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Abstract Laboratory toxicity testing is the primary tool used
for surface water environmental risk assessment; however,
there are critical information gaps regarding the sublethal ef-
fects of pesticides. In 10-day exposures, we assessed the lethal
and sublethal (motility and growth) toxicities of four com-
monly used pesticides, bifenthrin, permethrin, cyfluthrin,
and chlorpyrifos, on two freshwater invertebrates,
Chironomus dilutus and Hyalella azteca. Pyrethroids were
more toxic than the organophosphate chlorpyrifos in both spe-
cies. Bifenthrin was most toxic to H. azfeca survival and
growth. Cyfluthrin was most toxic to C. dilutus. However,
cyfluthrin had the greatest effect on motility on both H. azteca
and C. dilutus. The evaluated concentrations of chlorpyrifos
did not affect C. dilutus motility or growth, but significantly
impacted H. azteca growth. Motility served as the most sen-
sitive endpoint in assessing sublethal effects at low concentra-
tions for both species, while growth was a good indicator of
toxicity for all four pesticides for H. azteca. The integration of
sublethal endpoints in ambient water monitoring and pesticide
regulation efforts could improve identification of low-level
pesticide concentrations that may eventually cause negative
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effects on food webs and community structure in aquatic
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Introduction

Contaminants such as pesticides can pose major threats to
freshwater biodiversity (Connon et al. 2012b; Dudgeon et al.
2006; Geist 2011), as aquatic ecosystems worldwide are
“sinks” for contaminants discharged from areas of intense
pesticide use (Scholz et al. 2012). Insecticides such as pyre-
throids and organophosphates are of particular concermn due to
their broad-spectrum aquatic toxicities (Ankley and Collyard
1995). They are highly toxic to non-target organisms such as
fish and aquatic invertebrates (Clark and Matsumura 1982;
Werner and Moran 2008). Many current-use insecticides are
neurotoxic compounds, which exert sublethal effects on
aquatic organisms that can lead to severe health or reproduc-
tive impairment (Connon et al. 2012a; Johnson et al. 2008;
Rakotondravelo et al. 2006a). Pyrethroids are known to inhibit
sodium channels in the axonal membranes of nerve cells
(Clark and Matsumura 1982), while organophosphates com-
petitively inhibit the enzyme acetylcholinesterase in nerve
synapses (Karnak and Collins 1974; Wheelock et al. 2005).
Depending on exposure concentration, both pesticide classes
result in hyperactivity and eventual failure of the nervous sys-
tem (Haya 1989; Werner and Moran 2008). While acute tox-
icity to fish and aquatic invertebrates is rare, sublethal effects
on key prey species eventually affecting food webs are of
greatest concern (Brooks et al. 2012; Scholz et al. 2012).
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Sublethal responses such as swimming impairment and
growth are suitable endpoints for evaluating organism fitness
since they integrate biochemical and physiological processes
and have been shown to be highly sensitive biomarkers for
low-level pesticide concentrations (Beggel et al. 2010;
Christensen et al. 2005; Geist et al. 2007). However, these
sublethal endpoints are not necessarily integrated in ambient
water monitoring or regulatory toxicity assessments. While
growth is a relatively common toxicity endpoint in fish stud-
ies, it is rarely used for invertebrates. Impaired swimming
ability is generally not quantified as an endpoint in standard
toxicity testing methods despite its obvious importance for the
ecological fitness of a species (Christensen et al. 2005; Floyd
et al. 2008; Weston and Lydy 2010). Thus, there is a pressing
need for validating the effectiveness of these sublethal end-
points, if such endpoints are to be integrated in detecting water
toxicity in water monitoring and regulatory toxicity
assessments.

In this study we compared the lethal and sublethal toxic
effects of two commonly used type-I pyrethroids (bifenthrin
and permethrin), one type-II pyrethroid (cyfluthrin), and the
organophosphate chlorpyrifos on Chironomus dilutus larvae
and Hyalella azteca. These pesticides were selected based on
their prevalence in the environment and their relative toxicities
to non-target species (Bereswill et al. 2013; Hintzen et al.
2009; Li et al. 2013). In a recent study on pyrethroids
encompassing 25 states across the USA, bifenthrin was the
most frequently detected (58 % of samples), followed by per-
methrin (31 %) and cyfluthrin (14 %) (Hladik and Kuivila
2012). A study analyzing water samples from California
creeks detected chlorpyrifos at concentrations between
11.8 and 1082 ng/L (Anderson et al. 2014). All four pesti-
cides are used for similar pest treatments in agriculture and
landscape maintenance and are regularly detected in the
same water or sediment samples (Budd et al. 2009; Weston
et al. 2008, 2013a). The selected pesticides are all neuro-
toxins with different neurological target sites and/or modes
of action. The two types of pyrethroids cause toxicity
through similar modulations of the voltage-gated sodium
channels, but the degree of modification of sodium currents
is different; single sodium channel currents are prolonged to
a greater extent with type-II than type-I pyrethroids (Clark
and Matsumura 1982; Nasuti et al. 2003; Wouters and van
den Bercken 1978). Organophosphates (e.g., chlorpyrifos)
inhibit acetylcholine esterase activity (Hua et al. 2013;
Malison et al. 2010) directly impacting the synaptic signal.
Varying modes of action could thus drive various exposure
effects among different test endpoints.

C. dilutus larvae and H. azteca are often used in toxicity
testing because of their high sensitivity to pyrethroids and
organophosphates (Ankley et al. 1994b; Deanovic et al.
2013; Rakotondravelo et al. 2006b; Weston et al. 2014). Both
species are highly relevant for environmental risk assessments

@ Springer

as they are found in water bodies throughout the Americas and
are important food sources for fish, amphibians, aquatic in-
sects, and other organisms. Both species were selected for this
study because they reflect differences in habitat that may result
in different exposure to contaminants. The larval stage of
C. dilutus is an endobenthic deposit feeder, where it uses the
sediment and debris to build protective cases (Ankley et al.
1994a; Ding et al. 2011; Lydy and Austin 2004). H. azteca is
an epibenthic detritivore, often found on macrophytes and
other surfaces, and periodically moves into the water column.
In addition to its use in sediment testing, H. azteca is also
listed as a supplemental species for water column analyses
in the US Environmental Protection Agency whole effluent
toxicity testing guidance (US EPA 2002).

The aim of this study was to compare the effectiveness of
the C. dilutus and H. azteca tests to detect toxicity caused by
four current-use insecticides: three pyrethroids, bifenthrin,
permethrin, and cyfluthrin, and one organophosphate, chlor-
pyrifos. In addition, we evaluated the use of two different
sublethal endpoints, growth and motility, in detecting low-
level insecticide concentrations.

Materials and methods
Test organisms

C. dilutus (second instar larvae, 10—12 days old) were obtain-
ed from Aquatic Biosystems (Fort Collins, CO, USA) and
H. azteca (7-10 days old) from Aquatic Research Organisms
(Hampton, NH, USA). Upon arrival, animals were transferred
to aerated 7-L aquaria and acclimated to laboratory test con-
ditions for 48 h. During the acclimation period, approximately
50 % of the transport water was changed twice daily and
refilled with test control water, i.e., deionized water modified
to attain US EPA moderately hard specifications (hardness
90-100 mg/L. CaCOs, alkalinity 50-70 mg/L as CaCO;, SC
330-360 uS/cm and pH 7.8-8.2) (Eide and Johansson 1994;
US EPA 1991). Once a day, C. dilutus and H. azteca were fed
10 ml of 4 g/L TetraMin slurry (Tetra®) and 20 ml of YCT
(yeast-cerophyll-trout chow), respectively.

Exposure assessments

Ten-day toxicity tests with C. dilutus and H. azteca were con-
ducted in a temperature-controlled room at 23+2 °C with a
12:12 h dark:light photoperiod. Bifenthrin (CAS# 82657-04-
3, purity >98 %), permethrin (CAS# 52645-53-1, purity
>95.7 %), cyfluthrin (CAS# 68359-37-5, purity >99 %), and
chlorpyrifos (CAS# 5598-13-0, purity >99.5 %) were pur-
chased from Chem Service (West Chester, PA, USA).
Pesticide-grade methanol was used as a solvent carrier for
the pesticide treatments, and in solvent controls, to a final
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concentration of 0.01 % in exposure water. Corresponding
stock solutions were spiked into control water according to
target concentrations and mixed thoroughly. Organisms were
randomly added to each replicate beaker. In total, organisms
were exposed to a geometric progression of seven concentra-
tions of each pesticide (Table 1) determined from preliminary
10-day toxicity test data (not reported), a solvent control, and a
negative control. At test initiation and after each water renew-
al, organisms were fed 1.5 ml of 4 g/L TetraMin slurry (Tet-
ra®) for C. dilutus and 1 ml of YCT for H. azteca.

The 10-day toxicity tests were based on US EPA protocols
for static sediment toxicity testing (US EPA 2000), with the
following modifications for each species. For C. dilutus, four
replicate 1-L glass beakers, each containing a substrate of 20 g
silica sand that was clean and baked (4 h at 450 °C), 750 ml of
treatment water, and 10 organisms. The H. azteca 10-day tox-
icity tests were modified for water column exposures, as de-
scribed in the Quality Assurance Management Plan for the
State of California’s Surface Water Ambient Monitoring Pro-
gram (SWAMP 2002). Briefly, each concentration tested in-
cluded four replicate 250-ml glass beakers, each containing
100 ml of treatment water, 10 organisms, and a 2-cm’ piece of
Nitex® screen as artificial substrate.

