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ABSTRACT: Turbidity is a ubiquitous pollutant adversely affecting water quality and aquatic life in waterways
globally. Anionic polyacrylamide (PAM) is widely used as an effective chemical flocculent to reduce suspended
sediment (SS) and turbidity. However, no information exists on the toxicity of PAM-flocculated sediments to
imperiled, but ecologically important, freshwater mussels (Unionidae). Thus, we conducted acute (96 h) and
chronic (24 day) laboratory tests with juvenile fatmucket (Lampsilis siliquoidea) and three exposure conditions
(nonflocculated settled sediment, SS, and PAM-flocculated settled sediment) over a range of turbidity levels (50,
250, 1,250, and 3,500 nephelometric turbidity units). Survival and sublethal endpoints of protein oxidation, ade-
nosine triphosphate (ATP) production, and protein concentration were used as measures of toxicity. We found
no effect of turbidity levels or exposure condition on mussel survival in acute or chronic tests. However, we
found significant reductions in protein concentration, ATP production, and oxidized proteins in mussels acutely
exposed to the SS condition, which required water movement to maintain sediment in suspension, indicating
responses that are symptoms of physiological stress. Our results suggest anionic PAM applied to reduce SS may
minimize adverse effects of short-term turbidity exposure on juvenile freshwater mussels without eliciting addi-
tional lethal or sublethal toxicity.

(KEY TERMS: turbidity; invertebrates; toxicology; erosion; best management practices (BMPs); environmental
impacts.)
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INTRODUCTION

The negative effects of erosion and suspended sedi-
ment (SS) on aquatic habitat and freshwater fauna
have been well described (Ellis and Calvin 1936; Cor-
done and Kelley 1961; Berkman and Rabeni 1987;
Newcombe and MacDonald 1991; Wood and Armitage
1997; Henley et al. 2000; Gray et al. 2012).

Deleterious effects on aquatic ecosystems are often
the result of physical and chemical alterations that
include sedimentation, light attenuation, and associ-
ated adsorbed contaminants (Thoms and Thiel 1995;
Henley et al. 2000; Davies-Colley and Smith 2001;
Bilotta and Brazier 2008). Urbanization, mining, road
construction, and intensive agricultural practices can
all lead to increased erosion and influxes of sediment
to surface waters (Wolman and Schick 1967; Lenat
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and Crawford 1994; Henley et al. 2000; Wilkinson
and McElroy 2007). These activities can result in
landscape alterations permuting the natural hydrol-
ogy, and 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 annually, which far
surpasses the estimated 21 Gigatons per year from
natural erosional processes. The United States (U.S.)
Environmental Protection Agency stated that silta-
tion is the leading cause of impairment in rivers and
streams, affecting nearly half of the impaired river
miles (USEPA 1994).

The term turbidity is often used to describe the
visual clarity of water when assessing the ecological
relevance of SS, but it also encompasses dissolved
organic matter, exogenous pollutants, plankton, and
microorganisms (Kirk 1985; Davies-Colley and Smith
2001). Turbidity can be quantified with a variety of
methods, one of which measures light refraction
through water using a turbidimeter (Kirk 1985; Lloyd
1987). This method generates a standard metric of
nephelometric turbidity units (NTUs) that is used by
many regulatory agencies to monitor suspended par-
ticles (O’Dell 1993; Standard Methods 1995; Davies-
Colley and Smith 2001). In this laboratory study, tur-
bidity refers only to the SS fraction of inorganic sedi-
ments, which is the prevailing component
contributing to turbidity during episodes of excessive
runoff from disturbed soils (Lloyd 1987; USEPA
2005). Understanding and monitoring this standard
measure for SS is critical for conservation and
restoration efforts of both aquatic habitat and depen-
dent biota.

Increased turbidity has been associated with
adverse abiotic factors, such as decreased dissolved
oxygen, decreased light penetration, and increased
water temperature. These changes have resulted in
reduced diversity and biomass of primary producers
(macrophytes, periphyton, and phytoplankton) in
aquatic systems causing a cascade of deleterious
effects on freshwater communities (Ellis and Calvin
1936; Chandler 1942; Kirk 1985; Van Nieuwenhuyse
and LaPerriere 1986; Lloyd et al. 1987; Davies-Colley
et al. 1992; Wood and Armitage 1997; Bilotta and
Brazier 2008). The adverse effects of turbidity on fish,
from highly sensitive salmonid species to more toler-
ant warmwater species, have also been well studied
(Muncy 1979; Sigler et al. 1984; Lloyd et al. 1987).
Research has identified a multitude of negative
impacts and responses in fish as a result of SS expo-
sure including avoidance, reduced hatching success,
altered predator–prey interactions, damaged gill tis-
sue, and direct 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 native freshwater
mussels (family Unionidae), the most imperiled fau-
nal group in North America (Williams et al. 1993),
have yet to be fully investigated, especially during
early life stages.

