50 3.05 11.54 500 57.89 59.74 

12 84.56 53.52 4 93.01 91.78 12.5 88.28 33.70 50 22.37 1.60 50 15.38 1.38 500 60.99 64.85 

12 74.07 30.56 4 95.52 86.43 12.5 88.55 3.64 50 16.22 10.78 50 23.49 0.00 500 38.66 18.97 

16 49.15 14.94 8 91.94 81.05 25 12.40 5.63 75 0.73 0.95 75 3.36 10.43 1000 25.52 5.26 

16 64.75 15.64 8 86.29 83.23 25 7.25 11.72 75 1.11 0.00 75 11.39 0.00 1000 13.22 4.62 

16 64.19 0.58 8 82.22 59.24 25 37.50 0.00 75 0.00 3.50 75 16.24 2.56 1000 25.86 11.97 

16 65.29 9.52 8 86.09 81.41 25 58.68 12.95 75 0.00 0.83 75 9.29 2.27 1000 46.72 0.91 

24 0.00 0.00 16 26.06 22.11 50 1.56 0.81 100 0.76 0.00 100 2.52 0.00 2500 0.00 0.88 

24 0.00 0.00 16 73.39 14.12 50 2.97 0.00 100 0.00 0.00 100 0.00 0.00 2500 11.48 0.00 

24 0.00 0.00 16 76.28 23.85 50 5.26 0.00 100 3.20 0.00 100 0.00 0.00 2500 10.71 0.87 

24 5.00 0.00 16 37.75 35.04 50 1.79 0.00 100 0.00 0.00 100 0.66 0.00 2500 0.00 0.00 

- - - - - - - - - - - - - - - 5000 0.00 4.27 

- - - - - - - - - - - - - - - 5000 0.00 0.00 

- - - - - - - - - - - - - - - 5000 1.67 0.00 

- - - - - - - - - - - - - - - 5000 8.77 1.02 
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Table C21 Reported EC/LC10 values for Villosa iris glochidia and Lampsilis fasciola juveniles exposed to various single chemicals 

for 48 h (measured t= 0 concentrations). The maximum reported surface water concentration for each chemical using the Ontario 

Provincial Water Quality Monitoring Network and number of events where surface water concentrations are greater than the reported 

EC10 for each life stage is included. 
 

Chemic

al  

Reported 

concentrati

on 

Villosa iris 

glochidia EC10 

(95% C.I.) 

Lampsilis fasciola 

juvenile LC10 (95% 

C.I.) 

Maximum Ontario 

surface water 

concentration 2014 

Number of events where surface 

water concentration > glochidia 

EC10 

Number of events where surface 

water concentration > juvenile 

EC10 

Ammoni

a 

chloride 

mg N/L 3.61 (2.54, 4.68) - 

3.6 

0 (2*) - 

Ammoni

a sulfate 
mg N/L 4.24 (3.23, 5.24) - 0 (2*) - 

Copper 

sulfate 
μg/L Cu2+ 7.98 (6.30, 9.66) - 60 67 - 

Potassiu

m 

chloride 

mg/L K+ 7.77 (4.40, 11.13) - 

42.9 

51 - 

Potassiu

m 

sulfate 

mg/L K+ 5.08 (3.66, 6.50) 41.73 (37.21, 46.25) 163 2 

Sodium 

chloride 
mg/L Cl- 

264.44 (198.70, 

330.14) 

1646.56 (1578.49, 

1715.03) 
5610 92 8 

*The number of events in 2012 where surface water concentrations of ammonia were greater than the 48 h EC10 of Villosa iris. The 

reported concentrations were 4.72 and 5.67 mg N/L.  

 

 



165 

 

Table C22 The number of events in 2014 where surface water concentrations for the investigated chemicals co-occurred at 

concentrations greater than the reported EC10 for each life stage (data from the Ontario Provincial Water Quality Monitoring 

Network). 
 

Binary Mixture Number of events where both chemical concentrations > EC/LC10 

Glochidia  
 

Ammonia-Chloride 0 

Ammonia-Copper 0 

Ammonia-Potassium 0 

Chloride-Copper 12 

Chloride-Potassium 35 

Copper-Potassium 22 

  

Juvenile  
 

Chloride-Potassium 0 
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Table C23 Viability of Villosa iris glochidia following 48 h exposure to binary mixtures. 
 

