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1 Introduction

Pyrethroid insecticides are broad spectrum agents that have been widely detected in

sediments and surface waters in the USA (Amweg et al. 2006; Budd et al. 2007;

Gan et al. 2005; Hladik and Kuivila 2009; Weston et al. 2004). They are hydropho-

bic compounds that primarily partition to sediments and solid materials in the water

column, and exposure to pyrethroid-contaminated sediments has been demon-

strated to produce toxicity in the environment (Anderson et al. 2006; Holmes

et al. 2008; Phillips et al. 2010; Weston et al. 2004; Weston et al. 2005). Only

very low concentrations are found freely dissolved in the aqueous phase, but these

pesticides are still of concern to water quality managers because they exhibit

toxicity to aquatic organisms at very low concentrations (<1 mg/L). Water quality

regulators in the USA are required, under the Clean Water Act (section 303(c)(2)

(B)), to provide numeric water quality criteria for priority pollutants that could

reasonably be expected to interfere with the designated uses of a state’s waters.

Numeric water quality criteria are chemical concentrations in water bodies that

should protect aquatic wildlife from the toxic effects of those chemicals, if these

concentrations are not exceeded. Numeric criteria are derived using existing toxic-

ity data; consequently, criteria calculation is dependent on the availability of these

data. In the USA, there are currently no numeric criteria available for the

pyrethroids, and many of the available pyrethroid data sets do not meet the

requirements of the 1985 US Environmental Protection Agency (USEPA) criteria

derivation methodology (USEPA 1985). One of the goals of developing the UC

Davis methodology (UCDM) was to be able to derive criteria for compounds that

do not meet all of the USEPA (1985) data requirements, such as the pyrethroids.
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The UCDM is an updated water quality criteria derivation methodology that was

designed to be more flexible than the USEPA (1985) methodology, and to incorpo-

rate the results from new research in environmental toxicology and risk assessment.

Like the USEPA (1985) method, the UCDM continues to recommend the use of a

species sensitivity distribution (SSD) for criteria calculation, and an acute-to-

chronic ratio (ACR) when chronic data are limited. The main procedures of the

UCDM that differ from those of the USEPAmethod are that the UCDM provides for

a thorough and transparent study evaluation procedure, a more advanced SSD,

alternate procedures if data requirements for the SSD or ACR cannot be met, and

a consideration for the toxicity of chemical mixtures. Previous publications have

described why there was a need for a new methodology (TenBrook et al. 2009), the

rationale behind the development of this newmethodology, and detailed instructions

for UCDM criteria derivation (TenBrook et al. 2010).

This paper is the second in a series in which water quality criteria were derived

for nine pesticides: chlorpyrifos, diazinon, malathion, bifenthrin, cyfluthrin,

cypermethrin, l-cyhalothrin, permethrin, and diuron. In this article, we describe

the derivation of water quality criteria for five pyrethroid insecticides (bifenthrin,

cyfluthrin, cypermethrin, l-cyhalothrin, and permethrin) according to the UCDM;

we have also extended this review to render it wide ranging and useful as a review

of the current knowledge regarding the risk to aqueous ecosystems of the

pyrethroids’ toxicity.

2 Data Collection and Evaluation

Bifenthrin ((2-methyl[1,10-biphenyl]-3-yl)methyl (1R,3R)-rel-3-[(1Z)-2-chloro-3,3,3-
trifluoro-1-propenyl]-2,2-dimethylcyclopropanecarboxylate), cyfluthrin (cyano(4-

fluoro-3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropane-

carboxylate (unstated stereochemistry)), cypermethrin (cyano(3-phenoxyphenyl)

methyl 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate), l-cyhalothrin
([1a(S*), 3a (Z)]-(�)-cyano-(3-phenoxyphenyl)methyl 3-(2-chloro-3,3,3-trifluoro-1-

propenyl)-2,2-dimethylcyclopropanecarboxylate), andpermethrin ((3-phenoxyphenyl)

methyl 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate) are widely

applied pyrethroid insecticides. Bifenthrin and permethrin are type I pyrethroids

while cyfluthrin, cypermethrin, and l-cyhalothrin are type II pyrethroids (containing

an a-cyano moiety); the two types are distinguished by slightly different toxicological

mechanisms (Breckenridge et al. 2009). These pyrethroids are hydrophobic organic

compounds that are moderately persistent (see Tables S1 and S2 of the Supporting

Material http://extras.springer.com/). Based on their physical–chemical properties

(Table 1), they are likely to partition to sediments from the aqueous phase, and are

not likely to volatilize.

Aquatic toxicity effects studies were identified in the peer-reviewed open

literature and from unpublished studies submitted to the USEPA and California

Department of Pesticide Regulation (CDPR) for bifenthrin (~40), cyfluthrin (~53),
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cypermethrin (~108), l-cyhalothrin (~65), and permethrin (~155). Each study was

reviewed according to the UCDM paradigm to determine the usefulness of these

studies for criteria derivation. Studies were divided into three categories to be rated:

(1) single-species effects, (2) ecosystem-level studies, and (3) terrestrial wildlife

studies.

The UCDM provides a detailed numeric rating scheme for single-species effects

studies that assigns (1) a relevance score and (2) a reliability score, which is

summarized in the first chapter of this volume (Palumbo et al. (2012)).

The possible relevance scores were relevant (R), less relevant (L), or not relevant

(N). The studies rated N were deemed irrelevant for criteria derivation, and only the

relevant (R) and less relevant (L) studies were evaluated for reliability. For all

studies, study details and scoring were summarized in data summary sheets

(Supporting Material http://extras.springer.com/). The reliability evaluation

assigned possible scores of reliable (R), less reliable (L), or not reliable (N) so

that each single-species study is described by a two-letter code, corresponding to

the relevance and reliability ratings. The only studies used directly in criteria

Table 1 Physical–chemical properties of five selected pyrethroids

Bifenthrin Cyfluthrin Cypermethrin l-Cyhalothrin Permethrin

Molecular weight 422.87 434.3 416.3 449.850 391.288

Density (g/mL) 1.21

(geomean,

n ¼ 2)

1.28d

(20�C)
1.24d (20�C) 1.33 (25�Cd,f) 1.23

(geomean,

n ¼ 2)

Water solubility

(mg/L)

0.001

(geomean,

n ¼ 2)

0.0023e

(20�C)
0.004

(geomean,

n ¼ 2)

0.0047

(geomean,

n ¼ 4)

0.0057

(geomean,

n ¼ 2)

Melting point

(�C)
69.3

(geomean,

n ¼ 2)

60d 71.2

(geomean

of

extremes)

48.3 (geomean

of extremes)

36.4

(geomean

of

extremes)

Vapor pressure

(Pa)

2.41 � 10�5

(geomean,

n ¼ 2)

2 � 10�6e 2.87 � 10�7

(geomean,

n ¼ 2)

2.0 � 10�7

(20�C)
(geomean,

n ¼ 3)

3.74 � 10�6

(geomean,

n ¼ 4)

Henry’s law

constant (KH)

(Pa m3 mol�1)

0.24

(geomean,

n ¼ 2)

0.37e 0.0238

(geomean,

n ¼ 3)

1.96 � 10�2

(geomean,

n ¼ 2)

0.12

(geomean,

n ¼ 2)

Log Koc
a 5.29

(geomean,

n ¼ 7)

5.09e

(mean,

n ¼ 4)

5.49e (mean,

n ¼ 3)

5.52 (geomean,

n ¼ 2)

5.12

(geomean,

n ¼ 2)

Log Kow
b 6.00c 5.97e

(mean,

n ¼ 4)

6.57

(geomean,

n ¼ 2)

7.0d,e,f 6.3

(geomean,

n ¼ 2)
aLog-normalized organic carbon–water partition coefficient
bLog-normalized octanol–water partition coefficient
cSangster Research Laboratories (2010)
dTomlin (2003)
eLaskowski (2002)
fMackay et al. (2006)
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calculation were those rated as relevant and reliable (RR), which are summarized

in Table 11. Studies that were rated as relevant and less reliable (RL), less relevant

and reliable (LR), or less relevant and less reliable (LL) were used to evaluate

the derived criteria against data for any particularly sensitive, threatened, or

endangered species found in these data sets. Studies that were rated N for either

relevance or reliability were not considered in any aspect of criteria derivation.

Multispecies studies conducted in mesocosms, microcosms, and other field and

laboratory ecosystems were rated for reliability. The results of the studies that were

rated reliable (R) or less reliable (L) were compared to the derived criteria to ensure

that they are protective of ecosystems. Studies of the effects of pyrethroids on

mallard ducks were rated for reliability using the terrestrial wildlife evaluation.

Mallard studies rated as reliable (R) or less reliable (L) were used to consider

bioaccumulation of pyrethroids.

3 Data Reduction

As described in Palumbo et al. (2012), multiple toxicity values for a given species

in the acceptable data set were combined into one species mean acute value

(SMAV) or one species mean chronic value (SMCV). Some data that were rated

RR were excluded from the final data set for one or more of the following reasons:

flow-through tests are preferred over static tests, a test with a more sensitive life

stage of the same species was available, more appropriate exposure durations

were available, and tests with more sensitive end points were available

(Tables S3–S6, Supporting Material http://extras.springer.com/). For bifenthrin,

the final acceptable data sets contain 8 SMAVs and 2 SMCVs (Tables 2 and 3), the

final cyfluthrin data sets contain 8 SMAVs and 3 SMCVs (Tables 4 and 5), the final

cypermethrin data sets contain 14 SMAVs and 1 SMCV (Tables 6 and 7), the final

l-cyhalothrin data sets contain 20 SMAVs and 2 SMCVs (Tables 8 and 9), and the

final permethrin data sets contain 19 SMAVs and 3 SMCVs (Tables 10 and 11).

4 Acute Criterion Calculations

An acute data set must have species representing five taxa to use a SSD to calculate the

acute criterion; the five taxa are a warmwater fish, a species in the family Salmonidae,

a planktonic crustacean, a benthic crustacean, and an insect. The final acute data sets

for each of the five pyrethroids (Tables 2, 4, 6, 8, and 10)met the five taxa requirement.

Log-logistic distributions were fit to the bifenthrin and cyfluthrin acute data sets using

the ETX 1.3 software (Aldenberg 1993) because there were between five and eight

SMAVs in each of these data sets. The Burr Type III distribution was fit to the acute

l-cyhalothrin and permethrin data sets because there were more than eight SMAVs in

these data sets. Of the three related distributions in the Burr Type III SSD, the Burr III
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distributionwas selected as the best fit for both l-cyhalothrin and permethrin based on

maximum likelihood estimation using the BurrliOZ software (CSIRO 2001). Fit tests

based on cross validation and Fisher’s combined test found no significant lack of fit for

bifenthrin, cyfluthrin, l-cyhalothrin, or permethrin, with X2
2n >0.199 for these four

compounds (calculations shown in the Supporting Material http://extras.springer.

com/). The Burr III distribution was initially selected as the best fit for the

cypermethrin data set, but this distribution did not provide a satisfactory fit based on

the fit test (w22n ¼ 0.000014; calculations shown in the Supporting Material http://

extras.springer.com/); so a log-logistic distribution, which is less likely to overfit the

data, was fit to the cypermethrin data set instead.

Acute values were derived from the distributions, including fifth percentiles

(median and lower 95% confidence limit), as well as first percentiles (median and

lower 95% confidence limit). The median fifth percentile is the most robust of the

four distributional estimates, and is therefore the estimate recommended for criteria

calculation.

Bifenthrin Log-Logistic Distribution

HC5 fitting parameters: a ¼ �0.661; b (median) ¼ 0.4872, b (lower 95%

CI) ¼ 0.9328

Fifth percentile, 50% confidence limit: 0.00803 mg/L
Fifth percentile, 95% confidence limit: 0.000391 mg/L
First percentile, 50% confidence limit: 0.00126 mg/L
First percentile, 95% confidence limit: 0.0000113 mg/L
Recommended acute value: 0.00803 mg/L (median fifth percentile)

Acute criterion ¼ Acute value

2
: (1)

Bifenthrin acute criterion ¼ 0.004 mg/L

Cyfluthrin Log-Logistic Distribution

HC5 fitting parameters: a ¼ �0.7446; b (median) ¼ 0.5478; b (lower 95%

CI) ¼ 1.04898

Fifth percentile, 50% confidence limit: 0.00439 mg/L
Fifth percentile, 95% confidence limit: 0.000147 mg/L
First percentile, 50% confidence limit: 0.000547 mg/L
First percentile, 95% confidence limit: 0.0000027 mg/L
Recommended acute value: 0.00439 mg/L (median fifth percentile)

Cyfluthrin acute criterion ¼ 0.002 mg/L

Cypermethrin Log-Logistic Distribution

HC5 fitting parameters: a ¼ �0.6601, b(median) ¼ 0.4199, b(lower 95%

CI) ¼ 0.6768
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Fifth percentile, 50% confidence limit: 0.0127 mg/L
Fifth percentile, 95% confidence limit: 0.00222 mg/L
First percentile, 50% confidence limit: 0.00257 mg/L
First percentile, 95% confidence limit: 0.000170 mg/L
Recommended acute value: 0.0127 mg/L (median fifth percentile)

Cypermethrin acute criterion ¼ 0.006 mg/L

l-Cyhalothrin Burr III Distribution

Fit parameters: b ¼ 0.232356; c ¼ 1.100750; k ¼ 0.596085 (likelihood ¼
�4.987264)

