ABSTRACT

BUCZEK, SEAN B. Freshwater Mussel Sensitivity to Polyacrylamide, Sediment, and
Turbidity (Under the direction of W. Gregory Cope and Richard A. McLaughlin).

Human activities have significant impacts on aquatic ecosystems and the organisms
that occupy them. Anthropogenic activities cause environmental degradation by altering
land-cover and leading to increased runoff, soil erosion, and reduced biodiversity.
Polyacrylamide (PAM) has become an effective chemical tool for mitigating some of the
adverse impacts of erosion and suspended sediment on aquatic ecosystems. However, little
is known about the effects of sediment and turbidity on many freshwater organisms, and
prior to this study, no information existed on the toxicity of sediment, turbidity, and PAM
compounds to native freshwater mussels (family Unionidae), one of the most imperiled
faunal groups globally. To characterize the risk of both PAM and environmentally relevant
sediment exposure to freshwater mussels, acute toxicity tests were conducted following
standard guidelines for the early life stages (glochidia larvae and juveniles) of freshwater
mussels. Toxicity of 5 different anionic PAM compounds and 1 non-ionic compound was
evaluated for juveniles (test duration 96-h) and glochidia (test duration 24-h) of three
freshwater mussel species Lampsilis cariosa, Alasmidonta raveneliana, and Megalonaias
nervosa. The mussels were exposed at PAM concentrations of 5, 50, 100, 200, 500, and
1000 mg/L and assessed for survival and viability. We found that median lethal
concentrations (LC50) of PAM ranged from 412 to greater than 1000 mg/L for glochidia and
from 129 to over 1000 mg/L for juveniles. All LC50s were orders of magnitude greater (2—
3) than concentrations typically recommended for turbidity control in the field (1-5 mg/L).
Our results demonstrate that the PAM compounds tested were not acutely toxic to the mussel

species and life stages tested, at concentrations relevant to turbidity control, indicating



minimal risk of short-term exposure from PAM applications in the environment. To further
inform the risk assessment, juvenile (test duration 96-h) Lampsilis siliquoidea were exposed
to three different experimental conditions (settled sediment, suspended sediment, and PAM-
flocculated settled sediment), as well as a range of treatment turbidity concentrations (50,
250, 1250, and 3500 nephelometric turbidity units; NTU) and assessed the exposed mussels
for survival and sublethal oxidative stress to elucidate potential toxicity. No effects were
found on mussel survival, suggesting a high level of tolerance of L. siliquoidea for these
conditions and treatments in short-term exposures. In contrast, there were significant
reductions in protein concentration, ATP production, and oxidized proteins in mussels
exposed to suspended sediment, indicating adaptive plasticity of physiological protective
responses that limit energy production and reactive oxygen species accumulation under
unfavorable environmental conditions. The results suggest that anionic PAM applied to
reduce suspended sediment may be effective at minimizing the effects of short-term turbidity
exposure and possess minimal risk of acute toxicity with a 24- to 126-fold margin of safety to
juvenile freshwater mussels. These findings provide valuable information with direct

implications for the conservation of freshwater mussels and their habitat.
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CHAPTER 1

Turbidity Control in Aquatic Systems with Polyacrylamide: Acute Toxicity Among
Compounds to Native Freshwater Mussels.

Abstract

Polyacrylamide (PAM) is widely used as a chemical flocculent in many different
industries including wastewater treatment, paper manufacturing, agriculture, and
construction. PAM has become an effective tool for reducing suspended sediment and
turbidity, which are considered to have significant adverse impacts on aquatic ecosystems
and are a leading cause of the degradation of North American streams. However, little is
known about the effects of PAM on many freshwater organisms, and prior to this study, no
information existed on the toxicity of PAM compounds to native freshwater mussels (Family
Unionidae), one of the most imperiled faunal groups globally. Following standard test
guidelines, we exposed juveniles (age 96-h) and glochidia larvae (age 24-h) to 5 different
anionic PAM compounds and 1 non-ionic compound. Species tested included the yellow
lampmussel (Lampsilis cariosa), an Atlantic slope species that is listed as endangered in
North Carolina, the Appalachian elktoe (Alasmidonta raveneliana), a federally endangered
Interior Basin species, and the washboard (Megalonaias nervosa), a common interior basin
species. The mussels were exposed at concentrations of 5, 50, 100, 200, 500, and 1000 mg/L
and assessed for survival and viability. We found that median lethal concentrations (LC50)
of PAM ranged from 411.7 to greater than 1000 mg/L for glochidia and from 128.7 to > 1000

mg/L for juveniles. All LC50s were orders of magnitude greater (2—3) than concentrations



typically recommended for turbidity control (1-5 mg/L), regardless of molecular weight
(MW) or charge density (CD), two chemical properties important in potential toxicity and
PAM efficacy. Our results demonstrate that the 5 anionic PAM compounds and 1 non-ionic
PAM compound were not acutely toxic to the mussel species and life stages tested, indicating
minimal risk of short-term exposure from PAM applications in the environment. However,
potential chronic sublethal effects remain uncertain and will require additional investigation.
This research has implications for improved management and regulatory decision making for
turbidity control best management practices in aquatic ecosystems where native freshwater

mussels occur.



Introduction

Human activities influence ecosystem structure and function, as well as the organisms
that occupy the ecosystems. Anthropogenic effects have, and continue to cause, increased
extinction rates of many of the world’s species (Lande 1998). Stress on the environment has
intensified as global human populations have increased and shifted toward urban growth
centers, which radically alter land-cover and lead to habitat destruction and alteration (Meyer
and Turner 1992; Allan 2004). The change to urban and suburban land use alters local
environments, leading to increased stormwater runoff, soil erosion, and reduced biodiversity,
thereby creating regional disturbances that inherently alter lotic aquatic systems (Wolman
and Schick 1967; Richter et al. 1997; Wood and Armitage 1997; Henley et al. 2000; Bhaduri
et al. 2001). Increased turbidity and sediment load can alter the physical environment,
reduce light penetration (Chandler 1942), decrease dissolved oxygen concentrations (Henley
et al. 2000), and reduce habitat complexity (Lenat et al. 1981). These factors, among others,
can result in deleterious effects on freshwater organisms, such as reduced food availability,
increased water temperatures, altered feeding behavior, reduced respiration rate (Alexander
et al. 1994), decreased reproduction, decreased feeding rates (Box and Mossa 1999), and
overt mortality (Bruton 1985; Aldridge et al. 1987; Wood and Armitage 1997; Payne et al.
1999; Henley et al. 2000). As suspended sediments settle from the water column, the
complexity of the benthic substrate is reduced and the structure is altered. Interstitial spaces

within the substrate become inundated with fine particulate matter thereby reducing the



availability of habitat and oxygen for benthic dwelling organisms (Beschta and Jackson

1979).

The United States Environmental Protection Agency (USEPA) determined sediment
to be the greatest pollutant of rivers in the United States, and estimates of sediment release to
U.S. surface waters due to anthropogenic erosion are as high as 75 billion tons annually
(USEPA 1990; Wilkinson and McElroy 2007). Among multiple sources, construction site
runoff has been implicated as a major contributor to sediment release and impairment of
water quality (USEPA 2005). Erosion rates of disturbed soil due to construction are 7 to 500
times that of natural areas, and construction sites are responsible for more than 90% of soil

erosion in urban environments (Canning 1988; USEPA 2005).