Efforts to reduce SS released from construction
sites to meet regulatory requirements have advanced
through the implementation of a variety of best man-
agement practices (BMPs). Many of these techniques
are designed to reduce erosion by decreasing the
velocity of runoff, thereby reducing the energy poten-
tial required to erode and suspend sediment. How-
ever, to remove the smallest fraction of SS < 20 lm
from runoff effluent, chemical flocculants such as
polyacrylamide (PAM) are used (Ward et al. 1980).
PAM is a commercially available water-soluble poly-
mer used in many different industries as a flocculat-
ing agent (Sojka et al. 2007). PAM has been shown to
reduce the turbidity of runoff by 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, McCaleb, et al. 2013).
Given the relatively high efficacy and putative low
toxicity to aquatic organisms, chemical flocculants
such as anionic PAM are quickly becoming an essen-
tial chemical tool to mitigate the well-studied
impacts of increased SS on aquatic biota (Matson
et al. 1997; Wood and Armitage 1997; Sojka et al.
2007; Weston et al. 2009; Kang, McCaleb, et al.
2013; Buczek et al. 2017). However, more informa-
tion is needed about possible chemical and physical
interactions of PAM within the environment to
understand its risks and to determine its efficacy for
mitigating the effects of SS on freshwater organisms
in a safe manner.

Although previous studies have been conducted on
the effects of SS and PAM toxicity in a variety of
freshwater organisms (Bisson and Bilby 1982; Sigler
et al. 1984; Beim and Beim 1994; 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 fresh-
water mussels. Early life stages (glochidia and juve-
niles) of freshwater mussels are 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; Wil-
liams 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; Archam-
bault et al. 2014). Thus, utilizing the sensitivity and
exposure-response data from freshwater mussel
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toxicity tests to derive water quality criteria or envi-
ronmentally acceptable levels may also be protective
of other aquatic organisms. For these reasons, fresh-
water mussels have been used extensively over the
past two decades as bioindicators of water quality
(Gundacker 2000; Gagn�e et al. 2002; Labieniec and
Gabryelak 2007), and there is a growing interest in
physiological, chemical, and molecular biomarkers to
quantify sublethal responses of mussels to environ-
mental toxicants (Gillis et al. 2014; Machado et al.
2014; Ridgway et al. 2014).

Oxidative stress is one such biomarker, widely used
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 oxy-
gen species (ROS) concentration and an organism’s
antioxidant defense system. When ROS generation
exceeds steady state, oxidative damage can occur to
macromolecules such as DNA, proteins, and lipids
(Lushchak 2011). This damage can manifest as tissue
damage, inflammation, disease, and aging (Goto et al.
1999; Sohal 2002). Protein carbonyls are formed as a
result of oxidative stress and have been used as a
measure of resulting damage (K€onig et al. 2017). Indi-
cators of general health and metabolism, such as ade-
nosine triphosphate (ATP) and protein concentrations
are also useful in the identification of induced bio-
chemical processes and stress. ATP is produced intra-
cellularly during aerobic respiration and used as
energy currency to perform essential cellular func-
tions. Reductions in ATP concentration can be indica-
tive of cellular stress and result in energy partitioning
(Ganser et al. 2015).

The specific objective of this study was to deter-
mine the relative sensitivity of juvenile freshwater
mussels to a range of sediment and PAM-treated sed-
iment exposure conditions using survival and the
sublethal endpoints of protein oxidation, ATP produc-
tion, and protein concentration as measures of toxic-
ity. The overall goal of this research was to assess
the practice of applying PAM to aquatic ecosystems
in relation to potential impacts on freshwater
mussels.