Fifth percentile, 50% confidence limit: 0.00243 mg/L
Fifth percentile, 95% confidence limit: 0.000501 mg/L
First percentile, 50% confidence limit: 0.000208 mg/L
Recommended acute value: 0.002432 mg/L (median fifth percentile)

l-Cyhalothrin acute criterion ¼ 0.001 mg/L

Permethrin Burr III Distribution

Fit parameters: b ¼ 7.80465; c ¼ 6.599725; k ¼ 0.07608 (likelihood ¼ 35.742158)

Fifth percentile, 50% confidence limit: 0.020008 mg/L
First percentile, 50% confidence limit: 0.000811 mg/L
Recommended acute value: 0.020008 mg/L (median fifth percentile)

Permethrin acute criterion ¼ 0.01 mg/L

Fig. 1 Plot of bifenthrin species mean acute values and fit of the log-logistic distribution. The

graph shows the median fifth and first percentiles with the lower 95% confidence limit on the fifth

percentile and the acute criterion at 0.004 mg/L
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Fig. 2 Plot of cyfluthrin species mean acute values and fit of the log-logistic distribution. The

graph shows the median fifth and first percentile values with the lower 95% confidence limits and

the acute criteria calculated using both the median fifth percentile value and the median first

percentile value

Fig. 3 Plot of species mean acute values for cypermethrin and fit of the log-logistic and Burr Type

III distributions. The graph shows the median fifth and first percentiles for both distributions with

the lower 95% confidence limit for the median fifth percentile on the log-logistic, and the acute

criteria calculated using both the median fifth and first percentiles of the log-logistic distribution
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Fig. 4 Plot of species mean acute values for l-cyhalothrin and fit of the Burr III distribution. The
graph shows the median fifth and first percentile values with the lower 95% confidence limit of

the fifth percentile and the acute criterion at 0.001 mg/L

Fig. 5 Plot of species mean acute values for permethrin and fit of the Burr III distribution. The

graph shows the median fifth percentile and the acute criterion at 0.01 mg/L
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The fits of the distributions to the acute data sets are shown in Figs. 1–5, in

cumulative probability plots. Because there is variability between the first signifi-

cant digits of the median and lower 95% confidence limit estimates, the final criteria

are reported with one significant figure. Although a lower 95% confidence limit

could not be calculated for the permethrin distribution for comparison,

the permethrin acute criterion is also reported with one significant digit because

there was variability in the first digit of the fifth percentiles generated in the fit test.

Later in this chapter, the acute criteria for cyfluthrin and cypermethrin are

recalculated using lower percentile estimates because the criteria for these

compounds calculated with the median fifth percentile acute values were not

protective when compared to data for sensitive species, threatened and endangered

species, and multispecies ecosystem-level studies.

5 Chronic Criterion Calculations

The chronic data sets of all five pyrethroids were limited and did not include data

that met the five taxa requirements of the SSD procedure. Instead, the ACR

procedure (TenBrook et al. 2010) was used for chronic criteria calculation, which

is based on the ACR procedure in the USEPA (1985) method, but also includes a

default ACR, when ACR data is also limited. For bifenthrin and cypermethrin, only

one or two of the five SSD taxa requirements were satisfied (Tables 3 and 7), and

none of these values could be paired with an appropriate corresponding acute

toxicity value to calculate ACRs. There were also no appropriate saltwater data to

use for ACR calculation; thus, these chronic criteria were calculated with the

default ACR of 12.4 (TenBrook et al. 2010). Three of the five cyfluthrin taxa

requirements were satisfied: a species in the family Salmonidae (Oncorhynchus
mykiss), a warm water fish (Pimephales promelas), and a planktonic crustacean

(Daphnia magna). Each of these three chronic values were paired with appropriate

corresponding acute toxicity values, which satisfied the three family requirements

(a fish, an invertebrate, and another sensitive species) for the ACR procedure with

measured toxicity data. There were two l-cyhalothrin chronic toxicity values,

satisfying two of the five taxa requirements: a warm water fish (P. promelas) and
a planktonic crustacean (D. magna). Both freshwater chronic values were paired

with corresponding acute toxicity values to calculate ACRs, and paired data for the

saltwater species Cyprinodon variegatus was used to complete the third family

requirement for the ACR procedure. While two chronic values were available for

permethrin, neither could be paired with appropriate acute data, but paired data for

the saltwater species Americamysis bahia was available. This ACR was combined

with two default ACRs to complete the three ACR requirements, allowing for the

calculation of a final ACR for permethrin.

To calculate species mean ACRs (SMACRs) for each species, the acute LC50

was divided by the chronic maximum acceptable toxicant concentration (MATC)
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for a given species. The final ACRs for cyfluthrin (10.27) and l-cyhalothrin (4.73)

were calculated as the geometric mean of all of the SMACRs in each ACR data set

and the final ACR for permethrin (8.96592) was calculated with one SMACR and

two default ACRs (Tables 12–14) while the default ACR of 12.4 was used for

bifenthrin and cypermethrin. Chronic criteria were calculated by dividing the

recommended acute value (median fifth percentile) by the final ACR. Later in

this chapter, the cyfluthrin and cypermethrin are adjusted downward to be protec-

tive based on comparisons to data for sensitive, threatened, and endangered species

and ecosystem-level studies.

Table 13 Calculation of the species mean acute-to-chronic ratios for l-cyhalothrin

Species

LC50

(mg/L)
Chronic

end point

MATC

(mg/L) Reference

ACR

(LC50/MATC)

Cyprinodon variegatus 0.81 Weight 0.31 Hill et al. (1985) 2.6129

Daphnia magna 0.013 Reproduction

(young/

female/day)

0.00263 Farrelly and

Hamer (1989)

4.9430

Pimephales promelas 0.36 FI survival 0.044 Tapp et al. (1990) 8.1818

Multispecies ACR ¼ geomean (individual ACRs) 4.73

Table 14 Acute-to-chronic ratios used for derivation of the permethrin chronic criterion

Species

LC50

(mg/L)
Acute

reference

Chronic

end point

MATC

(mg/L)
Chronic

reference

SMACR

(LC50/MATC)

Americamysis
bahia

0.075 Thompson

(1986)

Mortality 0.016 Thompson et al.

(1989)

4.6875

Default 12.4a

Default 12.4a

Multispecies ACR ¼ geomean (individual ACRs) 8.96592
a The derivation and source data of the default ACR are described in the UCDM (TenBrook

et al. 2010)

Table 12 Calculation of the final acute-to-chronic ratio for cyfluthrin

Species

LC50

(mg/L) Acute reference

Chronic end

point

MATC

(mg/L)
Chronic

reference

ACR (LC50/

MATC)

Daphnia magna 0.160 Burgess (1990) Reproduction/

length

0.02864 Forbis et al.

(1984)

5.58659

Oncorhynchus
mykiss

0.2512 Bowers (1994),

Gagliano

and Bowers

(1994)

Biomass/

weight

0.0133 Carlisle

(1985)

18.88970

Pimephales
promelas

2.49 Rhodes et al.

(1990)

Various 0.20149 Rhodes

et al.

(1990)

12.35793

Multispecies ACR ¼ geomean (individual ACRs) 10.27
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Bifenthrin chronic criterion calculated with the acute median fifth percentile

estimate:

Fifth percentile, 50% confidence limit: 0.00803 mg/L

Chronic criterion ¼ Recommended acute value

ACR
;

¼ 0:0243 mg=L
12:4

;

¼ 0:0006 mg/L,

¼ 0:6 ng/L:

(2)

Cyfluthrin chronic criterion calculated with the acute median fifth percentile

estimate:

Fifth percentile, 50% confidence limit: 0.00439 mg/L

Chronic criterion ¼ 0:00439 mg=L
10:27

;

¼ 0:0004 mg=L,

¼ 0:4 ng=L:

Cypermethrin chronic criterion calculated with the acute median fifth percentile

estimate:

Fifth percentile, 50% confidence limit: 0.0126904 mg/L

Chronic criterion ¼ 0:0126904 mg=L
12:4

;

¼ 0:001 mg=L,

¼ 1 ng=L:

l-Cyhalothrin chronic criterion calculated with the acute median fifth percentile

estimate:

Fifth percentile, 50% confidence limit: 0.00243 mg/L

Chronic criterion ¼ 0:00243 mg=L
4:73

;

¼ 0:0005 mg=L,

¼ 0:5 ng=L:

Permethrin chronic criterion calculated with the acute median fifth percentile

estimate:

Fifth percentile, 50% confidence limit: 0.020008 mg/L

Chronic criterion ¼ 0:020008 mg=L
8:96592

;

¼ 0:002 mg=L;

¼ 2 ng=L:
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6 Bioavailability

Although pyrethroids are not very soluble in water, aquatic organisms are very

sensitive to the pyrethroids and toxicity does occur. Pyrethroids have been found as

the cause of toxicity in surface waters in the California Central Valley (Phillips

et al. 2007; Weston et al. 2009a; Weston and Lydy 2010). This toxicity is believed

to occur primarily from the fraction of the compound that is dissolved in the water,

not from the compound that is associated with particulate phases. For example,

Surprenant (1988) demonstrated that bifenthrin from spiked soil samples was

available at concentrations sufficient to cause toxicity toD. magna that were housed
in a separate container from the sediment, but shared the same recirculating water

(however, dissolved particles could have been involved in this exposure).
Numerous studies demonstrate that the uptake and toxicity of pyrethroids are

greatly reduced when solids or dissolved organic matter (DOM) are present (Day

1991; DeLorenzo et al. 2006; Lajmanovich et al. 2003; Muir et al. 1985, 1994; Smith

and Lizotte 2007; Yang et al. 2006a, b, c, 2007). These studies indicate that bound

pyrethroids are unavailable, and thus nontoxic to aquatic organisms. It has been

presumed that the pyrethroids primarily sorb to the organic carbon phase of solids or

DOM, and Hunter et al. (2008) demonstrated that sediment OC-normalized

concentrations of permethrin were highly correlated with the uptake of permethrin

by Chironomus dilutus (formerly C. tentans), which supports this assumption. Yet

Yang et al. (2007) did not find a direct correlation between dissolved organic carbon

(DOC) content and uptake or toxicity of pyrethroids, indicating that partitioning is not

solely dependent on the quantity of DOC, but is also dependent on the quality of the

DOC. Consequently, to accurately estimate pyrethroid sorption to DOC and particu-

late OC in whole water, site-specific partition coefficients would be preferred.
Alternately, the bioavailable fraction of pyrethroids can be estimated by measu-

ring only the freely dissolved concentration using solid-phase microextraction

(SPME). Yang et al. (2006a, 2007) reported that organism uptake was closely

mimicked by SPME results and that the aqueous concentration of pyrethroids

measured by SPME correlated well with the variations in uptake and toxicity with

various DOM. Xu et al. (2007) clearly demonstrated that it is the freely dissolved

aqueous concentration of pyrethroid that is bioavailable when they tested bifenthrin

and cyfluthrin toxicity to C. tentans in 10-day sediment exposures with three types

of sediment. The researchers reported LC50s for five phases: bulk sediment,

OC-normalized sediment, bulk pore water, DOC-normalized pore water, and freely

dissolved pyrethroid. The LC50s calculated for each of the five phases varied greatly,

and varied between sediments for all phases tested except the freely dissolved,

indicating that toxicity of the freely dissolved phase is independent of site-specific

characteristics. The LC50s based on the freely dissolved concentrations were at least

an order of magnitude lower than those based on bulk pore water concentrations that

included DOC, indicating that toxicity may be greatly underestimated if bioavail-

ability is not taken into account. Based on these myriad studies, it can be concluded

that the freely dissolved concentration is the most accurate predictor of toxicity and

that bound pyrethroids were unavailable to the studied organisms.
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However, bound pyrethroids can continue to desorb into the water column for

long periods of time because pyrethroids have long equilibration times (~30 days;

Bondarenko et al. 2006) and environmental systems are usually not at true equilib-

rium. The fraction of chemical that is potentially available to an organism is known

as the bioaccessible fraction, and it has been linked to biological effects (Semple

et al. 2004; You et al. 2011). Benthic organisms, such as Hyalella azteca, may be at

greater risk because of their exposure to pore water and close proximity to

sediments, where dissolved concentrations may persist.

Additionally, the role of dietary exposure on bioavailability of pyrethroids has

not been considered. In the tests performed by Yang et al. (2006a, b) with

Ceriodaphnia dubia and D. magna, organisms were not fed during the test.

Organisms living in contaminated waters may also be ingesting food with sorbed

hydrophobic compounds that can be desorbed by digestive juices (Mayer et al.

2001). The effects of dietary exposure may also be species specific, depending on

typical food sources; some species may have greater interaction with particles,

increasing their exposure. Palmquist et al. (2008) examined the effects due to

dietary exposure of the pyrethroid esfenvalerate on three aqueous insects with

different feeding functions: a grazing scraper (Cinygmula reticulataMcDunnough),

an omnivore filter feeder (Brachycentrus americanus Banks), and a predator

(Hesperoperla pacifica Banks). The researchers observed adverse effects in

C. reticulata and B. americanus after feeding on esfenvalerate-laced food sources

and that none of the three insects avoided the contaminated food. The effects

included reduced growth and egg production of C. reticulata and abandonment

and mortality in B. americanus. Stratton and Corke (1981) tested toxicity of

permethrin to D. magna with and without feeding of algae, and found that mortality

at 24 h was significantly increased when daphnids were fed, although mortality at

48 h was not affected. The authors proposed that permethrin may have been

ingested by the daphnids if it was sorbed on the algal cells, and caused increased

toxicity, although the same effect was not seen when bacteria were provided as a

food source. These limited studies indicate that ingestion may be an exposure route,

but it is not currently possible to incorporate this exposure route into criteria

compliance assessment.