Mortality was recorded daily and any dead organisms were
removed from the test vessels. In addition, 70 % of each test
solution was renewed at 24 h (C. dilutus) or 48 h (H. azteca)
time intervals, based on similar studies on C. dilutus (Xu et al.

Table 1
and H. azteca

2007) and H. azteca (Deanovic et al. 2013). At the time of
water renewal, debris was removed and water quality param-
eters [pH, specific conductance (SC), dissolved oxygen (DO),
temperature (T)] of renewal and wastewater were measured.
Test vessels were randomly distributed after each water
renewal.

To evaluate movement and activity of organisms at test ter-
mination, swimming behavior was measured as motility in
centimeter per second. Both species are generally sedentary,
but are inclined to swim when they are not provided substrate.
Therefore, surviving organisms were transferred individually
into corresponding filming chambers; a 5.5-cm (C. dilutus) or
1.3-cm (H. azteca) diameter well in a five-welled white PVC
plate containing water from the respective beaker in which they
were exposed. C. dilutus larvae had to be carefully teased from
their cases before being transferred. To improve lighting quality
and contrast of the videos, the white PVC plate was then placed
on a light board. Video settings and plate position were adjusted
to achieve a standardized focus point for each recording.
Videos were recorded in MPEG-2 format, using a Panasonic®
black and white CCTV camera (12V DC) filming all five
filming chambers from the top. The camera was connected to
a portable laptop-computer via a USB frame grabber (model
WinTV-HVR 950, Hauppauge Computer Works, Hauppauge,
NY, USA). Thirty frames per second were collected for each
organism over a period of 80 s. Recorded videos were then
analyzed using the Ethovision XT 6.1 Software (Noldus

Nominal and measured concentrations (ng/L) for bifenthrin, permethrin, cyfluthrin, and chlorpyrifos used in 10-day exposures to C. dilutus

Pesticide concentration (ng/L)

Bifenthrin Permethrin Cyfluthrin Chlorpyrifos
Nominal Measured Nominal Measured Nominal Measured Nominal Measured
C. dilutus 15.00 10.75 15.00 16.31 2.00 247 80.00 53.54
29.10 18.57 29.10 24.77 4.11 3.59 131.80 91.16
56.46 41.60 56.46 44.98 8.43 9.05 217.15 203.87
109.54 94.41 109.54 104.60 17.32 11.93 357.77 274.19
212.53 169.31 212.53 209.36 35.57 25.15 589.45 397.96
41234 378.82 412.34 310.74 73.04 63.55 971.14 632.57
800.00 552.60 800.00 735.40 150.00 123.51 1600.00 1166.53
H. azteca 1.00 0.98 5.00 4.98 0.20 <LOD 10.00 833
1.59 1.33 8.24 8.53 0.38 <LOD 17.63 12.20
2.52 2.23 13.57 13.05 0.74 <LOD 31.07 24.48
4.00 4.08 22.36 19.30 1.41 1.98 54.77 31.31
6.35 5.92 36.84 34.22 2.71 295 96.55 65.65
10.08 9.48 60.70 58.97 521 4.64 170.19 93.77
16.00 15.08 100.00 93.66 10.00 6.62 300.00 239.46

<LOD indicates cyfluthrin concentration was below limit of detection, but concentrations were estimated by using the average factor between each
available measured concentration (0.66) resulting in the following concentrations: 0.59, 0.89, and 1.33 ng/L. This data was included in the statistical

analysis
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Information Technology Inc., Leesburg, VA, USA) to deter-
mine motility (cm/s). The two-dimensional movement tracks
were analyzed by measuring the movement of the center-point
of each organism’s body. While H. azteca move rectilinearly,
C. dilutus display an undulating movement, resulting in a great-
er calculated motility than for H. azfeca.

Following video recording, the organisms were transferred
from the filming chambers onto individual pre-weighed tin
dishes (pooled per treatment replicate), desiccated at 60 °C
following methods described by Nahon et al. (2010), and
weighed using a Mettler® Toledo AL104 balance (0.1 mg
accuracy). To examine 10-day growth (increase of weight in
grams over time), the weights of five subsamples of ten or-
ganisms were measured at test initiation and compared to the
weights of surviving individuals at test termination. Due to
limited scale sensitivity, organisms were pooled per replicate
beaker, and only treatment replicates with five or more surviv-
ing individuals are reported herein. Mean individual dry
weight in milligrams was calculated for each replicate for
statistical analysis. The calculated 10-day growth was com-
pared between treatments and controls to determine pesticide
effects.

Analytical chemistry

At test initiation, 1-L water samples for each treatment and the
solvent control were collected and stored in amber glass bot-
tles in the dark at 4 °C for subsequent chemical analyses
(Table 1). Within 48 h, samples were spiked with trans-
permethrin (dimethyl D6, EQ Laboratories, Atlanta, GA,
USA) as a recovery surrogate and extracted using solid phase
extraction cartridges (Supelclean ENVI™ - C18, 500 mg, Sig-
ma-Aldrich, St. Louis, MO, USA). Cartridges were pre-
conditioned using 12 mL 1:1 ethyl acetate:hexane, 12 mL
methanol, and 12 mL Milli-Q water (Millipore). Samples were
loaded on the cartridge and eluted with 10 mL 1:1 ethyl
acetate:hexane and evaporated to 0.4 mL at 40 °C under a
gentle stream of nitrogen. As an internal standard, 4,4'-
dibromo-octafluorobiphenyl (Chem Service, West Chester,
PA, USA) was added (Parry and Young 2013). Extracts were
analyzed using an HP-6890 gas chromatograph (Agilent
Technologies, Palo Alto, CA, USA) coupled to an HP-
5973N quadrupole mass spectrometer detector operated in
electron capture negative ionization mode (GC-ECNI-MS)
with methane as the reagent gas (Hladik and Kuivila 2012;
Weston et al. 2013a). The gas chromatograph was equipped
with a Supelco DB-5MS (30 mx0.25 mm with a 0.25-pm
film thickness) with helium as the carrier gas. A 1-uL of
sample was injected in splitless mode (injector temperature
280 °C, purge time 1.5 min). Instrumental calibration was
performed using nine sets of calibration standard solutions
containing all four pesticides (each purchased as 100 pg/mL
solution in acetonitrile, Chem Service, West Chester, PA,
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USA), the surrogate trans-permethrin (dimethyl D6) and the
internal standard 4,4’-dibromo-octafluorobiphenyl in hexane.
Quantification of the pesticides was based on peak areas and
comparing them with a calibration curve normalized to the
internal standard response. All calibration curves had an *>
0.99. Quality-assurance/quality-control was conducted by an-
alyzing a method blank of deionized water (Milli-Q) to ensure
that no contamination occurred during sampling extraction
and analysis and by analyzing two laboratory spike samples
to determine whether the sample matrix contributes bias to the
analytical results and to what degree the method is successful
in recovering the target analytes. The surrogate trans-
permethrin was added to each sample, including the blank,
before extraction to monitor matrix effects and overall method
performance. Surrogate recoveries were on average 111.21 %
with a range between 102.01 and 116.59 % confirming high
extraction efficiency. Reported values were not corrected for
surrogate recovery. Dibromooctafluorobiphenyl was added to
sample extracts before analysis in order to correct quantitative
differences in extract volume as well as to monitor instrument
conditions. Instrumental limit of detections (whole water)
were as follows: 0.6 ng/L bifenthrin, 4.8 ng/L permethrin,
1.4 ng/L cyfluthrin, and 0.8 ng/L chlorpyrifos.

No pesticides were detected in the controls or the method
blank. In particular, average recoveries for bifenthrin were
84.97 % (range 63.81-102.00 %), for permethrin 93.15 %
(range 75.36—-108.73 %), for cyfluthrin 93.79 % (range
66.20-140.43 %), and for chlorpyrifos 71.68 % (range
55.10-93.88 %). Pesticide concentrations are herein reported
as measured concentrations. For cyfluthrin (exposure to
H. azteca), three treatments were below the limit of detection.
To include these treatments for statistical analysis, the concen-
trations were estimated by using the average factor between
measured concentrations (0.66), resulting in the following
concentrations: 0.59, 0.89, and 1.33 ng/L.

Statistical analysis

No observed effect concentrations (NOEC) were determined
using one-way ANOVA followed by a Dunnett’s multiple
comparison. Where data were not normally distributed, but
homogeneity of variances was met, a Kruskal-Wallis test
was applied. Shapiro—Wilk test and Levene’s test were used
to test normality and equality of variances, respectively. All
differences discussed below are significant unless otherwise
noted. All analyses were carried out using Minitab 17 Statis-
tical Software 2013 (Minitab, Inc., State College, PA, USA)
with a significance level at «=0.05.

Concentrations that caused a 50 % reduction in survival
(LCsp) and sublethal endpoints (ECsy) were determined by
fitting non-linear regression curves to the measured toxicity
data using the DRC package in the program R, version 2.3-96
(R Core Team 2014; Ritz and Streibig 2005). For all data, log—
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logistic and Weibull functions were fitted with the optimal
model fit chosen for each dataset by the distribution that had
the lowest Akaike’s information criterion value. The optimal
model was confirmed by a goodness-of-fit test.