MATERIALS AND METHODS

Experimental Design and Conditions

Two separate tests were conducted to evaluate the
acute (96 h) and chronic (24 day) responses to three
different sediment exposure conditions: SS, PAM-floc-
culated settled sediment (PFS), and nonflocculated

settled sediment (NFS). Identical design and proto-
cols were followed during both the acute and chronic
tests. All tests were conducted in 400 mL glass bea-
kers with target turbidity treatment concentrations
of 0, 50, 250, 1,250, and 3,500 NTU during the exper-
iment. There were three replicates per treatment
with 15 juvenile mussels in each replicate, including
the control (0 NTU). The control group was used to
evaluate response of mussels in the absence of depen-
dent variables. Given the published literature on
feeding efficiency and food capture in the presence of
SS (Gatenby et al. 1996; Madon et al. 1998; Naimo
et al. 2000), no additional nutrition was provided dur-
ing any of the exposures, eliminating feeding as
another possible confounding factor. We instead
focused on any physiological damage that may result
from sediment exposures. Water chemistry analysis
was performed at every 96 h time point, and the sedi-
ment was retained for particle size and total sus-
pended solids analysis at the conclusion of each test.
These three exposure conditions represented the
three main possible scenarios of sediment exposure
for freshwater mussels in the environment. Following
total suspended solids determination protocols out-
lined by Clesceri et al. (1998), each treatment repli-
cate was vacuum filtered through a preweighed
1.5 lm Whatman glass fiber filter, baked at 120°C
until completely dry, and weighed. Surviving juvenile
mussels at the end of the tests were placed into
1.5 mL microcentrifuge tubes and submerged in mid-
RIPA lysis buffer (25 mM Tris [pH 7.4], 1% NP-40,
0.5% sodium deoxycholate, 15 mM NaCl) and then
stored in an ultracold (�80°C) freezer. For compar-
ison, three representative baseline samples of
L. siliquoidea were stored in an identical fashion and
placed in an ultracold (�80°C) freezer directly upon
arrival for later biomarker analysis. These baseline
samples provided a pretest reference for biomarker
values.

Test Sediment

Sediment was obtained from the Sediment and
Erosion Control Research and Education Facility at
North Carolina State University (Raleigh, North
Carolina). The sediment originated from a nearby
road construction site and had been previously char-
acterized and used in several research projects; sedi-
ment characteristics were as follows: 42.5% sand,
17.2% silt, and 40.3% clay with a United States
Department of Agriculture classification of clay. A
working stock sediment was prepared by first pass-
ing dried soil through a no. 10 standard testing
sieve (VWR Scientific, Radnor, Pennsylvania), and
the resulting soil ≤ 2 mm was baked at 120°C for
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>24 h in a Fisher Scientific 600 series Isotemp stan-
dard oven (Marietta, Ohio) to eliminate any indige-
nous organisms. To ensure the stock sediment
sample would remain suspended under minimal agi-
tation during laboratory exposures, dry sediment
was eluted in American Society for Testing and
Materials (ASTM) hard water (ASTM 2006a) and
processed through a sequential series of mixing, set-
tling, and decanting steps. The final supernatant
particle size distribution was 12.2 lm (standard
deviation [�SD]: 11.8 lm) as determined by a Beck-
man Coulter LS particle size analyzer (Pasadena,
California) by the Department of Marine, Earth, and
Atmospheric Sciences at North Carolina State
University according to their standard methods.

To ensure that the test sediment was relatively
uncontaminated and that any observed effects were
not attributable to the presence of any potential toxi-
cants, 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 cur-
rent use pesticides. The metal analysis was per-
formed at RTI International (Research Triangle Park,
North Carolina) using a Thermo iCAP6500 ICP-OES
(inductively coupled plasma optical emission spec-
trometer) following U.S. Environmental Protection
Agency Method 200.7 and U.S. Environmental Pro-
tection Agency Method 3050B and their approved
protocols. Triplicate readings of each sample were
taken, and the average of the three readings was
reported as the final concentration. A rigorous quality
assurance protocol was followed for the metal analy-
ses that included reagent blanks, reagent blank
spikes, duplicates, matrix spikes, and surrogate inter-
nal standards. Average recovery in surrogate stan-
dards was 95% (range = 76%–113%), relative percent
difference of duplicates averaged 10% (range = 0%–
20%), recovery of matrix spikes averaged 81%
(range = 29%–105%), and reagent blanks were uncon-
taminated. None of the measured metals present
were at concentrations of toxicological concern to
mussels or other aquatic life (USEPA 2009).

Organic contaminants in test sediment were ana-
lyzed in the Analytical Toxicology Laboratory at
North Carolina State University, with gas chromatog-
raphy-mass spectrometry following standard
approved procedures. A rigorous quality assurance
protocol was followed up for organic 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 present at con-
centrations of toxicological concern to mussels or
other aquatic life (USEPA 2009).