The studies above suggest that the freely dissolved fraction of pyrethroids is the

primary bioavailable fraction and that this concentration is the best indicator of

toxicity; thus, it is recommended that the freely dissolved fraction is directly

measured or calculated based on site-specific information for compliance assess-

ment. The most direct way to determine compliance would be to measure the

pyrethroid concentration in the dissolved phase to determine the total bioavailable

concentration. SPME has shown to be a good predictor of pyrethroid toxicity inmany

studies (Bondarenko et al. 2007; Bondarenko and Gan 2009; Hunter et al. 2008; Xu

et al. 2007; Yang et al. 2006a, b, c, 2007). Bondarenko and Gan (2009) reported

method detection limits of 1.0 ng/L for bifenthrin, 2.0 ng/L for cyfluthrin, 2.0 ng/L

for cypermethrin, 2.4 ng/L for l-cyhalothrin, 2.0 ng/L for cis-permethrin, and 3.0 for

trans-permethrin, and Li et al. (2009) reported method detection limits of 0.2 ng/L

for bifenthrin, 0.2 for cyhalothrin, 0.9 ng/L for cyfluthrin, 1.0 ng/L for cypermethrin,
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and 1.2 ng/L for permethrin using SPME. Analytical detection limits may create a

problem for criteria compliance because most of these reported detection limits are

above the derived criteria, meaning it is possible that one of these pyrethroids could

be present in toxic amounts, yet below the detection limit so that an excursion is not

identified. Filtration of suspended solids is not recommended for determining criteria

compliance because pyrethroids have been demonstrated to adsorb to glass fiber

filters byGomez-Gutierrez et al. (2007). They found that on average 58%of a 50 ng/L

solution of permethrin was lost on the filter; this magnitude of loss may be critical for

determining compliance at environmental concentrations.

If the freely dissolved concentration is not directly measured, the following

equation can be used to translate total pyrethroid concentrations measured in

whole water to the associated dissolved pyrethroid concentrations:

Cdissolved ¼ Ctotal

1þ ððKOC � [SS])/focÞ þ ðKDOC � [DOC]Þ ; (3)

where Cdissolved is the concentration of chemical in dissolved phase (mg/L), Ctotal is

the total concentration of chemical in water (mg/L), KOC is the OC–water partition

coefficient (L/kg), [SS] is the concentration of suspended solids in water (kg/L),

foc is the fraction of OC in suspended sediment in water, [DOC] is the concentration

of dissolved organic carbon in water (kg/L), and KDOC is the OC–water partition

coefficient (L/kg) for DOC.

To determine compliance by this calculation, site-specific data are necessary,

including KOC, KDOC, concentration of suspended solids, concentration of DOC,

and fraction of OC in the suspended solids. If all of these site-specific data,

including the partition coefficients, are not available, then this equation should

not be used for compliance determination. Site-specific data are required because

the sorption of pyrethroid to suspended solids and DOM depends on the physical

and chemical properties of the suspended solids resulting in a range of KOC and

KDOC values, as discussed earlier in this section.

The freely dissolved pyrethroid concentration is recommended for determination

of criteria compliance because the literature suggests that the freely dissolved

concentrations are the most accurate predictor of toxicity. Environmental managers

may choose an appropriate method for determining the concentration of freely

dissolved pyrethroid. If environmental managers choose to measure whole water

concentrations for criteria compliance assessment, the bioavailable fraction will

likely be overestimated.

7 Chemical Mixtures

Pyrethroids often co-occur in the environment (Trimble et al. 2009; Werner and

Moran 2008), and various other chemical mixtures are ubiquitous in surface waters.

Because the presence of other chemicals can add to or alter the toxicity of another
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given chemical, it is important to examine the effects of chemical mixtures

on individual pyrethroid toxicity. Although chemical interactions are rarely

straightforward, the concentration addition model is recommended for chemicals

with the same toxicological mode of action. All pyrethroids have a similar mode of

action in that they bind to and prolong the opening of voltage-dependent ion

channels, causing convulsions, paralysis, and death (Brander et al. 2009).

The three studies that tested toxicity of pyrethroid mixtures found that the effects

were generally well-predicted by the concentration addition model (Barata et al.

2006; Brander et al. 2009; Trimble et al. 2009). Overall, the concentration addition

model should be used by following either the toxic unit or relative potency factor

approach to determine criteria compliance when multiple pyrethroids are present.

Barata et al. (2006) observed slight antagonism for D. magna survival for

l-cyhalothrin—deltamethrin mixtures, but the deviation from additivity was

attributed to a few unexpected extreme values for joint survival effects, as most

observed effects were within a factor of 2 of the effects predicted by the concentra-

tion addition model. Brander et al. (2009) tested mixture toxicity of cyfluthrin and

permethrin, and found slight antagonism for the binary mixture, but additivity was

demonstrated when piperonyl butoxide (PBO) was added. Brander et al. (2009)

offered several explanations for the observed antagonism between the two

pyrethroids. Permethrin is a type I pyrethroid and cyfluthrin is a type II pyrethroid,

and type II pyrethroids may be able to outcompete type I pyrethroids for binding

sites, which is known as competitive agonism; or binding sites may be saturated so

that complete additivity is not observed. They also note that cyfluthrin is

metabolized more slowly than permethrin, so cyfluthrin can bind longer. PBO

may remove this effect because the rate of metabolism of both pyrethroids is

reduced in its presence. To examine if pyrethroid mixture toxicity is additive with

a more comprehensive study design, Trimble et al. (2009) performed sediment

toxicity tests with H. azteca in three binary combinations: type I–type I

(permethrin–bifenthrin), type II–type II (cypermethrin–l-cyhalothrin), and type

I–type II (bifenthrin–cypermethrin). The toxicity of these combinations was

predicted with the concentration addition model, with model deviations within a

factor of 2, indicating that in general pyrethroid mixture toxicity is additive.

PBO is commonly added to pyrethroid insecticide treatments because it is known to

increase the toxic effects of pyrethroids (Weston et al. 2006). Many studies have

demonstrated that the addition of PBO at a concentration thatwould be nonlethal on its

own increases the toxicity of pyrethroids (Brander et al. 2009; Brausch and Smith

2009; Hardstone et al. 2007, 2008; Kasai et al. 1998; Paul and Simonin 2006; Paul

et al. 2005, 2006; Rodriguez et al. 2005; Singh and Agarwal 1986; Xu et al. 2005).

Several of these studies report single-species interaction coefficients (K; also called

synergistic ratios) for pyrethroids and PBO ranging from1.35 (D.magna; Brausch and
Smith 2009) to 60 (snails; Singh and Agarwal 1986). While many studies report

interaction coefficients for synergism of PBO, none of them reported interaction

coefficients for multiple PBO concentrations; so a relationship between PBO concen-

tration and K cannot be determined for any given species. In addition, nomultispecies

interaction coefficients are available; thus, there is no accurate way to account for

synergism with PBO in compliance determination.
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Mixture effects with pyrethroids and various other chemicals have also been

studied and are summarized here, but there are currently no multispecies interaction

coefficients available for these combinations. Binary mixtures of l-cyhalothrin
with deltamethrin and cadmium demonstrated additivity (Barata et al. 2006,

2007). Mixtures with various fungicides have been investigated and some syner-

gism has been demonstrated. Norgaard and Cedergreen (2010) reported synergism

with equitoxic mixtures of the fungicides and a-cypermethrin, yielding interaction

coefficients ranging from 1.4 to 27, while other ratios tested resulted in interaction

coefficients ranging from 0.41 to 37. Adam et al. (2009) also reported synergism for

mixtures of fungicides and cypermethrin, which are often found in combination in

wood preservatives. Permethrin in combination with propoxur, a carbamate,

demonstrated synergism, which the authors propose is due to the complementary

modes of action acting on different parts of the nervous system (Corbel et al. 2003).

The thiocarbamate pesticide cartap appears to be antagonistic when combined with

cypermethrin as no toxicity was observed in tests with D. magna and Oryzias
latipes, when the concentrations of each chemical tested in combination were

higher than the reported EC/LC50 values for the single chemicals (Kim et al.

2008). Gartenstein et al. (2006) reported synergism for cypermethrin in binary

combinations with diflubenzuron and diazinon, but the combination of all three

compounds produced an antagonistic effect. Zhang et al. (2010) tested mixtures of

permethrin with the organophosphates dichlorvos or phoxim and reported that the

toxicity of binary combinations was additive.

No studies on aquatic organisms were found in the literature that could provide a

quantitative means to consider mixtures of pyrethroids with other classes of

pesticides. Although there are examples of nonadditive toxicity, multispecies

interaction coefficients are not available for any pyrethroid, and therefore the

concentrations of nonadditive chemicals cannot be used for criteria compliance.

8 Water Quality Effects

Temperature has been reported to be inversely proportional to the aquatic toxicity

and bioavailability of pyrethroids (Miller and Salgado 1985; Werner and Moran

2008). In fact, the increase of toxicity of pyrethroids with decreasing temperature

has been used to implicate pyrethroids as the source of toxicity in environmental

samples (Phillips et al. 2004; Weston et al. 2009b). The inverse relationship

between temperature and pyrethroid toxicity is likely due to the increased sensitiv-

ity of an organism’s sodium channels at lower temperatures (Narahashi et al. 1998).

Enhanced toxicity of cyfluthrin to larval fathead minnows (P. promelas) at lower
temperatures was demonstrated by Heath et al. (1994). Sublethal cyfluthrin

concentrations reduced the ability of fish to tolerate temperatures both higher

and lower than standard conditions. The toxicities of six aqueous pyrethroids

were 1.33- to 3.63-fold greater at 20�C compared to 30�C for mosquito larvae

(Cutkomp and Subramanyam 1986). Harwood et al. (2009) tested permethrin

toxicity to C. dilutus in an aqueous exposure at 13 and 23�C, and reported a
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3.2-fold decrease of the 96-h LC50 at the lower temperature. Kumaraguru and

Beamish (1981) reported that for small trout the toxicity of permethrin increased

by a factor of 10 with a decrease in temperature from 20 to 5�C, but showed little

change from 10 to 5�C. These studies indicate that the enhanced toxic effects of

pyrethroids at lower temperature may not be as accurately represented by the results

of typical laboratory toxicity tests, which tend to be run at warmer temperatures,

20–23�C (USEPA 1996a, b, 2000) than those of the habitats of coldwater fishes,

about 15�C or lower (Sullivan et al. 2000).

The toxicity of sediments contaminated with pyrethroids was more than twice as

toxic when tested at 18�C compared to 23�C (Weston et al. 2008). Weston et al.

(2008) used a toxicity identification evaluation (TIE) procedure to determine the

effect of temperature reduction (18 vs. 23�C) on toxicity of a particular environ-

mental sediment sample to H. azteca. These results are not directly applicable for

use in water quality criteria compliance because they were sediment exposures and

used environmental samples, instead of an exposure to a pure compound.

Unfortunately, there are limited data in which aquatic exposures with relevant

species were used, making it unfeasible to quantify the relationship between the

toxicity of these five pyrethroids and temperature for water quality criteria at this

time. Information regarding the effects of pH or other water quality parameters on

pyrethroid toxicity was not identified, but based on the physical–chemical

properties of these compounds they are not expected to be affected by these

parameters.

9 Sensitive Species

Data for particularly sensitive species found in the acceptable (RR) and supplemental

(RL, LR, LL) data sets (Tables S8–S12, Supporting Material http://extras.springer.

com/) were compared to the criteria. There are some species represented in the

supplemental data set that are not represented in the acceptable data set, and it is

possible that data at the extreme sensitive end of the data set could be below the

criteria derived using the median fifth percentiles. The bifenthrin acute criterion of

4 ng/L is below the lowest freshwater SMAV in the bifenthrin data sets (6.5 ng/L for

H. azteca), and the chronic criterion of 0.6 ng/L is below the lowest freshwater

SMCV in the data sets (1.9 ng/L for D. magna), so these criteria appear to be

protective based on the available data. For l-cyhalothrin, the acute and chronic

criteria calculatedwith the acutemedian fifth percentile (1 and 0.5 ng/L, respectively)

are both below all of the freshwater toxicity values in the respective acute and chronic

data sets. The lowest LC50 is 2.3 ng/L for H. azteca while the lowest freshwater

MATC is 2.63 ng/L forD. magna. For bifenthrin and l-cyhalothrin, there are toxicity
values equal to or below the derived criteria for the saltwater speciesA. bahia, but the
criteria were not adjusted because they are only intended to protect freshwater

species. The permethrin acute criterion (10 ng/L) is below the lowest acute value in

the acute data sets (21.1 ng/L for H. azteca; Anderson et al. 2006). The permethrin
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chronic criterion (2 ng/L) is below all of the chronic values in the available data sets

(16 ng/L for A. bahia; Thompson et al. 1989).

