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1 Introduction

As explained in the foreword, this volume of Reviews of Environmental
Contamination and Toxicology is devoted to an assessment of the ecological risks
posed by chlorpyrifos (O,O-diethyl O-(3,5,6-trichloro-2-pyridinyl) phosphorothio-
ate; CAS No. 2921-88-2; CPY) as used in the United States (U.S.). CPY is a widely
used organophosphorus insecticide that is available in a granular formulation for
treatment in soil, or several flowable formulations that can be applied to foliage,
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soil, or dormant trees (Solomon et al. 2014). CPY can be applied by use of aerial
spraying, chemigation, ground boom or air-blast sprayers, tractor-drawn spreaders,
or hand-held equipment.

Since the registration of CPY was last re-evaluated (USEPA 2004, 2008), there
have been changes in how assessments of risks of chemicals used to protect agri-
cultural crops are conducted. The amount of data available on mobility, persistence,
and concentrations in the environment and toxicity of CPY to animals has increased.
Most importantly, many methods and models for estimating concentrations in the
environment and exposures to wildlife have improved significantly since the results
of the last assessments were published (Giesy et al. 1999; Solomon et al. 2001).
Also, patterns of use have changed in response to changes in cropping, pest pres-
sure, introduction of genetically modified crop (GMO) technology, and competing
pesticides. Uses of CPY are the primary determinants of the entry of CPY into the
environment and its subsequent fate in the regions of use and beyond. The purpose
of this paper is to provide a synopsis of uses and properties of CPY and the results
risk assessments conducted for aquatic life and terrestrial biota. Mammals were not
addressed in any of these risk assessments because they are less sensitive to CPY
and do not have as large a potential for exposure as do birds. It was previously
concluded that, if birds are not affected by a particular pattern of use, then mam-
mals occurring in the same environment would also not be adversely affected
(Solomon et al. 2001).

2 Uses and Properties of Chlorpyrifos

The second paper in the series reviews the current uses permitted under the current
label and patterns of use in various crops (Solomon et al. 2014). The data on physi-
cal and chemical properties were reviewed and a set of consensus values were
selected for use in the environmental fate assessments, which included modeling of
long-range transport and assessment of bioaccumulation (Mackay et al. 2014), char-
acterizing routes of exposure to CPY through soil, foliage, and food items in ter-
restrial systems (Cutler et al. 2014; Moore et al. 2014), and in surface-water aquatic
systems (Giddings et al. 2014; Williams et al. 2014). Currently-registered formula-
tions of CPY and their uses in the U.S. were the basis for the development of the
exposure scenarios and the conceptual models used in assessing risks to aquatic
organisms (Giddings et al. 2014; Williams et al. 2014), birds (Moore et al. 2014),
and pollinators (Cutler et al. 2014). These data on use were based on the current
labels and reflect changes in labels and use-patterns that have occurred since 2000.
Important changes included removal of all residential and termiticide uses and
changes in buffers. CPY is now registered only for use in agriculture in the U.S. but
is an important tool in management of a large number of pests, mainly insects and
mites. CPY is used on a wide range of crops, although applications to corn and
soybeans account for 46-50% of annual use in the U.S. Estimates of total annual
use in the U.S. from 2008 to 2012 range from 3.2 to 4.1 M kg y~!, which is about
50% less than the annual use prior to 2000.
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Large amounts of data are available on the environmental properties of CPY.
These data were summarized and key values were selected for modeling fate in the
environment. The vapor pressure of CPY is 1.73x 107 torr, solubility in water is
<1 mg L™, and its log Kow is 5. The mean water-soil adsorption coefficient normal-
ized to fraction of organic carbon in the soil (Koc) of CPY is 8.2x10° mL g
Negligible amounts enter plants via the roots, and CYP is not translocated in plants.
Chlorpyrifos has short to moderate persistence in the environment as a result of
several dissipation pathways that may proceed concurrently. Primary mechanisms
of dissipation include volatilization, photolysis, abiotic hydrolysis, and microbial
degradation. Under laboratory conditions, estimates of half-lives of CPY in soils
range from 2 to 1,575 d (N=126), depending on properties of the soil and rate of
application. As with other pesticides in soil, dissipation of CPY is often biphasic
with an initial rapid dissipation followed by slower breakdown. Laboratory and field
dissipation half-lives are often calculated by assuming 1st order kinetics, which
might over-estimate persistence and potential for runoff into surface waters. At rates
of application that were used historically for control of termites, the degradation rate
is slower than at rates used in agriculture. In agricultural soils under field conditions,
half-lives are shorter (2-120 d, N=58) than those measured in the laboratory. Half-
lives for hydrolysis in water are inversely related to pH, and range from 16 to 73 d.