Results
Water quality parameters

Water quality parameters remained stable throughout all ex-
posures. Ranges for C. dilutus tests were as follows: 7.5-8.6
pH, 242.7-290.7 uS/cm SC, 4.3-9.4 mg/L. DO, and 20.2—
22.7 °C T, and for H. azteca: 7.6-8.5 pH, 257.4-296.3 uS/
cm SC, 4.9-9.7 mg/L DO, and 20.9-22.8 °C T. Mean control
survival of C. dilutus and H. azteca was 98 % (SE=+0.03) and
100 % (SE==0.00), respectively, meeting test acceptance
criteria for these species (SWAMP 2002; US EPA 2000).

Effects on survival

Cyfluthrin was the most toxic pesticide to C. dilutus with an
LCs of 17.36 ng/L, followed by bifenthrin (101.07 ng/L),
permethrin (166.80 ng/L), and chlorpyrifos (335.20 ng/L)
(Fig. 1a and Table 2). The lowest NOECgyyiva Was also
greatest for cyfluthrin (9.05 ng/L), followed by bifenthrin
(41.60 ng/L), permethrin (44.98 ng/L), and chlorpyrifos
(203.87 ng/L).

Survival of H. azteca was most sensitive to bifenthrin
(LCs0=2.01 ng/L), followed by cyfluthrin (2.89 ng/L), per-
methrin (40.90 ng/L), and chlorpyrifos (58.41 ng/L) (Fig. la
and Table 2). The NOECgyyiva 0f cyfluthrin and bifenthrin
were 1.33 ng/L, for permethrin 19.30 ng/L, and for chlorpyr-
ifos 31.31 ng/L.

Effects on motility

Average control motility of C. dilutus was 1.88 cm/s (SE+
0.25). Exposure to all three pyrethroids caused a decrease in
motility of C. dilutus, while chlorpyrifos did not affect this
endpoint (Fig. 2a). At the lowest concentrations causing a
significant effect, bifenthrin was most potent in reducing the
motility by 62 % to 0.72 cm/s (SE£0.24) at 94.41 ng/L
followed by permethrin and cyfluthrin which reduced motility
by 56 % to 0.82 cm/s (SE+0.09) at 44.98 ng/L and by 53 % to
0.88 cm/s (SE+0.17) at 9.05 ng/L, respectively. Cyfluthrin
was the most toxic pyrethroid affecting C. dilutus motility at
an ECsq of 4.81 ng/L, followed by permethrin (44.59 ng/L)
and bifenthrin (52.67 ng/L) (Table 2). The lowest
NOECyoiity Was determined for cyfluthrin (3.59 ng/L),
followed by permethrin (24.77 ng/L) and bifenthrin
(41.60 ng/L).

Average control motility of H. azteca was 0.56 cm/s (SE=+
0.05). Exposure to all three pyrethroids caused a decrease in
motility of H. azteca; however, no effect of chlorpyrifos on
motility was observed (Fig. 2b). At the lowest concentrations
causing a significant effect, cyfluthrin was most potent in re-
ducing the motility by 32 % to 0.38 cm/s (SE+0.08) at
0.89 ng/L followed by bifenthrin and permethrin which re-
duced motility by 23 % to 0.43 cm/s (SE+0.06) at 0.98 ng/L
and 0.53 cm/s (SE£0.03) at 8.53 ng/L, respectively.
Cyfluthrin was the most toxic pyrethroid on H. azteca motility
(EC50p=0.53 ng/L), followed by bifenthrin (1.40 ng/L) and
permethrin (38.63 ng/L) (Table 2). The lowest NOECyiity
was determined for cyfluthrin (0.59 ng/L), followed by
bifenthrin (<0.98 ng/L), permethrin (4.98 ng/L), and
chlorpyrifos (<8.33 ng/L). The NOECyi1iry of H. azteca
for cyfluthrin (0.59 ng/L) was higher than the ECs, value
(0.53 ng/L) due to the use of an estimated concentration rather
than the measured concentration which was below the limit of
detection.

Effects on growth

Average initial dry weight of C. dilutus at test initiation was
0.17 mg (SE=+0.01) per individual compared to an average
final 10-day dry weight of 1.55 mg (SE==+0.05) per individual
in the controls. These results indicate an average growth that
was 9.12 times the initial weight over the 10-day test period.
All pyrethroids significantly affected growth of C. dilutus,
while exposure to the organophosphate did not cause any
effect (Fig. 3a). At the lowest concentration causing a signif-
icant effect, bifenthrin was most potent in growth inhibition
reducing weight by 36 % to 0.99 mg (SE+0.13) per individual
at 10.75 ng/L, followed by permethrin and cyfluthrin which
reduced weight by 29 % to 1.11 mg (SE+0.23) per individual
at 24.77 ng/L and by 21 % to 1.23 mg (SE+0.14) per individ-
ual at 9.05 ng/L, respectively. Cyfluthrin was the most toxic
pyrethroid affecting C. dilutus weight (EC5o=14.48 ng/L),
followed by bifenthrin (15.08 ng/L) and permethrin
(26.81 ng/L) (Table 2). The NOECyyign for cyfluthrin was
3.59 ng/L, followed by bifenthrin (<10.75 ng/L) and permeth-
rin (16.31 ng/L).

All four pesticides significantly affected growth of
H. azteca (Fig. 3b). Average initial dry weight of a subsample
of H. azteca at test initiation was 0.040 mg (SE=%0.004) per
individual compared to an average final 10-day dry weight of
0.100 mg (SE=40.000) per individual in the controls. These
results indicate an average growth of 2.50 times the initial
weight over the 10-day test period. At the lowest concentra-
tion causing a significant effect, chlorpyrifos was most potent
in growth inhibition reducing weight by 49 % to 0.051 mg
(SE£0.014) per individual at 24.48 ng/L followed by per-
methrin, bifenthrin, and cyfluthrin which reduced weight by
42 % to 0.058 mg (SE£0.006) per individual at 4.98 ng/L, by
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41 % to 0.059 mg (SE £0.012) per individual at 1.33 ng/L, and
by 11 % to 0.089 mg (SE+0.006) per individual at 0.89 ng/L,
respectively. Cyfluthrin was the most toxic pesticide on
H. azteca weight (EC50=1.19 ng/L), followed by bifenthrin
(1.65 ng/L), permethrin (4.03 ng/L), and chlorpyrifos
(25.08 ng/L) (Table 3b). The lowest NOECyyign Was deter-
mined for cyfluthrin (0.59 ng/L), followed by bifenthrin
(0.98 ng/L), permethrin (<4.98 ng/L), and chlorpyrifos

(12.20 ng/L).

Comparison of endpoints for each species

Comparing effective concentrations for each species, motility
was the most sensitive endpoint across both species. The mo-
tility ECsqo for C. dilutus were 1.9 (bifenthrin) to 3.7
(permethrin) and for H. azteca 1.1 (permethrin) to 5.5
(cyfluthrin) times lower than corresponding LCs,.
NOECwoiitity differed between 1.8 (permethrin) and 2.5
(cyfluthrin) times for C. dilutus and 1.4 (bifenthrin) and 3.9
(permethrin) times for H. azteca compared to NOECg,vival-
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Concentration (ng/L)

Weight ECs values for C. dilutus were 1.2 (cyfluthrin) to
6.7 (bifenthrin) times lower than corresponding LCs, values,
while the NOECyyeign: differed between 2.5 (cyfluthrin) and
3.9 (bifenthrin) times compared to the corresponding
NOECsurvival- For H. azteca weight, the EC5q was 1.2
(bifenthrin) to 10.2 (permethrin) times lower than correspond-
ing LCso values, while NOECyygn; differed between 1.4
(bifenthrin) and 3.9 (permethrin) times compared to
NOECSurvival-

Comparing chemical classes, the type-II pyrethroid
cyfluthrin represented the most toxic pesticide class, resulting
in effective concentrations that were up to 73 times lower than
type-1 pyrethroids [ECso_veiocity (/1. azteca) for cyfluthrin
compared to permethrin] and 21 times lower than the organ-
ophosphate [ECso_weignt (H. azteca) of cyfluthrin compared to
chlorpyrifos]. Exposure to cyfluthrin elicited the greatest ef-
fect on motility and growth of both species, and on survival of
C. dilutus, while bifenthrin was most toxic to H. azteca
survival.

Compared to C. dilutus, H. azteca was more sensitive
across all pesticides tested. The LCs, was up to 50, the ECs,