Efforts to reduce sediment release from construction sites have advanced through the
implementation of a variety of Best Management Practices (BMPSs) such as silt fences, check
dams, erosion blankets, and sediment basins. However, to effectively remove sediment
particles <20 pm once suspended requires the use of a chemical flocculant such as
polyacrylamide (PAM) (Ward et al. 1980). PAM is a water-soluble polymer commercially
produced through the polymerization of acrylamide and available in various compounds of
differing charge density and molecular weight. Both cationic and anionic polyacrylamide
can be produced during the commercial manufacturing process through the addition of co-
monomers such as trimethyl ammonium or sodium acrylate (Mortimer 1991; Bolto and
Gregory 2007), but it is the anionic form of PAM that is used in turbidity control because of

toxicity concerns from the cationic form (Weston et al. 2009). The amount of these



substituents determines the degree of charge density, typically ranging from 7 to 50%
(Bartholomew 2003). The molecular weight is dependent on the length of the linear chains
ranging from 12 to 17 Mg/mol (Orts et al. 1999). When used for the reduction of turbidity,
PAM is typically applied at a rate of 1-5 mg/L of water. However, the turbidity
concentration, soil composition, and other physical parameters dictate the most effective
compound for a given application (Seybold 1994; ARC 2004). PAM has been shown to
effectively reduce the turbidity of runoff as much as 91% before reaching receiving waters
(Soupir et al. 2004). When used in conjunction with other BMPs, PAM is especially
effective at controlling turbidity (McLaughlin and Bartholomew 2007; McLaughlin and
McCaleb 2010; Kang et al. 2013a). Given their demonstrated efficacy, chemical flocculants
like anionic PAM are quickly becoming an essential BMP on construction sites, as the
industry strives to meet regulatory demands designed to mitigate the well-studied impacts of
increased suspended sediment on aquatic biota (Matson et al. 1997; Sojka et al. 2007; Wood

and Armitage 1997; Kang et al. 2013a).

Although acute toxicity studies of PAM have been conducted with standard aquatic
test organisms, toxicity data representing the highly imperiled native freshwater mussel fauna
(Family Unionidae) are completely lacking. Unionid mussels are experiencing significant
declines across North America and throughout the world (Graf and Cummings 2007). In
fact, unionids are the most imperiled faunal group in North America with greater than 70% of
the nearly 300 species considered endangered, threatened, of special concern, or already

extinct (Williams et al. 1993). Freshwater mussels are disproportionally sensitive to certain



environmental contaminants and to other anthropogenic activities that impact aquatic habitat,
facilitating the precipitous decline (Williams et al. 1993, Williams and Neves 1995; Richter
et al. 1997; Strayer et. al 2004; Cope et al. 2008; Archambault et al. 2014). Previous
toxicological research with freshwater mussels and environmental contaminants, such as
chloride, ammonia and copper, have found freshwater mussels to be among the most
sensitive aquatic organisms tested, especially when exposed during early life stages
(glochidia and juveniles) (Keller and Zam 1991; Augspurger et al 2003; Mummert et al.
2003; Cope et al. 2008). Thus, utilizing exposure-response data from freshwater mussel tests
to derive water quality criteria or environmentally acceptable levels may also be protective of

other aquatic organisms.

The primary concerns for the toxicity of anionic PAM to aquatic organisms center
around the monomer, acrylamide, which is recognized as a neurotoxin and probable
carcinogen (IARC, 1994) and the physical effects of flocculation on larval life stages of
invertebrates and the algal populations used as biological food sources (Weston et al. 2009).
The environmental risk for acrylamide exposure includes the possibility of incomplete
polymerization during the manufacturing process, resulting in residual unbound acrylamide,
\as well as the possibility of acrylamide release during physical, chemical, biological, or
photochemical degradation. Laboratory studies have shown minimal release of acrylamide
from PAM by intense UV irradiation and high thermal stress (95°C for 10 d) (Caulfield et al.
2003; Wan et al. 2005). Moreover, field tests have shown no appreciable acrylamide release

through environmental degradation, and any detected acrylamide is the result of free



acrylamide from incomplete polymerization (Young et al. 2007). To date, there is no
evidence of environmental concentrations of acrylamide above allowable levels (0.05%)
during field applications when being applied to reduce turbidity (Barvenik et al. 1996; Young
et al. 2007). Therefore, the main unresolved toxicity concerns of anionic PAM are related to
the compounds chemistry and associated physical and chemical attributes. The objective of
this study was to develop toxicological information on 5 representative anionic PAM
compounds and 1 non-ionic compound commonly used for the reduction of turbidity in

stormwater runoff on the early life stages of 3 species of native freshwater mussels.

Materials and Methods
Test chemicals

Six compounds of PAM were selected for toxicity testing in this study to provide a
range of charge density, molecular weight, and net charge (Table 1), all characteristics that
may influence potential toxicity. All PAM compounds were obtained in granular form, and
homogeneous stock solutions of PAM (1 g/L) were prepared by slowly adding
(approximately 1 g/min) of granular PAM to reconstituted hard water (ASTM 2006a) and
mixing on a stir plate for 24 h at room temperature. The stock solution was used in tests
directly following mixing. The following polyacrylamide compounds were obtained from
SNF Holding Company (Riceboro, Georgia, USA) FLOPAM: FA 920, AN 923, AN 923 SH,
AN 923 VHM, and AN 913 VHM. APS 705 was purchased from Applied Polymer Systems
(Woodstock, Georgia, USA). The chemical property and compound information for SNF

compounds tested were provided by the manufacturer (Table 1), but APS 705 is a proprietary



mixture of anionic PAMs, and it was included in testing because it is commonly used in
environmental applications (R.A., McLaughlin, personal communication, January 29, 2014).
In an effort to encompass both the typical effective range for turbidity reduction and to reach
concentrations great enough to develop a median lethal concentration (LC50), each PAM
compound had six treatment concentrations ranging from 5 to 1000 mg/L. Determining the
LC50 for each PAM provides important data for determining potential environmental
impacts of their use in water quality and erosion control, while also, presenting possible
implications for other environmental PAM applications that require greater concentrations
(e.g., erosion control, canal lining, algae control). Test exposure concentrations were verified
using the turbidimetric reagent, benzethonium chloride (Hyamine 1622, Acros Organics,
Geel, Antwerp, Belgium) and methods described by Kang et al. (2013b). Measured
concentrations of PAM in our tests ranged from 84 to 109% of the calculated nominal

concentrations.

Test organisms

We tested three species of native freshwater mussels, chosen based on geographical
distribution, phylogenetic tribe, and conservation status: Lampsilis cariosa (tribe-
Lampsilini), Alasmidonta raveneliana (tribe-Anodontini), and Megalonaias nervosa (tribe-
Quadrulini). L. cariosa is an Atlantic Slope species in various states of conservation status
across its range from stable to critically imperiled (state endangered, North Carolina) (North
Carolina Wildlife Resources Commission 2014). A. raveneliana, an Interior Basin species

endemic to the headwaters of the Tennessee River in western North Carolina and eastern



Tennessee, is state and federally endangered (North Carolina Wildlife Resources
Commission 2014; USFWS 1996). M. nervosa, a common Interior Basin species, is widely-
distributed and stable in the Mississippi and Gulf drainages (NatureServe 2015).

L. cariosa and A. raveneliana were provided by the Aquatic Epidemiology and
Conservation Laboratory, North Carolina State University College of Veterinary Medicine
(Raleigh, North Carolina, USA) and M. nervosa was supplied by the mussel culture
laboratory at Missouri State University (Springfield, Missouri, USA). With all species,
glochidia were harvested from multiple (> 3) gravid females < 24 h before the initiation of
each acute toxicity test. Juveniles were propagated by infecting host-fish with glochidia
using standard propagation and culture methods (Barnhart 2006). At the time of juvenile test
initiation, L. cariosa ranged in age from 1 to 21 d, with an average (+SD) shell length of
(587.1 + 125.2 um), A. raveneliana ranged in age from 1 to 21 d, with an average shell
length of (501.1 + 50.1 um), and M. nervosa ranged in age from 1 to 3 d, with an average
shell length of (370.2 + 22.6 um).

Glochidia test assessment

All toxicity tests (glochidia and juveniles) were conducted according to the standard
guide for conducting toxicity tests with the early life stages of freshwater mussels (ASTM
2006b). Mean temperature (range in parentheses) of glochidia in culture water upon arrival
to the laboratory was 17.4 °C (13-22). Glochidia were acclimated to the reconstituted hard
water (ASTM 2006a) and the test temperature of 20 °C by being placed into a 50:50 mixture

of culture and reconstituted water for 2 h, allowing for a 2 °C/h maximum rate of change.
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Glochidia were used in tests when initial viability was assessed at > 90% using an Olympus
SZ61 microscope (Olympus America, Center Valley, Pennsylvania, USA) and QCapture Pro
5.1 digital photographic software (Quantitative Imaging, Surrey, British Columbia, Canada).
Viability (survival) was assessed by exposing glochidia to a saturated sodium chloride
solution and individuals exhibiting a shell-closure response were considered viable. Static,
water-only acute toxicity tests were conducted for 48 h, with viability assessed at 24 h and 48
h on subsamples of approximately 50 of the 150 glochidia in each of three replicates for a
given treatment. Test acceptability is specified to be > 90% viability in the control treatment
at 48 h (ASTM 2006b); control viability in our tests averaged 93% at 48 h. All tests were
conducted in light and temperature controlled incubators (Precision Model 818 Thermo

Fisher, Marietta, Ohio, USA) held at 20 °C and a light:dark cycle of 16:8 h.