CPY is an inhibitor of acetylcholinesterase (AChE) and is potentially toxic to
most animals. /n vivo and in the environment, CPY is converted (activated) to chlor-
pyrifos oxon (CPYO), which is more reactive with AChE. Similar activation reac-
tions occur with other phosphorothioate insecticides. Co-exposure to other chemicals
can induce mixed-function oxidase enzymes responsible for activation. However,
concentrations required to induce this synergism are large and co-occur rarely. Thus,
this phenomenon is not an issue at environmentally relevant concentrations.

Timing of the use of CPY depends on occurrence of the pests it is used to control.
There is no predominant seasonal use of CPY, although there is a somewhat greater
usage in the winter for tree crops in California and greater use in summer for certain
field crops (e.g., corn).

3 Fate of Chlorpyrifos and Its Oxon in the Atmosphere
and Long-Range Transport

The third paper in the series characterized the fate of CPY and CPYO in a number
of environmental compartments with a focus on transport through the atmosphere
(Mackay et al. 2014). Detectable concentrations of CPY in air, rain, snow and other
environmental media have been measured in North America and other locations at
considerable distances from likely agricultural sources. Thus, there is a potential for
long-range transport (LRT) in the atmosphere. A simple mass balance model was
developed to quantify likely concentrations of CPY and CPYO at locations ranging
from local sites of application to more remote locations up to hundreds of km dis-
tant. The characteristic travel distance (CTD) is defined as the distance at which
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63% of the original mass of volatilized substance is degraded or deposited. Based
on a conservative concentration of *OH radicals of 0.7 x 10° molecules cm™ in the
atmosphere which would result in a half-life of 3 h, the CTD for CPY was estimated
to be 62 km. At lesser concentrations of *OH radical, such as occur at night and at
lesser temperatures or in less urbanized regions, the CTD would be proportionally
longer. The calculated fugacities of CPY in air and other media decrease propor-
tionally with increasing distance from sources. This information provided an
approximate prediction of downwind concentrations that are generally consistent
with concentrations measured in nearby and semi-remote sites. This analysis was an
improvement over previous estimates of LRT of CPY and CPYO, but a need for
improved estimates of the chemical-physical properties of CPYO was identified.

The properties of CPY were assessed against criteria for classification as a per-
sistent organic pollutant (POP) under the Stockholm convention or as persistent,
bioaccumulative and toxic (PBT) under the European Community regulation EC
1107/2009 (Mackay et al. 2014). CPY and CPYO do not trigger criteria for classifi-
cation as a POP or LRT under the Stockholm convention or a PB chemical under EC
1107/2009. Although CPY is toxic at concentrations less than the trigger for clas-
sification as “T” under EC1107/2009, this simple trigger needs to be placed in the
context of low risks to non-target organisms close to the areas of use. Overall, nei-
ther CPY nor CPYO trigger the criteria for PBT under EC 1107/2009.

CPYO is not predicted to persist in the environment, and indeed is not found in
surface waters. Because CPYO is the metabolically activated toxic form of CPY, the
toxicity of CPYO is implicitly measured when testing CPY. For these reasons, we
concluded that additional fate studies for CPYO in the environment by either mod-
eling or monitoring or additional studies of toxicity are not warranted. There is
sufficient monitoring and toxicity testing to determine that the uncertainties in con-
clusions about the oxon are not large.

4 Chlorpyrifos in Surface Water

The fourth paper in the series characterizes the measured and modeled concentra-
tions of CPY in surface waters of the U.S. (Williams et al. 2014). The frequencies
of detection and 95th centile concentrations of CPY in surface waters in the U.S.
have decreased more than five-fold between 1992 and 2010. Detections of CPY in
1992-2001 ranged from 10 to 53% of samples. In the period 20022010, detections
were 7 to 11%. The 95th centile concentrations ranged from 0.007 to 0.056 pg L™
in 1992-2001 and 0.006 to 0.008 pg L~! in 2002-2010. The greatest frequency of
detections and 95th centile concentrations occurred in undeveloped and agricultural
land-use classes.