SS Exposure Condition

In an effort to maintain a constant exposure tur-
bidity, the processed and highly concentrated sedi-
ment stock was added to each test beaker to achieve
the target turbidity level. Turbidity was measured
daily using a turbidimeter (Analite NEP260; Observa-
tor Instruments, formerly, McVan Instruments, Scor-
esby, Victoria, Australia) and concentrated stock was
added as needed to maintain the treatment turbidity
at the desired treatment target. SS treatments were
maintained through the use of a Lab Companion�

Multiposition magnetic stirrer (Billerica, Mas-
sachusetts) 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 cylindri-
cal cages constructed of 1 mm Nitex� mesh (Buffalo,
New York [dimensions: H: 11.5 mm; D: 39.0 mm])
bound together with a 0.4 mm stainless steel wire. All
cages were suspended ~3 cm from the bottom of the
400 mL glass test beaker using three stainless steel
wire support arms affixed over the lip of the beaker.
The mean (range in parentheses) measured turbidity
during the 96-h assessment time points for each treat-
ment was 56 NTU (7–113), 236 NTU (125–398), 1,120
NTU (850–1,488), and 3,562 NTU (3,325–3,850).

NFS Exposure Condition

Similar to the SS exposure condition, stock sedi-
ment was added to reach the equivalent target treat-
ment turbidity of 50, 250, 1,250, and 3,500 NTU using
a multiposition magnetic stirrer 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 Instru-
ments, formerly, McVan Instruments). However, mus-
sels exposed under this condition were added directly
to the 400 mL beaker (no cages) after the stir bar was
removed and sediment was allowed to settle.

PFS Exposure Condition

Stock sediment was added as described for the pre-
vious exposure conditions to reach the equivalent tar-
get treatment turbidity of 50, 250, 1,250, and 3,500
NTU. However, after the stir bar was removed, anio-
nic PAM FLOPAM AN 923 was added to all repli-
cates and briefly stirred manually for a final PAM
concentration of 5 mg/L. Mussels were then added
directly to the 400 mL beaker, and the 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
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turbidimetric reagent, benzethonium chloride (Hya-
mine 1622; Acros Organics, Geel, Antwerp, Belgium)
and methods described by Kang, Sowers, et al. (2013)
to detect unbound or residual PAM concentrations. A
standard curve was developed for the reactivity of
PAM and benzethonium chloride using a stock solu-
tion of 1,000 mg/L and turbidity readings for a serial
dilution of PAM (0, 0.5, 1, 5, 10, 25, 50 mg/L). Floccu-
lated sediment treatment concentrations were then
compared to the standard curve values to determine
residual PAM exposure concentration.

Test Chemicals

FLOPAM AN 923 is a granular anionic PAM com-
pound obtained from SNF Holding Company (Riceboro,
Georgia) and chosen for this experiment due to the rel-
atively high degree of toxicity to freshwater mussels
relative to other previously tested PAM compounds
(Buczek et al. 2017). A homogeneous stock solution of
PAM (1,000 mg/L) was prepared by slowly adding (ap-
proximately 1,000 mg/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.

Test Organisms

All sediment toxicity tests were performed with juve-
nile fatmucket (Lampsilis siliquoidea) provided by the
mussel culture laboratory at Missouri State University
(Springfield, Missouri). L. siliquoidea juveniles were
propagated by infecting host fish (largemouth bass;
Micropterus salmoides) with glochidia using standard
propagation and culture methods (Barnhart 2006).
L. siliquoidea is a common Interior Basin species
widely distributed and considered stable in the Missis-
sippi and Gulf drainages of the U.S. (NatureServe 2015)
and has 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 reconstituted hard water (ASTM
2006a) and a 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 the occurrence of foot movement outside or
inside the shell or a heartbeat within a 5-min period.
Acute test acceptability (96 h) was specified at >90%
control survival and chronic (24 day) test acceptabil-
ity was specified to be >80% survival in the control
treatment (ASTM 2006b). All tests were conducted in
light- and temperature-controlled incubators (Preci-
sion Model 818; Thermo Fisher, Marietta, Ohio) and
held at 20°C and light:dark cycle of 16:8.

Water Chemistry

Water chemistry analysis was performed at each
96-h time point for all toxicity tests. Mean (range in
parentheses) water quality conditions during experi-
ments were as follows: 111 mg CaCO3/L alkalinity
(106–118), 163 mg CaCO3/L hardness (150–170),
547 lS/cm conductivity (524–562), 8.21 pH (7.82–8.47),
and 8.3 mg/L dissolved oxygen (7.5–8.8); n = 6 for
alkalinity and hardness, n = 150 for all other vari-
ables. Alkalinity and hardness were measured by titra-
tion 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).