Juvenile test assessment

Mean temperature (range in parentheses) of juvenile mussels in culture water upon
arrival to the laboratory was 19.8 °C (17-23). Juveniles were acclimated to the reconstituted
hard water (ASTM 2006a) and the test temperature of 20 °C by being placed into a 50:50
mixture of culture and reconstituted water for 2 h, allowing for a 2 °C/h maximum rate of
change, followed by a 25:75 ratio for an additional 2 h and then 100% reconstituted water for
72 h prior to test initiation. Static, water-only renewal tests were conducted for 96 h with a >
90% water and chemical renewal at 48 h (ASTM 2006b). Survival was assessed at 48 and 96
h exposure time points by observing for foot movement outside or inside the shell or a

heartbeat within a 5-min period. For each test, control replicates (x3) contained 10 juveniles
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each, whereas all other treatment replicates (x3) contained 7 individuals. Test acceptability
is specified to be > 80% survival in the control treatment at 96 h (ASTM 2006b); control
survival in our tests averaged 99% at 96 h. All juvenile acute toxicity tests were conducted

under the same temperature and light cycle conditions as for glochidia tests.

Water chemistry

Water chemistry analyses were performed at the 48 h time point for both glochidia
and juvenile toxicity tests. Mean (range in parentheses) water quality conditions during the
experiments were as follows: 134.5 mg CaCOz /L alkalinity (116-166), 160.7 mg CaCOa3/L
hardness (150-186), 579.4 uS/cm conductivity (527-750), 8.4 pH (7.32-8.64), and 8.8 mg/L
dissolved oxygen (6.66-9.47) ; n=36 determinations for alkalinity and hardness, n=144
determinations for all other variables). Alkalinity and hardness were measured by titration
following standard methods (APHA 1999) and all other water quality parameters were
conducted using a calibrated multi-probe system (YSI model 556 MPS, Yellow Springs

Instruments, Yellow Springs, Ohio, USA).

Statistical analysis

The effect of each of the 6 PAM compounds on the survival of glochidia and juvenile
mussels was used to determine the median lethal concentration (LC50) analyzed via the
Trimmed Spearman-Karber method (Comprehensive Environmental Toxicity Information
Software [CETIS], V1.8.0.12, Tidepool Scientific, LLC, McKinleyville, California, USA).
The LC50 is the measure of toxicity and defined as the toxicant concentration resulting in the

mortality of 50% of individuals exposed in the specified time period. Mortality was
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determined for glochidia by failure to respond via shell-closure to NaCl. Juvenile mortality
was determined by observing no foot movement or heartbeat for individual mussels during
the 5-min assessment period. In tests where sufficient mortality occurred to allow calculation
of LC50s, values were considered significantly different when 95% confidence intervals did
not overlap (Hamilton et al. 1977). Water chemistry variables from all tests were analyzed
by one-way analysis of variance (ANOVA) in SAS (SAS Institute, Cary, North Carolina,
USA) to assess any attributable mortality due to variation in water chemistry during PAM
exposures. All measured variables (alkalinity, hardness, pH, dissolved oxygen, conductivity
and temperature) were not significantly different among tests, indicating no appreciable
change in chemistry resulting from PAM compound.

Results

Acute tests with glochidia and juveniles

Both glochidia and juvenile mussels were exposed to each of the 6 PAM compounds
and only the AN 923 compound elicited mortality sufficient to calculate an LC50 for L.
cariosa glochidia at the 24 or 48 h time points (Table 2). The 24 h LC50 was 833.4 mg/L
(95% ClI, 769.7-902.4 mg/L) and decreased to 411.8 mg/L (373.4-454) at 48 h. For juvenile
L. cariosa, AN 923 and AN 923 SH had 96 h LC50s of 126.8 mg/L (99.87-161) and 563.2
mg/L (414.2-765.8), respectively (Table 2). All other compounds showed no evidence of
acute toxicity to either life stage at the highest concentration tested (no observed effect
concentration [NOEC] = 1000 mg/L). The only test resulting in the calculation of an LC50

for A. raveneliana, the federally endangered species, was the 96 h juvenile exposure to AN
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923 (329.8 mg/L: 95% CI 289.2-376.1). Similarly, the only test that resulted in the
calculation of an LC50 for M. nervosa was the 96 h juvenile exposure to AN 923 (705.5

mg/L: 95% CI 575.5-864.8; [Table 2]).

Discussion

We found that the acute toxicity of the 6 PAM compounds tested varied with mussel
life stage (juveniles more sensitive than glochidia), species (Lampsilis cariosa most
sensitive), and chemical properties (molecular weight, charge density and net charge) of the
compound, but exhibited relatively low toxicity overall, compared to the concentrations
commonly used for aquatic turbidity control. Of the 36 tests conducted with the early life
stages of freshwater mussels and the 6 PAM compounds, 7 yielded calculable LC50
concentrations. Much of the previous toxicological research conducted on PAM and aquatic
organisms had not generated median lethal concentrations, instead, providing a NOEC (LC50
was greater than the highest concentration tested (Table 3). Even with using a maximum
PAM concentration of 1000 mg/L in our tests, many resulted in a NOEC at that highest
concentration and demonstrates that the risk of environmental PAM exposure to freshwater
mussels seems minimal, especially at the 1 to 5 mg/L concentrations where it is most
effective for turbidity control (McLaughlin and Bartholomew 2007; Kang et al. 2013a). For
even the most toxic PAM tested (AN 923), there was a 24 to 126-fold margin of safety from

common treatment concentrations.

The relative lack of acute toxicity in our tests with anionic PAM and early life stages

of native freshwater mussels compare similarly to previous acute toxicological studies of
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anionic PAM with other aquatic organisms (Table 3). For example, Weston et al. (2009)
found no significant mortality for Hyalella azteca, Chironomus dilutus, Ceriodaphnia dubia,
Pimephales promelas, and Selenastrum capricornutum during exposures at the greatest
concentration tested, 100 mg/L. However, Beim and Beim (1993) reported a 96 h LC50 for
Daphnia magna of 14.1 mg/L and Biesinger et al. (1976) reported a 96 h LC50 for the same
species of 17 mg/L, indicating a higher degree of toxicity and sensitivity than what we found
for freshwater mussels. Toxicity appeared to be dependent upon the chemical properties
(molecular weight, charge density and net charge) of each PAM compound. According to
Bolto and Gregory (2007), anionic PAM toxicity is positively correlated with an increase in
molecular weight. However, our results indicate that it may actually be the inverse for
freshwater mussels, as we saw increasing toxicity with decreasing molecular weight when
accompanied by an increase in charge density. In fact, juvenile mussel exposed to the
highest molecular weight PAM’s (AN 913 VHM and AN 923 VHM) (96 h) at 1000 mg/L
experienced greater than 90% survival across all species with the exception of L. cariosa
(AN 913 VHM 52%) and juvenile survival when exposed (96 h) to the lowest molecular
weight anionic PAM, AN 923, was < 9.5%. The aforementioned toxicity indicates a possible
trend that appears to be the result of increased exposure to the co-monomer present in the
compound. In this study, we tested three different PAMs with a charge density of 23%: AN
923, AN 923 SH, and AN 923 VHM. The AN 923 elicited the greatest level of toxicity and
is distinguished from this group by having the lowest molecular weight (9-12 Mg/mole).

Further evidence of the trend was the resulting serial toxicity of AN 923 SH (12-14
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Mg/mole) to the most sensitive mussel species, L. cariosa. Thus, toxicity may be a result of
reduced molecular weight allowing for greater accessibility of the co-monomer to freshwater
mussels. Shorter PAM chains may more readily access the internal organs of mussels via the
incurrent siphon complicating the biological processes. Beim and Beim (1994) attribute
mortality in aquatic invertebrates to the sorption of PAM on surface membranes resulting in
decreased efficiency in biological functions, such as respiration, feeding, and reproduction.
Further toxicity research with anionic PAMs at greater charge densities may provide more
clarity as to which components are actually eliciting toxicity and identify trends in compound

toxicity.