The two classes of land-use with the most urban land (urban and mixed) had the
smallest frequency of detections and 95th centile concentrations. This result is con-
sistent with cessation of sale of CPY-based products for residential uses in December
2001. Overall, the U.S. Geological Survey (USGS) database with the greatest



Ecological Risk Assessment of the Uses of the Organophosphorus Insecticide... 5

number of samples (more than 10,000) and broadest geographical representation
showed that CPY was detected in 9% of samples between 2002 and 2010 and that
95% of samples contained less than 0.007 pg L', and the maximum was 0.33 pg L.
Regional databases maintained by the California Department of Pesticide Regulation
(CDPR) and Washington State Department of Ecology (WDOE), which were more
focused on areas of pesticide use than the USGS database, had more frequent detec-
tions (13-17%) and greater concentrations (95th centiles 0.010-0.3 pg L™"). No
detections were reported in the 42 samples of saltwater and few data (total=123)
were available for analyses of CPY in sediments. Only three sediments had concen-
trations above the limit of detection (LOD =2 pg kg™! dwt) and the largest concen-
tration detected was 59 pg kg~!. Overall, the results indicate decreasing trends in
concentrations of CPY that are explained largely by corresponding decreases in
annual use and removal of residential uses from the labels.

Detections of CPYO were infrequent and all were less than the level of quantita-
tion (LOQ=0.011-0.054 pg L"). Only 25 detections were reported in a total of
10,375 samples analyzed between 1999 and 2012. The low frequency of detection
and the small concentrations found are consistent with the reactivity of CPYO and
its shorter hydrolysis half-life (Mackay et al. 2014). These findings suggest that
concerns for the presence of CPYO in drinking-water (USEPA 2011a), where
CPYO may be formed during chlorination, are not transferable to surface waters.

Collectively, the monitoring data on CPY provide relevant insight for quantify-
ing the range of concentrations in surface waters. However, relatively few monitor-
ing programs have sampled at a frequency sufficient to quantify the temporal pattern
of exposure. Therefore, numerical models were used to characterize concentrations
of CPY in water and sediment for three representative high exposure environments
in the U.S. (Williams et al. 2014). The environments were selected by parallel
examination of patterns and intensity of use across the U.S. Simulations were con-
ducted to understand relative vulnerabilities of CPY to runoff with respect to soil,
and weather variability across the U.S. From the analyses, three geographical
regions, one each in central California, southwestern Georgia, and the Leelanau
peninsula of Michigan, were identified as having greater potential exposure to CPY
and were used as focal scenarios for detailed modeling.

A small watershed, defined as a 3rd order stream, was selected from each region
based on high density of cropland eligible for receiving applications of CPY accord-
ing registered uses. The modeling used two versions of PRZM, one (V-3.12.2) for
modeling applications to field-crops and the other (WinPRZM), which was modi-
fied for use of CPY in fields irrigated by flood and furrow. Additional models used
were EXAMS, AgDRIFT®, and SWAT. Models were configured for each watershed
and simulated for up to 30 yr of consecutive use of CPY using historical weather
records for those geographical areas of the country. Daily mean concentrations of
CPY in water and sediment from runoff, erosion, and drift sources were predicted
at the outlet of the watersheds. Conservative assumptions were used in the configu-
ration of the Georgia and Michigan watersheds. For example, all eligible crop acre-
age in each watershed was assumed to be treated, and the soil properties and number
and frequency of applications of CPY were those of the use pattern that produced
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the greatest exposure estimates. Model simulations for Orestimba Creek in
California used actual reported applications of CPY, but field-specific management
practices were not represented in the simulations. Two half-lives for aerobic soil
metabolism of CPY in soil, 28 and 96 d, were selected for the purposes of modeling.
These half-lives conservatively represent the first and second phases of bi-phasic
degradation in aerobic soil metabolism studies.

Estimated concentrations of CPY in water were in general agreement with ambi-
ent monitoring data from 2002 to 2010. Maximum daily concentrations predicted
for the watersheds a in California, Georgia, and Michigan were 3.2, 0.041, and
0.073 pg L, respectively, with the 28-d aerobic soil metabolism half-life and 4.5,
0.042, and 0.122 pg L7, respectively, with the 96-d soil half-life. These estimated
values compared favorably with maximum concentrations measured in surface
water, which ranged from 0.33 to 3.96 pg L~!. For sediments, the maximum daily
concentrations predicted for the watersheds in California, Georgia, and Michigan
were 11.2, 0.077, and 0.058 pg kg™! dwt, respectively, with the 28-d half-life, and
22.8, 0.080, and 0.087 pg kg™!, respectively, with the 96-d soil half-life. Twelve
detections out of 123 analyses (10%) were contained in the USGS, CDPR, and
WDOE databases with concentrations reported from <2.0 to 19 pg kg™!, with the
exception of one value reported at 58.6 pg kg™'. Again, the modeled values com-
pared favorably with measured values.