The lowest SMAV in the cyfluthrin RR data set (Table 4) was 2.3 ng/L for

H. azteca, which is approximately equal to the derived acute criterion of 2 ng/L.

Based on the available data, the criterion derived using the median fifth percentile

acute value is not protective ofH. azteca; therefore, the next lowest acute value was
used to calculate the cyfluthrin criteria. The acute and chronic cyfluthrin criteria

calculations using the median first percentile acute value are as follows:

Recommended acute value: 0.000547 mg/L (median first percentile)

Cyfluthrin acute criterion ¼ 0:000547 mg=L
2

;

¼ 0:0003 mg=L (0:3 ng=L):

Cyfluthrin chronic criterion ¼ 0:000547 mg=L
10:27

;

¼ 0:00005 mg=L (0:05 ng=L):

The cyfluthrin chronic criterion calculated with the median first percentile

(0.05 ng/L) is below the lowest MATC in the data sets of 0.27 ng/L for A. bahia.
The derived cypermethrin acute criterion (0.006 mg/L) is higher than one SMAV

in the RR acute data set, 0.0027 mg/L for H. azteca (Table 6). The H. azteca SMAV

is the geometric mean of four values, three from a study in which concentrations

were measured (Weston and Jackson 2009), all of which are lower than the acute

criterion of 0.006 mg/L. Thus, the next lowest estimate from the log-logistic

distribution (median first percentile) was used to derive the cypermethrin acute

and chronic criteria as follows:

Recommended acute value: 0.0025723 mg/L (median first percentile)

Cypermethrin acute criterion ¼ 0:0025723 mg=L
2

;

¼ 0:001 mg=L (1 ng=L):

Cypermethrin chronic criterion ¼ 0:0025723 mg=L
12:4

;

¼ 0:0002 mg=L (0:2 ng=L):

There is one supplemental datum (96-h EC50 ¼ 0.6 ng/L for D. magna) that is
below the adjusted cypermethrin acute criterion, but this toxicity value was not

based on measured concentrations, and this species is represented in the RR data set

with an SMAV that indicates that it is protected by the acute criterion. There are

two supplemental MATCs that are below the adjusted chronic criterion of 0.2 ng/L

(MATCs of 0.00063 and 0.063 ng/L for D. magna; Kim et al. 2008), but they are

based on nominal concentrations, and it is recommended that criteria should only be

adjusted based on toxicity values calculated with measured concentrations.
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10 Ecosystem-Level Studies

Toxicity data from multispecies studies that more closely mimic ecosystems can

yield different results than single-species effect studies, so community-level study

data were compared to the criteria derived from single-species studies to ensure that

the criteria are protective of ecosystems. A total of 28 studies addressing effects on

microcosms, mesocosms, and model ecosystems were rated acceptable (R or L

reliability rating) for the five selected pyrethroids (ratings listed in Table S13,

Supporting Material http://extras.springer.com/). None of the bifenthrin, cyfluthrin,

or permethrin studies reported ecosystem-level NOECs or no-effect concentrations

(NECs) to which the chronic criteria could be directly compared.

Data in three of the bifenthrin studies (Drenner et al. 1993; Hoagland et al. 1993;

Surprenant 1988) included toxic effects at concentrations ranging from 20 to

3,150 ng/L, which are well above the derived chronic criterion (0.6 ng/L). Sherman

(1989) reported toxic effects for several invertebrates and fish in a pond receiving

runoff contaminated with bifenthrin, but the effects did not correlate well with

aqueous bifenthrin concentrations. Average pond concentrations fluctuated from

slightly above 1 to 10 ng/L, but could not be linked to the occurrence of toxicity.

Authors of all the cyfluthrin studies reported toxic effects at applied or measured

concentrations that were far above the chronic criterion (Gunther and Herrmann

1986; Johnson 1992; Johnson et al. 1994; Kennedy et al. 1990; Morris 1991; Morris

et al. 1994). Toxic effects were observed in all of the studies, especially on aquatic

macroinvertebrates, but it is not possible to assess if effects would have occurred if

lower concentrations were tested, closer to the chronic criterion of 0.05 ng/L.

Several studies consisted of single concentrations of cypermethrin

(0.01–24,000 mg/L) that were well above the chronic criterion in pond or marine

mesocosms, followed by measurement of the recovery of the invertebrate

communities. Toxic effects were observed particularly for insects and crustaceans,

and some populations did not recover during the posttreatment observation periods

(Crossland 1982; Farmer et al. 1995; Maund et al. 2009; Medina et al. 2004).

The study by Maund et al. (2009) simulated natural reinvasion in some microcosms

by adding invertebrates to the enclosures post treatment; in these microcosms, there

was a general recovery of invertebrate populations in approximately 100 days.

In contrast, the microcosms that received no additional organisms showed only

limited recovery after 16 weeks of observation. These results indicate that small,

isolated, or heavily impacted waterbodies will likely recover more slowly

than waterbodies that are only partially impacted or are near other unimpacted

waterbodies from which organisms can immigrate.

Friberg-Jensen et al. (2003) calculated cypermethrin NECs for crustaceans,

copepods, and cladocerans ranging from 0.02 to 0.07 mg/L in enclosures set in a

lake. These NECs are all significantly higher than the chronic criterion of

0.0004 mg/L. They also reported that rotifers, protozoans, bacteria, periphyton

plankton, and periphytic algae all proliferated after treatment with cypermethrin,

in response to the decreased populations of grazers. A sister paper, describing
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effects for the same experiment, reported an NEC of 0.01 mg/L for copepod nauplii

(Wendt-Rasch et al. 2003). This paper also reported significant changes to species

composition of the aforementioned communities at nominal concentrations greater

than 0.13 mg/L.
Several l-cyhalothrin studies reported community NOECs to which the calcu-

lated criteria may be compared. Van Wijngaarden et al. (2006) and Roessink et al.

(2005) reported various community-level NOECs that were season- and trophic-

system-dependent, the lowest being <10 mg/L, and Schroer et al. (2004) reported

a community-level NOEC of 10 ng/L. Schroer et al. (2004) also calculated a

community-level criterion of 4.1 ng/L while the criterion calculated based on labora-

tory single-species data was 2.7 ng/L. The UCDM chronic criterion (0.5 ng/L) is

below the reported NOECs for this set of studies by at least a factor of 20.

Hill et al. (1994) investigated the effects of l-cyhalothrin on artificial pond

mesocosms containing microbes, algae, macrophytes, zooplankton, macroinver-

tebrates, and fish. l-cyhalothrin was applied at three rates as a spray and as

a soil–water slurry to simulate runoff. Few effects were observed for most taxa,

but macroinvertebrates and zooplankton were adversely affected at the highest rate;

macroinvertebrates experienced some effects at the middle rate as well. Measured

aqueous concentrations of l-cyhalothrin ranged from 3 to 98 ng/L, in the

mesocosms treated at the highest rate, and 2 to 10 ng/L in those treated at the

middle rate. l-cyhalothrin was not detected in the ponds treated at the lowest rate.

The method detection limit reported in this study ranges from 2 to 3 ng/L, so it is

possible that l-cyhalothrin was present at lower concentrations when reported as

nondetects. This study indicates that the derived chronic criterion of 0.5 ng/L

should be protective of macroinvertebrates and zooplankton because it is likely

similar to the actual concentrations in the ponds treated at the lowest rate.

Several study authors reported significant macroinvertebrate mortality and drift

due to exposure to l-cyhalothrin (Farmer et al. 1995; Lauridsen and Friberg 2005;

Rasmussen et al. 2008;Wendt-Rasch et al. 2004), particularly forGammarus species.
Farmer et al. (1995) sprayed pond mesocosms with l-cyhalothrin (measured at

2 ng/L, 1 h post treatment for the lower rate) and reported that Gammarus spp.

abundance was significantly reduced compared to controls. Rasmussen et al. (2008)

demonstrated that Gammarus pulex exposed to 10.65 ng/L l-cyhalothrin (nominal)

for 90 min and then transferred to clean water drifted significantly more than controls

( p<0.0001). Phytoplankton and algae productivity increased in response to

l-cyhalothrin exposure (Farmer et al. 1995; Rasmussen et al. 2008; Wendt-Rasch

et al. 2004) likely due to the decrease in macroinvertebrate populations, as

macroinvertebrates are known to graze on algae. Lauridsen and Friberg (2005)

examined macroinvertebrate drift in outdoor experimental channels with two insect

species andG. pulex. Catastrophic drift was observed for all three species during the
1-h pulse exposure and 2–3-h post exposure. Drift of G. pulex was significantly

affected at 1 ng/L (nominal), and it should be noted that the measured concentrations

may have been even lower. While several studies indicate that Gammarus species
experience lethal and sublethal effects due to l-cyhalothrin exposures at

concentrations near the chronic criterion, none of them reported toxicity values
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(e.g., NOEC, ECx) or measured concentrations at or below the derived chronic

criterion; thus, the chronic criterion is not adjusted downward at this time.

In all permethrin studies, adverse effects were reported on aquatic organisms,

but they all used formulations and test concentrations (0.02–100 mg/L) that were
significantly higher than the chronic criterion of 0.002 mg/L. In two studies,

increased drifting in model riverine systems was reported after exposure to

permethrin for some invertebrate species (Poirier and Surgeoner 1988; Werner

and Hilgert 1992), and another model riverine study reported that snails and

water thyme (Elodea) were both adversely affected at permethrin concentrations

of 4 and 20 mg/L (Lutnicka et al. 1999). Several pond exposures also demonstrated

adverse effects on various aquatic invertebrates, including some populations that

did not recover during the posttreatment observation period (Conrad et al. 1999;

Coulon 1982; Yasuno et al. 1988). Conrad et al. (1999) dosed small artificial ponds

with permethrin (1–100 mg/L nominal Picket® formulation) and conducted

bioassays with chironomids, which were compared to laboratory sediment toxicity

tests with Chironomus riparius. The chironomid responses of reduced larval den-

sity and adult emergence were not predicted by bulk sediment chemistry, sediment

toxicity tests, or laboratory bioassay results—all three measurements under-

estimated the acute effects. Toxicity to C. riparius in the field was best predicted

by acute water-only toxicity test data, indicating that the primary exposure route is

via the water column. This study supports measurement of the truly dissolved

fraction for criteria compliance and indicates the relevance of water quality criteria

for protection of aquatic life.

11 Threatened and Endangered Species

Data for species listed as threatened or endangered were examined to ensure that the

criteria are protective of these species. Both the US Fish and Wildlife Service

federal list of threatened and endangered plant and animal species (USFWS 2010)

and the California state list of threatened and endangered plant and animal species

(the California Department of Fish and Game (CDFG) 2010a, 2010b) were

consulted for this evaluation.

There are ten evolutionarily significant units of O. mykiss listed as federally

threatened or endangered, and this species is represented in the data sets of all

five pyrethroids that were examined. There are SMAVs for this species in all five

acute data sets ranging from 0.119 to 7 mg/L, which are well above the derived acute
criteria for these compounds. The l-cyhalothrin acute data set also includes

Gasterosteus aculeatus, of which a subspecies (G.a. williamsoni) is endangered.

The acute permethrin data set includes seven additional listed species:Oncorhynchus
clarki henshawi, Etheostoma fonticola, Erimonax monachus, Notropis mekis-
tocholas, Oncorhynchus apache, Salmo salar, and Xyrauchen texanus. All of these
acute toxicity values were used in criteria calculation and are well above the derived

criteria; hence, there is no evidence that the criteria are underprotective of these
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species. The only chronic toxicity value for a listed species was an MATC for

O. mykiss in the cyfluthrin data set of 0.0133 mg/L, which is much higher than the

chronic criterion of 0.00005 mg/L, indicating that the chronic criterion is protective of
this species.

All of the acute data sets include species that are not listed but are in the same

family or genus as some of those that are. These species were used as surrogates to

estimate toxicity values for related TES with the USEPA interspecies correlation

estimation software (Web-ICE v. 3.1; Raimondo et al. 2010). Unfortunately, the

available bifenthrin and cyfluthrin SMAVs were below the model minimum input

values, so toxicity values could not be predicted for bifenthrin or cyfluthrin.

O. mykiss was used to predict l-cyahlothrin, cypermethrin, and permethrin acute

toxicity values for up to 13 species in the Salmonidae family (Tables S14–S16,

Supporting Material http://extras.springer.com/). The predicted acute toxicity

values ranged from 0.262 to 0.576 mg/L for cyfluthrin, 0.860 to 1.31 mg/L for

cypermethrin, and 3.48 to 11.88 mg/L for permethrin, which are all more than one

order of magnitude above their respective acute criteria.

One caveat of this evaluation is that the only TES in the measured or predicted

data sets for these pyrethroids were fish, which are relatively insensitive compared

to aquatic amphipods and insects. There were no data for TES in these more

sensitive taxa, so it is not clear if the derived criteria are protective of these species.

No single-species plant studies were found in the literature for use in criteria

derivation for any of these pyrethroids, so no estimation could be made for plants

on the state or federal endangered, threatened, or rare species lists. Phytoplanktons

were unaffected by bifenthrin in a pond study (Sherman 1989); however, bifenthrin

seemed to be beneficial in some instances and harmful in others, as reported in a

mesocosm study that monitored primary productivity, green algae, chlorophyll, and

other end points for photosynthetic organisms (Hoagland et al. 1993). Based on

the mode of action, plants should be relatively insensitive to pyrethroids and the

calculated criteria should be protective of aquatic plants.

12 Bioaccumulation

Chemicals in surface waters can accumulate in organisms from both the water and

food items, which is called bioaccumulation, and eventually the chemicals can

move up the food chain from prey to predator. Potential bioaccumulation was

assessed to ensure that the derived criteria are set at concentrations that are not

likely to cause toxicity due to bioaccumulation. Bifenthrin, cyfluthrin,

cypermethrin, l-cyhalothrin, and permethrin have similar physical–chemical

characteristics (Table 1), including molecular weight <1,000 and log-normalized

octanol–water partition coefficients (log Kow) >3.0 L/kg, which indicate that all

five compounds have the potential to bioaccumulate.

Low-to-moderate bioaccumulation of pyrethroids has been documented in the

literature. For example, wild-caught brown trout (Salmo trutta), captured in a
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British stream, was found to have accumulated an average 25.4 mg/kg of cyfluthrin

and as high as 109 mg/kg in tissues, even though no cyfluthrin could be detected in

the water column (Bonwick et al. 1996). Additionally, Surprenant (1986) reported

that elimination of bifenthrin from bluegill tissues was very slow, i.e., after 42 days

of depuration, fish tissue concentrations of bifenthrin were reduced by about half.