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 of a
1.5 mL microcentrifuge tube. The samples were cen-
trifuged for 10 min at 16,000 g and the supernatant
was saved for further analysis. We measured protein
concentration, which has been previously used by Gil-
lis et al. (2014) as an indicator of general health, to
determine if subcellular stress corresponded to greater
tissue level effects. Protein concentration was mea-
sured on a Bio-Rad SmartSpec3000 spectrophotometer
following the manufacturer’s protocol for a protein
assay kit (Bio-Rad, Life Science Research, Hercules,
California). Sample dilutions were made to uniform
protein concentrations before analyzing for ATP con-
centrations by ATP-dependent luciferin oxidation reac-
tions. ATP production was quantified by Enliten ATP
assay system for bioluminescence detection kit and
GLOMAX 20/20 Luminometer (Promega Corporation,
Madison, Wisconsin).

Oxidative Stress–Protein Oxidation

Protein carbonyls can be used to determine protein
oxidation and oxidative stress. Formed as a result of
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oxidative damage, protein carbonyls can be quantified
by a series of derivatizing reactions following the
manufacturer’s enzyme-linked immunosorbent assay
protocols (ENZO Life Sciences, Farmingdale, New
York). Samples were first reacted with dinitrophenyl-
hydrazine (DNP) causing proteins to adsorb to the
assay plate. Then adhered proteins were reacted with
anti-DNP-biotin antibody, streptavidin-linked horse-
radish peroxidase, and chromatin. After addition of
an acid to stop reactions, the absorbance was read at
450 nm using a plate reader (Multiscan FC; Thermo
Scientific, Waltham, Massachusetts). Each replicate
sample was analyzed in duplicate, and samples were
quantified by comparison with oxidized standards.

Statistical Analysis

Comparisons of turbidity treatment concentrations
(50, 250, 1,250, 3,500 NTU) and sediment exposure
conditions (NFS, SS, and PFS) were analyzed by
analysis of variance (ANOVA) and normality of resid-
uals (Shapiro–Wilk) using SAS 9.4 (SAS Institute,
Cary, North Carolina). To elucidate the significance
between and within exposure conditions, results were
further analyzed by Tukey’s HSD (honest significant
difference) posthoc analysis (a = 0.05).

RESULTS

Mussel Survival

Juvenile L. siliquoidea exposed to the three sedi-
ment exposure conditions (NFS, SS, and PFS) for a
duration of 96 h had 100% survival in all treatments.
However, control survival during the chronic test
dropped below the required 80% (ASTM 2006b) in all
exposure conditions at the 24-day assessment time
point. Therefore, survival results presented are for
the last acceptable assessment time point (20 day).
Mussel survival at the 20-day assessment was not
significantly different among exposure conditions or
turbidity level (p > 0.05). Mean percent survival
(range in parentheses) in the controls and NFS, SS,
and PFS sediment exposure conditions was: 91%
(67%–100%) and 89% (80%–98%), 84% (81%–87%),
and 89% (87%–93%), respectively (Figure 1).

Acute Exposures

For sublethal endpoints, analysis of protein con-
centration indicated no significant difference for

mussels exposed to the range of treatment turbidity
in the acute 96-h exposure (ANOVA: NFS [p = 0.167],
PFS [p = 0.796], SS [p = 0.788]). However, there were
significant differences with the effect of exposure con-
dition on mussels. Using Tukey’s HSD to test pair-
wise differences, we found that at lower turbidity
concentrations (ANOVA: control [p = 0.018], 50 NTU
[p = 0.0004], and 250 NTU [p = 0.006]), mussels in
the NFS and PFS exposure conditions had higher
protein concentrations than those in the SS exposure
condition (Figure 2a). When turbidity reached 1,250
NTU (ANOVA p = 0.007) and 3,500 NTU (ANOVA
p = 0.018), mussels in the NFS had greater mean
protein concentration than those exposed to the SS,
with those in the PFS falling in between, and not dif-
ferent than either.

Turbidity had an acute (96 h) effect on ATP pro-
duction within the NFS and PFS exposure conditions,
but not within the SS exposure condition (ANOVA:
[p = 0.003], [p = 0.021], [p = 0.191], respectively).
ATP concentrations for mussels exposed to the NFS
and PFS exposure conditions generally declined with
an increase in turbidity. Mussels in the lowest turbid-
ity levels (control and 50 NTU) exposed to NFS had
significantly greater concentrations of ATP than the
two highest turbidity levels (1,250 NTU and 3,500
NTU), with ATP concentration at 250 NTU falling in
between (Figure 2b). Similarly, ATP concentrations
from mussels exposed to the PFS exposure condition
reached a significant low at the 1,250 NTU level
when compared to the control. We also found no
effect of turbidity on ATP concentration for juvenile
mussels exposed to the SS exposure condition. When
we analyzed for the effect of exposure condition using
Tukey’s HSD, the SS condition had statistically lower
ATP concentrations for all turbidity treatments
except 1,250 NTU (control [p = 0.001], 50 NTU
[p = 0.002], 250 NTU [p = 0.01], 1,250 NTU

