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Abstract—Freshwater mussels are among the most imperiled faunal groups in North America; approximately 67% of the nearly
300 native freshwater mussel species (family Unionidae) are listed as endangered, threatened, or of special concern. Despite evidence
that glochidia and juvenile life stages are highly sensitive to some chemical contaminants, the effects of pesticides on early life
stages of unionid mussels are largely unknown. In the United States, pesticide registration is based on toxicity data of the active
ingredient, not formulations as they are sold and applied. Some pesticide formulations, however, are more toxic than their active
ingredient (technical-grade pesticide) alone because of the presence of surfactants, adjuvants, or other ingredients in the formulation.
The objective of the present study was to compare the toxicity of active ingredients of several current-use pesticides (atrazine,
chlorpyrifos, and permethrin) to the toxicity of pesticide formulations to glochidia and juvenile life stages of a freshwater mussel
(Lampsilis siliquoidea). The atrazine formulation (Aatrex) was more toxic than technical-grade atrazine in chronic tests with juvenile
L. siliquoidea. For other pesticides, acute and chronic toxicity of technical-grade pesticides were similar to the toxicity of pesticide
formulations. Median effective concentrations for chlorpyrifos were 0.43 mg/L for glochidia at 48 h, 0.25 mg/L for juveniles at
96 h, and 0.06 mg/L for juveniles at 21 d. Atrazine and permethrin as well as their formulations did not cause significant acute
toxicity in glochidia or juveniles at exposure concentrations approaching water-solubility limits. Additional research is needed on
other pesticides with different modes of action, on the role of different routes of exposure, and with other species of unionid mussels
to evaluate similarities of toxic response.
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INTRODUCTION

The widespread decline of native freshwater mussels (Bi-
valvia: Unionidae) during the past half-century in North Amer-
ica is well documented; nearly 70% of native unionids pres-
ently are listed as federally endangered, threatened, or of spe-
cial concern in the United States [1]. Causes of some site-
specific and catastrophic mussel die-offs have been identified
[2,3]; however, the exact causes for the gradual loss of unionid
abundance and diversity on a widespread scale have not been
well characterized. Among the many anthropogenic stressors
identified as potential factors in the chronic decline of unionids
is chemical contamination of surface waters by domestic, in-
dustrial, and agricultural point as well as nonpoint sources [4].
The toxicity of pesticides generally is well described for com-
mon aquatic species (e.g., cladocerans and fish) found in tox-
icity databases, but little is known about the toxicity of many
pesticides to unionids.

The unique life history of unionids makes them potentially
susceptible to pesticides (and other stressors) at each devel-
opmental stage. Glochidia (the parasitic larval stage) are re-
leased into the water column by adult females for attachment
to an appropriate fish host, and they may be viable in the water
column for hours to days after release. Once attached to host
tissue, the glochidia become encysted for a period of, typically,
a few weeks while they transform into juveniles. The potential
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for exposure to contaminants while encysted in host tissue is
not well described, but limited evidence indicates that en-
cystment may provide a measure of protection from at least
some waterborne contaminants [5]. Transformed juveniles de-
tach from their host and settle to the sediment, where they
burrow and subsist, primarily by pedal (foot) feeding. As the
juveniles grow, they become filter-feeding adults capable of
filtering as much as 110 L of water per day [6]. Thus, many
routes (e.g., water, sediment, and diet) exist for potential ex-
posure to toxicants for the various life stages of freshwater
mussels, but the early life stages are especially sensitive to
certain contaminants relative to other commonly tested aquatic
species [7,8].

The present study is part of an effort to expand our knowl-
edge regarding the hazards of current-use pesticides to early
life stages of native freshwater mussels. Little data exist con-
cerning the toxicity of pesticides to native freshwater mussels,
likely because toxicity information for pesticides and mussels
is not currently required by the U.S. Environmental Protection
Agency (EPA) as part of the pesticide registration process and
because, until recently [9], a standardized guideline for toxicity
testing with freshwater mussels was not available. Addition-
ally, the relative toxicity to mussels of pesticide formulations
compared with toxicity of active ingredients is largely un-
known, likely because U.S. EPA pesticide registration is based
on toxicity data for the active ingredient of pesticides and not
for pesticide formulations. Previously, however, we demon-
strated that Roundup� (Monsanto, St. Louis, MO, USA), a
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formulation of the herbicide glyphosate, was significantly more
toxic than technical-grade glyphosate to freshwater mussels
[10]. Others have reported similar findings for glyphosate and
Roundup with other aquatic organisms [11–14]. Specific ob-
jectives of the present study were to compare the acute and
chronic toxicity of insecticide and herbicide formulations to
the toxicity of the active ingredient only (technical-grade pes-
ticide) in early life stages of freshwater mussels.