Previous environmental contaminant research on the sensitivity of freshwater mussel
early life stages has found glochidia to often be more sensitive than juveniles (Cope et al.
2008). However, because PAM appears to elicit mortality via membrane sorption and
inhibition of essential biological functions, it was not surprising that we detected a higher
degree of sensitivity in the more anatomically advanced juveniles. Glochidia lack many of
the structures that are found in more advanced life stages, including gills, which are
responsible for gas exchange and a likely site of sorption resulting in mortality (Wéchtler
2001). In fact, of the seven assessments that resulted in the calculation of an LC50, six were

for juveniles and just one for glochidia.

We found varied responses of the exposure of freshwater mussel species to PAM. L.
cariosa was the most sensitive to PAM exposures, which resulted in the lowest LC50 (126.8

mg/L). L. cariosa was the only species to have sufficient mortality to calculate an LC50
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(833.4 mg/L) for glochidia, and the only species with a calculated LC50 for a compound
other than AN 923 (AN 923 SH). A. raveneliana did not appear to be as sensitive, with just
one test eliciting sufficient toxicity to estimate an LC50 (229.8 mg/L). The most tolerant of
the species tested was M. nervosa, also with just one test resulting in an LC50 estimate

(705.5 mg/L).

Given the relatively low toxicity of PAM to freshwater mussels observed during this
study, the benefits of PAM use for turbidity control may supersede any risk of toxic effects.
Freshwater mussels can be greatly affected by suspended sediments and the contaminants
bound by, or associated with them (Besser et al. 2009; Wang et al. 2013). PAM also has the
potential to decrease certain chemical toxicants and reduce nutrient loading (Krauth et al.
2008; Goodson et al. 2006). Aldridge et al. (1987), experimentally exposed three unionid
species, the Pimpleback (Quadrula pustulosa), Gulf Pigtoe (Fusconaia cerina), and
Mississippi Pigtoe (Pleurobema beadleanum) to frequent high levels of suspended sediment
(600 mg/L every 0.5 h) and observed a reduction in filtering clearance rate. Such a reduction
could lead to possible growth retardation and ultimately mortality due to starvation. The use
of PAM may effectively reduce the amount of sediment entering receiving waters and may
decrease the stress of excess sediment on this ecologically important group of imperiled

organisms (Soupir et al. 2004; McLaughlin et al. 2009).

Strayer (1999) found that freshwater mussel declines caused by anthropogenic
activity could lead to measurable changes in ecosystem structure. Other studies have

described bivalves as keystone species due to their functional role in primary production,
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nutrient cycling, and other biological and chemical activities (Dame 1993; Dame 1996;
Vaughn and Hankenkamp 2001). Freshwater mussels perform essential ecological processes
including filtration, nutrient cycling, biodeposition and bioturbation (Bogan and Roe 2008;
Strayer et al 2004; VVaughn and Hakenkamp 2001; Mermillod-Blondin 2011, respectively).
Unfortunately, the decline and extinction of many species in this group has occurred almost
unnoticed and identifying a single cause for the decline has been difficult due to the many

stressors impacting water quality and habitat (Layzer et al. 1993; Strayer et al. 2004).

The aim of this study was to determine the acute toxicity of anionic PAM to native
freshwater mussels, as it is used for the reduction of turbidity in construction effluents.
However, anionic PAM is used in many different industries such as water and wastewater
treatment, paper processing, mining, and many others. Recent research has also shown the
efficacy of PAM used for other aquatic applications that apply directly to water systems such
as infiltration barriers in water delivery systems and as an algal flocculent to remove
unwanted algae (Young et al. 2007; Iwinski 2013). These applications potentially require a
PAM concentration or the addition of a PAM concentration (386 and 698 mg/L, respectively)
greater than several of the LC50 values calculated during this study, to be effective for their

desired use.

Conclusion

In an effort to understand the environmental safety of some of the chemical tools

being applied for turbidity control in aquatic systems, this research focused on assessing the
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toxicity of selected anionic PAM compounds to early life stages of native freshwater
mussels. Our findings indicate that that anionic PAM poses a minimal risk to freshwater
mussels at optimal flocculation concentrations of 1-5 mg/L (a 24- to 126-fold margin of
safety), as 126.8 mg/L was the lowest 96 h LC50 calculated (juvenile L. cariosa).
Furthermore, the hazard is reduced by the minimal likelihood of exposure due to the
irreversible binding of PAM and sediment during environmental applications (Bolto and
Gregory 2007). It is, however, not possible to ascribe a level of toxicity to a class of
compounds as large and varying in chemical properties as anionic PAMs without additional
toxicity testing or identification of the mode(s) of action. In fact, our results highlight the
differences in mussel species sensitivity and the toxicity of anionic PAM compounds, with
generated LC50s ranging from 126.8 to greater than 1000 mg/L. These data advance current
knowledge of PAM toxicity to aquatic organisms and can be used to inform management

decisions regarding turbidity control in the presence of imperiled freshwater mussels.
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Tables

Table 1. Properties of selected polyacrylamide (PAM) compounds used in acute toxicity tests with freshwater mussels.
Information derived via SNF product catalog. NA=Information not available for product.

Compound cr|1\|a ?;e Charge density Mg:z;:;:c?ga\l/ézir?ht Mg/mole
FLOPAM™ AN 913 VHM Anionic 13% Ultra High 13-16
FLOPAM™ FA 920 Non-ionic Non-ionic High 5-6
FLOPAM™ AN 923 SH Anionic 23% Very High 12-14
FLOPAM™ AN 923 Anionic 23% Standard 9-12
FLOPAM™ AN 923 VHM Anionic 23% Ultra High 14-17

APS 705 Anionic NA NA NA




Table 2. Median lethal concentrations (LC50s) for acute toxicity of anionic polyacrylamide (PAM) to native freshwater
mussels (95% CI). Acute exposures to the following PAM compounds resulted in insufficient mortality to calculate an
LC50s: FLOPAM™ FA 920, FLOPAM™ AN 923 VHM, and FLOPAM™ AN 913 VHM.

FLOPAM™ AN 923 FLOPAM™ AN 923SH

Species Life stage Time point LC50 (mg/L) LC50 (mg/L)

: : - 24 h >1000 >1000
Alasmidonta raveneliana Glochidia 48 h 1000 ~1000
Juvenile 48 h >1000 >1000
96 h 229.8 (289.2-376.1) >1000
Lampsilis cariosa Glochidia 24 h 833.4 (769.7-902.4) >1000
48 h 411.7 (373.4-454) >1000
Juvenile 48 h 183.2 (139.8-240.2) >1000

96 h 126.8 (99.87-161) 563.2 (414.2-765.8)
Megalonaias nervosa Glochidia 24 h >1000 >1000
48 h >1000 >1000
Juvenile 48 h >1000 >1000

96 h 705.5 (575.5-864.8) >1000




Table 3. Comparative acute toxicity of anionic polyacrylamide (PAM) to aquatic organisms.
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Species Common Time point LC50 (mg/L) Source

name
Raphidocelis subcapitata Green algae 96 h >100 Weston et al. (2009)
Chironomus dilutes Midge 96 h >100 Weston et al. (2009)
Pimephales promelas Minnow 7 days >100 Weston et al. (2009)
Phoxinus phoxinus Minnow 96 h >1000 Beim and Beim (1994)
Hyalella Azteca Amphipod 96 h >100 Weston et al. (2009)
Eulimnogammarus verrucosus  Amphipod 96 h 2100 Beim and Beim (1994)
Baicalobia guttata Flatworm 96 h >100 Beim and Beim (1994)
Ceriodaphnia dubia Water flea 6-8 days 28.7 Weston et al. (2009)
Daphnia magna Water flea 96 h 141 Beim and Beim (1994)
Daphnia magna Water flea 48 h 345 Biesinger et al. (1976)
Daphnia magna Water flea 96 h 17 Biesinger et al. (1976)
Daphnia magna Water flea 48 h 218.1 de Rosemond et al. (2004)
Daphnia magna Water flea 48 h 152 Acharya et al. (2010)




33

CHAPTER 2

Sublethal Effects of Turbidity, Sediment, and Polyacrylamide to Native Freshwater
Mussels.