40
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100

C 50 250 1250 3500

Su
rv

iv
al

 (%
)

Turbidity (NTU)
NFS PFS SS

FIGURE 1. Mean (�SE) chronic survival of juvenile fatmucket
(Lampsilis siliquoidea) freshwater mussels at 20 day postexposure.
No significant differences were found between exposure conditions
(nonflocculated settled sediment [NFS], suspended sediment [SS],
PAM-flocculated settled sediment [PFS]) or turbidity treatment
levels (a = 0.05). Turbidity level “C” refers to control groups (0
NTU). NTU, nephelometric turbidity units; PAM, polyacrylamide;
SE, standard error.
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[p = 0.219], 3,500 NTU [p = 0.001]) (Figure 2b). When
we compared ATP concentrations from acutely
exposed mussels to the baseline mussel sample, those
mussels stored in midRIPA lysis buffer and held in
an ultracold (�80°C) freezer upon arrival, we found
that the baseline results were >1.5 times those of the
exposed mussels.

The analysis of protein carbonyl concentrations
to detect protein oxidation during the acute test
showed no effects of turbidity within the NFS
(ANOVA p = 0.104) and PFS (ANOVA p = 0.542)
exposure conditions (Figure 2c). However, within

the SS exposure condition, the concentration was
lower at the 250 NTU level than the control or
3,500 NTU level (ANOVA p = 0.001). This suggests
no clear pattern of protein oxidation as a result of
turbidity. The SS exposure condition had lower car-
bonyl concentrations than the NFS or PFS exposure
conditions for the 50, 250, and 3,500 NTU turbidi-
ties, again not showing a clear concentration–re-
sponse pattern. The baseline mussels contained less
than half the carbonyl than the exposed mussels,
suggesting that there was increased protein oxida-
tion under all test conditions.

Chronic Exposures

Chronic exposure results for protein concentration
revealed no significant differences based on treatment
turbidity (ANOVA: NFS [p = 0.49], PFS [p = 0.945],
SS [p = 0.057]), and mussels exposed to the NFS
exposure condition had significantly greater protein
concentration when compared to mussels exposed to
the SS exposure condition across all turbidity levels
(control [p = 0.03], 50 NTU [p = 0.003], 250 NTU
[p = 0.0007], 1,250 NTU [p = 0.001], and 3,500 NTU
[p = 0.04]). In addition, mussels in the NFS exposure
condition also had significantly greater protein con-
centrations than those in the PFS exposure condition
at turbidity levels 250 NTU and above (Figure 3a).
However, in all but one turbidity level (1,250 NTU),
protein concentration was not significantly different
between mussels in the PFS exposure condition and
the SS exposure condition.

When we analyzed the effect of turbidity on the
production of ATP for chronically exposed (24 day)
mussels, we found that both the NFS and PFS
exposure conditions generally increased with higher
treatment concentration (ANOVA NFS [p = 0.001],
PFS [p = 0.031]). The greatest tissue concentrations
of ATP found in the NFS exposure condition
occurred in the 1,250 NTU and 3,500 NTU turbid-
ity levels, while the lowest concentration of ATP
was found in the 50 NTU turbidity level (Fig-
ure 3b). However, the only significant difference in
ATP concentration found in the PFS exposure con-
dition was between the 50 NTU and 1,250 NTU
levels. Again, we found no effect of turbidity on
ATP concentration for mussels exposed to the SS
exposure condition (ANOVA p = 0.33). When we
analyzed for the effect of exposure condition using
Tukey’s HSD, we again found the chronic results to
be the inverse of the acute, with mussels in the SS
exposure condition having statistically greater ATP
concentrations for all turbidity levels except 1,250
NTU (control [p = 0.014], 50 NTU [p = 0.0003], 250
NTU [p = 0.011], 1,250 NTU [p = 0.656], 3,500 NTU
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FIGURE 2. Acute (96 h) sublethal biomarker results to a range of
turbidity treatment levels (50, 250, 1,250, and 3,500 NTU) and
exposure conditions (NFS, SS, and PFS) derived from whole body
tissues of juvenile fatmucket (Lampsilis siliquoidea) mussels. (a)
Mean (�SE) protein concentration (mg/mL). (b) Mean (�SE) ATP
concentration (mol/mg). (c) Mean (�SE) oxidized protein quanti-
fied by detection of protein carbonyls (nmol/mg). Capital letters
(A, B, C) indicate significance (a = 0.05) across turbidity levels
within an exposure condition, and lower case (x, y, z) indicates
significance of exposure conditions within given turbidity level.
Turbidity level “C” refers to control groups (0 NTU). ATP, adeno-
sine triphosphate.
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[p = 0.025]) (Figure 3b). The baseline ATP levels
were four times greater than those of chronically
exposed mussels.