Environ Sci Pollut Res (2015) 22:11327-11339 11333

I 28 S| = e . .
= § § § E § % g o for motility up to 43, and ECs for weight up to 12 times lower
R b b é ; 2 for H. azteca than for C. dilutus. The only exception was
© S — — N 5} . ey .
P A R BRI B permethrin for the motility endpoint, where the ECs, for
< .
E C. dilutus was 1.2 times lower than for H. azteca. The
" 2= 3 N8 =4 S NOECyotitiey and NOECyyeigne of H. azteca were 5-43 times
@l T e e es 2 ) and 3-11 times lower than for C. dilutus, respectively, with
E . % 3 bifenthrin displaying the largest and permethrin the smallest
<, . . . oy
o §“ 5 & difference. While the weight of H. azteca was a more sensitive
8 & g E § 8 é = s ;tg endpoint across all chemicals tested, it displayed the smallest
= ha) — — = . . oge o .
2 B == R T differences in sensitivity between the two species.
S T 8
k=) 8 ° ‘=
g 5 v o= 0 0 N D R %D Di .
= s o~ on XN A o o 1SCussion
| |g|§=" Tved)s %
@) g . . . . e
et E *; C. dilutus and H. azteca differed greatly in their sensitivities to
B=| S} .. . . .
= K w3 o B o g o the four pesticides investigated and showed different sublethal
= . <t g g : o . .
= S :| g Rl OT\ $ 'o\‘ % 5 responses at fractions of LCsq concentrations.
é X |3 88 x 8 8 g fg Cyfluthrin was the most toxic pesticide in all endpoints
= | 7= 12| &§ 3 tested for C. dilutus and both sublethal endpoints tested for
o . . .
& - - 5 & H. azteca. Like other type-II pyrethroids, cyfluthrin is chem-
[© — N . . . .. .
'3_:5. o | 225 3 ez 5 2 ically modified via the addition of functional groups (cyano
=1 — — = =
2 o : s £ and halogen group) and therefore hydrolyzes more slowly
g z L; S _ than type-I pyrethroids, resulting in a toxic potency up to 73
& E g £ o times greater than that of the type-I pyrethroids investigated in
a S & F Q4 2 28 this study. However, H. azteca survival was most sensitive to
= Q o - ® < & g = . .y . . .
g B ! « e £ 8 bifenthrin, rather than cyfluthrin, which also caused the big-
B - % EO Té gest difference in species sensitivity in terms of survival (LCs
= g > o % value for H. azteca was 50 times lower than for C. dilutus) and
S = v J .
s Ol o = o o - | B o E motility (ECsq value for H. azteca was 38 times lower than for
3 oI N-T S XX " N S Z 8 . .. . e .
g % T30 9 ¥ | & g £ C. dilutus). This difference in sensitivity between the two
2 Q . .
S S = —g species was also reported in Weston et al. (2013a), where the
g S 5 = 3 SRR = ‘é g contribution of pyrethroids to sediment toxicity was investi-
§ — l«% EI < § e [:f = $ g 2 3 gated. This study found that bifenthrin was approximately
B g pig b a = Q z o z 2 8 twelvefold more toxic to . azteca than to C. dilutus whereas
o ; T e = § 3o ’é 2 72 differences among cyfluthrin, permethrin, and chlorpyrifos
% § &5 were only twofold. Similar results were found in other studies
% 292INS] TR 3 % g (Amweg et al. 2005; Maul et al. 2008; Maund et al. 1998).
S Bl g ooy S oS < § % E Weight was the most sensitive endpoint to detect pyrethroid
>l 3 = 23 toxicity using C. dilutus in this study. Significant effects on
- £ £ 2 y g y. S1g
T2 | S EL8SET |2 g o C. dilutus weight were observed at concentrations of 9.05 ng/
2| = O e R R Y S N = P = S I 2 ° & &
5 £ Slsa - = 0 § 3 5 L cyfluthrin, 10.75 ng/L bifenthrin, and 24.77 ng/L permeth-
3 § g 2 é rin. For H. azteca, both sublethal endpoints were effective to
] = S =) .. . .
= 8| ¢ g =5 detect low-level pesticide concentrations. The concentrations
=1 . . . . .
% Sl é|locwnmmom—]|5 73 > causing significant effects on all three endpoints in both spe-
2| Bl @8 S R @A o 2 - § : s :
El2|8|s3ag -2 —=|5§ g 2 cies are within the range of environmentally relevant concen-
2 — <] . . . . . . . .
| A1~ ” 2 g £ trations as reported in previous monitoring studies in different
= g 2 5 P P 8
5 ~ E g g states of the USA (Anderson et al. 2006; Phillips et al. 2012;
5 cé E . 5 o s = = 5 Smith and Lizotte 2007; Werner et al. 2010). For example,
E 5" E =5 é E = é % < E % studies in Californian creeks by Budd et al. (2009) and
3 £E g3 Weston and Lydy (2012) detected bifenthrin at concentrations
g5 €78 ydy
- f§ § é § ._;;’ E up to 37.3 ng/L, permethrin up to 470.0 ng/L, and cyﬂuthrin
= S Y Sh-Try 2 up to 8.7 ng/L. Chlorpyrifos was detected at concentrations up
£ U Sy =3 2 to 226.0 ng/L (Weston and Lydy 2010).

@ Springer



11334

Environ Sci Pollut Res (2015) 22:11327-11339

Fig. 2 Sublethal effects of
bifenthrin, permethrin, cyfluthrin,
and chlorpyrifos on motility of a
C. dilutus and b H. azteca.
Specific dose-response models
(log—logistic or Weibull) were
fitted to motility data for both
species using the “mselect”
function in the “drc” package. Y-
axis = motility (cm/s). X-axis =
concentration (ng/L) for each
pesticide. Asterisks indicate
significant differences compared
to the control (p<0.05)
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Mortality as an endpoint

The determined LCs, for the pesticides used in this study
match results reported in other studies using H. azteca. Brand-
er et al. (2009) reported a 10-day LCs, for permethrin of
48.90 ng/L (40.90 ng/L in this study), and Deanovic et al.
(2013) a 10-day LCs, for bifenthrin of 2.3 ng/L (2.0 ng/L in
this study) and for cyfluthrin 1.9 ng/L (2.89 ng/L in this
study), while Phipps et al. (1995) reported a higher 10-day
LCs for chlorpyrifos of 86.0 ng/L (50.41 ng/L in this study).
The difference in chlorpyrifos toxicity is likely caused by a
different experimental setup, as Phipps et al. (1995) used a
flow-through system, while Deanovic et al. (2013) and Brand-
er et al. (2009) used a static system as was used in this study.
No 10-day LCs, was reported for C. dilutus in the literature for
cyfluthrin, and values reported for the other three chemicals
differed from the ones determined in this study. Ding et al.
(2012) determined different LCsq of bifenthrin (23.0 ng/L),
permethrin (99.0 ng/L), and chlorpyrifos (140.0 ng/L) for
C. dilutus using a static system, without solution renewal

@ Springer
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and a decreased feeding interval, which possibly caused the
differing values compared to this study.

Motility as an endpoint

Motility was a highly sensitive endpoint to detect toxicity of
cyfluthrin and bifenthrin on H. azteca below 1 ng/L. Swim-
ming behavior is ecologically important since a reduction
could make invertebrates more vulnerable to predation, drift,
or food competition (Holomuzki et al. 2010). It is an especially
relevant endpoint when investigating neurotoxic substances,
such as organophosphates and pyrethroids, because paralysis
is the first visible symptom of acute exposure (Rubach et al.
2011). Several studies have demonstrated the suitability of
swimming performance for assessing effects of insecticides
on fish, as it integrates biochemical and physiological process-
es and is an important indicator of fitness in aquatic species
(Beggel et al. 2010; Geist et al. 2007; Heath et al. 1993).
Motility is not an established endpoint in toxicity testing using
invertebrates, but Rubach et al. (2011) who investigated the
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Fig. 3 Sublethal effects of
bifenthrin, permethrin, cyfluthrin,
and chlorpyrifos on weight of a
C. dilutus and b H. azteca.
Specific dose-response models
(log—logistic or Weibull) were
fitted to weight data for both
species using the “mselect”
function in the “drc” package. Y-
axis = final weight (mg/surviving
individuals). X-axis =
concentration (ng/L) for each
pesticide. Asterisks indicate
significant differences compared
to the control (p<0.05)
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species sensitivity of 15 arthropod species, including the am-
phipod Gammarus pulex, on exposure to chlorpyrifos, found
swimming behavior, rather than mortality, to be the most sen-
sitive endpoint to use for risk assessment of neurotoxic com-
pounds. This was also found in an exposure of the rotifer
species Brachionus calyciflorus to the organophosphate di-
methoate that resulted in adverse effects on the swimming
behavior (Chen et al. 2014). These results as well as those from
our study clearly demonstrate that motility is an important
indicator to detect low-level pesticide concentrations which
should be considered in ambient water monitoring and regula-
tory toxicity assessments.

Weight as an endpoint

Pyrethroid exposure resulted in reduced growth of both spe-
cies. This could have been caused by food avoidance due to
pyrethroids bound to organic material or decreased ability to
ingest food (Maul et al. 2008). Alternatively, feeding rates
may have been maintained, in which case reduced growth
could be a direct effect of these insecticides; e.g., energetic

1 10 100

Concentration (ng/L)

reserves are allocated toward detoxification (Campero et al.
2007). Growth was the most sensitive endpoint for C. dilutus
in this study, reflecting previously reported results. Maul et al.
(2008) investigated the toxicity of bifenthrin, permethrin, and
lambda-cyhalothrin on C. dilutus and found dramatic growth
inhibition within the 10-day exposure. Growth is an
established endpoint in fish toxicity studies as it represents
an important ecological endpoint affecting predator avoidance
and reproduction (Connon et al. 2009; Haya 1989). For small-
er organisms such as invertebrates, growth is likely to be of
similar ecological relevance as for fish. For example, reduced
larval growth in C. dilutus negatively affected pupation, emer-
gence (86 to 100 % reduction), adult female size, number of
eggs per female, and fecundity (Liber et al. 1996; Ristola et al.
1999; Sibley et al. 1997). Sufficient growth during the larval
stages of chironomids that successfully leads to pupation and
emergence may therefore be even more crucial than growth of
purely aquatic species such as amphipods (Agra and Soares
2009), as chironomid reproduction occurs during the adult
terrestrial stage. Additionally, smaller individuals may also
be more susceptible to predators and may have reduced
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resistance to other environmental stressors as homeostatic en-
ergy demands are increased to contend with contaminant
stress (Liber et al. 1996; McKenney et al. 1998; Sibley et al.
1997). Therefore, impairment of this endpoint could have pro-
found population-level effects and is thus a highly important
endpoint to consider in toxicity testing and ambient water
monitoring.