Duration and recovery intervals between peak concentrations of CPY influence
the potential for recovery from sublethal exposures in aquatic organisms. Recovery
intervals were characterized by using threshold values derived from toxicity data.
Based on modeling with the 28-d half-life value, no toxicologically significant
exposure-recovery events were identified in the focal watersheds in Georgia and
Michigan. Using the 96-d half-life value, three exposure-recovery events of 1 d
duration only were identified in the Michigan focal watershed. Frequency of signifi-
cant events was greater in the focus watershed from California and the probability
of shorter recovery events was greater. However, even in the worst-case focus-
watershed in California the median duration was 1 d.

5 Risks of Chlorpyrifos to Aquatic Organisms

The fifth paper in this series addressed the risks of CPY to aquatic organisms. In
contrast to the previous lower-tier assessments that indicated potential adverse
effects in aquatic organisms (Giesy et al. 1999), this paper relied on higher and more
refined tiers of risk assessment. Effects of CPY on aquatic organisms were evalu-
ated by comparing measured or modeled concentrations of CPY in aquatic environ-
ments to species sensitivity distributions (SSDs), cosm no observed ecologically
adverse effect concentrations (NOAEC.,,,), or individual toxicity values where suf-
ficient data to derive a SSD were not available (Giddings et al. 2014). Toxicity data
included in the SSDs were all of high quality. The ranges for acute toxicity end-
points for 23 species of crustaceans ranged from 0.04 to 457 pg L!; for 18 species
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of aquatic insects, from 0.05 to >300 pg L™!; and for 25 species of fish, from 0.53 to
>806 pg L-!. The concentrations affecting 5% of species (HC5) derived from the
SSDs were 0.034, 0.091, and 0.820 pg L' for crustaceans, insects, and fish, respec-
tively. Limited toxicity data for amphibians suggested that they were less sensitive
to CPY than fish. The NOAEC,,, in 16 micro- and meso-cosm studies conducted in
a variety of climatic zones was consistently close to 0.1 pg L=". These results indi-
cated that measured concentrations of CPY in surface waters (see Williams et al.
2014) are rarely greater than the thresholds for acute toxicity to even the most sensi-
tive aquatic species. Comparison of limited toxicity data for benthic organisms to
measured concentrations of CPY in sediments suggested de minimis risks. These
conclusions are consistent with the small number (4) of kills of fish and/or inverte-
brates reported for use of CPY in U.S. agriculture between 2002 and 2012. The four
incidents over that period of time were the result of misuse.

Analysis of risks from measured exposures showed that the decline in CYP con-
centrations in surface waters after labeled use-patterns changed in 2001 resulted in
decreased risks for crustaceans, aquatic stages of insects, and fish. A probabilistic
analysis of 96-h time-weighted mean concentrations, predicted by use of model
simulation for three focus-scenarios selected for regions of more intense use of CPY
and vulnerability to runoff, showed that risks from individual and repeated expo-
sures to CPY in the Georgia and Michigan watersheds were de minimis. Risks from
individual exposures in the intense-use scenario from California were de minimis
for fish and insects. Risk was small for crustaceans, which are the most sensitive
class of organisms.

Risks from repeated exposures in the California intense-use scenario were judged
not to be ecologically relevant for insects and crustaceans, but there were some risks
to fish. Limited data show that CPYO is of similar toxicity to the parent compound.
Concentrations of CPYO in surface waters are smaller than those of CPY and less
frequently detected (Williams et al. 2014). Risks for CPYO in aquatic organisms
were found to be de minimis.

Limited data on recovery of AChE activity after inhibition with CPY suggested
that conservative intervals between sublethal exposures of 2 weeks for arthropods
and 4-8 weeks for fish would be sufficient to mitigate against cumulative toxicity.
In the focus scenarios in Michigan and Georgia, the likelihood of cumulative toxic-
ity was very small, although some cumulative toxicity might occur in the high-use
focus scenario in California. Lack of good information on recovery of AChE in
relevant species of fish and arthropods was identified as a source of uncertainty.

6 Risks of Chlorpyrifos to Birds

The sixth paper in this series (Moore et al. 2014) evaluated the risks of CPY to birds
and built upon past assessments of CPY, including the most recent EPA re-registra-
tion assessment (USEPA 1999), and a refined probabilistic assessment of risk to
birds by Solomon et al. (2001). Since these assessments were completed, there have
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been a number of amendments to the label. These included reductions in single and
seasonal application rates, reductions in number of applications per season, and
increases in minimum re-treatment intervals (USEPA 2009). These changes and
their effects on risk to birds were addressed in this paper (Moore et al. 2014).

Refined risk assessments for birds exposed to CPY were conducted for a range
of current use patterns for each formulation in the U.S. The assessments relied on
focal bird species that commonly occur in and around areas where CPY might be
applied and for which adequate data were available to quantify their foraging behav-
ior and diets.