MATERIALS AND METHODS

Test chemicals

The pesticide formulations Aatrex 4L Herbicide� (40.8%
active ingredient, atrazine; Syngenta, Greensboro, NC, USA),
Lorsban� 4-E Insecticide (44.9% active ingredient, chlorpyr-
ifos; Dow AgroSciences, Indianapolis, IN, USA), and Mos-
quito-B-Gone� Insecticide (2.5% active ingredient, permethrin
[minimum, 35% cis isomers; maximum, 65% trans isomers];
Ortho, Marysville, OH, USA) were obtained from retail sup-
pliers. Technical-grade atrazine (purity, 98%), chlorpyrifos
(purity, 99%), and permethrin (44% cis isomers, 45% trans
isomers) were purchased from Chem Service (West Chester,
PA, USA). Atrazine, an agricultural triazine herbicide, is the
most widely used herbicide in the United States and among
the most frequently detected pesticides in surface and ground-
water surveys [15,16]. Chlorpyrifos is a restricted-use, organ-
ophosphorous compound used as a broad-spectrum insecticide.
Permethrin is an unrestricted synthetic pyrethroid compound
used as a broad-spectrum insecticide. Test chemicals were cho-
sen based on their widespread and frequent use in agricultural
and other situations. Stock solutions of pesticide formulations
were prepared weekly in distilled water and stored at room
temperature. Stock solutions of technical-grade pesticides were
prepared in acetone and stored at �20�C. Reconstituted hard
water [17] was used as dilution water for all toxicity tests. The
concentration of acetone in the solvent controls was equal to
the greatest concentration of acetone in the treatments
(�0.02% for all tests).

Test organisms

Brooding adult female Lampsilis siliquoidea mussels were
collected from April 2005 to June 2005 at Silver Fork of Perche
Creek (Boone County, MO, USA), a largely forested water-
shed. Mussels were abundant at all sites from which they were
collected. Roughly equal numbers of mature glochidia were
obtained from the marsupial gills of at least three females by
flushing the glochidia out of the gills using a syringe filled
with water. Glochidia were shipped in coolers via overnight
courier to North Carolina State University for toxicity testing.
On arrival, the viability of all glochidia was assessed by ex-
posing three subsamples of 50 to 100 glochidia (each) to a
saturated NaCl solution, which initiates shell closure in viable
glochidia. Glochidia were used for toxicity tests only if the
initial viability exceeded 90%, in accordance with the stan-
dardized guidelines for toxicity tests with freshwater mussels
[9]. Glochidia were acclimated to a 50:50 mixture of culture
and dilution water for at least 2 h before toxicity tests began.

Juvenile L. siliquoidea were produced at Missouri State
University as described by Bringolf et al. [18] and shipped via
overnight courier to North Carolina State University for testing
when the mussels were one to two months posttransformation.
Juvenile mussels were acclimated to dilution water for 24 h
before the start of toxicity tests. Suitability of juveniles for

use in toxicity tests was evaluated by assessing foot movement
outside the shell within a 5-min period [9].

Glochidia acute toxicity tests

Acute toxicity tests with glochidia were conducted accord-
ing to standardized guidelines [9]. Briefly, test chambers were
90- � 50-mm, glass crystallizing dishes containing 100 ml of
test solution and 150 to 200 glochidia. Three replicates were
used for each of five or six test concentrations, dilution-water
controls, and solvent controls. Glochidia toxicity tests were
conducted for 48 h, and test solutions were not renewed. Vi-
ability was evaluated on subsamples of 50 to 75 glochidia
from each replicate at 24 and 48 h by transferring the glochidia
and approximately 2 ml of dilution water to one of the wells
in a 12-well microplate for observation under magnification
(�40). The total number of open and closed glochidia was
recorded. Several drops (n � 3–4) of a saturated NaCl solution
were added, and glochidia that did not respond (by closing
their valves) were recorded as nonviable. Glochidia that closed
before the addition of NaCl also were classified as nonviable
based on the premise that they would not be able to attach to
host fish for transformation into juveniles [9]. Digital photo-
graphs of glochidia were obtained before and after the expo-
sure to NaCl to document glochidia response, thereby provid-
ing an additional measure of quality assurance/quality control
for evaluation of glochidia survival in toxicity tests.

The test of each technical-grade pesticide was run concur-
rently with its respective formulation. Atrazine and Aatrex 4L
test concentrations were 1.9, 3.8, 7.5, 15, and 30 mg/L. Chlor-
pyrifos and Lorsban test concentrations were 0.13, 0.25, 0.5,
1.0, and 2.0 mg/L. Permethrin and Mosquito-B-Gone test con-
centrations were 0.01, 0.03, 0.05, 0.1, and 0.2 mg/L. Consistent
with standard methods [9], the test acceptability criterion was
90% or greater glochidia survival in the control and, when
appropriate, solvent control treatments.