Abstract

Turbidity generated from erosional processes is a ubiquitous pollutant affecting
nearly half of waterways in the United States, resulting in reduced biodiversity and habitat
degradation. Anionic polyacrylamide (PAM) is widely used as a chemical flocculent and has
become an effective tool for reducing adverse impacts of suspended sediment and turbidity
on aquatic ecosystems. However, little is known about the effects of PAM on many
freshwater organisms, and no information exists on the toxicity of sediments that have been
flocculated with PAM to native freshwater mussels (family Unionidae). We exposed
juvenile fatmucket (Lampsilis siliquoidea), a common Interior Basin species, to three
different experimental exposures (non-flocculated settled sediment, suspended sediment, and
PAM-flocculated settled sediment), as well as a range of turbidity levels (50, 250, 1250, and
3500 nephelometric turbidity units; NTU) for 96 h durations and assessed the exposed
mussels for survival and sublethal oxidative stress to elucidate potential toxicity. We found
no effect of treatment on mussel survival, suggesting a high level of tolerance for L.
siliquoidea in short-term exposures. In contrast, we found significant reductions in protein
concentration, ATP production, and oxidized proteins in mussels exposed to suspended
sediment, indicating adaptive plasticity of physiological protective responses that limit

energy production and reactive oxygen species accumulation under unfavorable
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environmental conditions. Our results suggest that anionic PAM applied to reduce
suspended sediment may be effective at minimizing the effects of short-term turbidity
exposure to juvenile freshwater mussels. However, potential chronic effects will require
additional investigation. This research will aid in improved management and regulatory

decision making for turbidity control best management practices.

Introduction

The negative effects of erosion and suspended sediment on aquatic habitat and
freshwater fauna have been well described (Ellis 1936; Cordone and Kelley 1961; Berkman
and Rabeni 1987; Newcombe and MacDonald 1991; Wood and Armitage 1997; Henley et al.
2000; Gray et al 2014). Deleterious effects on aquatic ecosystems are often the result of the
physical and chemical alterations that include sedimentation, reduced light attenuation, and
associated adsorbed contaminants (Thoms and Thiel 1995; Henley et al 2000; Davies-Colley
and Smith 2001; Bilotta and Brazier 2008). Increased soil erosion leading to influxes of
suspended sediment are often attributed to anthropogenic activities such as urbanization,
mining, road building, and intensive agricultural practices (Wolman and Schick 1967; Lenat
and Crawford 1994; Henley et al. 2000; Wilkinson and McElroy 2007). These activities can
result in landscape alterations permuting the natural hydrology, increasing runoff velocity,
and sediment loading (Henley et al. 2000). In fact, Wilkinson and McElroy (2007) estimated
the global anthropogenic erosion rate to be 75 Gigatons (Gt) annually, which far surpasses
the estimated 21 Gt per year of natural denudation. The United States Environmental

Protection Agency (USEPA) has concluded that nearly half of the waterways in the US are



35

significantly impaired by sediment and has designated sediment the primary pollutant of

aquatic environments (USEPA 1990).

The term turbidity is often used to describe the visual clarity of water when assessing
the ecological relevance of suspended sediment, but it also encompasses dissolved organic
matter, exogenous pollutants, plankton, and microorganisms (Kirk 1985; Davies-Colley and
Smith 2001). Turbidity can be quantified in a variety of methods, and in this study, we
measured the refraction of light through water using a turbidimeter (Kirk 1985; Lloyd 1987).
This method generates a standard metric of nephelometric turbidity units (NTUs) which is
used within many regulatory agencies to monitor suspended particles inexpensively and
expeditiously (O’Dell 1993; Standard Methods 1995; Davies-Cooley and Smith 2001). In
this laboratory study, turbidity refers only to the suspended sediment fraction of inorganic
sediments, which are the prevailing component contributing to turbidity during episodes of
excessive runoff from disturbed soils (LIoyd 1987; USEPA 2005). Understanding and
monitoring this standard measure for suspended sediment is critical for the conservation and

restoration efforts of both aquatic habitat and dependent biota.

Increased turbidity has been associated with adverse abiotic factors, such as decreased
dissolved oxygen and light penetration, and increased water temperature, which have resulted
in reduced diversity and biomass of primary producers (macrophytes, periphyton, and
phytoplankton) in aquatic systems and has resulted in a cascade of deleterious effects on
freshwater communities (Ellis 1936; Chandler 1942; Kirk 1985; Van Nieuwenhuyse and

LaPerriere 1986; Lloyd et al. 1987; Davies-Colley et al. 1992; Wood and Armitage 1997;
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Bilotta and Brazier 2008). The adverse effects of turbidity on fish have also been well
studied, from highly sensitive salmonid species to more tolerant warmwater species (Muncy
1979; Lloyd et al. 1987; Sigler et al. 1984). Research has identified a multitude of negative
impacts and responses in fish as a result of suspended sediment exposure including
avoidance, reduced hatching success, altered predator—prey interactions, damaged gill tissue,
and overt mortality (Bisson and Bilby 1982; Lake and Hinch 1999; Sweka and Hartman
2003; Sutherland and Meyer 2007; Gray et al. 2012). However, the effects of turbidity on
freshwater mussels (Unionidae), the most imperiled faunal group in North America
(Williams et al. 1993) have yet to be fully investigated, especially during early life history

stages.

Efforts to reduce suspended sediment released from construction sites to meet
regulatory requirements have advanced through the implementation of a variety of Best
Management Practices (BMPs). Many of these techniques are designed to reduce erosion by
decreasing the velocity of runoff, thereby reducing the energy potential required to erode and
suspend sediment. However, to effectively and inexpensively remove the smallest fraction of
suspended sediment < 20 um from runoff effluent, chemical flocculants such as
polyacrylamide (PAM) are used (Ward et al 1980). PAM is a commercially available water-
soluble polymer used in many different industries as a flocculating agent (Sojka et al. 2007).
PAM has been shown to effectively reduce the turbidity of runoff as much as 91% before
reaching receiving waters (Soupir et al. 2004), especially when used in conjunction with

other BMPs (McLaughlin and Bartholomew 2007; McLaughlin and McCaleb 2010; Kang et
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al. 2013a). Given the relatively high efficacy and putative low toxicity to aquatic organisms,
chemical flocculants such as anionic PAM are quickly becoming an essential chemical tool
to mitigate the well-studied impacts of increased suspended sediment to aquatic biota
(Matson et al. 1997; Wood and Armitage 1997; Sojka et al. 2007; Weston et al. 2009; Kang
et al. 2013a; Buczek 2015). However, more information is needed about the possible
chemical and physical interactions of PAM within the environment to develop a risk
assessment and determine if PAM fully mitigates the effects of suspended sediment to

freshwater organisms in a reasonably safe manner.

Although previous experimental studies have been conducted on the effects of
suspended sediment and PAM toxicity to a variety of freshwater organisms (Bisson and
Bilby 1982; Sigler et al. 1984; Beim and Beim 1993; Lake and Hinch 1999; Capper 2006;
Sutherland and Meyer 2007; Weston et al. 2009; Acharya et al. 2010; Robinson et al. 2010;
Gray et al. 2012), none has attempted to elucidate the potential toxicity of the compounds
when flocculated, especially to benthic dwelling freshwater mussels. The early life stages
(glochidia and juveniles) of freshwater mussels have shown to be disproportionally sensitive
to certain environmental contaminants and to other anthropogenic stressors that impact
aquatic habitat, facilitating precipitous declines in their diversity and abundance (Keller and
Zam 1991; Williams et al. 1993, Williams and Neves 1995; Richter et al. 1997; Augspurger
et al 2003; Mummert et al. 2003; Strayer et. al 2004; Cope et al. 2008; Archambault et al.
2014). Thus, utilizing the sensitivity and exposure-response data from freshwater mussel

toxicity tests to derive water quality criteria or environmentally acceptable levels may also be
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protective of other aquatic organisms. For these reasons, freshwater mussels have been used
extensively over the past two decades as bioindicators of water quality (Gagné 2002;
Gundacker 2000; Labieniec and Gabryelak 2007), and there is growing interest in
physiological, chemical, and molecular biomarkers to quantify sublethal responses to

environmental toxicants (Gillis et al. 2014; Machado et al. 2014; Ridgway et al. 2014).