Chloride/Ammonia Viability (%) Copper/Ammonia Viability (%) Chloride/Copper Viability (%) 

Toxic Unit 
Chem 1/ Chem 2 

Proportions (%) 
48 h  Toxic Unit 

Chem 1/ Chem 2 

Proportions (%) 
48 h  Toxic Unit 

Chem 1/ Chem 2 

Proportions (%) 
48 h  

Control 0/0 90.83 Control 0/0 95.28 Control 0/0 94.27 
 0/0 85.31  0/0 97.48  0/0 97.86 
 0/0 92.13  0/0 93.75  0/0 96.14 
 0/0 89.62  0/0 94.44  0/0 95.48 
 0/0 92.00  0/0 94.92  0/0 94.63 

0.11 100/0 92.74 0.25 100/0 95.49 0.25 100/0 91.45 
 100/0 91.43  100/0 90.51  100/0 91.71 
 100/0 90.00  100/0 91.57  100/0 76.52 
 75/25 88.73  75/25 88.12  75/25 86.09 
 75/25 76.85  75/25 93.80  75/25 91.00 
 75/25 94.20  75/25 93.21  75/25 86.23 
 50/50 92.11  50/50 86.78  50/50 88.79 
 50/50 90.91  50/50 89.26  50/50 94.06 
 50/50 90.52  50/50 80.50  50/50 94.31 
 25/75 69.44  25/75 74.63  25/75 99.25 
 25/75 79.65  25/75 90.74  25/75 95.95 
 25/75 80.18  25/75 46.61  25/75 86.32 
 0/100 85.85  0/100 61.26  0/100 88.24 
 0/100 84.13  0/100 87.40  0/100 87.05 
 0/100 80.77  0/100 73.04  0/100 79.51 

0.3 100/0 93.86 0.50 100/0 68.03 0.50 100/0 65.73 
 100/0 94.94  100/0 77.70  100/0 81.01 
 100/0 93.00  100/0 59.06  100/0 76.03 
 75/25 97.54  75/25 62.75  75/25 59.69 
 75/25 85.71  75/25 20.39  75/25 82.80 
 75/25 93.52  75/25 57.85  75/25 66.10 
 50/50 95.52  50/50 32.33  50/50 93.01 
 50/50 85.51  50/50 71.21  50/50 84.03 
 50/50 92.22  50/50 33.60  50/50 94.02 
 25/75 87.00  25/75 32.35  25/75 92.36 
 25/75 88.81  25/75 58.49  25/75 91.16 
 25/75 82.79  25/75 34.75  25/75 90.24 
 0/100 44.12  0/100 69.57  0/100 89.92 
 0/100 66.91  0/100 37.74  0/100 87.50 
 0/100 52.89  0/100 64.75  0/100 86.00 

1.0 100/0 34.48 1.0 100/0 0.93 1.0 100/0 31.54 
 100/0 66.15  100/0 7.69  100/0 35.90 
 100/0 67.40  100/0 8.40  100/0 52.17 
 75/25 90.06  75/25 17.90  75/25 45.74 
 75/25 19.05  75/25 23.62  75/25 16.67 
 75/25 55.22  75/25 25.55  75/25 16.86 
 50/50 42.92  50/50 31.34  50/50 57.80 
 50/50 34.08  50/50 11.43  50/50 25.20 
 50/50 53.62  50/50 20.16  50/50 43.40 
 25/75 59.72  25/75 3.79  25/75 54.08 
 25/75 52.68  25/75 12.32  25/75 92.26 
 25/75 45.26  25/75 13.41  25/75 72.11 
 0/100 44.74  0/100 14.86  0/100 33.08 
 0/100 30.30  0/100 2.40  0/100 29.46 
 0/100 42.45  0/100 5.71  0/100 62.41 

3.0 100/0 0.97 2.0 100/0 1.60 2.0 100/0 19.33 
 100/0 3.09  100/0 1.37  100/0 16.94 
 100/0 1.71  100/0 53.28  100/0 12.00 
 75/25 6.71  75/25 0.00  75/25 23.81 
 75/25 0.00  75/25 0.00  75/25 15.89 
 75/25 3.10  75/25 22.30  75/25 16.67 
 50/50 3.82  50/50 1.69  50/50 20.28 
 50/50 1.34  50/50 5.83  50/50 17.39 
 50/50 0.00  50/50 8.51  50/50 35.25 
 25/75 5.60  25/75 6.14  25/75 7.32 
 25/75 1.37  25/75 8.33  25/75 13.49 
 25/75 2.44  25/75 0.00  25/75 41.96 
 0/100 2.00  0/100 0.00  0/100 13.39 
 0/100 2.82  0/100 0.00  0/100 4.42 
 0/100 0.00  0/100 0.00  0/100 11.29 