Juvenile acute toxicity tests

Acute toxicity tests with juvenile (one to two month old)
L. siliquoidea were conducted according to standardized
guidelines [9], with the exception that test chambers were 90-
� 50-mm, glass crystallizing dishes containing 100 ml of test
solution rather than 50-ml beakers with 30 ml of test solution,
as suggested in the American Society for Testing and Materials
guideline [9]. Three replicates, each with seven mussels, were
used for each of five or six test concentrations, dilution-water
controls, and solvent controls (described previously). Test du-
ration was 96 h, and test solutions were renewed (95%) at 48
h. Survival (based on movement inside or outside the shell)
was evaluated at 48 and 96 h. The test chamber (dish) was
gently swirled to concentrate the mussels in a small area so
that all the organisms in a dish could be observed simulta-
neously in the field of view under magnification (�15). Test
concentrations for acute tests with juvenile mussels were the
same as described above for acute tests with glochidia. The
test acceptability criterion was 90% or greater survival in the
control and solvent control (when appropriate) treatments.

Juvenile chronic toxicity tests

We adapted standardized guidelines for mussel toxicity test-
ing [9] to conduct 21-d chronic toxicity tests with juvenile
(one to two month old) L. siliquoidea exposed to technical-
grade pesticides and their formulations. Length of the mussels
(n � 135) at test initiation was 1,475 � 306 �m (mean �
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standard deviation). Test solutions were renewed (95%) every
48 or 72 h, and survival (based on movement inside or outside
the shell) and was assessed on days 7, 14, and 21. Juvenile
mussels were fed daily with a commercial mixture of microal-
gae prepared from Instant Algae� Shellfish Diet 1800 and
Nannochloropsis (Nanno 3600) concentrate (Reed Maricul-
ture, Campbell, CA, USA) according to standardized guide-
lines for conducting chronic tests with juvenile mussels [9].
At initiation of the chronic test, the length of juveniles in each
experimental unit was measured using QCapture PRO� image
analysis software (Ver 5.0; QImaging, Burnaby, BC, Canada)
in conjunction with a stereomicroscope equipped with a digital
camera. Lengths of surviving juvenile L. siliquoidea were
measured on day 21, and growth was calculated for each rep-
licate based on change in length (as the mean of all individuals
in a replicate) from the start of the test. Mean (n � 3) growth
as a percentage change in shell length was determined for each
treatment with 30% or greater survival; growth was not cal-
culated for replicates with less than 30% survival. Test con-
centrations for atrazine, Aatrex 4L, permethrin, and Mosquito-
B-Gone were as described above for acute tests with glochidia
and juveniles. Lower concentrations of chlorpyrifos and Lors-
ban were used in chronic toxicity tests (0.015, 0.03, 0.06, 0.13,
and 0.25 mg/L). The test acceptability criterion was 80% or
greater survival of mussels in the control and solvent control
(when appropriate) treatments.

Pesticide exposure analysis

Pesticide exposure concentrations were determined for at
least three treatment concentrations of each pesticide in acute
and chronic toxicity tests. At the start of an experiment (t �
0), a 30-ml aliquot from each replicate within a given treatment
was collected and combined to form a composite water sample.
Water samples were extracted by liquid–liquid extraction with
methylene chloride. Extracts were dried with anhydrous so-
dium sulfate and concentrated by use of rotary and nitrogen
evaporation techniques. The concentrated extracts were ana-
lyzed on an Agilent 6890 gas chromatograph equipped with
a Restek RTX-5MS capillary column (Bellefonte, PA, USA)
and a 5973n mass-selective detector. Extraction efficiency for
individual pesticides was determined from spiked samples.
Final analyte concentrations were not corrected for extraction
efficiency.

Exposure accuracy was calculated for each pesticide as

Exposure accuracy � (P /P ) ·100m t

where Pm is the measured pesticide concentration and Pt is the
target concentration.

Water chemistry

Standard methods [17] were used for measurement of all
water-quality parameters. Dissolved oxygen, conductivity, and
temperature were analyzed with a YSI Model 556 MPS (Yel-
low Springs Instruments, Yellow Springs, OH, USA) calibrated
multiprobe meter, and analysis of pH was performed with a
Beckman Model 	 240 (Beckman Instruments, Fullerton, CA,
USA) calibrated meter. Alkalinity was determined by titration
with 0.02 N H2SO4 to pH 4.5 and hardness by titration with
0.01 M ethylenediaminetetra-acetic acid.

Statistical analysis

Median effective concentration (EC50) estimates and 95%
confidence intervals were calculated based on measured pes-

ticide concentrations by the trimmed Spearman–Karber meth-
od [19] with ToxCalc� statistical software (Ver 5.0.231; Tide-
pool Scientific Software, McKinleyville, CA, USA). The
EC50s were considered to be significantly different when 95%
confidence intervals did not overlap [17]. Statistical analysis
of growth was performed with JMP Statistical Analysis� soft-
ware (Ver 5.1; SAS Institute, Cary, NC, USA) by use of anal-
ysis of variance followed by Dunnett’s test for means com-
parison (
 � 0.05). Chronic values were calculated as the
geometric mean of the no-observed-effect concentration
(NOEC) and the lowest-observed-effect concentration (LOEC)
for viability during the 21-d tests with juvenile L. siliquoidea.
Acute to chronic ratios (ACRs) were based on the chronic
values and 96-h EC50s for a given pesticide.