Chronic exposure results for protein oxidation
revealed no significant differences across turbidity
levels regardless of sediment exposure conditions
(ANOVA: NFS [p = 0.711], PFS [p = 0.231], SS
[p = 0.472]) and the same was true for exposure con-
dition effects, with the exception of the 50 NTU treat-
ment level (ANOVA p = 0.0001) (Figure 3c). As in the
acute tests, the baseline carbonyl concentrations were
roughly 50% of the levels in the test mussels, regard-
less of treatment.

DISCUSSION

The results of this study illustrate the ability of
juvenile L. siliquoidea to respond to, and tolerate
sediment exposures (NFS, SS, and PFS) during
acute (96 h) and chronic (24 day) durations in the
laboratory. Notably, no mortality occurred during
the acute exposures, even at the highest turbidity
(3,500 NTU) and there were no differences in mor-
tality among the exposure conditions and turbidity
levels in the chronic test. The maximum turbidity
level used was similar to, or higher than, that
reported in construction site runoff (Przepiora et al.
1998; Line and White 2001; McCaleb and McLaugh-
lin 2008; McLaughlin et al. 2009), although spikes
over 30,000 NTU can occur (McCaleb and McLaugh-
lin 2008; McLaughlin et al. 2009). There was little
evidence for turbidity concentration-related biochemi-
cal effects, but rather we observed a much greater
difference when comparing the three exposure
conditions.

The sublethal effects that we observed during the
acute (96 h), and to a slightly lesser degree chronic
(24 day) exposures revealed that the SS exposure
condition to juvenile L. siliquoidea resulted in signifi-
cant decreases in protein concentration when com-
pared to the NFS and PFS exposure conditions. This
difference was maintained even when comparing con-
trol treatments, indicating strong exposure condition-
related differences. One possible explanation for the
observed decrease in protein concentration may be
due to the design of the particular exposure condi-
tion, as mussels in the SS exposure condition were
subjected to a circular water movement pattern that
was generated by the technique (i.e., magnetic stirrer
and stir bar) used to maintain a homogeneous sus-
pension of sediment. This increased water movement
may have initially elicited an energetically expensive
elevation in filtration rate (Ackerman 1999; Riisg�ard
and Larsen 2000) resulting in a greater energy defi-
cit, inducing valve closure and anaerobic metabolism
(Ortmann and Grieshaber 2003), which has been
shown to further reduce conversion of glucose to pro-
teins (De Zwaan and Wijsman 1976). Similarly,
results from a study of environmental contaminant
exposure to freshwater mussels in a lotic environ-
ment found that protein concentration of exposed
Lasmigona costata was significantly reduced with
proximity to environmental stressors (Gillis et al.
2014). Gillis et al. (2014) proposed that this reduction
could be the result of altered energy 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
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FIGURE 3. Chronic (24 day) sublethal biomarker results for a
range of turbidity treatment levels (50, 250, 1,250, and 3,500 NTU)
and exposure conditions (NFS, SS, PFS) derived from whole body
tissues of juvenile fatmucket (Lampsilis siliquoidea) mussels. (a)
Mean (�SE) protein concentration (mg/mL). (b) Mean (�SE) ATP
concentration (mol/mg). (c) Mean (�SE) oxidized protein quantified
by detection of protein carbonyls (nmol/mg). Capital letters (A, B,
C) indicate significance (a = 0.05) across turbidity levels within a
sediment condition, and lower case (x, y, z) indicates significance of
test conditions within given turbidity level. Turbidity level “C”
refers to control groups (0 NTU).
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gradient (De Zwaan and Wijsman 1976). Mussels in
the SS exposure condition may have simply seques-
tered themselves from outside influence through
valve closure.