Because the pyrethroids have the potential to bioaccumulate, available data were

used to estimate aqueous concentrations not expected to lead to harmful

bioaccumulation. Analogous calculations were not done for human consumption

of aquatic organisms because there are no tolerance or USFDA action levels for fish

tissue (USFDA 2000) for any of these compounds. To calculate an aqueous NOEC,

the dietary NOEC of an oral predator (mallard duck; studies listed in Table S17,

Supporting Material http://extras.springer.com/) is divided by the bioaccumulation

factor (BAF) for a fish. If a BAF is not available for a fish, it can be calculated as the

product of the bioconcentration factor (BCF) and a biomagnification factor (BMF)

such that BAF ¼ BCF � BMF. BCFs are a measure of the uptake of a chemical by

an organism from water alone while BMFs are a measure of the uptake of a

chemical by an organism from food sources. BCFs for the pyrethroids of interest

varied widely among different species, and were dependent on what portion of an

organism was analyzed, with BCFs ranging from 2.6 to 3,280,000 (Table S18,

Supporting Material http://extras.springer.com/).

For bifenthrin, one dietary NOEC was available for reproductive effects on

mallard duck of 75 mg/kg (Roberts et al. 1986). No BAFs or BMFs were identified

for fish, so the BCF of 28,000 L/kg bifenthrin for whole P. promelas (McAllister

1988) and a default BMF of 10, based on the log Kow (TenBrook et al. 2010), were

used to estimate a BAF as follows:

NOECwater ¼ NOECoral predator

BCFfood item � BMFfood item

: (4)

The resulting NOECwater for bifenthrin is 267 ng/L, which is well above the

chronic criterion of 0.6 ng/L, indicating that bifenthrin at concentrations equal to or

below the chronic criterion will not likely cause harm via bioaccumulation.

This calculation was also performed for the other four pyrethroids. For cyfluthrin,

the highest BCF of 854 L/kg for Lepomis macrochirus (Carlisle and Roney 1984),

a default BMF of 10, and the lowest dietary NOEC for a mallard of 250 mg/kg

(Carlisle 1984) were used for a conservative estimation. The NOECwater estimated

for cyfluthrin using this data was 29 mg/L, which is above the aqueous solubility of

cyfluthrin (2.3 mg/L; Laskowski 2002). For cypermethrin, the values used in Eq. 4

were the highest fish BCF of 821 L/kg for O. mykiss, a default BMF of 10, and a

dietary toxicity value for mallard duck of 50mg/kg, although this dietary NOECwas

reported as greater than (>) 50 mg/kg (USEPA 2008). These values resulted in an

NOECwater for mallard of 6.09 mg/L, which is above the aqueous solubility of

cypermethrin (4 mg/L; Laskowski 2002). An NOECwater of 1.34 mg/L was calculated

for l-cyhalothrin with the highest reported BCF of 2,240 L/kg for whole fish

Cyprinus carpio (Yamauchi et al. 1984), a default BMF of 10, and an oral predator
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dietary NOEC of 30 mg/kg for mallard duck (Beavers et al. 1990). This NOECwater

is significantly larger than the l-cyhalothrin chronic criterion of 0.0005 mg/L.
Finally, this calculation was completed for permethrin using the highest fish BCF

of 2,800 L/kg for P. promelas, a default BMF of 10, and the dietary NOEC for

mallard duck of 125 mg/kg, giving an NOECwater of 4.46 mg/L, which is nearing the
aqueous solubility of 5.7 mg/L. Based on these conservative calculations, these

pyrethroids are not likely to cause adverse effects on terrestrial wildlife due to

bioaccumulation if their concentrations do not exceed the derived chronic criteria.

13 Assumptions, Limitations, and Uncertainties

Data limitations and important assumptions are reviewed here so that environmental

decision makers have information about the accuracy and confidence in the criteria.

Assumptions and limitations inherent in the methodology are summarized in the

UCDM (TenBrook et al. 2010). The principal limitation for these five pyrethroids

was a dearth of chronic data, particularly for the most sensitive species, amphipods

and other invertebrates. There were no appropriate paired acute and chronic data for

bifenthrin or cypermethrin to calculate ACRs, so the default ACR was used, while

measured ACRs were available for cyfluthrin, l-cyhalothrin, and permethrin. The

acute criterion for cyfluthrin calculated with the median fifth percentile was almost

identical to the lowest SMAV in the RR data set while the acute criterion for

cypermethrin calculated with the median fifth percentile was higher than the lowest

SMAV in the RR data set, so these criteria were adjusted downward to be more

protective using less robust acute values. There are inherent assumptions in the use

of an SSD (TenBrook et al. 2010), and the various distributional estimates can be

used to assess uncertainty in the derived criteria for each compound. Of the data that

were available for these compounds, not all were from flow-through tests that

reported measured concentrations, which can cause overestimation of toxicity

values, because pyrethroids are highly sorptive.

Other conspicuous data gaps were regarding temperature effects and mixture

toxicity, especially with PBO; additional data on these topics should lead to

quantifiable correlations, and these considerations should be added to criteria

compliance when available. Also, pyrethroids are known to partition to sediments,

and if federal or state sediment quality standards become available for these

compounds, partitioning should be predicted based on the derived water quality

criteria to ensure that these aqueous concentrations are not leading to potentially

harmful sediment concentrations.

14 Comparison to Existing Criteria

To date, the USEPA has not calculated water quality criteria for bifenthrin,

cyfluthrin, cypermethrin, l-cyhalothrin, or permethrin. The CDFG composed a

risk assessment report for several pyrethroids, including bifenthrin, cypermethrin,
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and permethrin (Siepmann and Holm 2000). CDFG concluded that there were

insufficient data to calculate criteria for bifenthrin using the USEPA (1985) method,

and instead they reported the lowest acute and chronic toxicity values for guidance.

The lowest genus mean acute value (GMAV) for bifenthrin was 3.97 ng/L for

A. bahia, which is only slightly below the UCDM acute criterion of 4 ng/L; it can be

noted that A. bahia is a saltwater species, which may be more sensitive than

freshwater species. The lowest bifenthrin MATC in the CDFG report was

60 ng/L for P. promelas, which would not be protective of D. magna with an

MATC of 1.9 ng/L (Table 3). The CDFG risk assessment reported interim acute

criteria of 2 ng/L for cypermethrin and 30 ng/L for permethrin, which are both

higher than the acute criteria calculated using the UCDM by factors of 2 and 3,

respectively. Chronic criteria were not calculated for cypermethrin or permethrin

because there was insufficient data.

The Netherlands has done generic risk assessment for several pyrethroids and

maximum permissible concentrations (MPCs) have been calculated using the Dutch

criteria derivation methodology. An MPC is defined as the concentration in the

environment above which the risk of adverse effects is considered unacceptable to

ecosystems and they are harmonized across media (Crommentuijn et al. 2000). MPCs

are analogous to chronic water quality criteria and are used as the basis for setting

environmental quality standards in the Netherlands. The Dutch MPCs for bifenthrin,

cypermethrin, and permethrin are 1.1, 0.09, and 0.2 ng/L, respectively (Crommentuijn

et al. 2000). These values were calculated with a modified EPA method in which an

assessment factor ranging from 10 to 1,000 is applied to the lowest available toxicity

value. The bifenthrin MPC of 1.1 ng/L is larger than the chronic criterion derived via

the UCDMof 0.6 ng/L by a factor of 1.8, but there are no data to indicate that theMPC

would be underprotective. The cypermethrin and permethrin MPCs are smaller than

the UCDM criteria by a factor of 2.2 and 10, respectively.

In Canada, an interim freshwater quality guideline was derived for permethrin by

applying a safety factor of 0.1 to themost sensitive LOEC,whichwas forPteronarcys
dorsata (Anderson 1982). The interim aquatic life guideline for permethrin was

derived as 4 ng/L, which is larger than the UCDM chronic criterion of 2 ng/L, but

there are no data to indicate that 4 ng/L would be underprotective (CCME 2006).

Quebec has also derived its own interim acute criterion for permethrin of 44 ng/L and

an interim chronic criterion of 13 ng/L (Guay et al. 2000); the interim acute criterion

is larger than the lowest SMAV in the UCD data set and would not be protective of

H. azteca. In the UK, short-term and long-term predicted NECs (PNECs), analogous

to acute and chronic criteria, were recently derived for permethrin using assessment

factors (Lepper et al. 2007). The short-term PNEC of 10 ng/L was derived by

applying an assessment factor of 10 to the LC50 for the mayfly Hexagenia bilineata,
and the long-term PNEC of 1.5 ng/L was derived by applying an assessment factor of

20 to an LOEC for the caddisfly B. americanus (Lepper et al. 2007). The currently
adopted long-term (chronic) environmental quality standard (EQS) in the UK for

permethrin is 10 ng/L. There are also proposed long-term and short-term EQSs for

cypermethrin of 0.1 and 0.4 ng/L, respectively, which are lower than the existing

EQSs of 0.2 and 2.0 ng/L, respectively (UKTAG 2008).
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15 Comparison to the USEPA (1985) Method

More pyrethroid toxicity data are available now than when CDFG derived criteria

for bifenthrin, cypermethrin, and permethrin (Siepmann and Holm 2000) using the

USEPA (1985) method. To compare the UCDM criteria to those generated using

the USEPA (1985) method, the data sets gathered for this article were used to

generate example USEPA criteria for these compounds. The five acute taxa

requirements of the SSD procedure in the UCDM were fulfilled for each of these

five pyrethroids. There are three additional taxa requirements in the USEPA acute

method, as follows:

1. A third family in the phylum Chordata (e.g., fish, amphibian)

2. A family in a phylum other than Arthropoda or Chordata (e.g., Rotifera,

Annelida, Mollusca)

3. A family in any order of insect or any phylum not already represented

These three additional requirements were not met for any of these compounds.

The bifenthrin, l-cyhalothrin, and permethrin data sets do not contain any species in a

phylum other thanArthropoda or Chordata, butmet all of the other taxa requirements.

The CDFG has calculated criteria for compounds with incomplete data sets if the

missing taxa requirements are known to be relatively insensitive to the compound of

interest. The only data available for organisms not in the phyla Arthropoda or

Chordata were for saltwater mollusks (Crassostrea virginica and Crassostrea
gigas), which were very insensitive to bifenthrin and l-cyhalothrin—EC50s could

not be calculated for these species because of solubility limits or no responses were

observed at the highest concentrations tested (Thompson 1985; Ward 1986a, 1986b,

1987)—so example criteria were calculated for bifenthrin, l-cyhalothrin, and per-

methrin. The cyfluthrin and cypermethrin acute data sets were missing two of the

additional requirements, so example criteria were not calculated for these

compounds.

Acute criteria were calculated by fitting the log-triangular distribution to the

acute bifenthrin, l-cyhalothrin, and permethrin data sets (Tables 2, 8, and 10) and

are reported with two significant figures, according to the USEPA (1985) method.

The USEPA (1985) method fits the SSD to genus mean acute values while the

UCDM uses species mean acute values, so the UCDM data sets were altered when

necessary to calculate genus mean acute values.

Example acute criterion ¼ Final acute value/2

Bifenthrin : Example final acute value (fifth percentile) ¼ 0.0009543 mg/L
Example acute criterion ¼ 0.00048 mg/L

l-Cyhalothrin: Example final acute value (fifth percentile) ¼ 0.001845 mg/L
Example acute criterion ¼ 0.00092 mg/L

Permethrin : Example final acute value (fifth percentile) ¼ 0.039001 mg/L
Example acute criterion ¼ 0.010 mg/L
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The bifenthrin example acute criterion (0.48 ng/L) is almost one order of

magnitude lower than the acute criterion calculated by the UCDM (4 ng/L). The

l-cyhalothrin example acute criterion (0.92 ng/L) is almost identical to the acute

criterion calculated using the Burr Type III distribution of the UCDM (1 ng/L), and

the permethrin example acute criterion (10 ng/L) is identical to the UCDM acute

criterion (10 ng/L).

To calculate chronic criteria according to the USEPA (1985) method for

compounds with limited chronic data such as the pyrethroids, an ACR procedure

is used, which is very similar to the ACR procedure in the UCDM. The ACR

procedure cannot be used for cyfluthrin and cypermethrin because acute criteria

were not calculated for these compounds. The EPA ACR procedure requires data

for three ACRs, which were not available for bifenthrin or permethrin. For

l-cyhalothrin, the same three SMACRs calculated for the UCDM (Table 13)

were calculated according to the USEPA (1985) methodology to give a final

l-cyhalothrin ACR of 4.73. The l-cyhalothrin chronic criterion was calculated by

dividing the final acute value by the final ACR:

Example chronic criterion ¼ Final acute value/Final ACR

l-cyhalothrin example chronic criterion ¼ 0.00039 mg/L

The l-cyhalothrin example chronic criterion (0.39 ng/L) differs by less than a

factor of 2 from the one recommended by the UCDM (0.5 ng/L).

This comparison of criteria calculated using the UCDM and USEPA (1985)

method highlights the limitations of the USEPA method. According to the USEPA

method, acute criteria could not be calculated for cyfluthrin or cypermethrin, and

acute criteria were only calculated for bifenthrin, l-cyhalothrin, and permethrin by

making exceptions for the taxa requirements, and chronic criteria could not be

calculated for bifenthrin, cyfluthrin, or cypermethrin. The l-cyhalothrin acute data

set was large and the criteria calculated by the two methods were very similar

(1 ng/L vs. 0.92 ng/L). When large data sets are available, criteria calculated using

the two methods have been similar, e.g., chlorpyrifos and diazinon (Palumbo et al.