6.00 100/0 0.00 3.0 100/0 0.00 3.0 100/0 4.27 
 100/0 0.00  100/0 0.00  100/0 0.00 
 100/0 0.00  100/0 0.00  100/0 6.56 
 75/25 0.00  75/25 0.00  75/25 5.88 
 75/25 0.00  75/25 0.00  75/25 0.83 
 75/25 0.00  75/25 0.00  75/25 2.73 
 50/50 0.00  50/50 0.00  50/50 1.90 
 50/50 0.00  50/50 0.00  50/50 0.00 
 50/50 0.00  50/50 2.07  50/50 2.00 
 25/75 0.00  25/75 0.00  25/75 4.19 
 25/75 0.00  25/75 0.00  25/75 0.00 
 25/75 0.00  25/75 1.77  25/75 3.48 
 0/100 0.00  0/100 0.00  0/100 3.17 
 0/100 0.00  0/100 0.00  0/100 4.84 

  0/100 0.00   0/100 0.00   0/100 0.00 
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Table C24 Concentration addition and independent action outcomes for 48 h exposure of Villosa iris to chloride-ammonia binary 

mixture. 
 

  Concentration Addition Independent Action 

  max beta (Chem 1) beta (Chem 2) EC50 (Chem 1) EC50 (Chem 2) a b Residual Deviance max beta (Chem 1) beta (Chem 2) EC50 (Chem 1) EC50 (Chem 2) a b Residual Deviance 

CA 0.89 4.94 3.04 531.71 8.72 - - 784.29 0.90 3.99 2.26 494.97 7.28 - - 882.66 

S/A 0.89 4.99 2.97 525.13 8.50 0.22 - 781.05 0.90 4.46 2.74 522.12 8.49 -2.79 - 797.61 

DR 0.89 4.98 2.98 525.99 8.51 0.25 -0.08 781.00 0.89 4.80 2.77 526.38 8.38 -1.48 -3.10 792.62 

DL 0.89 4.86 2.84 525.46 8.46 0.46 0.48 780.12 0.89 4.74 3.17 523.97 8.57 -4.03 0.81 790.40 

 

 

Table C25 Statistical comparison of outcomes for 48 h exposure of Villosa iris to chloride-ammonia binary mixture. 
 

  Concentration Addition Independent Action 

  CA vs S/A CA vs DR S/A vs DR CA vs DL S/A vs DL IA vs S/A IA vs DR S/A vs DR IA vs DL S/A vs DL 

df 1.00 2.00 1.00 2.00 1.00 1.00 2.00 1.00 2.00 1.00 

Likelihood test 2.98 3.02 0.04 3.91 0.93 85.05 90.05 5.00 92.27 7.22 

p-value 8.43 x 10-2 2.20 x 10-1 8.34 x 10-1 1.42 x10-1 3.36 x 10-1 2.91 x 10-20 2.80 x 10-20 2.54 x 10-2 9.22 x 10-21 7.22 x 10-3 
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Table C26 Concentration addition and independent action outcomes for 48 h exposure of Villosa iris to chloride-copper binary 

mixture. 
 

  Concentration Addition Independent Action 

  max beta (Chem 1) beta (Chem 2) EC50 (Chem 1) EC50 (Chem 2) a b Residual Deviance max beta (Chem 1) beta (Chem 2) EC50 (Chem 1) EC50 (Chem 2) a b Residual Deviance 

CA 0.91 3.41 2.75 480499.99 9.89     1912.63 0.95 2.00 2.23 312583.66 9.36     2120.45 

S/A 0.92 5.56 2.73 784265.32 10.86 -1.88 
 

1725.19 0.93 4.65 3.22 679520.59 10.55 -6.62 
 

1809.11 

DR 0.92 5.87 2.73 784265.32 10.89 -2.31 0.78 1718.34 0.93 5.97 3.13 735859.66 10.46 -4.13 -6.00 1763.55 

DL 0.92 6.96 2.93 784265.32 10.90 -2.57 0.39 1712.82 0.94 3.85 2.79 735859.66 10.59 -5.23 -1.46 1783.62 

 

Table C27 Statistical comparison of outcomes for 48 h exposure of Villosa iris to chloride-copper binary mixture. 
 