Oxidative stress is widely used as a biomarker in aquatic organisms for detection of
the molecular response to environmental pollutants (Valavanidis et al. 2006; Lushchak
2011). Oxidative stress is the result of an imbalance of the steady-state Reactive Oxygen
Species (ROS) concentration and an organism’s antioxidant defense system. When ROS
generation exceeds steady-state, oxidative damage can occur to DNA, proteins, and lipids
(Lushchak 2011). This damage can manifest in tissue damage, inflammation, disease, and
aging (Goto et al. 1999; Sohal 2002). Indicators of general health and metabolism, such as
adenosine triphosphate (ATP) and protein concentrations are also useful in the identification

of induced biochemical processes and stress.

The aim of this study was to determine the relative sensitivity of juvenile freshwater
mussels to a range of sediment and PAM-treated sediment using survival and sublethal
endpoints of protein oxidation, ATP production, and protein concentration as measures of
toxicity. The intent of this research is to inform the practice of applying PAM in surface

waters and aquatic ecosystems to understand and minimize the impact of freshwater mussels.
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Materials and Methods

Test sediment

Sediment was obtained from the Sediment and Erosion Control Research and
Education Facility (SECREF) at North Carolina State University (Raleigh, North Carolina,
USA). The sediment originated from an active North Carolina piedmont road construction
site and has been characterized and used in several previous research projects. A working
stock sediment was prepared by passing the dried soil through a No. 10 standard testing sieve
(VWR Scientific, Radnor, Pennsylvania, USA) and soil <2 mm was baked at 120°C for > 24
h in a Fisher Scientific 600 series Isotemp standard oven to eliminate any indigenous
organisms. To ensure the stock sediment sample would remain suspended under minimal
agitation during laboratory exposures, dry sediment was eluted in ASTM hard water (ASTM
2006a) and processed through a sequential series of mixing, settling, and decanting steps
achieving a mean particle size of 12.0 um with a standard deviation of 12.0 um. The final
supernatant was stored refrigerated for toxicity tests and particle size analysis, performed
using a Beckman Coulter LS particle size analyzer (Pasadena, California, USA) by the
Department of Marine, Earth, and Atmospheric Sciences (MEAS) at North Carolina State
University (Raleigh, North Carolina, USA) according to MEAS standard methods.

To ensure that the test sediment was relatively uncontaminated and that any observed
effects were not attributable to the presence of potential toxicants, samples of sediment were
analyzed for a suite of 22 metal and 146 organic compounds, including polycyclic aromatic

hydrocarbons, polychlorinated biphenyls, legacy organochlorine pesticides and current use
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pesticides. The metal analysis was performed at RTI International (Research Triangle Park,
North Carolina, USA) using a Thermo iCAP6500 ICP-OES (inductively coupled plasma
optical emission spectrometer) following USEPA Method 200.7 and USEPA Method 3050B
and their approved protocols. Triplicate readings of each sample were taken the average of
the three readings was reported as the final concentration. A rigorous quality assurance
protocol was followed for the metals analyses that included reagent blanks, reagent blank
spikes, duplicates, matrix spikes, and surrogate internal standards. Average recovery in
surrogate standards was 95% (range 76 — 113%), relative percent difference (RPD) of
duplicates averaged 10% (range 0 — 20%), recovery of matrix spikes averaged 81% (range 29
—105%), and reagent blanks were uncontaminated. None of the measured metals was of
toxicological concern to mussels or other aquatic life (USEPA 2009).

Organic contaminants in test sediment were analyzed in the Analytical Toxicology
Laboratory at North Carolina State University, Raleigh, North Carolina, USA, with gas
chromatography-mass spectrometry following standard approved procedures. A rigorous
quality assurance protocol was followed for organics analyses and included procedural
blanks, and surrogate internal standards. Quality assurance controls were all within
acceptable levels and the surrogate recoveries for organic analysis were all between 67 and
97%. None of the measured organics were of toxicological concern to mussels or other

aquatic life (USEPA 2009).
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Experimental design and conditions

Three different exposure conditions were tested to assess the effects of turbidity (i.e.,
suspended sediment), PAM-flocculated settled sediment, and non-flocculated settled
sediment. Target treatment concentrations of turbidity during the experiment were 0, 50,
250, 1250, and 3500 NTU. There were three replicates per treatment with 7 juvenile mussels
in each replicate including the control. Water chemistry analysis was performed at the 96 h
time point, and the sediment was retained for particle size and total suspended solids
analysis. These three test conditions represented the three main possible scenarios of
sediment exposure for mussels in the environment. Following total suspended solids (TSS)
determination protocols outlined by Clesceri et al. (1998), each treatment replicate was
vacuum filtered to a pre-weighed 1.5 um Whatman filter paper, baked at 120°C until
completely dry, and weighed (Figure 1). Surviving juvenile mussels at the end of the test
were placed in 1.5 mL microcentrifuge tubes and submerged in midRIPA lysis buffer (25
mM Tris (pH 7.4), 1% NP-40, 0.5% sodium deoxycholate, 15 mM NaCl) then stored in an
ultracold (-80 °C) freezer.
Suspended sediment exposure

To maintain a constant exposure turbidity, the stock sediment turbidity was calculated
and added accordingly to achieve the target NTU in each treatment. Turbidity was measured
daily using a turbidimeter (Analite NEP260, Observator Instruments, formerly, McVan
Instruments, Scoresby, Australia) and adjustments were made to return the treatment

turbidity to the desired target. Suspended sediment treatments were maintained through the
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use of a Lab Companion® Multiposition magnetic stirrer (Billerica, Massachusetts, USA)

and a 3.8 cm stir bar rotated at 70 rpm to provide the minimal agitation needed to maintain a
suspension. Mussels were held in open top cylindrical cages constructed of 1 mm Nitex®

mesh (dimensions: H: 11.5 mm, D: 39.0 mm) held together with 0.4 mm stainless steel wire.
All cages were uniformly held ~3 cm from the bottom of the 400 mL glass test beaker using
3 stainless steel wire support arms affixed over the lip of the beaker. The mean (range by %
in parenthesis) measured turbidity during the 96 h exposure for each treatment was 56 NTU

(15-226%), 236 NTU (50-159%), 1120 NTU (68-119%), and 3562 NTU (95-110%).

Settled sediment exposure

Similar to the suspended sediment exposure, stock sediment was added to reach the
equivalent target treatment turbidity of 50, 250, 1250, and 3500 NTU using a Lab
Companion® Multiposition magnetic stirrer (Billerica, Massachusetts, USA) and a 3.8 cm
stir bar rotated at 70 rpm to provide the minimal agitation needed to maintain a suspension
and quantified using a turbidimeter (Analite NEP260, Observator instruments, formerly,
McVan Instruments, Scoresby, Australia). However, mussels were added directly to the 400

mL beaker after the stir bar was removed and sediment was allowed to settle.

Flocculated sediment exposure

Stock sediment was added as described for the previous exposures to reach the
equivalent target treatment turbidity of 50, 250, 1250, and 3500 NTU using a Lab
Companion® Multiposition magnetic stirrer (Billerica, Massachusetts, USA) and a 3.8 cm

stir bar at rotated 70 rpm to provide the minimal agitation needed to maintain a suspension
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and quantified using a turbidimeter (Analite NEP260, Observator instruments, formerly,
McVan Instruments, Scoresby, Australia). However, after the stir bar was removed anionic
polyacrylamide FLOPAM AN 923 was added to all replicates for a final PAM concentration
of 5 mg/L. Mussels were then added directly to the 400 mL beaker, and flocculated sediment
was allowed to settle. Directly prior to the 96 h assessment, a 10 mL sample of water was
removed from each replicate and analyzed using the turbidimetric reagent, benzethonium
chloride (Hyamine 1622, Acros Organics, Geel, Antwerp, Belgium) and methods described
by Kang et al. (2013b) to detect unbound or residual PAM concentrations. A standard curve
was developed for the reactivity of PAM and benzethonium chloride using a stock solution of
1 g/L and turbidity readings for a serial dilution of PAM (0, 0.5, 1, 5, 10, 25, 50 mg/L). The
PAM treated sediment treatment concentrations were then compared to the standard curve

values to determine the residual exposure concentration.