(2012)), because the calculation methods in these cases are very similar. When

large data sets are not available or data sets are missing a USEPA taxa requirement,

the UCDM is able to generate criteria, where the USEPA method gives no results,

e.g., malathion (Palumbo et al. (2012)) and cyfluthrin.

16 Final Criteria Statements

The inputs for the final criteria statement are listed in Table 15.

Aquatic life should not be affected unacceptably if the 4-day average concentration

of [1] does not exceed [2] mg/L ([3] ng/L) more than once every 3 years on the

average and if the 1-h average concentration does not exceed [4] mg/L ([5] ng/L)

more than once every 3 years on the average. Mixtures of [1] and other pyrethroids

should be considered in an additive manner (see Sect. 7).
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It is recommended that the freely dissolved pyrethroid concentration is measured

for criteria compliance because this appears to be the best predictor of the bioavail-

able fraction.

17 Summary

Aquatic life water quality criteria were derived for five pyrethroids using a new

methodology developed by the University of California, Davis (TenBrook et al.

2010). This methodology was developed to provide an updated, flexible, and robust

water quality criteria derivation methodology specifically for pesticides. To derive

the acute criteria, log-logistic SSDs were fitted to the medium-sized bifenthrin,

cyfluthrin, and cypermethrin acute toxicity data sets while the l-cyhalothrin and

permethrin acute data sets were larger, and Burr Type III SSDs could be fitted to

these data sets. A review of the cyfluthrin acute criterion revealed that it was not

protective of the most sensitive species in the data set, H. azteca, so the acute value
was adjusted downward to calculate a more protective criterion. Similarly, the

cypermethrin criteria were adjusted downward to be protective of H. azteca.
Criteria for bifenthrin, l-cyhalothrin, and permethrin were calculated using the

median fifth percentile acute values while the cyfluthrin and cypermethrin criteria

were calculated with the next lowest acute value (median first percentile). Chronic

data sets were limited in all cases, so ACRs were used for chronic criteria

calculations, instead of statistical distributions. Sufficient corresponding acute and

chronic data were not available for bifenthrin, cypermethrin, or permethrin, so a

default ACR was used to calculate these chronic criteria while measured ACRs

were used for cyfluthrin and l-cyhalothrin. A numeric scoring system was used

to sort the acute and chronic data, based on relevance and reliability, and the

individual study scores are included in the Supporting Information.

According to the USEPA (1985) method, the data sets gathered for these five

pyrethroids would not be sufficient to calculate criteria because they were each

missing at least one of the eight taxa required by that method. The USEPA (1985)

method generates robust and reliable criteria, and the goal of creating the UCDM

was to create a method that also yields statistically robust criteria, but with more

Table 15 Final numeric criteria for the five pyrethroids

1 Compound

2 Chronic riterion

(mg/L)
3 Chronic criterion

(ng/L)

4 Acute criterion

(mg/L)
5 Acute criterion

(ng/L)

Bifenthrin 0.004 4 0.0006 0.6

Cyfluthrin 0.00005 0.05 0.0003 0.3

Cypermethrin 0.0002 0.2 0.001 1

l-Cyhalothrin 0.0005 0.5 0.001 1

Permethrin 0.002 2 0.01 10
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flexible calculation methods to accommodate pesticide data sets of varied sizes and

diversities. Using the UCDM, acute and chronic water quality criteria were derived

for bifenthrin (4 and 0.6 ng/L, respectively), cyfluthrin (0.3 and 0.05 ng/L, respec-

tively), cypermethrin (1 and 0.2 ng/L, respectively), l-cyhalothrin (1 and 0.5 ng/L,

respectively), and permethrin (10 and 2 ng/L, respectively). Water quality criteria

for these five pyrethroids can be used by environmental managers to control the

increasing problem of surface water contamination by pesticides.
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Gunther U, Herrmann RA (1986) Baythroid pond study. Study number 91233. Mobay Corpora-

tion. OKOLIMNA Gesellschaft fur Okologie und Gewasserkunde mbH, Burgwedel, Germany.

Submitted to California Department of Pesticide Regulation. CDPR ID: 50317-058.

Guy D (2000a) Aquatic Toxicology laboratory Report P-2161-2. Bifenthrin with cladoceran

Ceriodaphnia dubia in an acute definitive test. California Department of Fish and Game,

Aquatic Toxicology Lab, Elk Grove, CA.

Guy D (2000b) Aquatic Toxicology laboratory Report P-2161-2. Bifenthrin with Pimephales
promelas in an acute definitive test. California Department of Fish and Game, Aquatic

Toxicology Lab, Elk Grove, CA.

Hamer MJ (1997) Cypermethrin: Acute toxicity of short-term exposures to Hyalella azteca.
Laboratory project ID: TMJ3904B. Zeneca Agrochemicals, Jealott’s Hill Research Station,

Bracknell, Berkshire, UK. EPA MRID: 44423501.

Hamer MJ, Ashwell JA, Gentle WE (1998) Lambda-cyhalothrin acute toxicity to aquatic

arthropods. ZENECA Agrochemicals, Jealott’s Hill Research Station, Bracknell, Berkshire,

UK. Submitted to California Department of Pesticide Regulation. CDPR ID: 509-7-093.

Hamer MJ, Farrelly E, Hill IR (1985a) PP321: Toxicity to Gammarus pulex. ICI Plant Protection
Division, Bracknell, Berkshire, UK. Submitted to California Department of Pesticide Regula-

tion. CDPR ID: 509007-086.

Hamer MJ, Farrelly E, Hill IR (1985b) PP321: 21 day Daphnia magna life-cycle study. ICI Plant

Protection Division, Bracknell, Berkshire, UK. Submitted to California Department of Pesti-

cide Regulation. CDPR ID: 50907-089.

Hardstone MC, Leichter C, Harrington LC, Kasai S, Tomita T, Scott JG (2007) Cytochrome P450

monooxygenase-mediated permethrin resistance confers limited and larval specific cross-

resistance in the southern house mosquito, Culex pipiens quinquefasciatus. Pestic Biochem

Physiol 89:175–184.

Hardstone MC, Leichter C, Harrington LC, Kasai S, Tomita T, Scott JG (2008) Corrigendum to

“Cytochrome P450 monooxygenase-mediated permethrin resistance confers limited and larval

specific cross-resistance in the southern house mosquito, Culex pipiens quinquefasciatus.”
Pestic Biochem Physiol 91:191.

Harwood AD, You J, Lydy MJ (2009) Temperature as a toxicity identification evaluation tool for

pyrethroid insecticides: Toxicokinetic confirmation. Environ Toxicol Contam 28:1051–1058.

Heath S, Bennett WA, Kennedy J, Beitinger TL (1994) Heat and cold tolerance of the fathead

minnow, Pimephales promelas, exposed to the synthetic pyrethroid cyfluthrin. Can J Fish

Aquat Sci 51:437–440.

Hill IR, Runnalls JK, Kennedy JH, Ekoniak P (1994) Lambda-cyhalothrin: Amesocosm study of its

effects on aquatic organisms. In: Graney RL, Kennedy JH, Rodgers JH (eds) AquaticMesocosm

Studies in Ecological Risk Assessment. Lewis Publishers, CRC Press, Boca Raton, FL.

96 T.L. Fojut et al.



Hill RW (1984a) PP321: Determination of acute toxicity to rainbow trout (Salmo gairdneri). ICI,
Brixham laboratory, Brixham, Devon, UK. Submitted to California Department of Pesticide

Regulation. CDPR ID: 50907-008.

Hill RW (1984b) PP321: Determination of acute toxicity to bluegill sunfish (Lepomis
macrochirus). ICI, Brixham laboratory, Brixham, Devon, UK. Submitted to California Depart-

ment of Pesticide Regulation. CDPR ID: 50907-085.

Hill RW, Caunter JE, Cumming RI (1985) PP321: Determination of the chronic toxicity to

sheepshead minnow (Cyprinodon variegatus) embryos and larvae. ICI, Brixham laboratory,

Brixham, Devon, UK. Submitted to California Department of Pesticide Regulation. CDPR ID:

50907-088.

Hladik ML, Kuivila KM (2009) Assessing the occurrence and distribution of pyrethroids in water

and suspended sediments. J Agric Food Chem 57:9079–9085.

Hoagland KD, Drenner RW, Smith JD, Cross DR (1993) Freshwater community responses to

mixtures of agricultural pesticides: effects of atrazine and bifenthrin. Environ Toxicol Chem

12:627–637.

Hoberg JR (1983a) Acute toxicity of FMC 54800 technical to bluegill (Lepomis macrochirus).
FMC Study No: A83-987. EG &G, Bionomics study, Wareham, MA. Submitted to U.S.

Environmental Protection Agency. EPA MRID: 00132536.

Hoberg JR (1983b) Acute toxicity of FMC 54800 technical to rainbow trout (Salmo gairdneri).
FMC Study No: A83/967, Wareham, MA. Submitted to U.S. Environmental Protection

Agency. EPA MRID: 00132539.

Holcombe GW, Phipps GL, Tanner DK (1982) The acute toxicity of Kelthane, Dursban, disulfo-

ton, Pydrin, and permethrin to fathead minnows Pimephales promelas and rainbow trout Salmo
gairdneri. Environ Pollut A 29:167–178.

Holmes RW, Anderson BS, Phillips BM, Hunt JW, Crane DB, Mekebri A, Connor V (2008)

Statewide investigation of the role of pyrethroid pesticides in sediment toxicity in California’s

urban waterways. Environ Sci Technol 42:7003–7009.

Hunter W, Xu YP, Spurlock F, Gan J (2008) Using disposable polydimethylsiloxane fibers to

assess the bioavailability of permethrin in sediment. Environ Toxicol Chem 27:568–575.

Johnson PC (1992) Impacts of the pyrethroid insecticide cyfluthrin on aquatic invertebrate

populations in outdoor experimental tanks [dissertation]. University of North Texas, Denton,

TX. Submitted to California Department of Pesticide Regulation. Study number 105036.

CDPR ID: 50317-090.

Johnson PC, Kennedy JH, Morris RG, Hambleton FE (1994) Fate and effects of cyfluthrin

(pyrethroid insecticide) in pond mesocosms and concrete microcosms. In: Graney RL,

Kennedy JH, Rogers JH (eds) Aquatic Mesocosm Studies in Ecological Risk Assessment.

CRC Press, Inc., Boca Raton, FL. p. 337–369.

Kasai S, Weerashinghe IS, Shono T (1998) P450 monoosygenases are an important mechanism of

permethrin resistance in Culex quinquefasciatus Say larvae. Arch Insect Biochem Physiol

37:47–56.

Kennedy J, Johnson P, Montandon R (1990) Assessment of the potential ecological/biological

effects of Baythroid® (cyfluthrin) utilizing artificial pond systems. Mobay Corporation

Agricultural Chemical Division, University of North Texas, Kansas City, MO. Submitted to

California Department of Pesticide Regulation. Study number 100147. CDPR ID: 50317-114.

Kent SJ, Shillabeer N (1997a) Lambda-cyhalothrin: Acute toxicity to golden orfe (Leuciscus idus).
ZENECA Agrochemicals, Brixham Environmental Laboratory, Brixham, Devon, UK. Sub-

mitted to California Department of Pesticide Regulation. CDPR ID: 50907-085.

Kent SJ, Shillabeer N (1997b) Lambda-cyhalothrin: Acute toxicity to the guppy (Poecilia
reticulata). ZENECA Agrochemicals, Brixham Environmental Laboratory, Brixham, Devon,

UK. Submitted to California Department of Pesticide Regulation. CDPR ID: 50907-085.

Kent SJ, Shillabeer N (1997c) Lambda-cyhalothrin: Acute toxicity to zebra danio (Brachydanio
rerio). ZENECA Agrochemicals, Brixham Environmental Laboratory, Brixham, Devon, UK.

Submitted to California Department of Pesticide Regulation. CDPR ID: 50907-085.

Pyrethroid Insecticides Aquatic Life Water Quality Criteria 97



Kent SJ, Shillabeer N (1997d) Lambda-cyhalothrin: Acute toxicity to fathead minnow

(Pimephales promelas). ZENECA Agrochemicals, Brixham Environmental Laboratory,

Brixham, Devon, UK. Submitted to California Department of Pesticide Regulation. CDPR

ID: 50907-085.

Kent SJ, Williams NJ, Gillings E, Morris DS (1995a) Permethrin: chronic toxicity to Daphnia
magna. Zeneca Brixham Environmental Laboratory, Brixham, UK. Laboratory project ID

BL5443/B. EPA MRID 43745701.

Kim Y, Jung J, Oh S, Choi K (2008) Aquatic toxicity of cartap and cypermethrin to different life

stages of Daphnia magna and Oryzias latipes. J Environ Sci Health B 43:56–64.

Kumaraguru AK, Beamish FWH (1981) Lethal toxicity of permethrin (NRDC-143) to rainbow

trout, in relation to body-weight and water temperature. Water Res 15:503–505.

Lajmanovich R, Lorenzatti E, de la Sierra P, Marino F, Stringhini G, Peltzer P (2003) Reduction in

the mortality of tadpoles (Physalaemus biligonigerus; Amphibia: Leptodactylidae) exposed to

cypermethrin in presence of aquatic ferns. Fresenius Environ Bull 12:1558–1561.

Laskowski DA (2002) Physical and chemical properties of pyrethroids. Rev Environ Contam

Toxicol 174:49–170.

Lauridsen RB, Friberg N (2005) Stream macroinvertebrate drift response to pulsed exposure of the

synthetic pyrethroid lambda-cyhalothrin. Environ Toxicol 20:513–521.

LeBlanc GA (1976) Acute toxicity of FMC-33297 technical to Daphnia magna. EG&G, Bionom-

ics, Wareham, MA. CDPR ID: study number 15100.