  Concentration Addition Independent Action 

  CA vs S/A CA vs DR S/A vs DR CA vs DL S/A vs DL IA vs S/A IA vs DR S/A vs DR IA vs DL S/A vs DL 

df 1.00 2.00 1.00 2.00 1.00 1.00 2.00 1.00 2.00 1.00 

Likelihood test 187.44 194.29 6.85 199.81 12.37 311.34 356.90 45.56 336.83 25.49 

p-value 1.15 x10-42 6.47 x10-43 8.87 x10-3 4.09 x10-44 4.35 x10-4 1.11 x10-69 3.17 x10-78 1.48 x10-11 7.22 x10-74 4.45 x10-7 
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Table C28 Concentration addition and independent action outcomes for 48 h exposure of Villosa iris to copper-ammonia binary 

mixture. 
 

  Concentration Addition Independent Action 

  max beta (Chem 1) beta (Chem 2) EC50 (Chem 1) EC50 (Chem 2) a b Residual Deviance max beta (Chem 1) beta (Chem 2) EC50 (Chem 1) EC50 (Chem 2) a b Residual Deviance 

CA 0.95 3.85 3.70 10.93 8333.27     1547.56 0.98 3.16 1.96 10.17 4635.13     1899.70 

S/A 0.95 3.66 6.64 11.37 17034.68 -1.60 

 

1380.86 0.96 4.40 7.35 11.53 14474.73 -8.39 

 

1368.45 

DR 0.96 3.55 20.21 11.79 17079.37 0.48 -3.81 1194.45 0.96 4.32 9.29 11.47 14200.55 -9.97 2.84 1358.57 

DL 0.95 3.53 4.15 11.40 17039.89 -0.71 -1.89 1377.84 0.97 3.51 4.36 11.56 18168.94 -6.34 -2.15 1352.35 

 

 

Table C29 Statistical comparison of outcomes for 48 h exposure of Villosa iris to copper-ammonia binary mixture. 
 

  Concentration Addition Independent Action 

  CA vs S/A CA vs DR S/A vs DR CA vs DL S/A vs DL IA vs S/A IA vs DR S/A vs DR IA vs DL S/A vs DL 

df 1.00 2.00 1.00 2.00 1.00 1.00 2.00 1.00 2.00 1.00 

Likelihood test 166.70 353.11 186.41 169.72 3.02 531.25 541.13 9.88 547.35 16.10 

p-value 3.89 x10-38 2.10 x10-77 1.93 x10-42 1.40 x10-37 8.23 x10-2 1.51 x10-117 3.13 x10-188 1.67 x10-3 1.40 x10-119 6.02 x10-5 
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Table C30 Single chemical values used to calculate MDR values for Villosa iris glochidia and Lampsilis fasciola juvenile exposures. 
 

Chemical Concentration units b (slope at EC50) e (EC50) 

Villosa iris glochidia       

Ammonia sulfate mg N/L 3.23 8.35 

Sodium chloride mg/L Cl- 3.68 480.50 

Copper sulfate μ/L Cu2+ 3.83 14.17 

Lampsilis fasciola juvenile    

Sodium chloride mg/L Cl- -40.66 1738.19 

Potassium sulfate mg/L K+ -29.01 45.01 

 

Table C31 Mortality of juvenile Lampsilis fasciola following the first 7 d exposures to single chemical (nominal concentration). 
 

Chloride (mg/L) Mortality Potassium (mg/L) Mortality 

0 0 0 0 

0 0 0 0 

0 0 0 0 

300 0 4.7 0 

300 0 4.7 0 

300 0 4.7 0 

500 0 8.5 0 

500 0 8.5 0 

500 0 8.5 0 

900 0 15.4 0 

900 0 15.4 0 

900 0 15.4 0 

1600 1 27 0 

1600 1 27 0 

1600 2 27 0 

3000 10 50 10 

3000 10 50 10 

3000 10 50 10 
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Table C32 Mortality of juvenile Lampsilis fasciola following the second 7 d exposures to single chemical (nominal concentration) 

and binary mixtures (exposure solution proportion). 
 

Chloride (mg/L) Mortality Potassium (mg/L) Mortality Chloride-Potassium (Chem. 1/Chem 2 Proportion) Mortality 

0 0 0 0 0/0 0 

0 0 0 0 0/0 0 

0 0 0 0 0/0 0 

900 0 14 0 100/0 6 

900 0 14 0 100/0 9 

900 0 14 0 100/0 6 

1260 0 24 0 75/25 0 

126 0 24 0 75/25 0 

1260 0 24 0 75/25 0 

1680 4 40 1 50/50 0 

1680 0 40 1 50/50 0 

1680 0 40 0 50/50 0 

2250 10 62 10 25/75 0 

2250 10 62 10 25/75 0 

2250 10 62 10 25/75 0 

3000 10 102 10 0/100 4 

3000 10 102 10 0/100 3 

3000 10 102 10 0/100 1 

 