Test chemicals

FLOPAM AN 923 is a granular anionic polyacrylamide compound obtained from
SNF Holding Company (Riceboro, Georgia, USA) and chosen for this experiment due to the
relatively high degree of toxicity to freshwater mussels relative to other previously tested
PAM compounds (Buczek 2015). A homogeneous stock solution of PAM (1 g/L) was
prepared by slowly adding (approximately 1 g/min) PAM granules to ASTM hard water and
mixing on a stir plate for 24 h at room temperature. The stock solution was used

immediately following mixing and never stored for later use.
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Test organisms

All sediment toxicity tests were performed with juvenile Lampsilis siliquoidea
provided by the mussel culture laboratory at Missouri State University (Springfield,
Missouri, USA). L. siliquoidea juveniles were propagated by infecting host-fish
(Micropterus salmoides) with glochidia using standard propagation and culture methods
(Barnhart 2006). L. siliquoidea are a common Interior Basin species widely-distributed and
stable in the Mississippi and Gulf drainages (NatureServe 2015) of the US and have been
used extensively in toxicological testing. Juvenile L. siliquoidea used for these experiments
were approximately 17 months old, with an average (+ SD) shell length of 5.34 + 0.80 mm.
Mussel assessment

Upon arrival at the laboratory, juvenile mussels were acclimated to the reconstituted
hard water (ASTM 2006a) and the test temperature of 20 °C by placement into a 50:50
mixture of culture and reconstituted water for 2 h, allowing for a 2 °C/h maximum rate of
change, followed by a 25:75 mixture for an additional 2 h, and then 100% reconstituted water
for 72 h prior to test initiation. Survival was assessed at 96 h by observing for foot
movement outside or inside the shell or a heartbeat within a 5-min period. Test acceptability
was specified to be > 80% survival in the control treatment at 96 h (ASTM 2006b); control
survival in our tests averaged 100% at 96 h. All tests were conducted in light and
temperature controlled incubators (Precision Model 818 Thermo Fisher, Marietta, Ohio,

USA) and held at 20 °C and light:dark cycle of 16:8.
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Water chemistry

Water chemistry analysis was performed at the 96 h time point for all toxicity tests.
Mean (range in parentheses) water quality conditions during the experiments were as
follows: 106.0 mg CaCOa/L alkalinity, 150 mg CaCOs/L hardness, 547.1 uS/cm conductivity
(524-562), 8.21 pH (7.82-8.47), and 8.3 mg/L dissolved oxygen (7.52-8.79); n=6 for
alkalinity and hardness, n=18 for all other variables. Alkalinity and hardness were measured
by titration following standard methods (APHA 1995) and all other water quality parameters
were measured using a calibrated multi-probe system (YSI model 556 MPS, Yellow Springs
Instruments, Yellow Springs, Ohio, USA).
Protein concentration/ATP

Whole mussels were homogenized in midRIPA lysis buffer (25 mM Tris (pH 7.4),
1% NP-40, 0.5% sodium deoxycholate, 15 mM NaCl) using a pestle inside a 1.5 mL
microcentrifuge tube. We measured protein concentration which has been previously used
by Gillis et al. (2014) as an indicator of general health and to determine if subcellular stress
corresponded to greater tissue level effects. Protein concentration was measured on a Bio-
Rad SmartSpec3000 spectrophotometer following manufacturer protocol for protein assay kit
(Bio-Rad, Life Science Research, Hercules, California, USA). Sample dilutions were made
to uniform protein concentrations before analyzing for ATP concentrations by ATP
dependent luciferin oxidation reactions. ATP production was quantified by Enliten ATP
assay system for bioluminescence detection kit and GLOMAX 20/20 Luminometer (Promega

Corporation, Madison, Wisconsin, USA).
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Oxidative stress-protein oxidation

Protein carbonyls can be used to determine protein oxidation and oxidative stress.
Formed as a result of oxidative damage, protein carbonyls can be quantified by a series of
derivatizing reactions following manufacturer Enzyme-Linked Immunosorbent Assay
(ELISA) protocols (ENZO life sciences, Farmingdale, New York, USA). The sample was
first reacted with dinitrophenylhydrazine (DNP) causing proteins to adsorb to the assay plate.
The adhered proteins were then reacted with anti-DNP-biotin-antibody, streptavidin-linked
horseradish peroxidase and chromatin. After the addition of an acid to stop the reactions, the
absorbency was read at 450 nm using a plate reader (Multiscan FC, Thermo Scientific,
Waltham, Massachusetts, USA). Each replicate sample was analyzed in duplicate, and

samples were quantified by comparison with oxidized standards.

Statistical analysis

Treatment concentrations (50, 250, 1250, 3500 NTU) and all three test conditions
(settled sediment, suspended sediment, PAM-flocculated sediment) were analyzed by two-
way analysis of variance (ANOVA) using SAS (SAS Institute, Cary, North Carolina, USA)
to elucidate significance of each parameter as well as any possible parameter interaction.
Significant parameters were further analyzed by Tukey’s HSD post-hoc analysis to assess
significance between test concentrations.
Results

Juvenile mussels that were exposed to the three sediment test conditions (settled

sediment, suspended sediment, and PAM-flocculated sediment) for 96 h had 100% survival
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in all treatments. For the sublethal endpoints, analysis of protein concentration indicated no
significant difference for mussels exposed to the range of treatment turbidity. However,
when we analyzed protein concentration using Tukey’s HSD by test condition, we found that
at lower turbidity concentrations [control (p=0.018), 50 NTU (p=0.0004), and 250 NTU
(p=0.006)], mussels in the settled sediment and PAM-flocculated sediment conditions had
statistically higher protein concentrations than those in the suspended sediment conditions
(Figure 2). When turbidities reached 1250 (Tukey’s HSD p=0.007) and 3500 (Tukey’s HSD
p=0.018) NTU, mussels in the settled sediment had a statistically greater mean protein
concentration followed by those in the PAM-flocculated sediment and the suspended

sediment.

When analyzing the treatment effect in the production of ATP, there were three
significantly different treatments within the settled sediment condition (ANOVA p=0.003).
The control and lowest turbidity treatment (50 NTU) had a greater concentration of ATP,
followed by 250 NTU, and finally the lowest ATP concentrations were found in the 1250 and
3500 NTU treatments. There were no statistical differences in ATP concentration for
juvenile mussels exposed to suspended sediment treatments (ANOVA p=0.191). In contrast,
the PAM-flocculated sediment condition again indicated the presence of three significant
treatment groups (ANOVA p=0.002). The control was significantly greater than the 50, 250,
and 3500 NTU treatments and the lowest ATP concentration for the PAM-flocculated
condition was at 1250 NTU (Figure 3). When analyzing condition effects using Tukey’s

HSD, the suspended sediment condition had statistically lower ATP concentrations for all
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turbidity treatments but 1250 NTU [control (p=0.001), 50 NTU (p=0.002), 250 NTU
(p=0.01), 3500 NTU (p=0.001)], where there was no significant difference between test

conditions (p=0.219, Figure 3).

Protein oxidation treatment effects in the production of protein carbonyls resulted in
no significant differences within the settled sediment and PAM-flocculated sediment
conditions. However, within the suspended sediment condition, we observed four groups
(ANOVA p=0.001) of treatment effects where the absence of turbidity (control) produced the
greatest concentration of protein carbonyls followed by the highest turbidity 3500 NTU. The
treatment group that had the least amount of measurable oxidative stress was 250 NTU
(Figure 4). Comparing test conditions across treatments for the concentration of protein
carbonyls indicated no significant difference among controls and 1250 NTU (Tukey’s HSD
p=0.938, 0.144, respectively). There were, however, significant differences at all other

treatments 50, 250, and 3500 NTU (Tukey’s HSD p=0.014, 0.010, and 0.001, respectively).