Differences in sensitivity of species

Chlorpyrifos affected growth of H. azteca, but not of C. dilutus
in this study. Generally, differences in the sensitivity of species
to pesticides can be explained by their differences in behavior
and habitat, as well as differences in toxicokinetics (uptake,
distribution, biotransformation, elimination) and
toxicodynamics (interaction with biological target sites) with
differences in the mode of action being the most likely expla-
nation in this specific case (McCarty and Mackay 1993;
Rubach et al. 2012; Vaal et al. 2000). The metabolism of
pesticides, their target sites, and the binding affinity at target
sites, is known to differ even with only slightly different
chemical structures (Nasuti et al. 2003; Soderlund et al.
2002; Vais et al. 2003). Variations in toxicokinetics among
species can result from differences in lipid content, body size,
and respiratory strategy (Baird and Van den Brink 2007;
Nyman et al. 2014). In addition, the biotransformation capac-
ity of a species to inactivate or activate specifically acting
compounds has been considered an important factor causing
differences in sensitivity (Chambers and Carr 1995; Escher
and Hermens 2002). While both C. dilutus and H. azteca pos-
sess cytochrome P450-mediated mono-oxogenases capable of
metabolizing organophosphate insecticides (Ankley and
Collyard 1995), metabolic enzyme profiles can vary greatly
across species (Clark 1989; Godin et al. 2006). As an organ-
ophosphate, chlorpyrifos is metabolically activated to a more
toxic intermediate, chlorpyrifos-oxon that mainly acts on the
nervous system by inhibiting acetylcholinesterase (ACh),
leading to continuous neurotransmission, acute cholinergic
syndrome, and eventually paralysis and death (Hsieh et al.
2001). The difference in response to chlorpyrifos exposure
between the two species could result from the capability of
C. dilutus larvae to withstand an increased inhibition of ACh
as shown in previous studies (Rakotondravelo et al. 2006a;
Rebechi et al. 2014).

Habitat differences are other major contributing factors to
sensitivity differences between chironomids and amphipods.
H. azteca are epibenthic grazers primarily occurring at the
interface of the water column and sediment or detritus (Wang
et al. 2004), while C. dilutus burrow into the sediment and
feed on organic particles in the walls of their tube (Proulx and
Hare 2014). This could lead to differences in exposure of
C. dilutus to pyrethroids. Pyrethroids are highly non-polar
chemicals of low water solubility and high K,,, values
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resulting in a high affinity to any type of surface. Laskowski
(2002) summarized physical and chemical environmental
properties of pyrethroids confirming that log K., values for
bifenthrin, permethrin, and cyfluthrin are similar, ranging be-
tween 6.0 and 6.4. Chlorpyrifos is slightly less hydrophobic
than pyrethroids with a log K, of 4.7 (Kravvariti et al. 2010).
The binding properties of pyrethroids have been shown to
inhibit their degradation (Lee et al. 2004), suggesting an ac-
cumulation of these compounds in the benthos causing an
increased exposure to benthic organisms such as C. dilutus.
Maund et al. (2001), on the other hand, reported that
epibenthic and benthic organisms bioaccumulated a similar
amount of sediment-bound pyrethroids. This indicates that
bioaccumulation may be driven by cuticular uptake of the
dissolved fraction, rather than ingestion of or direct contact
with pyrethroid-contaminated sediments.

This study supports the use of C. dilutus and H. azteca as
reliable indicators of pyrethroid presence in water samples;
however, ecological implications cannot be directly assessed
from toxicity demonstrated in laboratory species. Different
species of chironomids are hard to identify, and there are ad-
ditionally important genetic and physiological differences be-
tween laboratory and field populations of both H. azteca
(Major et al. 2013; Weston et al. 2013b) and chironomids
(Hoffman and Fisher 1994; Nowak et al. 2008; Woodworth
et al. 2002). Consequently, the exposure concentrations at
which effects were observed in C. dilutus and H. azteca can-
not necessarily be seen as universally valid. In any case, the
observed pronounced differences in the sensitivity of both
species is not surprising since considerable interspecies vari-
ation in response to chemical stress exists for a wide range of
animals and plants (Baird et al. 1991; Bridges and Semlitsch
2000; Jensen and Forbes 2001; Naylor et al. 1990).

Conclusion

Our data highlights the importance and usefulness of integrat-
ing sublethal endpoints on invertebrates into water-monitoring
efforts and ecological risk assessment, especially to evaluate
low-level contaminant concentrations. Sublethal endpoints re-
vealed significant effects even below the limit of detection of
current-use analytical methods. Our results show that pesti-
cide sensitivities are not easily extrapolated from one species
to another or between chemicals. Environmental risk may
therefore be underestimated if surface water bodies are mon-
itored assuming broad representation from a single inverte-
brate species, from a single-test endpoint, or by assuming that
similar pesticides have similar effects. Our results demonstrate
that the choice of the toxicity test, especially with respect to
test species and endpoint, can be crucially important for the
detection of insecticide toxicity at low concentrations. It is
important to characterize not only the toxicity of common
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aquatic contaminants, but also the variability in effects across
species. Doing so will improve ambient water monitoring ef-
forts and ecological risk assessment by determining the most
sensitive species and endpoints that should be used to detect
contaminants in water bodies. Understanding the variability in
response across species will also help conservation efforts to
understand the extent to which species will be affected by
contaminant stress.

Acknowledgments The authors thank Linda Deanovic, Krista Hoff-
mann, A. Keith Miles, Jade Peralta, and Marie Stillway for their support.
We are particularly grateful to Inge Werner who was involved in a pre-
study for this project and who served as a mentor for Simone Hasenbein
during her entire Ph.D. project. This study was funded by the State and
Federal Contractors Water Agency (contract no. 15-33 to REC), Califor-
nia Department of Pesticide Regulation (contract no. 10-C0096 and 13-
C0022 to SPL), and a postgraduate scholarship by Bayerische
Forschungsstiftung, Germany (contract no. DOK-121-10 to JG). The
authors acknowledge the support by the Faculty Graduate Center
Weihenstephan of TUM Graduate School at Technische Universitét
Miinchen, Germany.

Compliance with ethical standards Accepted principles of ethical and
professional conduct have been followed in the study. The authors declare
no potential conflicts of interest (financial or non-financial), and the wel-
fare of animals was considered according to the relevant laws (only in-
vertebrates were used here).

References

Agra AR, Soares AM (2009) Effects of two insecticides on survival, growth
and emergence of Chironomus riparius Meigen. Bull Environ Contam
Toxicol 82:501-504. doi:10.1007/s00128-009-9658-z

Amweg EL, Weston DP, Ureda NM (2005) Use and toxicity of pyrethroid
pesticides in the central valley, California, USA. Environ Toxicol
Chem 24:966-972. doi:10.1897/04-146R 1.1

Anderson B et al (2014) Impacts of pesticides in a central California
estuary. Environ Monit Assess 186:1801-1814. doi:10.1007/
s10661-013-3494-7

Anderson BS, Phillips BM, Hunt JW, Worcester K, Adams M, Kapellas
N, Tjeerdema RS (2006) Evidence of pesticide impacts in the Santa
Maria river watershed, California, USA. Environ Toxicol Chem 25:
1160-1170. doi:10.1897/05-231r.1

Ankley GT, Benoit DA, Balogh JC, Reynoldson TB, Day KE, Hoke RA
(1994a) Evaluation of potential confounding factors in sediment
toxicity tests with three freshwater benthic invertebrates. Environ
Toxicol Chem 13:627-635. doi:10.1897/1552-8618(1994)
13[627:eopcfi]2.0.co;2

Ankley GT, Call DJ, Cox JS, Kahl MD, Hoke RA, Kosian PA (1994b)
Organic carbon partitioning as a basis for predicting the toxicity of
chlorpyrifos in sediments. Environ Toxicol Chem 13:621-626. doi:
10.1002/etc.5620130411

Ankley GT, Collyard SA (1995) Influence of piperonyl butoxide on the
toxicity of organophosphate insecticides to three species of freshwater
benthic invertebrates. Comp Biochem Physiol C: Pharmacol Toxicol
Endocrinol 110:149-155. doi:10.1016/0742-8413(94)00098-u

Baird DJ, Barber I, Bradley M, Soares AMVM, Calow P (1991) A com-
parative study of genotype sensitivity to acute toxic stress using
clones of daphnia-magna straus. Ecotoxicol Environ Saf 21:257—
265. doi:10.1016/0147-6513(91)90064-v

Baird DJ, Van den Brink PJ (2007) Using biological traits to predict
species sensitivity to toxic substances. Ecotoxicol Environ Saf 67:
296-301. doi:10.1016/j.ecoenv.2006.07.001

Beggel S, Werner I, Connon RE, Geist JP (2010) Sublethal toxicity of
commercial insecticide formulations and their active ingredients to
larval fathead minnow (Pimephales promelas). Sci Total Environ
408:3169-3175. doi:10.1016/j.scitotenv.2010.04.004

Bereswill R, Streloke M, Schulz R (2013) Current-use pesticides in
stream water and suspended particles following runoff: exposure,
effects, and mitigation requirements. Environ Toxicol Chem 32:
1254-1263. doi:10.1002/etc.2170

Brander SM, Werner I, White JW, Deanovic L (2009) Toxicity of a
dissolved pyrethroid mixture to Hyalella azteca at environmentally
relevant concentrations. Environ Toxicol Chem 28:1493-1499