Lepper P, Sorokin N, Atkinson C, Rule K, Hope S-J, Comber S (2007) Proposed EQS for Water

Framework Directive Annex VIII substances: permethrin. Science project number: SC040038.

Product code: SCHO0407BLWF-E-E. Environment Agency, Bristol, UK. Available at:

http://www.wfduk.org/LibraryPublicDocs/sr12007-permethrin.

Li H-P, Lin C-H, Jen J-F (2009) Analysis of aqueous pyrethroid residuals by one-step microwave-

assisted headspace solid-phase microextraction and gas chromatography with electron capture

detection. Talanta 79:466–471.

Long KWJ, Shillabeer N (1997a) Lambda-cyhalothrin: Acute toxicity to the three-spined stickle-

back (Gasterosteus aculeatus). ZENECAAgrochemicals, Brixham Environmental Laboratory,

Brixham, Devon, UK. Submitted to California Department of Pesticide Regulation. CDPR ID:

50907-085.

Long KWJ, Shillabeer N (1997b) Lambda-cyhalothrin: Acute toxicity to channel catfish (Ictalurus
punctatus). ZENECA Agrochemicals, Brixham Environmental Laboratory, Brixham, Devon,

UK. Submitted to California Department of Pesticide Regulation. CDPR ID: 50907-085.

Lutnicka H, Bogacka T, Wolska L (1999) Degradation of pyrethroids in an aquatic ecosystem

model. Water Res 33:3441–3446.

Machado MW (2001) XDE-225 and Lambda-cyhalothrin: comparative toxicity to Rainbow Trout

(Oncorhynchus mykiss) under flow-through conditions. Springborn Laboratories, Inc.

Wareham, MA. Submitted to U.S. Environmental Protection Agency. USEPA MRID:

45447217.

Mackay D, Shiu WY, Ma KC, Lee SC (2006) Handbook of Physical-Chemical Properties and

Environmental Fate for Organic Chemicals, 2nd edn. CRC Press, Boca Raton, FL.

Marino TA, Rick DL (2001) XR-225 and Lambda-cyhalothrin: An acute toxicity comparison

study with the Bluegill Sunfish, Lepomis macrochirus RAFINESQUE. Toxicology & Envi-

ronmental Research and Consulting, The Dow Chemical Company, Midland, MI. Submitted to

U.S. Environmental Protection Agency. USEPA MRID: 45447216.

Maund S, Biggs J, Williams P, Whitfield M, Sherratt T, Powley W, Heneghan P, Jepson P,

Shillabeer N (2009) The influence of simulated immigration and chemical persistence on

recovery of macroinvertebrates from cypermethrin and 3,4-dichloroaniline exposure in aquatic

microcosms. Pest Manag Sci 65:678–687.

Mayer LM, Weston DP, Bock MJ (2001) Benzo[a]pyrene and zinc solubilization by digestive

fluids of benthic invertebrates – A cross-phyletic study. Environ Toxicol Chem 20:1890–1900.

McAllister WA (1988) Full life cycle toxicity of 14C-FMC 54800 to the fathead minnow

(Pimephales promelas) in a flow-through system. FMC Study No: A86-2100. Analytical

98 T.L. Fojut et al.

http://www.wfduk.org/LibraryPublicDocs/sr12007-permethrin


Bio-Chemistry Laboratories, Inc. Columbia, MO. Submitted to U.S. Environmental Protection

Agency. EPA MRID: 40791301.

Medina M, Barata C, Telfer T, Baird DJ (2004) Effects of cypermethrin on marine plankton

communities: a simulated field study using mesocosms. Ecotoxicol Environ Saf 58:236–245.

Miller TA, Salgado VL (1985) The mode of action of pyrethroids on insects. In: Leahey JP (ed)

The Pyrethroid Insecticides. Taylor & Francis, Philadelphia, PA.

Morris RG (1991) Pyrethroid insecticide effects on bluegill sunfish (Lepomis macrochirus) and the
impacts of bluegill predation on invertebrates in microcosms. Mobay Corporation, University

of North Texas, Denton, TX. Submitted to California Department of Pesticide Regulation.

Study number 101953. CDPR ID: 50317-129.

Morris RG, Kennedy JH, Johnson PC, Hambleton FE (1994) Pyrethroid insecticide effects on

bluegill sunfish in microcosm and mesocosm and bluegill impact on microcosm fauna. In:

Graney RL, Kennedy JH, Rogers JH (eds) Aquatic Mesocosm Studies in Ecological Risk

Assessment. CRC Press, Inc., Boca Raton, FL. pp 373–395.

Muir DCG, Hobden BR, Servos MR (1994) Bioconcentration of pyrethroid insecticides and DDT

by rainbow trout: Uptake, depuration, and effect of dissolved organic carbon. Aquat Toxicol

29:223–240.

Muir DCG, Rawn GP, Townsend BE, Lockhart WL, Greenhalgh R (1985) Bioconcentration of

cypermethrin, deltamethrin, fenvalerate and permethrin by Chironomus tentans larvae in

sediment and water. Environ Toxicol Chem 4:51–61.

Narahashi T, Ginsburg KS, Nagata K, Song JH, Tatebayashi H (1998) Ion channels as targets for

insecticides. Neurotoxicol 19:581–590.

Norgaard KB, Cedergreen N (2010) Pesticide cocktails can interact synergistically on aquatic

crustaceans. Environ Sci Pollut Res 17:957–967.

Palmquist KR, Jenkins JJ, Jepson PC (2008) Effects of dietary esfenvalerate exposures on three

aquatic insect species representing different functional feeding groups. Environ Toxicol Chem

27:1721–1727.

Palumbo AJ, TenBrook PL, Fojut TL, Faria IR, Tjeerdema RS (2012) Aquatic life water quality

criteria derived via the UC Davis method: I. Organophosphate insecticides. Rev Environ

Contam Toxicol 216:1–49.

Paul A, Harrington LC, Scott JG (2006) Evaluation of novel insecticides for control of Dengue

vector Aedes aegypti (Diptera: Culicidae). J Med Entomol 43:55–60.

Paul EA, Simonin HA (2006) Toxicity of three mosquito insecticides to crayfish. Bull Environ

Contam Toxicol 76:614–621.

Paul EA, Simonin HA, Tomajer TM (2005) A comparison of the toxicity of synergized and

technical formulation of permethrin, sumithrin, and resmethrin to trout. Arch Environ Contam

Toxicol 48:251–259.

Phillips BM, Anderson BS, Hunt JW, Nicely PA, Kosaka RA, Tjeerdema RS, de Vlaming V,

Richard N (2004) In situ water and sediment toxicity in an agricultural watershed. Environ

Toxicol Chem 23:435–442.

Phillips BM, Anderson BS, Hunt JW, Tjeerdema RS, Carpio-Obeso M, Connor V (2007) Causes

of water toxicity to Hyalella azteca in the New River, California, USA. Environ Toxicol Chem

26:1074–1079.

Phillips BM, Anderson BS, Voorhees JP, Hunt JW, Holmes RW, Mekebri A, Connor V,

Tjeerdema RS (2010) The contribution of pyrethroid pesticides to sediment toxicity in four

urban creeks in California, USA. J Pestic Sci 35:302–309.

Poirier DG, Surgeoner GA (1988) Evaluation of a field bioassay technique to predict the impact of

aerial applications of forestry insecticides on stream invertebrates. Can Ent 120:627–637.

Raimondo S, Vivian DN, Barron MG (2010) Web-based Interspecies Correlation Estimation

(Web-ICE) for Acute Toxicity: User Manual. Version 3.1. Office of Research and Develop-

ment, U.S. Environmental Protection Agency, Gulf Breeze, FL. EPA/600/R-10/004.

Rasmussen JJ, Friberg N, Larsen SE (2008) Impact of lambda-cyhalothrin on a macroinvertebrate

assemblage in outdoor experimental channels: Implications for ecosystem functioning. Aquat

Toxicol 90:228–234.

Pyrethroid Insecticides Aquatic Life Water Quality Criteria 99



Rhodes JE, McAllister WA, Leak T, Stuerman L (1990) Full life-cycle toxicity of 14C-cyfluthrin

(Baythroid) to the fathead minnow (Pimephales promelas) under flow-through conditions.

Mobay Corporation, Analytical Bio-Chemistry Laboratories, Inc. Aquatic Toxicology Divi-

sion, Columbia, MO. Submitted to California Department of Pesticide Regulation. Study

number 100097. CDPR ID: 50317-110.

Roberts NL, Phillips C, Anderson A, MacDonald I, Dawe IS, Chanter DO (1986) The effect

of dietary inclusion of FMC 54800 on reproduction in the mallard duck. FMC Study No:

A84/1260. FMC Corporation, Princeton, NJ. Submitted to U.S. Environmental Protection

Agency. EPA MRID: 00163099.

Rodriguez MM, Bisset JA, de Armas Y, Ramos F (2005) Pyrethroid insecticide-resistant strain of

Aedes aegypti from Cuba induced by deltamethrin selection. J Am Mosquito Cont Assoc

21:437–445.

Rodriguez MM, Bisset JA, Fernandez D (2007) Levels of insecticide resistance and resistance

mechanisms in Aedes aegypti from some Latin American countries. J Am Mosquito Cont

Assoc 23:420–429.

Roessink I, Arts GHP, Belgers JDM, Bransen F, Maund SJ, Brock TCM (2005) Effects of lambda-

cyhalothrin in two ditch microcosm systems of different trophic status. Environ Toxicol Chem

24:1684–1696.

Sangster Research Laboratories (2010) LOGKOW. A databank of evaluated octanol-water

partition coefficients (Log P). Canadian National Committee for CODATA. Available at:

http://logkow.cisti.nrc.ca/logkow/index.jsp.

Sappington LC, Mayer FL, Dwyer FJ, Buckler DR, Jones JR, Ellersieck MR (2001) Contaminant

sensitivity of threatened and endangered fishes compared to standard surrogate species.

Environ Toxicol Chem 20:2869–2876.

Schroer AFW, Belgers JDM, Brock TCM, Matser AM, Maund SJ, Vann den Brink PJ (2004)

Comparison of laboratory single species and field population-level effects of the pyrethroid

insecticide l-cyhalothrin on freshwater invertebrates. Arch Environ Contam Toxicol

46:324–335.

Semple KT, Doick KJ, Jones KC, Burauel P, Craven A, Harms H (2004) Defining bioavailability

and bioaccessibility of contaminated soil and sediment is complicated. Environ Sci Technol

38:228A-231A.

Sherman JW (1989) Bifenthrin pond study: Ecological effects during treatment and post treatment

follow-up studies of Hagan’s pond, Orrville, Alabama. FMC report no. A84-1285-02 (January

25, 1989). Unpublished report prepared by the Academy of Natural Sciences of Philadelphia

for FMC Corporation, Philadelphia, PA. Submitted to U.S. Environmental Protection Agency.

EPA MRID: 40981822.

Siepmann S, Holm S (2000) Hazard assessment of the synthetic pyrethroid insecticides bifenthrin,

cypermethrin, esfenvalerate, and permethrin to aquatic organisms in the Sacramento-San

Joaquin River system. Administrative Report. California Department of Fish and Game,

Rancho Cordova, CA.

Singh DK, Agarwal RA (1986) Piperonyl butoxide synergism with two synthetic pyrethroids

against Lymnaea acuminata. Chemosphere 15:493–498.

Smith S, Lizotte RE (2007) Influence of selected water quality characteristics on the toxicity of

l-cyhalothrin and g-cyhalothrin toHyalella azteca. Bull Environ Contam Toxicol 79:548–551.

Spehar RL, Tanner DK, Nordling BR (1983) Toxicity of the Synthetic pyrethroids, permethrin and

AC 222, 705 and their accumulation in early life stages of fathead minnows and snails. Aquat

Toxicol 3:171–182

Stephenson RR (1982) Aquatic toxicology of cypermethrin I. Acute toxicity to some freshwater

fish and invertebrates in laboratory tests. Aquatic Toxicol 2:175–185.

Stephenson RR, Choi SY, Olmos-Jerez A (1984) Determining the toxicity and hazard to fish of a

rice insecticide. Crop Protection 3:151–165.

Stratton GW, Corke CT (1981) Interaction of permethrin with Daphnia magna in the presence and
absence of particulate material. Environ Pollut A 24:135–144.

100 T.L. Fojut et al.

http://logkow.cisti.nrc.ca/logkow/index.jsp


Sullivan K, Martin DJ, Cardwell RD, Toll JE, Duke S (2000) An analysis of the effects of

temperature on salmonids of the Pacific Northwest with implications for selecting temperature

criteria [internet]. [cited 2007 June 17]. Sustainable Ecosystems Institute, Portland, OR.

Available from: http://www.sei.org.

Surprenant DC (1983) Acute toxicity of FMC 54800 technical to Daphnia magna. Bionomics

Study. FMC Study No: A83-986. EG & G, Bionomics, Wareham, MA. Submitted to U.S.

Environmental Protection Agency. EPA MRID: 00132537.

Surprenant DC (1986) Accumulation and elimination of 14C-residues by bluegill (Lepomis
macrochirus) exposed to 14C-FMC 54800. FMC Study No: 182E54E01/85-4-176. Springborn

Bionomics Inc. Wareham, MA. Submitted to U.S. Environmental Protection Agency. EPA

MRID: 00163094; 470271-031.

Surprenant DC (1988) Bioavailability, accumulation and aquatic toxicity of 14C-FMC 54800

residues incorporated into soil. FMC Study No: A85-1576. Springborn Bionomics Study No:

282-0185-6109-000, Wareham, MA. Submitted to U.S. Environmental Protection Agency.