PAM verification by hyamine assay & particle size distribution

The residual PAM exposure concentration (i.e., PAM not bound with flocculated
sediment) in the toxicity tests was verified by comparing the generated standard curve to the
PAM treated sediment treatment concentrations (Kang et al. 2013b). Residual PAM values
showed a significant reduction (< 0.05) in concentration as TSS increased, ranging from 65%
of the initial concentration in the lowest turbidity (50 NTU) to 56% of the highest turbidity

(3500 NTU).
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Particle size distribution results indicate that aggregations created as a result of PAM
flocculation were on average 42% larger than the particles in the suspended sediment
condition and 57% larger than those in the non-flocculated settled sediment condition,

illustrating the effect of flocculation by PAM (Figure 5).

Discussion

The results of this study illustrate the well adapted behavior and physiology of
juvenile L. siliquoidea to influxes in sediment (settled, suspended, and flocculated) during an
acute (96 h) exposure. No mortality occurred in any of the three exposure conditions (settled
sediment, suspended sediment, and PAM-flocculated sediment) tested over a range of
turbidity treatments (50, 250, 1250, and 3500 NTU). There was little evidence for turbidity
treatment related effects, but rather we observed a much greater difference when comparing

the three experimental conditions.

The sublethal effects that we observed during the acute (96 h) suspended sediment
exposures to juvenile L. siliquoidea resulted in significant decreases in protein concentration
when compared to the settled sediment and PAM-flocculated sediment test conditions. This
difference was maintained when control groups were also compared, indicating that the
difference reflected test conditions. One possible explanation for the observed decrease in
protein concentration may be due to the condition design, as mussels in the suspended
sediment treatments were subjected to a circular flow pattern created to maintain a
homogenous suspension of sediment. This increased flow may have initially elicited an

energy expensive elevation in clearance rate (Ackerman 1999; Riisgard and Larsen 2000) of
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nutrient poor inorganic sediment, contributing to possible injury and a greater energy deficit
inducing shell closure and anaerobic metabolism (Ortmann and Grieshaber 2003), which has
been shown to further reduce the conversion of glucose to proteins (De Zwaan and Wijsman
1976). Similarly, results from a study of environmental contaminant exposure to freshwater
mussels found that protein concentration of exposed Lasmigona costata was significantly
reduced with proximity to contamination (Gillis et al. 2014). Gillis et al. (2014) proposed
that this reduction could be the result of altered resource partitioning as a strategy for
survival. The primary mechanism for mussels to reduce subcellular energy demands is to
convert to anaerobic metabolism, which could also explain the lack of significance along the

turbidity gradient by excluding outside influence (De Zwaan and Wijsman 1976).

We found a significant decreasing trend in adenosine triphosphate (ATP), used as
energy currency by cells and generated during aerobic respiration in both the settled sediment
and PAM-flocculated sediment conditions across the turbidity treatment gradient. This
suggests that these juvenile mussels lack the carbohydrate, lipid, and protein stores required
to sustain normal functions and processes under these conditions. Again, we saw no
significant treatment difference in turbidity for the suspended sediment exposure, possibly
indicating shell closure avoidance behavior and physiochemical alterations to compensate for
internal oxygen availability (McMahon 1988). According to Conners (2004), the shift from
aerobic to anaerobic metabolism reduces energy production by nearly 90%, explaining the

significantly reduced ATP concentrations in the suspended sediment condition. A reduction
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in ATP may also result in an inability of an organism to support regular cell process,

including ion regulation (O'Donnell et al. 1996).

Oxidative stress has become widely recognized as a mechanism of many disease
processes, and protein oxidation is an important biomarker indicating oxidative damage by
reactive oxygen species (Dalle-Donne et al. 2003). In fact, Gillis et al. (2014) found that
elevated levels of oxidative stress resulted in tissue damage that affected gill function. To
quantify protein oxidation, we identified the production of protein carbonyls in homogenized
whole body tissue samples of juvenile L. siliquoidea. Results of this analysis revealed no
significant treatment difference for the settled sediment and PAM-flocculated sediment
conditions and a decreasing trend in protein oxidation for mussels exposed to the suspended
sediment condition to a low of 1.69 nmol/mg at the 250 NTU treatment level before again
increasing with increased turbidity. Interestingly, mussels in the suspended sediment
condition that had previously demonstrated negative impacts to both protein concentration
and ATP production appeared to show significantly less oxidative stress compared to their
counterparts in the settled sediment and PAM-flocculated sediment conditions. Lending
more evidence to the conjecture that poor nutrition and increased flow elicited a protective
shell closure avoidance response of the mussels that minimized damage and energy demand
by sequestering them from unfavorable external conditions. However, anaerobic respiration
is not feasible for prolonged periods, as it too leads to the accumulation of deleterious end

products (De Zwaan and Wijsman1976; McMahon 1988).
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Bilotta et al. (2012) highlighted the ecological importance of understanding the
natural suspended sediment regime and not just the amount of suspended sediment entering
the system. Measuring the rate of erosion, as well as the influx and duration of sediment is
essential to understanding the impacts to the system. These findings are in alignment with
the literature review by Strayer et al. (2004) who found that erosion due to habitat alteration
is among the most cited causes for mussel declines. Turbidity has been implicated in
deleterious effects on all life history stages of freshwater mussels, from reduced glochidia
attachment to host fish and transformation success into juveniles (Beussink 2007), juvenile
recruitment failure (Osterling et al. 2010), to reductions in adult filtration clearance rate, with
consequences of growth retardation and mortality due to starvation (Aldridge et al. 1987).
Given these findings and the ubiquitous nature of turbidity and its stochastic temporal

pattern, practices to limit its influx to aquatic systems are critical.

According to Weston et al. (2009), anionic PAM is recognized as being safe for
applications that may discharge to aquatic systems, and PAM has been shown to effectively
reduce the turbidity of runoff before reaching receiving waters (Soupir et al. 2004;
McLaughlin and Bartholomew 2007; McLaughlin and McCaleb 2010; Kang et al. 2013a).
However, the toxicity of anionic PAM in the presence of suspended sediment is completely
unknown. PAM binds with suspended sediment through electrostatic forces (Young et al.
2007) which alters the particle size and geometry, causing potential damage to the gill tissues
of mussels (Cheung and Shin 2005). One of the primary objectives of this research was to

evaluate the effects of PAM-flocculated sediment to freshwater mussels by applying a 5
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mg/mL concentration of anionic PAM (AN 923) to a range of turbidity treatments.
Comparing the biomarker endpoints of our three experimental conditions indicated a
protective quality of PAM-flocculated sediment from anaerobic respiration during exposure
to high levels of turbidity (1250 and 3500 NTU) and the same is true when comparing the

ATP and oxidative stress endpoints of PAM-flocculated sediment and settled sediment.

These findings provide valuable information with direct implications for the
conservation of freshwater mussels. Combined with our previous research on the toxicity of
anionic PAM that found a median lethal concentration (LC50) with a 24- to 126-fold margin
of safety to freshwater mussels (Buczek 2015), anionic PAM appears to effectively mitigate
the negative effects of acute turbidity exposure. This research provides natural resource
managers and decision makers with much needed information for future application of PAM
for turbidity control. However, testing with additional mussel species and life stages may
more clearly elucidate any adverse concentration-response impacts along a turbidity gradient,

as turbidity tolerance appears to be species specific (Aldridge et al. 1987).
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Figure 1. Linear relationship between total suspended solids (TSS) and target turbidity
concentrations (NTU) for the three experimental conditions.
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Figure 2. Mean (x SE) protein concentration (mg/mL) in whole homogenized juvenile
mussels. Capital letters indicate significance (a = 0.05) between test conditions (settled
sediment, suspended sediment, PAM-flocculated sediment) and lower case letters indicate
significance between turbidity treatments.
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Figure 3. Mean (= SE) adenosine triphosphate concentration in whole homogenized mussels
exposed (96 h) to a range of turbidity and experimental conditions. Capital letters indicate
significance (a = 0.05) between test conditions and lower case indicates significance between
treatment levels.
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Figure 4. Mean (x SE) oxidized protein quantified by detection of protein carbonyls within
whole body tissues of juvenile mussels. Capital letters indicate significance (o = 0.05)
between test conditions and lower case indicates significance between treatment levels.
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Figure 5. Sediment particle size distribution by experimental condition. Collected and
analyzed following the 96 h exposures.
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