During our acute test, we found an overall decreas-
ing trend in ATP concentrations with increasing tur-
bidity for both the NFS and PFS exposure conditions,
indicating cellular-related effects. However, no signif-
icant treatment differences in ATP were found in
mussels exposed to SS, again possibly indicating
valve closure avoidance behavior and physiochemical
alterations to compensate for internal oxygen avail-
ability, in response to elevated filtration rates due to
the presence of water movement (McMahon 1988).
ATP is a coenzyme generated by organisms during
aerobic respiration and used as energy currency
within cells to perform essential biological functions.
According to Conners (2004), the shift from aerobic to
anaerobic metabolism reduces energy production by
nearly 90%, potentially explaining the significantly
reduced ATP concentrations in the SS exposure con-
dition. A reduction in ATP may also result in an
inability of an organism to support regular cell pro-
cesses, including ion regulation (O’Donnell et al.
1996). Interestingly, chronic ATP results revealed an
inverse rank of exposure conditions with extended
exposure, relative to acute, for each turbidity treat-
ment, suggesting that early metabolic conversion
may be an advantageous shift limiting further
impairment. While anaerobic metabolism may reduce
total energy production, it also greatly reduces
energy demand as mussels perform fewer biological
functions (De Zwaan and Wijsman 1976).

Oxidative stress has become widely recognized as a
mechanism of many disease processes, and protein
oxidation is an important biomarker indicating oxida-
tive damage by ROS (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 in adult mussels. To quantify
protein oxidation, we identified the production of pro-
tein carbonyls in homogenized whole body tissue
samples of juvenile L. siliquoidea. Acute exposure
results of this analysis revealed no significant treat-
ment difference for the NFS and PFS exposure condi-
tions and a decreasing trend in protein oxidation for
mussels exposed to the SS exposure condition to a
low of 0.422 nmol/mg at the 250 NTU treatment level
before again increasing with increased turbidity.
Interestingly, mussels in the SS exposure 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 NFS and PFS
exposure conditions. These results lend more evi-
dence to the conjecture that increased water

movement elicited a protective valve closure avoid-
ance response of the mussels that minimized damage
and energy demand by sequestering them from unfa-
vorable external conditions. However, anaerobic res-
piration is not feasible for prolonged periods, as it too
leads to the accumulation of deleterious end products
(De Zwaan and Wijsman 1976; McMahon 1988).
Analysis of protein carbonyl concentration from our
chronic test revealed homogeneity among all treat-
ments and conditions, with the exception of the 250
NTU treatment level, where the SS exposure condi-
tion showed significantly higher protein carbonyl con-
centration. These results suggest a balance achieved
over time through behavioral, physiological, and
molecular alterations.

While the detrimental effects of the SS exposure
condition were inconsistent among responses in our
96-h and 24-day tests, many others have described
the importance of SS reduction. Bilotta et al. (2012)
highlighted the ecological importance of understand-
ing the natural SS regime and not only the amount
of SS entering the system. Measuring the rate of ero-
sion, 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 erosion
due to habitat alteration is among the most cited
causes for mussel declines. Turbidity has been impli-
cated in deleterious effects on all freshwater mussel
life stages including glochidia (reduced attachment to
host fish and transformation success, Beussink 2007),
juveniles (recruitment failure, Osterling et al. 2010),
and adults (reduced clearance rates with conse-
quences 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 safe for applications that may discharge
to aquatic systems, and PAM has been shown to
effectively reduce turbidity of runoff before reaching
receiving waters (Soupir et al. 2004; McLaughlin and
Bartholomew 2007; McLaughlin and McCaleb 2010;
Kang, McCaleb, et al. 2013). However, the toxicity of
anionic PAM in the presence of SS was heretofore
completely unknown. Furthermore, little was known
about the influence of sediment when bound by PAM.
Cheung and Shin (2005) previously illustrated the
negative physical effects of SS to the gill tissues of
mussels; however, when PAM binds with SS through
electrostatic forces (Young et al. 2007), the particle
size and geometry are altered, forming flocs. These
alterations may have increased potential to cause
damage to the gill tissues of mussels. One of the pri-
mary objectives of this research was to evaluate the
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effects of PAM-flocculated sediment to freshwater
mussels by applying a 5 mg/mL concentration of anio-
nic PAM (AN 923) to a range of turbidity treatments.
Comparing the biomarker endpoints of our three
exposure conditions indicated that anionic PAM
applied to reduce SS may minimize the adverse
effects of acute turbidity exposure on juvenile fresh-
water mussels without eliciting additional sublethal
toxicity; however, the chronic results were less
conclusive.

These findings provide valuable information with
direct implications for management practices and the
conservation of freshwater mussels. Combined with
our previous research into 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 et al. 2017), anionic PAM appears to
effectively mitigate the negative effects of acute tur-
bidity exposure without creating additional risks due
to flocculated sediment. However, prudence should
still be exercised, as the toxicity of many anionic
PAMs remains undefined. Our research findings pro-
vide 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 toler-
ance appears to be species specific (Aldridge et al.
1987).
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