Bridges CM, Semlitsch RD (2000) Variation in pesticide tolerance of
tadpoles among and within species of ranidae and patterns of am-
phibian decline. Conserv Biol 14:1490-1499. doi:10.1046/j.1523-
1739.2000.99343 x

Brooks ML et al (2012) Life histories, salinity zones, and sublethal con-
tributions of contaminants to pelagic fish declines illustrated with a
case study of San Francisco Estuary, California, USA. Estuar Coasts
35:603—621. doi:10.1007/s12237-011-9459-6

Budd R, O’Geen A, Goh KS, Bondarenko S, Gan J (2009) Efficacy of
constructed wetlands in pesticide removal from tailwaters in the
central valley, California. Environ Sci Technol 43:2925-2930. doi:
10.1021/es802958q

Campero M, Slos S, Ollevier F, Stoks R (2007) Sublethal pesticide con-
centrations and predation jointly shape life history: behavioral and
physiological mechanisms. Ecol Appl 17:2111-2122. doi:10.1890/
07-0442.1

Chambers JE, Carr RL (1995) Biochemical mechanisms contributing to
species differences in insecticidal toxicity. Toxicology 105:291—
304. doi:10.1016/0300-483x(95)03225-5

Chen J, Wang Z, Li G, Guo R (2014) The swimming speed alteration of
two freshwater rotifers Brachionus calyciflorus and Asplanchna
brightwelli under dimethoate stress. Chemosphere 95:256-260.
doi:10.1016/j.chemosphere.2013.08.086

Christensen BT, Lauridsen TL, Ravn HW, Bayley M (2005) A compar-
ison of feeding efficiency and swimming ability of Daphnia magna
exposed to cypermethrin. Aquat Toxicol 73:210-220. doi:10.1016/j.
aquatox.2005.03.011

Clark AG (1989) The comparative enzymology of the glutathione S-
transferases from non-vertebrate organisms. Comp Biochem
Physiol B 92:419-446. doi:10.1016/0305-0491(89)90114-4

Clark JM, Matsumura F (1982) Two different types of inhibitory effects
of pyrethroids on nerve Ca— and Cat+Mg-atpase activity in the squid,
Loligo pealei. Pestic Biochem Physiol 18:180-190. doi:10.1016/
0048-3575(82)90104-3

Connon RE et al (2012a) Transcription profiling in environmental diag-
nostics: health assessments in Columbia River Basin steelhead
(Oncorhynchus mykiss). Environ Sci Technol 46:6081-6087. doi:
10.1021/es3005128

Connon RE et al (2009) Linking mechanistic and behavioral responses to
sublethal esfenvalerate exposure in the endangered delta smelt;
Hypomesus transpacificus (fam. Osmeridae). BMC Genomics 10:
608. doi:10.1186/1471-2164-10-608

Connon RE, Geist J, Werner I (2012b) Effect-based tools for monitoring
and predicting the ecotoxicological effects of chemicals in the aquat-
ic environment. Sensors 12:12741-12771

Deanovic LA, Markiewicz D, Stillway M, Fong S, Werner I (2013)
Comparing the effectiveness of chronic water column tests with
the crustaceans Hyalella azteca (order: Amphipoda) and
Ceriodaphnia dubia (order: Cladocera) in detecting toxicity of
current-use insecticides. Environ Toxicol Chem 32:707-712. doi:
10.1002/etc.2111

@ Springer


http://dx.doi.org/10.1007/s00128-009-9658-z
http://dx.doi.org/10.1897/04-146R1.1
http://dx.doi.org/10.1007/s10661-013-3494-7
http://dx.doi.org/10.1007/s10661-013-3494-7
http://dx.doi.org/10.1897/05-231r.1
http://dx.doi.org/10.1897/1552-8618(1994)13%5B627:eopcfi%5D2.0.co;2
http://dx.doi.org/10.1897/1552-8618(1994)13%5B627:eopcfi%5D2.0.co;2
http://dx.doi.org/10.1002/etc.5620130411
http://dx.doi.org/10.1016/0742-8413(94)00098-u
http://dx.doi.org/10.1016/0147-6513(91)90064-v
http://dx.doi.org/10.1016/j.ecoenv.2006.07.001
http://dx.doi.org/10.1016/j.scitotenv.2010.04.004
http://dx.doi.org/10.1002/etc.2170
http://dx.doi.org/10.1046/j.1523-1739.2000.99343.x
http://dx.doi.org/10.1046/j.1523-1739.2000.99343.x
http://dx.doi.org/10.1007/s12237-011-9459-6
http://dx.doi.org/10.1021/es802958q
http://dx.doi.org/10.1890/07-0442.1
http://dx.doi.org/10.1890/07-0442.1
http://dx.doi.org/10.1016/0300-483x(95)03225-5
http://dx.doi.org/10.1016/j.chemosphere.2013.08.086
http://dx.doi.org/10.1016/j.aquatox.2005.03.011
http://dx.doi.org/10.1016/j.aquatox.2005.03.011
http://dx.doi.org/10.1016/0305-0491(89)90114-4
http://dx.doi.org/10.1016/0048-3575(82)90104-3
http://dx.doi.org/10.1016/0048-3575(82)90104-3
http://dx.doi.org/10.1021/es3005128
http://dx.doi.org/10.1186/1471-2164-10-608
http://dx.doi.org/10.1002/etc.2111

11338

Environ Sci Pollut Res (2015) 22:11327-11339

Ding Y, Landrum PF, You J, Harwood AD, Lydy MJ (2012) Use of solid
phase microextraction to estimate toxicity: relating fiber concentra-
tions to toxicity—part I. Environ Toxicol Chem 31:2159-2167. doi:
10.1002/etc.1935

Ding Y, Weston DP, You J, Rothert AK, Lydy MJ (2011) Toxicity of
sediment-associated pesticides to Chironomus dilutus and Hyalella
azteca. Arch Environ Contam Toxicol 61:83-92. doi:10.1007/
$00244-010-9614-2

Dudgeon D et al (2006) Freshwater biodiversity: importance, threats,
status and conservation challenges. Biol Rev 81:163—182. doi:10.
1017/S1464793105006950

Eide I, Johansson E (1994) Statistical experimental design and projec-
tions to latent structures analysis in the evaluation of fuel blends with
respect to particulate emissions. Chemom Intell Lab Syst 22:77-85.
doi:10.1016/0169-7439(93)e0042-3

Escher BI, Hermens JLM (2002) Modes of action in ecotoxicology: their
role in body burdens, species sensitivity, gsars, and mixture effects.
Environ Sci Technol 36:4201-4217. doi:10.1021/es015848h

Floyd EY, Geist JP, Werner I (2008) Acute, sublethal exposure to a pyre-
throid insecticide alters behavior, growth, and predation risk in lar-
vae of the fathead minnow (Pimephales promelas). Environ Toxicol
Chem 27:1780-1787. doi:10.1897/07-448.1

Geist J (2011) Integrative freshwater ecology and biodiversity conserva-
tion. Ecol Indic 11:1507-1516. doi:10.1016/j.ecolind.2011.04.002

Geist J, Werner I, Eder KJ, Leutenegger CM (2007) Comparisons of
tissue-specific transcription of stress response genes with whole an-
imal endpoints of adverse effect in striped bass (Morone saxatilis)
following treatment with copper and esfenvalerate. Aquat Toxicol
85:28-39. doi:10.1016/j.aquatox.2007.07.011

Godin SJ, Scollon EJ, Hughes MF, Potter PM, DeVito MJ, Ross MK
(2006) Species differences in the in vitro metabolism of deltamethrin
and esfenvalerate: differential oxidative and hydrolytic metabolism
by humans and rats. Drug Metab Dispos 34:1764—1771. doi:10.
1124/dmd.106.010058

Haya K (1989) Toxicity of pyrethroid insecticides to fish. Environ
Toxicol Chem 8:381-391. doi:10.1002/etc.5620080504

Heath AG, Cech JJ, Zinkl JG, Steele MD (1993) Sublethal effects of three
pesticides on Japanese medaka. Arch Environ Contam Toxicol 25:
485-491. doi:10.1007/b£00214337

Hintzen EP, Lydy MJ, Belden JB (2009) Occurrence and potential toxic-
ity of pyrethroids and other insecticides in bed sediments of urban
streams in Central Texas. Environ Pollut 157:110-116. doi:10.1016/
j.envpol.2008.07.023

Hladik ML, Kuivila KM (2012) Pyrethroid insecticides in bed sediments
from urban and agricultural streams across the United States. J
Environ Monit 14:1838-1845

Hoffman ER, Fisher SW (1994) Comparison of a field and laboratory-
derived population of chironomus riparius (diptera: Chironomidae):
biochemical and fitness evidence for population divergence. J Econ
Entomol 87:318-325

Holomuzki JR, Feminella JW, Power ME (2010) Biotic interactions in
freshwater benthic habitats. ] N Am Benthol Soc 29:220-244. doi:
10.1899/08-044.1

Hsieh BH, Deng JF, Ger J, Tsai WJ (2001) Acetylcholinesterase inhibi-
tion and the extrapyramidal syndrome: a review of the neurotoxicity
of organophosphate. Neurotoxicology (Little Rock) 22:423-427.
doi:10.1016/s0161-813x(01)00044-4

Hua J, Cothran R, Stoler A, Relyea R (2013) Cross-tolerance in amphib-
ians: wood frog mortality when exposed to three insecticides with a
common mode of action. Environ Toxicol Chem 32:932-936. doi:
10.1002/etc.2121

Jensen A, Forbes VE (2001) Interclonal variation in the acute and delayed
toxicity of cadmium to the european prosobranch gastropod
Potamopyrgus antipodarum (gray). Arch Environ Contam Toxicol
40:230-235