EPA MRID: 42529902.

Surprenant DC (1990) Acute toxicity of 14C-®Baythroid to crayfish (Procambarus clarkii) under
flow-through conditions. Mobay Corporation, Springborn Laboratories Inc. Wareham, MA.

Submitted to California Department of Pesticide Regulation. Study number 100108. CDPR ID:

50317-112.

Tapp JF, Hill RW, Maddock BG, Harland BJ, Stembridge HM, Bolygo E (1988) Cypermethrin:

Determination of chronic toxicity to fathead minnow (Pimephales promelas) full lifecycle.
Laboratory project ID: BL/B/3173. ICI PLC, Brixham Laboratory, Brixham, Devon, UK. EPA

MRID 40641701.

Tapp JF, Maddock BG, Harland BJ, Stembridge HM, Gillings E (1990) Lambda-cyhalothrin

(Karate PP321): Determination of chronic toxicity to fathead minnow (Pimephales promelas)
full lifecycle. Imperial Chemical Industries PLC, Brixham, Devon, UK. Submitted to U.S.

Environmental Protection Agency. USEPA MRID: 41519001.

Tapp JF, Sankey SA, Caunter JE, Harland BJ (1989) Lambda-cyhalothrin: Determination of acute

toxicity to Rainbow trout (Salmo gairdneri). Imperial Chemical Industries PLC, Brixham,

Devon, UK. Submitted to California Department of Pesticide Regulation. CDPR ID:

50907-085.

TenBrook PL, Palumbo AJ, Fojut TL, Hann P, Karkoski J, Tjeerdema RS (2010) The University of

California-Davis Methodology for deriving aquatic life pesticide water quality criteria. Rev

Environ Contam Toxicol 209:1–155.

TenBrook PL, Tjeerdema RS, Hann P, Karkoski J (2009) Methods for deriving pesticide aquatic

life criteria. Rev Environ Contam Toxicol 199:19–109.

Thompson RS (1985) PP321: Determination of the acute toxicity to larvae of the Pacific oyster

(Crassostrea gigas). Imperial Chemical Industries PLC, Brixham, Devon, UK. Submitted to

California Department of Pesticide Regulation. CDPR study 50907-087.

Thompson RS (1986) Supplemental data in support ofMRID 42584001. Permethrin: Determination

of acute toxicity to mysid shrimps (Mysidopsis bahia). Laboratory project ID BL/B/2921.

Brixham study no P131/B. Study performed by Brixham Environmental Laboratory, Devon,

UK. EPA MRID 43492902.

Thompson RS, Williams TD, Tapp JF (1989) Permethrin: Determination of chronic toxicity to

mysid shrimps (Mysidopsis bahia) (Run 2). Laboratory project ID: BL/B/3574. Study

performed by Imperial Chemical Industries PLC Brixham Laboratory Freshwater Quarry:

Brixham, Devon, UK. EPA MRID 41315701.

Tomlin CDS (ed) (2003) The Pesticide Manual, a World Compendium, 13th edition. British Crop

Protection Council, Alton, Hampshire, UK.

Trimble AJ, Weston DP, Belden JB, Lydy MJ (2009) Identification and evaluation of pyrethroid

insecticide mixtures in urban sediments. Environ Toxicol Chem 28:1687–1695.

UKTAG (2008) Proposals for Environmental Quality Standards for Annex VIII Substances. UK

Technical Advisory Group on the Water Framework Directive. Available at: http://www.

Pyrethroid Insecticides Aquatic Life Water Quality Criteria 101

http://www.sei.org
http://www.wfduk.org/stakeholder_reviews/stakeholder_review_1-2007/LibraryPublicDocs/final_specific_pollutants


wfduk.org/stakeholder_reviews/stakeholder_review_1-2007/LibraryPublicDocs/

final_specific_pollutants.

USEPA (1985) Guidelines for deriving numerical national water quality criteria for the protection

of aquatic organisms and their uses. U.S. Environmental Protection Agency, Springfield, VA.

PB-85-227049.

USEPA (1996a) Ecological Effects Test Guidelines OPPTS 850.1010 Aquatic invertebrate acute

toxicity test, freshwater daphnids. U.S. Environmental Protection Agency, Washington, DC.

EPA 712–C–96–114.

USEPA (1996b) Ecological Effects Test Guidelines OPPTS 850.1045 Penaeid Acute Toxicity

Test. U.S. Environmental Protection Agency, Washington, DC. EPA 712–C–96–137.

USEPA (2000) Methods for measuring the toxicity and bioaccumulation of sediment-associated

contaminants with freshwater invertebrates. Second edition. U.S. Environmental Protection

Agency, Washington, DC. EPA 600/R-99/064.

USEPA (2008) Reregistration eligibility decision for cypermethrin (revised 01/14/08). EPA

OPP-2005-0293.

USFDA (2000) Industry activities staff booklet. U.S. Food and Drug Administration, Washington,

DC. Available from: www.cfsan.fda.gov/~lrd/fdaact.html.

USFWS (2010) Species Reports. Endangered Species Program. U.S. Fish and Wildlife Service.

Available from: http://www.fws.gov/endangered/; http://ecos.fws.gov/tess_public/pub/

listedAnimals.jsp; http://ecos.fws.gov/tess_public/pub/listedPlants.jsp

Vaishnav DD, Yurk JJ (1990) Cypermethrin (FMC 45806): Acute toxicity to rainbow trout

(Oncorhynchus mykiss) under flow-through test conditions. FMC Corporation study number

A89-3109-01. Laboratory project ID: ESE No. 3903026-0750-3140. Environmental Science

and Engineering, Inc. (ESE), Gainesville, FL. CDPR 118785.

Van Wijngaarden RPA, Brock TCM, Van Den Brink PJ, Gylstra R, Maund SJ (2006) Ecological

effects of spring and late summer applications of lambda-cyhalothrin on freshwater

microcosms. Arch Environ Contam Toxicol 50:220–239.

Ward GS (1986a) Acute toxicity of FMC 54800 technical on new shell growth of the eastern oyster

(Crassostrea virginica). Environmental Science and Engineering, Inc. FMC Study No: A86-

2083, Gainesville, FL. Submitted to U.S. Environmental Protection Agency. USEPA MRIDs

470271-040 and 00163103.

Ward GS (1986b) Acute toxicity of FMC 54800 technical on new shell growth of the eastern

oyster (Crassostrea virginica). FMC Study No: A86-2203, Environmental Science and Engi-

neering, Inc. Gainesville, FL. Submitted to U.S. Environmental Protection Agency. USEPA

MRID 40266501.

Ward GS (1987) Acute toxicity of FMC 54800 technical to embryos and larvae of the eastern

oyster (Crassostrea virginica). Environmental Science and Engineering, Inc. FMC Study No:

A87-2264, Gainesville, FL. Submitted to U.S. Environmental Protection Agency. USEPA

MRID 40383501.

Ward TJ, Boeri RL (1991) Acute toxicity of FMC 56701 technical and cypermethrin technical to

daphnid, Daphnia magna. FMC Study: A90-3310. EnviroSystems Division, Hampton, NH.

CDPR ID: 118786.

Wendt-Rasch L, Friberg-Jensen U, Woin P, Christoffersen K (2003) Effects of the pyrethroid

insecticide cypermethrin on a freshwater community studied under field conditions. II. Direct

and indirect effects on the species composition. Aquat Toxicol 63:373–389.

Wendt-Rasch L, Van den Brink PJ, Crum SJH, Woin P (2004) The effects of a pesticide mixture

on aquatic ecosystems differing in trophic status: responses of the macrophyte Myriophyllum
spicatum and the periphytic algal community. Ecotoxicol Environ Saf 57:383–398.

Werner RA, Hilgert JW (1992) Effects of permethrin on aquatic organisms in a freshwater stream

in south-central Alaska. J Econ Entomol 85:860–864.

Werner I, Moran K (2008) Effects of pyrethroid insecticides on aquatic organisms. In Gan J,

Spurlock F, Hendley P, Weston D (eds) Synthetic Pyrethroids: Occurrence and Behavior in

Aquatic Environments. American Chemical Society, Washington, DC.

102 T.L. Fojut et al.

http://www.wfduk.org/stakeholder_reviews/stakeholder_review_1-2007/LibraryPublicDocs/final_specific_pollutants
http://www.wfduk.org/stakeholder_reviews/stakeholder_review_1-2007/LibraryPublicDocs/final_specific_pollutants
http://www.cfsan.fda.gov/~lrd/fdaact.html
http://www.fws.gov/endangered/
http://ecos.fws.gov/tess_public/pub/listedAnimals.jsp
http://ecos.fws.gov/tess_public/pub/listedAnimals.jsp
http://ecos.fws.gov/tess_public/pub/listedPlants.jsp.


Weston DP, Amweg El, Mekebri A, Ogle RS, Lydy MJ (2006) Aquatic effects of aerial spraying

for mosquito control over an urban area. Environ Sci Technol 40:5817–5822.

Weston DP, Holmes RW, Lydy MJ (2009a) Residential runoff as a source of pyrethroid pesticides

to urban creeks. Environ Pollut 157:287–294.

Weston DP, Holmes RW, You J, Lydy MJ (2005) Aquatic toxicity due to residential use of

pyrethroid insecticides. Environ Sci Technol 39:9778–9784.

Weston DP, Jackson CJ (2009) Use of engineered enzymes to identify organophosphate and

pyrethroid-related toxicity in toxicity identification evaluations. Environ Sci Technol

43:5514–5520.

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.

Weston DP, You J, Harwood AD, Lydy MJ (2009b) Whole sediment toxicity identification

evaluation tools for pyrethroid insecticides: III. Temperature manipulation. Environ Toxicol

Chem 28:173–180.

Weston DP, You J, Lydy MJ (2004) Distribution and toxicity of sediment-associated pesticides in

agriculture-dominated water bodies of California’s Central Valley. Environ Sci Technol

38:2752–2759.

Weston DP, Zhang MH, Lydy MJ (2008) Identifying the cause and source of sediment toxicity in

an agriculture-influenced creek. Environ Toxicol Chem 27:953–962.

Wheat J, Evans J (1994) Zetacypermethrin technical and cypermethrin technical: Comparative

acute toxicity to the water flea, Daphnia magna, under flow-through conditions. FMC Study

No. A92-3636. Laboratory project ID: J9210001b. Toxikon Environmental Sciences, Jupiter,

FL. EPA MRID 432935-01.

Wheelock CE, Miller JL, Miller MJ, Gee SJ, Shan G, Hammock BD (2004) Development of

toxicity identification evaluation procedures for pyrethroid detection using esterase activity.

Environ Toxicol Chem 23:2699–2708.

Xu Q, Liu H, Zhang L, Liu N (2005) Resistance in the mosquito, Culex quinquefasciatus, and
possible mechanisms for resistance. Pest Manag Sci 61:1096–1102.

Xu YP, Spurlock F, Wang ZJ, Gan J (2007) Comparison of five methods for measuring sediment

toxicity of hydrophobic contaminants. Environ Sci Technol 41:8394–8399.

Yamauchi F, Shigeoka T, Yamagata T, Saito H, Suzuki Y (1984) PP-563 (Cyhalothrin): Accumu-

lation in fish (Carp) in a flow-through water system. ICI Japan Limited, Mitsubishi-Kasei

Institute of Toxicological and Environmental Sciences, Yokohama, Kanagawa, Japan. Sub-

mitted to California Department of Pesticide Regulation. CDPR ID: 50907-090.

Yang WC, Gan JY, Hunter W, Spurlock F (2006a) Effect of suspended solids on bioavailability of

pyrethroid insecticides. Environ Toxicol Chem 25:1585–1591.

Yang WC, Hunter W, Spurlock F, Gan J (2007) Bioavailability of permethrin and cyfluthrin in

surface waters with low levels of dissolved organic matter. J Environ Qual 36:1678–1685.

Yang WC, Spurlock F, Liu WP, Gan. JY (2006b) Inhibition of aquatic toxicity of pyrethroid

insecticides by suspended sediment. Environ Toxicol Chem 25:1913–1919.

Yang WC, Spurlock F, Liu WP, Gan JY (2006c) Effects of dissolved organic matter on permethrin

bioavailability to Daphnia species. J Agric Food Chem 54:3967–3972.

Yasuno M, Hanazato T, Iwakuma T, Takamura K, Ueno R, Takamura N (1988) Effects of

permethrin on phytoplankton and zooplankton in an enclosure ecosystem in a pond.

Hydrobiologia 159:247–258.

You J, Harwood AD, Li H, Lydy MJ (2011) Chemical techniques for assessing bioavailability of

sediment-associated contaminants: SPME versus Tenax extraction. J Environ Monit

13:792–800.

Zhang Z-Y, Yu X-Y, Wang D-L, Yan H-J, Liu X-J (2010) Acute toxicity to zebrafish of two

organophosphates and four pyrethroids and their binary mixtures. Pest Manag Sci 66:84–89.

Pyrethroid Insecticides Aquatic Life Water Quality Criteria 103


	Aquatic Life Water Quality Criteria Derived via the UC Davis Method: II. Pyrethroid Insecticides
	1 Introduction
	2 Data Collection and Evaluation
	3 Data Reduction
	4 Acute Criterion Calculations
	5 Chronic Criterion Calculations
	6 Bioavailability
	7 Chemical Mixtures
	8 Water Quality Effects
	9 Sensitive Species
	10 Ecosystem-Level Studies
	11 Threatened and Endangered Species
	12 Bioaccumulation
	13 Assumptions, Limitations, and Uncertainties
	14 Comparison to Existing Criteria
	15 Comparison to the USEPA (1985) Method
	16 Final Criteria Statements
	17 Summary
	References