RESULTS AND DISCUSSION

General conditions and water chemistry

Viability of control (and solvent control) mussels met test
acceptability criteria for all toxicity tests. Control viability was
greater than 90% for all glochidia tests at 48 h and for all
juvenile tests at 96 h. Control viability of juveniles in all
chronic tests was greater than 80% at 21 d. No differences in
survival or growth were found between the controls and sol-
vent controls; therefore, solvent controls and controls were
combined into a single control group for calculation of EC50s
and growth.

Water chemistry values for test water were similar both
within treatments and between tests and also to the values in
the standardized guide for toxicity tests with mussels [9]. Tem-
perature ranged from 20.7 to 21.7�C (n � 36), pH from 8.32
to 8.84 (n � 36), conductivity from 547 to 634 �S/cm (n �
36), alkalinity from 114 to 134 mg/L as CaCO3 (n � 36), and
hardness from 160 to 184 mg/L as CaCO3 (n � 36). Dissolved
oxygen was greater than 80% of saturation at all times.

Pesticide exposure validation

Measured concentrations of technical-grade pesticides were
105 to 116% of target, and measured concentrations for for-
mulations were 111 to 152% of target (Table 1). Target analyte
extraction efficiency was 72.6 to 92.1% for spiked samples of
atrazine (n � 6), 80.2 to 89.8% for chlorpyrifos (n � 3), and
79.6 to 90.1% for permethrin (n � 6). Measured pesticide
concentrations were not corrected for extraction efficiency.
None of the three pesticides used in toxicity tests were de-
tectable in water samples of the control (n � 6) and solvent
control (n � 3) treatments.

Acute glochidia and juvenile toxicity tests

In acute tests, the sensitivity of L. siliquoidea glochidia
and juveniles to pesticide formulations was similar to their
sensitivity to the active ingredient of those pesticides. Early
life stages of L. siliquoidea were not acutely sensitive to at-
razine or permethrin or their formulations (Aatrex 4L and Mos-
quito-B-Gone, respectively). Acute toxicity of chlorpyrifos
and Lorsban was similar for glochidia and juveniles, partic-
ularly at 48 h for glochidia and 96 h for juveniles (Table 2).
These results suggest that formulations of atrazine, chlorpyr-
ifos, and permethrin do not contain other ingredients (e.g.,
surfactants) that increase the toxicity of the formulation, unlike
Roundup, which is substantially more toxic to aquatic organ-
isms than its active ingredient, glyphosate [10–12].

Chlorpyrifos acute toxicity values for L. siliquoidea glo-
chidia (0.50 mg/L) and juveniles (0.25 mg/L) suggest that
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Table 1. Summary of exposure accuracy (ratio of measured concentrations to target concentrations) for acute and chronic toxicity tests with early
life stage mussels (Lampsilis siliquoidea)a

Pesticide Chemical grade Exposure accuracyb (%)

Atrazine Active ingredient 104.7 � 19.0
Formulation (Aatrex 4L�c) 110.9 � 14.6

Chlorpyrifos Active ingredient 112.0 � 48
Formulation (Lorsban�d) 122.8 � 6.9

Permethrin Active ingredient 116.2 � 8.2
Formulation (Mosquito-B-Gone�e) 151.6 � 5.0

a Data are presented as the mean � standard deviation (n � 6).
b Exposure accuracy � (measured concentration/target concentration)·100.
c Syngenta, Greensboro, NC, USA.
d Dow AgroSciences, Indianapolis, IN, USA.
e Ortho, Marysville, OH, USA.

Table 2. Median effective concentrations (EC50s) and 95% confidence intervals (in parentheses) based on immobility of test organisms, chronic
values (ChV), and acute to chronic ratios (ACR) for early life stages of Lampsilis siliquoidea exposed to technical-grade pesticides and a

commercial formulation of each

Pesticide

Glochidia EC50 (mg/L)

24 h 48 h

Juvenile EC50 (mg/L)

96 h 7 d 14 d 21 d
ChVa

(mg/L) ACRb

Atrazine �30 �30 �30 �30 17.1
(9.1–32.0)

10.1
(4.8–21.2)

5.3 �5.7c

Aatrex 4L�d (atrazine) �30 �30 �30 �30 4.4
(1.9–10.3)

3.1
(2.2–4.4)

2.7 �11.1c

Chlorpyrifos 0.50
(0.32–0.78)

0.43
(0.29–0.63)

0.25
(0.17–0.37)

0.21
(0.11–0.40)

0.08
(0.04–0.15)

0.06
(0.03–0.14)

0.02 12.5

Lorsban�e (chlorpyrifos) 0.73
(0.49–1.10)

0.60
(0.40–0.90)

0.33
(0.26–0.42)

0.19
(0.15–0.25)

0.05
(0.03–0.11)

0.05
(0.03–0.08)

0.02 9.5

Permethrin �0.2 �0.2 �0.2 �0.2 0.11
(0.06–0.21)

0.03
(0.005–0.20)

0.01 �20c

Mosquito-B-Gone�f (per-
methrin)