@ Springer

Johnson KR, Jepson PC, Jenkins JJ (2008) Esfenvalerate-induced case-aban-
donment in the larvae of the caddisfly (Brachycentrus americanus).
Environ Toxicol Chem 27:397-403. doi:10.1897/07-185r1.1

Karnak RE, Collins WJ (1974) The susceptibility to selected insecticides
and acetylcholinesterase activity in a laboratory colony of midge
larvae, Chironomus tentans (diptera: Chironomidae). Bull Environ
Contam Toxicol 12:62-69. doi:10.1007/bf01713027

Kravvariti K, Tsiropoulos NG, Karpouzas DG (2010) Degradation and
adsorption of terbuthylazine and chlorpyrifos in biobed biomixtures
from composted cotton crop residues. Pest Manag Sci 66:1122—
1128. doi:10.1002/ps.1990

Laskowski DA (2002) Physical and chemical properties of pyrethroids.
Rev Environ Contam Toxicol 174:49-170

Lee S, Gan J, Kim J-S, Kabashima JN, Crowley DE (2004) Microbial
transformation of pyrethroid insecticides in aqueous and sediment
phases. Environ Toxicol Chem 23:1-6. doi:10.1897/03-114

LiH, Sun B, Lydy MJ, You J (2013) Sediment-associated pesticides in an
urban stream in Guangzhou, China: implication of a shift in pesti-
cide use patterns. Environ Toxicol Chem 32:1040-1047. doi:10.
1002/etc.2147

Liber K, Call DJ, Dawson TD, Whiteman FW, Dillon TM (1996) Effects of
chironomus tentans larval growth retardation on adult emergence and
ovipositing success: implications for interpreting freshwater sediment
bioassays. Hydrobiologia 323:155-167. doi:10.1007/bf00007844

Lydy MJ, Austin KR (2004) Toxicity assessment of pesticide mixtures
typical of the Sacramento—San Joaquin delta using Chironomus
tentans. Arch Environ Contam Toxicol 48:49-55. doi:10.1007/
$00244-004-0056-6

Major K, Soucek DJ, Giordano R, Wetzel MJ, Soto-Adames F (2013) The
common ecotoxicology laboratory strain of Hyalella azteca is geneti-
cally distinct from most wild strains sampled in eastern North America.
Environ Toxicol Chem 32:2637-2647. doi:10.1002/etc.2355

Malison RL, Benjamin JR, Baxter CV (2010) Measuring adult insect
emergence from streams: the influence of trap placement and a com-
parison with benthic sampling. J N Am Benthol Soc 29:647-656.
doi:10.1899/09-086.1

Maul JD, Brennan AA, Harwood AD, Lydy MJ (2008) Effect of
sediment-associated pyrethroids, fipronil, and metabolites on
Chironomus tentans growth rate, body mass, condition index, im-
mobilization, and survival. Environ Toxicol Chem 27:2582-2590.
doi:10.1897/08-185.1

Maund SJ, Hamer MJ, Warinton JS, Kedwards TJ (1998) Aquatic ecotox-
icology of the pyrethroid insecticide lambda-cyhalothrin: consider-
ations for higher-tier aquatic risk assessment. Pestic Sci 54:408-417.
doi:10.1002/(sici)1096-9063(199812)54:4<408::aid-ps843>3.0.c0;2-t

Maund SJ, Travis KZ, Hendley P, Giddings JM, Solomon KR (2001)
Probabilistic risk assessment of cotton pyrethroids: V. Combining
landscape-level exposures and ecotoxicological effects data to char-
acterize risks. Environ Toxicol Chem 20:687-692. doi:10.1002/etc.
5620200330

McCarty LS, Mackay D (1993) Enhancing ecotoxicological modeling
and assessment. Environ Sci Technol 27:1719-1728

McKenney JCL, Weber DE, Celestial DM, MacGregor MA (1998)
Altered growth and metabolism of an estuarine shrimp
(Palaemonetes pugio) during and after metamorphosis onto
fenvalerate-laden sediment. Arch Environ Contam Toxicol 35:
464-471. doi:10.1007/5002449900403

Nahon S, Charles F, Lantoine F, Vétion G, Escoubeyrou K, Desmalades
M, Pruski AM (2010) Ultraviolet radiation negatively affects growth
and food quality of the pelagic diatom Skeletonema costatum. J Exp
Mar Bio Ecol 383:164—170. doi:10.1016/j.jembe.2009.12.006

Nasuti C, Cantalamesa F, Falcioni G, Gabbianelli R (2003) Different
effects of type I and type II pyrethroids on erythrocyte plasma mem-
brane properties and enzymatic activity in rats. Toxicology 191:
233-244. doi:10.1016/s0300-483x(03)00207-5


http://dx.doi.org/10.1002/etc.1935
http://dx.doi.org/10.1007/s00244-010-9614-2
http://dx.doi.org/10.1007/s00244-010-9614-2
http://dx.doi.org/10.1017/S1464793105006950
http://dx.doi.org/10.1017/S1464793105006950
http://dx.doi.org/10.1016/0169-7439(93)e0042-3
http://dx.doi.org/10.1021/es015848h
http://dx.doi.org/10.1897/07-448.1
http://dx.doi.org/10.1016/j.ecolind.2011.04.002
http://dx.doi.org/10.1016/j.aquatox.2007.07.011
http://dx.doi.org/10.1124/dmd.106.010058
http://dx.doi.org/10.1124/dmd.106.010058
http://dx.doi.org/10.1002/etc.5620080504
http://dx.doi.org/10.1007/bf00214337
http://dx.doi.org/10.1016/j.envpol.2008.07.023
http://dx.doi.org/10.1016/j.envpol.2008.07.023
http://dx.doi.org/10.1899/08-044.1
http://dx.doi.org/10.1016/s0161-813x(01)00044-4
http://dx.doi.org/10.1002/etc.2121
http://dx.doi.org/10.1897/07-185r1.1
http://dx.doi.org/10.1007/bf01713027
http://dx.doi.org/10.1002/ps.1990
http://dx.doi.org/10.1897/03-114
http://dx.doi.org/10.1002/etc.2147
http://dx.doi.org/10.1002/etc.2147
http://dx.doi.org/10.1007/bf00007844
http://dx.doi.org/10.1007/s00244-004-0056-6
http://dx.doi.org/10.1007/s00244-004-0056-6
http://dx.doi.org/10.1002/etc.2355
http://dx.doi.org/10.1899/09-086.1
http://dx.doi.org/10.1897/08-185.1
http://dx.doi.org/10.1002/(sici)1096-9063(199812)54:4%3C408::aid-ps843%3E3.0.co;2-t
http://dx.doi.org/10.1002/etc.5620200330
http://dx.doi.org/10.1002/etc.5620200330
http://dx.doi.org/10.1007/s002449900403
http://dx.doi.org/10.1016/j.jembe.2009.12.006
http://dx.doi.org/10.1016/s0300-483x(03)00207-5

Environ Sci Pollut Res (2015) 22:11327-11339

11339

Naylor C, Pindar L, Calow P (1990) Inter-specific and intraspecific var-
iation in sensitivity to toxins the effects of acidity and zinc on the
freshwater crustaceans Asellus-aquaticus 1 and Gammarus-pulex 1.
Water Res 24:757-764. doi:10.1016/0043-1354(90)90032-2

Nowak C, Czeikowitz A, Vogt C, Oetken M, Streit B, Schwenk K (2008)
Variation in sensitivity to cadmium among genetically characterized
laboratory strains of the midge Chironomus riparius. Chemosphere
71:1950-1956. doi:10.1016/j.chemosphere.2007.12.023

Nyman A-M, Schirmer K, Ashauer R (2014) Importance of
toxicokinetics for interspecies variation in sensitivity to chemicals.
Environ Sci Technol 48:5946-5954. doi:10.1021/es5005126

Parry E, Young TM (2013) Distribution of pyrethroid insecticides in
secondary wastewater effluent. Environ Toxicol Chem 32:2686—
2694. doi:10.1002/etc.2347

Phillips BM, Anderson BS, Hunt JW, Siegler K, Voorhees JP, Tjeerdema
RS, McNeill K (2012) Pyrethroid and organophosphate pesticide-
associated toxicity in two coastal watersheds (California, USA)
Environ Toxicol Chem:n/a-n/a. doi :10.1002/etc.1860

Phipps GL, Mattson VR, Ankley GT (1995) Relative sensitivity of three
freshwater benthic macroinvertebrates to ten contaminants. Arch
Environ Contam Toxicol 28:281-286. doi:10.1007/bf00213103

Proulx I, Hare L (2014) Differences in feeding behaviour among
Chironomus species revealed by measurements of sulphur stable
isotopes and cadmium in larvae. Freshw Biol 59:73-86. doi:10.
1111/fwb.12247

R Core Team (2014) R: A language and environment for statistical com-
puting. R Foundation for statistical computing, Vienna, Austria,
URL http://www.R-project.org/

Rakotondravelo M, Anderson TD, Charlton R, Zhu K (2006a) Sublethal
effects of three pesticides on activities of selected target and detox-
ification enzymes in the aquatic midge, Chironomus tentans (dip-
tera: Chironomidae). Arch Environ Contam Toxicol 51:360-366.
doi:10.1007/500244-005-0227-0