�0.2 �0.2 �0.2 �0.2 0.05
(0.02–0.09)

0.03
(0.02–0.04)

0.01 �20c

a Geometric mean of the no-observed-effect concentration and lowest-observed-effect concentration for viability at 21 d.
b Based on ChV and 96-h EC50.
c Based on EC50 for the highest concentration of pesticide tested.
d Syngenta, Greensboro, NC, USA.
e Dow AgroSciences, Indianapolis, IN, USA.
f Ortho, Marysville, OH, USA.

chlorpyrifos may be more toxic to early life stages of mussels
than to adults. Hemming and Waller [20] reported a 96-h me-
dian lethal concentration (LC50) of 0.96 mg/L for adult hooked
mussel (Ischadium recurvum), and Doran et al. [21] reported
that chlorpyrifos was not lethal to adult threeridge mussel (Am-
blema plicata) at concentrations up to 1.2 mg/L after 96 h.
Saltwater bivalves may even be less sensitive to chlorpyrifos:
Borthwick and Walsh [22] reported a LC50 for eastern oyster
(Crassostrea virginica) of 2.0 mg/L, and Serrano et al. [23]
reported LC50s of 22.5 and greater than 56 mg/L for Mytilus
galloprovincialis and Venus gallina, respectively.

Results of the present study suggest that mussel glochidia
and juveniles are less sensitive to chlorpyrifos than other aquat-
ic invertebrate organisms commonly used for standard toxicity
tests. For example, Moore et al. [24] reported 48-h LC50s for
Hyalella azteca (0.1 �g/L), Daphnia magna (0.6 �g/L), and
Chironomus tentans (0.3 �g/L). Similarly, Conners and Black
[25] reported that freshwater mussels were relatively insen-
sitive (compared to other aquatic invertebrates) to diazinon,
another organophosphate pesticide similar to chlorpyrifos that
requires bioactivation for adverse effects. Therefore, chlor-
pyrifos water-quality criteria based on data from these species

(amphipods, cladocerans, and chironomids) likely would be
protective of L. siliquoidea glochidia and juveniles; however,
a paucity of data exists regarding the relative sensitivity of L.
siliquoidea and other unionid species to pesticides. Bringolf
et al. [18] reported that L. siliquoidea glochidia were the most
sensitive of five unionid glochidia species to a reference tox-
icant. In that same study, Bringolf et al. reported that L. sil-
iquoidea juveniles responded to a reference toxicant in a man-
ner similar to two other species of unionid juveniles, sug-
gesting that L. siliquoidea may be suitable as a surrogate spe-
cies for other unionids.

Previous studies indicate that freshwater mussel species
vary widely in their sensitivity to permethrin. Milam et al. [8]
reported LC50s for permethrin ranging from 14.9 to 3,515
�g/L for four species of unionid glochidia. Results of the
present study were consistent with those of Bringolf et al. [18],
who reported that permethrin LC50s were greater than 200
�g/L for five species of glochidia and two species of juveniles.
Milam et al. [8] also reported permethrin LC50s for other
aquatic invertebrate species commonly used for standard tox-
icity testing, such as Ceriodaphnia dubia (8.7 �g/L) and D.
magna (12.4 �g/L). Results of the present study and those of
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Milam et al. [8] suggest that like chlorpyrifos, permethrin gen-
erally is less toxic to unionid glochidia and juveniles than other
common aquatic invertebrate test species. Furthermore, per-
methrin water-quality criteria derived from data with non-
unionid aquatic invertebrates likely will be protective of early
life stages of unionids.

Conners and Black [25] reported a 24-h LC50 for atrazine
of 241.3 mg/L for Utterbackia imbecillis (a native unionid)
glochidia exposed to Aatrex 4L. The highest test concentration
in the present study was 30 mg/L of active ingredient, based
on the water solubility of technical-grade atrazine (33
mg/L). These results suggest that the risk of acute effects from
atrazine exposure is low for early life stages of unionids.

Chronic 21-d juvenile toxicity tests

Chronic toxicity of chlorpyrifos and permethrin formula-
tions to mussels was similar to that of their respective tech-
nical-grade active ingredients; however, the 21-d EC50 for
Aatrex 4L (3.1 mg/L) was significantly less than the 21-d EC50
for technical-grade atrazine (10.1 mg/L) (Table 2). It is un-
certain whether the difference in toxicity between the tech-
nical-grade atrazine and the atrazine formulation was caused
by inherent variability in test organism sensitivity to atrazine
or whether a component of the formulation, such as a surfac-
tant, may have been responsible for the increased toxicity of
Aatrex 4L. In a separate study, Bringolf et al. [18] reported a
21-d EC50 of 4.3 mg/L for L. siliquoidea juveniles exposed
to technical-grade atrazine. Although the 21-d EC50 (10.1
mg/L) for technical-grade atrazine in the present study was
greater than that reported in our previous study (4.3 mg/L)
[18], the 95% confidence intervals for these two EC50s over-
lap; therefore, they are not statistically different. Considered
together, these results suggest variability among bioassays in
the LC50s for technical-grade atrazine estimated for juvenile
L. siliquoidea. Surfactant blends have been identified previ-
ously as a toxic component of other herbicide formulations,
particularly glyphosate formulations. The commercial surfac-
tant blend in Roundup, MON 0818, was highly toxic to aquatic
organisms, including early life stages of unionids [10,11,14],
whereas the active ingredient, glyphosate acid, was relatively
nontoxic to the same organisms. Nonetheless, the 21-d NOEC
of atrazine for viability (1.9 mg/L) and the LOEC (3.75
mg/L) suggest that the likelihood of toxicity to freshwater
mussels from subacute atrazine exposure is low given that
sustained, measured concentrations of atrazine in surface wa-
ters within this range would be unlikely [15,16].

Chronic values for permethrin, Mosquito-B-Gone, chlor-
pyrifos, and Lorsban (Table 2) indicate that juvenile mussels
likely are at low risk of toxicity from chronic exposure to
environmentally relevant concentrations of these insecticides
(generally �0.5 �g/L) because of their relatively low use, low
persistence, and low water solubility [26,27]. Water-quality
criteria for chlorpyrifos and permethrin based on results of
toxicity tests with standard aquatic test species likely would
be protective of unionids. The chronic value for permethrin
(0.01 mg/L) was similar to the 21-d EC50 (0.03 mg/L), in-
dicating that a lower range of test concentrations may have
allowed greater resolution of these values.

Acute to chronic ratios commonly are used to estimate
chronic toxicity from acute data, because chronic tests are time
and resource intensive. The U.S. Office of Pollution Prevention
and Toxics has defined criteria of concern that correspond to
an ACR of 10 [28]. In the present study, ACRs for chlorpyrifos

and Lorsban were 12.5 and 9.5, respectively. We were unable
to establish ACRs for atrazine, Aatrex 4L, permethrin, and
Mosquito-B-Gone, because the EC50s for these compounds
were greater than our highest test concentrations. Therefore,
to estimate an ACR for these compounds, we assumed an EC50
equal to the highest test concentration (Table 2). This is a
conservative approach, because the actual EC50 likely is much
greater. Thus, the actual ACR is greater than what we have
estimated. The approximated ACRs for permethrin and Mos-
quito-B-Gone in the present study were greater than 20; how-
ever, because the toxicity of these compounds to L. siliquoidea
is relatively low compared to that of aquatic species commonly
used for toxicity testing, water-quality criteria based on the
sensitivity of standard test species likely would be protective
of L. siliquoidea and, possibly, other unionids.

Growth was variable both within and among treatments and
generally was not a sensitive indicator of chronic, sublethal
effects of pesticide exposure (Fig. 1). Significant differences
in growth between mussels exposed to permethrin and con-
trols, however, was found, but the same trend was not evident
for the permethrin formulation, Mosquito-B-Gone. Mean
growth of controls in the six chronic tests ranged from 1.9 to
3.7 �m/d and was similar to growth in previous tests with
juvenile L. siliquoidea [10,18] in which growth of controls
ranged from 2.7 to 5.0 �m/d. Growth rates of 5.9 �m/d [29]
and 6.6 �m/d [30] have been reported for juvenile Lampsilis
cardium in the control treatments of their respective studies.
Other studies have demonstrated that growth can be a sensitive
indicator of sublethal toxicity to ammonia [29,31] and mercury
[32], but sediment was present in test chambers during these
studies and might have provided suitable substrate for growth
of microorganisms to supplement the mussels’ diet or simply
allowed the mussels to feed more efficiently (e.g., via pedal
feeding). Additionally, Wang et al. [33] reported substantially
greater growth rates for juvenile (age, two months) L. sili-
quoidea during 21- and 28-d tests in a flow-through system.
The current guideline for chronic toxicity tests with juvenile
freshwater mussels [9] recommends water-only, flow-through
exposures. The utility of growth rate as an end point for chronic
studies with juvenile unionids in static-renewal tests will re-
quire additional evaluation. Additional research is needed to
optimize the dietary constituents and feeding rate for juvenile
mussels in chronic static-renewal tests.

CONCLUSIONS

Little difference was found between formulations of atra-
zine, chlorpyrifos, and permethrin and the technical grades of
those pesticides in terms of acute toxicity to early life stages
of native freshwater mussels. Aquatic invertebrate species
commonly used for toxicity testing likely are suitable surro-
gates for L. siliquoidea glochidia and juveniles and the pes-
ticides tested here; however, previous studies have shown that
unionids may be more sensitive to some pesticides (e.g.,
2,4-dichlorophenoxyacetic acid and glyphosate). Additional
research is needed to determine if this also applies to other
pesticides and if suitable surrogate species of unionid mussels
exist for specific chemical classes. Although L. siliquoidea
generally are not acutely sensitive to the pesticides in the pre-
sent study, these tests involved water-only exposures and acute
effects; additional research is needed to determine the role of
sediment exposure and sublethal effects. Chronic toxicity tests
suggest that juvenile mussels may be at risk from prolonged
exposure to environmentally relevant concentrations of chlor-
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Fig. 1. Percentage growth (change in shell length) of juvenile Lampsilis siliquoidea after a 21-d exposure to technical-grade pesticides (A, C,
and E) and pesticide formulations (B, D, and F). Data are presented as the mean � standard deviation (n � 3). Missing data indicate less than
30% survival within a treatment. An asterisk (*) indicates a treatment mean that is significantly different from the controls (Dunnett’s test, 
 �
0.05). Pesticide formulations included Aatrex 4L Herbicide� (Syngenta, Greensboro, NC, USA), Lorsban� 4-E Insecticide (Dow AgroSciences,
Indianapolis, IN, USA), and Mosquito-B-Gone� Insecticide (Ortho, Marysville, OH, USA).