Rakotondravelo ML, Anderson TD, Charlton RE, Zhu KY (2006b)
Sublethal effects of three pesticides on larval survivorship, growth,
and macromolecule production in the aquatic midge, Chironomus
tentans (diptera: Chironomidae). Arch Environ Contam Toxicol 51:
352-359. doi:10.1007/s00244-005-0219-0

Rebechi D, Richardi VS, Vicentini M, Guiloski IC, Assis HCS, Navarro-
Silva MA (2014) Low malathion concentrations influence metabo-
lism in Chironomus sancticaroli (diptera, Chironomidae) in acute
and chronic toxicity tests. Rev Bras Entomol 58:296-301

Ristola T, Pellinen J, Ruokolainen M, Kostamo A, Kukkonen JVK (1999)
Effect of sediment type, feeding level, and larval density on growth
and development of a midge (Chironomus riparius). Environ
Toxicol Chem 18:756-764. doi:10.1002/etc.5620180423

Ritz C, Streibig J (2005) Bioassay analysis using r. J Stat Softw 12:1-22

Rubach MN, Baird DJ, Boerwinkel M-C, Maund SJ, Roessink I, Van den
Brink PJ (2012) Species traits as predictors for intrinsic sensitivity of
aquatic invertebrates to the insecticide chlorpyrifos. Ecotoxicology
21:2088-2101. doi:10.1007/s10646-012-0962-8

Rubach MN, Crum SJH, Van den Brink PJ (2011) Variability in the
dynamics of mortality and immobility responses of freshwater ar-
thropods exposed to chlorpyrifos. Arch Environ Contam Toxicol 60:
708-721. doi:10.1007/s00244-010-9582-6

Scholz NL et al (2012) A perspective on modern pesticides, pelagic fish
declines, and unknown ecological resilience in highly managed eco-
systems. Bioscience 62:428-434. doi:10.1525/bi0.2012.62.4.13

Sibley PK, Benoit DA, Ankley GT (1997) The significance of growth in
chironomus tentans sediment toxicity tests: relationship to reproduc-
tion and demographic endpoints. Environ Toxicol Chem 16:336—
345. doi:10.1002/etc.5620160232

Smith S Jr, Lizotte RE Jr (2007) Influence of selected water quality
characteristics on the toxicity of lambda-cyhalothrin and gamma-
cyhalothrin to Hyalella azteca. Bull Environ Contam Toxicol 79:
548-551. doi:10.1007/s00128-007-9253-0

Soderlund DM et al (2002) Mechanisms of pyrethroid neurotoxicity:
implications for cumulative risk assessment. Toxicology 171:3-59.
doi:10.1016/50300-483x(01)00569-8

SWAMP CSWRCB (2002) Toxicity testing sops: Hyalella azteca 10-day
water toxicity test. Quality assurance management plan for the state
of California’s surface water ambient monitoring program. Division
of Water Quality, Sacramento

US EPA (1991) Methods for measuring the acute toxicity of effluents and
receiving waters to freshwater and marine organisms

US EPA (2000) Methods for measuring the toxicity and bioaccumulation
of sediment-associated contaminants with freshwater invertebrates

US EPA (2002) Methods for measuring the acute toxicity of effluents and
receiving waters to freshwater and marine organisms

Vaal MA, Van Leeuwen CJ, Hoekstra JA, Hermens JL (2000) Variation in
sensitivity of aquatic species to toxicants: practical consequences for
effect assessment of chemical substances. Environ Manag 25:415-423

Vais H, Atkinson S, Pluteanu F, Goodson SJ, Devonshire AL, Williamson
MS, Usherwood PNR (2003) Mutations of the para sodium channel
of Drosophila melanogaster identify putative binding sites for pyre-
throids. Mol Pharmacol 64:914-922. doi:10.1124/mol.64.4.914

Wang F, Goulet RR, Chapman PM (2004) Testing sediment biological
effects with the freshwater amphipod Hyalella azteca: the gap be-
tween laboratory and nature. Chemosphere 57:1713-1724. doi:10.
1016/j.chemosphere.2004.07.050

Werner I, Deanovic LA, Markiewicz D, Khamphanh M, Reece CK, Stillway
M, Reece C (2010) Monitoring acute and chronic water column tox-
icity in the northern Sacramento-San Joaquin Estuary, California, USA,
using the euryhaline amphipod, Hyalella azteca: 2006 to 2007.
Environ Toxicol Chem 29:2190-2199. doi:10.1002/etc.281

Werner I, Moran K (2008) Effects of pyrethroid insecticides on aquatic
organisms. ACS Symp Ser 991:310-334. doi:10.1021/bk-2008-
0991.ch014

Weston DP, Asbell AM, Lesmeister SA, Teh SJ, Lydy MJ (2014) Urban
and agricultural pesticide inputs to a critical habitat for the threat-
ened delta smelt (Hypomesus transpacificus). Environ Toxicol
Chem 33:920-929. doi:10.1002/etc.2512

Weston DP, Ding Y, Zhang M, Lydy MJ (2013a) Identifying the cause of
sediment toxicity in agricultural sediments: the role of pyrethroids
and nine seldom-measured hydrophobic pesticides. Chemosphere
90:958-964. doi:10.1016/j.chemosphere.2012.06.039

Weston DP, Lydy MJ (2010) Urban and agricultural sources of pyrethroid
insecticides to the Sacramento-San Joaquin delta of California.
Environ Sci Technol 44:1833-1840. doi:10.1021/es9035573

Weston DP, Lydy MJ (2012) Stormwater input of pyrethroid insecticides to
an urban river Environ Toxicol Chem:n/a-n/a. doi: 10.1002/etc.1847

Weston DP, Poynton HC, Wellborn GA, Lydy MJ, Blalock BJ, Sepulveda
MS, Colbourne JK (2013b) Multiple origins of pyrethroid insecti-
cide resistance across the species complex of a nontarget aquatic
crustacean, Hyalella azteca. Proc Natl Acad Sci U S A 110:
16532-16537. doi:10.1073/pnas.1302023110

Weston DP, Zhang M, Lydy MJ (2008) Identifying the cause and source
of sediment toxicity in an agriculture-influenced creek. Environ
Toxicol Chem 27:953-962. doi:10.1897/07-449.1

Wheelock CE et al (2005) Individual variability in esterase activity and
cypla levels in chinook salmon (Oncorhynchus tshawyacha) ex-
posed to esfenvalerate and chlorpyrifos. Aquat Toxicol
(Amsterdam) 74:172-192. doi:10.1016/j.aquatox.2005.05.009

Woodworth LM, Montgomery ME, Briscoe DA, Frankham R (2002)
Rapid genetic deterioration in captive populations: causes and con-
servation implications. Conserv Genet 3:277-288. doi:10.1023/
a:1019954801089

Wouters W, van den Bercken J (1978) Action of pyrethroids. Gen
Pharmacol 9:387-398

Xu'Y, Spurlock F, Wang Z, Gan J (2007) Comparison of five methods for
measuring sediment toxicity of hydrophobic contaminants. Environ
Sci Technol 41:8394-8399. doi:10.1021/es071911c

@ Springer


http://dx.doi.org/10.1016/0043-1354(90)90032-2
http://dx.doi.org/10.1016/j.chemosphere.2007.12.023
http://dx.doi.org/10.1021/es5005126
http://dx.doi.org/10.1002/etc.2347
http://dx.doi.org/10.1002/etc.1860
http://dx.doi.org/10.1007/bf00213103
http://dx.doi.org/10.1111/fwb.12247
http://dx.doi.org/10.1111/fwb.12247
http://www.r-project.org/
http://dx.doi.org/10.1007/s00244-005-0227-0
http://dx.doi.org/10.1007/s00244-005-0219-0
http://dx.doi.org/10.1002/etc.5620180423
http://dx.doi.org/10.1007/s10646-012-0962-8
http://dx.doi.org/10.1007/s00244-010-9582-6
http://dx.doi.org/10.1525/bio.2012.62.4.13
http://dx.doi.org/10.1002/etc.5620160232
http://dx.doi.org/10.1007/s00128-007-9253-0
http://dx.doi.org/10.1016/s0300-483x(01)00569-8
http://dx.doi.org/10.1124/mol.64.4.914
http://dx.doi.org/10.1016/j.chemosphere.2004.07.050
http://dx.doi.org/10.1016/j.chemosphere.2004.07.050
http://dx.doi.org/10.1002/etc.281
http://dx.doi.org/10.1021/bk-2008-0991.ch014
http://dx.doi.org/10.1021/bk-2008-0991.ch014
http://dx.doi.org/10.1002/etc.2512
http://dx.doi.org/10.1016/j.chemosphere.2012.06.039
http://dx.doi.org/10.1021/es9035573
http://dx.doi.org/10.1002/etc.1847
http://dx.doi.org/10.1073/pnas.1302023110
http://dx.doi.org/10.1897/07-449.1
http://dx.doi.org/10.1016/j.aquatox.2005.05.009
http://dx.doi.org/10.1023/a:1019954801089
http://dx.doi.org/10.1023/a:1019954801089
http://dx.doi.org/10.1021/es071911c

	A comparison of the sublethal and lethal toxicity of four pesticides �in Hyalella azteca and Chironomus dilutus
	Abstract
	Introduction
	Materials and methods
	Test organisms
	Exposure assessments
	Analytical chemistry
	Statistical analysis

	Results
	Water quality parameters
	Effects on survival
	Effects on motility
	Effects on growth
	Comparison of endpoints for each species

	Discussion
	Mortality as an endpoint
	Motility as an endpoint
	Weight as an endpoint
	Differences in sensitivity of species

	Conclusion
	References