pyrifos and permethrin (and their formulations). Additional
research on this topic also is warranted.

Acknowledgement—Funding for this project was provided by a grant
to W.G. Cope from the Pesticide Environmental Trust Fund admin-
istered through the North Carolina Department of Agriculture and
Consumer Services. We thank Brianna Kaiser of Missouri State Uni-
versity for assistance in producing glochidia and juvenile mussels for
testing. We thank Clyde Sorenson and Fred Yelverton of North Car-
olina State University for procurement of formulation-grade pesti-
cides.

REFERENCES

1. Williams JD, Warren ML Jr, Cummings KS, Harris JL, Neves RJ.
1993. Conservation status of freshwater mussels of the United
States and Canada. Fisheries 18:6–22.

2. Cairns J Jr, Crossman JS, Dickson KL, Herricks EE. 1971. The
recovery of damaged streams. ASB Bull 18:79–106.

3. Fleming WJ, Augspurger TP, Alderman JA. 1995. Freshwater

mussel die-off attributed to anticholinesterase poisoning. Environ
Toxicol Chem 14:877–879.

4. Richter BD, Braun DP, Mendelson MA, Master LL. 1997. Threats
to imperiled freshwater fauna. Conserv Biol 11:1081–1093.

5. Jacobson PJ, Neves RJ, Cherry DS, Farris JL. 1997. Sensitivity
of glochidial stages of freshwater mussels (Bivalvia: Unionidae)
to copper. Environ Toxicol Chem 16:2384–2392.

6. McMahon RF, Bogan AE. 2001. Mollusca: Bivalvia. In Thorpe
JH, Covich AO, ed, Ecology and Classification of North Amer-
ican Freshwater Invertebrates, 2nd ed. Academic, New York,
NY, USA, pp 331–416.

7. Augspurger T, Keller AE, Black MC, Cope WG, Dwyer JF. 2003.
Water-quality guidance for protection of freshwater mussels
(Unionidae) from ammonia exposure. Environ Toxicol Chem 22:
2569–2575.

8. Milam CD, Farris JL, Dwyer FJ, Hardesty DK. 2005. Acute tox-
icity of six freshwater mussel species (glochidia) to six chemicals:
Implications for daphnids and Utterbackia imbecillis as surro-
gates for protection of freshwater mussels (Unionidae). Arch En-
viron Contam Toxicol 48:166–173.



Toxicity of pesticide formulations to freshwater mussels Environ. Toxicol. Chem. 26, 2007 2107

9. American Society for Testing and Materials. 2006. Standard guide
for conducting laboratory toxicity tests with freshwater mussels.
E 2455-06. In Annual Book of Standards, Vol 11.06. Philadelphia,
PA.

10. Bringolf RB, Cope WG, Mosher S, Barnhart MC, Shea D. 2007.
Acute and chronic toxicity of glyphosate compounds to glochidia
and juveniles of Lampsilis siliquoidea (Unionidae). Environ Tox-
icol Chem 26:2094–2100.

11. Folmar LC, Sanders HO, Julin AM. 1979. Toxicity of the her-
bicide glyphosate and several of its formulations to fish and aquat-
ic invertebrates. Arch Environ Contam Toxicol 8:269–278.

12. Mann RM, Bidwell JR. 1999. The toxicity of glyphosate and
several glyphosate formulations to four species of southwestern
Australian frogs. Arch Environ Contam Toxicol 36:193–199.

13. Tsui MTK, Chu LM. 2003. Aquatic toxicity of glyphosate-based
formulations: Comparison between different organisms and the
effects of environmental factors. Chemosphere 52:1189–1197.

14. Relyea RA. 2005. The lethal impact of Roundup on aquatic and
terrestrial amphibians. Ecol Appl 15:1118–1124.

15. Battaglin WA, Furlong ET, Burkhardt MR, Peter CJ. 2000. Oc-
currence of sulfonylurea, sulfonamide, imidazolinone, and other
herbicides in rivers, reservoirs, and groundwater in the Mid-
western United States, 1998. Sci Total Environ 248:123–133.

16. Kolpin DW, Barbash JE, Gilliom RJ. 1998. Occurrence of pes-
ticides in shallow groundwater of the United States: Initial results
from the National Water-Quality Assessment Program. Environ
Sci Technol 32:558–566.

17. American Public Health Association, American Water Works As-
sociation, Water Pollution Control Federation. 1995. Standard
Methods for the Examination of Water and Wastewater, 19th ed.
American Public Health Association, Washington, DC.

18. Bringolf RB, Cope WG, Eads C, Lazaro PR, Barnhart MC, Shea
D. 2007. Acute and chronic toxicity of technical-grade pesticides
to glochidia and juveniles of freshwater mussels (Unionidae).
Environ Toxicol Chem 26:2086–2093.

19. Hamilton MA, Russo RC, Thurston RV. 1977. Trimmed Spear-
man–Karber method for estimating median lethal concentrations
in toxicity bioassays. Environ Sci Technol 11:714–719.

20. Hemming JM, Waller WT. 2004. Diazinon and chlorpyrifos tox-
icity to the freshwater Asiatic clam, Corbicula fluminea Muller,
and the estuarine hooked mussel, Ischadium recurvum Rafin-
esque. Fla Sci 67:1–8.

21. Doran WJ, Cope WG, Rada RG, Sandheinrich MB. 2001. Ace-
tylcholinesterase inhibition in the threeridge mussel (Amblema
plicata) by chlorpyrifos: Implications for biomonitoring. Ecotox-
icol Environ Saf 49:91–98.

22. Borthwick PW, Walsh GE. 1981. Initial toxicological assessment
of Ambush, Bolero, Bux, Dursban, Fentrifanil, Larvin, and Pydrin
static acute toxicity tests with selected estuarine algae, inverte-

brates, and fish. EPA 600/4-81-076. Technical Report. U.S. En-
vironmental Protection Agency, Washington DC.

23. Serrano R, Hernandez F, Pena JB, Dosda V, Canales J. 1995.
Toxicity and bioconcentration of selected organophosphorous
pesticides in Mytilus galloprovincialis and Venus gallina. Arch
Environ Contam Toxicol 29:284–290.

24. Moore MT, Huggett DB, Gillespie WB Jr, Rodgers JH, Cooper
CM. 1998. Comparative toxicity of chlordane, chlorpyrifos, and
aldicarb to four aquatic testing organisms. Arch Environ Contam
Toxicol 34:152–157.

25. Conners DE, Black MC. 2004. Evaluation of lethality and gen-
otoxicity in the freshwater mussel Utterbackia imbecillis (Bi-
valvia: Unionidae) exposed singly and in combination to chem-
icals used in lawn care. Arch Environ Contam Toxicol 46:362–
371.

26. Giesy JP, Solomon KR, Coats JR, Dixon KR, Giddings JM, Ken-
aga EE. 1999. Chlorpyrifos: Ecological risk assessment in North
American aquatic environments. Rev Environ Contam Toxicol
160:1–129.

27. Gilliom RJ, Barbash JE, Crawford CG, Hamilton PA, Martin JD,
Nakagaki N, Nowell LH, Scott JC, Stackelberg PE, Thelin GP,
Wolock DM. 2006. Pesticides in the nation’s streams and ground-
water, 1992–2001. Circular 1291. U.S. Geological Survey, Res-
ton, VA.

28. Zeeman MG. 1995. Ecotoxicity testing and estimation methods
developed under Section 5 of the Toxic Substances Control Act
(TSCA). In Rand GM, ed, Fundamentals of Aquatic Toxicology,
2nd ed. Taylor & Francis, Philadelphia, PA, USA, pp 703–716.

29. Newton TJ, Allran JW, O’Donnell JA, Bartsch MR, Richardson
WB. 2003. Effects of ammonia on juvenile unionid mussels
(Lampsilis cardium) in laboratory sediment toxicity tests. Envi-
ron Toxicol Chem 22:2554–2560.

30. Lasee BA. 1991. Histological and ultrastructural studies of larval
and juvenile Lampsilis (bivalvia) from the upper Mississippi Riv-
er. PhD thesis. Iowa State University, Ames, IA, USA.

31. Bartsch MR, Newton TJ, Allran JW, O’Donnell JA, Richardson
WB. 2003. Effects of pore-water ammonia on in situ survival and
growth of juvenile mussels (Lampsilis cardium) in the St. Croix
Riverway, Wisconsin, USA. Environ Toxicol Chem 22:2561–
2568.

32. Valenti TW, Cherry DS, Neves RJ, Schmerfeld J. 2005. Acute
and chronic toxicity of mercury to early life stages of the rainbow
mussel, Villosa iris (Bivalvia: Unionidae). Environ Toxicol Chem
24:1242–1246.

33. Wang N, Ingersoll CG, Greer IE, Hardesty DK, Ivey CD, Kunz
JL, Brumbaugh WG, Dwyer FJ, Roberts AD, Augspurger T, Kane
CM, Neves RJ, Barnhart MC. 2007. Chronic toxicity of copper
and ammonia to juvenile freshwater mussels (Unionidae). Envi-
ron Toxicol Chem 26:2048–2056.