A refined version of Liquid Pesticide Avian Risk Assessment Model
(LiquidPARAM) was developed for the assessment of the risks of repeated uses of
flowable formulations of CPY. Flowable formulations of CPY are registered for a
variety of field and tree crops in the U.S. Focal species of birds associated with these
crops were selected for inclusion in the model. The major routes of exposure for
birds to flowable CPY were consumption of treated dietary items and drinking
water. For acute exposure, LiquidlPARAM was used to estimate the maximum
retained dose in each of 20 birds on each of 1,000 treated fields over the 60-d period
following initial application to account for multiple applications. For each bird, the
standard normal Z score for the maximum retained dose was determined from the
appropriate probit dose-response curve and was then compared to a randomly
drawn value from a uniform distribution with a range of O to 1 to determine whether
the bird survived or died. For species lacking acceptable acute oral toxicity data (all
focal species except northern bobwhite and red-winged blackbird), a SSD approach
was used to generate hypothetical dose-response curves assuming high, median and
low sensitivity to CPY. For acute risk, risk curves were generated for each use pat-
tern and exposure scenario. The risk curves show the relationship between exceed-
ance probability and percent mortality.

The results of the LiquidPARAM modeling indicated that flowable CPY poses
an acute risk to some bird species, particularly those species that are highly sensitive
and forage extensively in crops with large maximum application rates (e.g., grape-
fruit and orange; 6.3 kg a.i. ha™'). Overall, most species of birds would not experi-
ence significant mortality as a result of exposure to flowable CPY. The results of a
number of field studies conducted in the U.S. and EU at application rates similar to
those on the Lorsban® Advanced label indicated that flowable CPY rarely causes
avian mortality and suggest that LiquidPARAM is likely over-estimating acute risk
to birds for flowable CPY. A lack of well-documented bird-kill incidents associated
with normal use since 2002 support the conclusions of the field studies. Of the two
bird-kill incidents reported between 2002 and 2009, one was from a misuse and the
other lacked sufficient information to make a determination of causality.

For estimating chronic exposure risks, the maximum average total daily intake
was compared to the chronic no-observed-effect-level (NOEL) and lowest-observed-
effect-level (LOEL) from the Mallard. The probabilities of exceeding the LOEL
were very small, thus indicating that CPY is not a chronic risk concern for birds.

Risks resulting from the use of granular CPY were estimated using the Granular
Pesticide Avian Risk Model (GranPARAM) model. Granular CPY is registered for



Ecological Risk Assessment of the Uses of the Organophosphorus Insecticide... 9

a wide variety of field and row crops under the trade name Lorsban® 15G.
Consumption of granular pesticides is a route of exposure that is specific to birds.
Grit is dietary requirement of many birds to aid in digestion of hard dietary items
such as seeds and insects. Because granules of CPY are in the same size range as
natural grit particles that are consumed by birds, there is a potential for birds to
mistakenly ingest granular CPY instead of natural grit. The GranPARAM model
accounts for the proportion of time that birds forage for grit in treated fields, relative
proportions of natural grit versus pesticide granules on the surface of treated fields,
rates of ingestion of grit, attractiveness of pesticide granules relative to natural grit,
variability in rates of ingestion of grit, foraging behavior between birds within a
focal species, and variability in soil composition between fields for the selected use
pattern. Analysis of a wide variety of use patterns of the granular formulation found
that CPY posed little risk to bird species that frequent treated fields immediately
after application. The predictions of the model were consistent with the results of
several avian field studies conducted with Lorsban 15G at application rates similar
to or exceeding maximum application rates on the label.

7 Risks to Pollinators

The seventh and last paper in this series used a tiered approach to assess risks posed
by CPY to insects that serve as pollinators (Cutler et al. 2014). The assessment
focused on bees, although other groups of insects were also considered. Because
there have been recent reports of adverse effects of some pesticides on pollinators,
assessing risks of pesticides to pollinators is an important topic. A recent SETAC
workshop (Fischer and Moriarty 2011) proposed changes to the assessment process
(USEPA 2011b), and these served as guidance for this assessment.

Pollinators are important for both natural and agricultural ecosystems (Cutler
etal. 2014). In the U.S., production of crops that require or benefit from pollination
by the European honey bee, Apis mellifera L. (Apidae) has been estimated to have
a monetary value greater than $15 billion annually, while the value of non-Apis pol-
linators to crop production is estimated to be more than $11 billion.

CPY is considered to be highly toxic to honey bees by direct contact exposure.
However, label precautions and good agricultural practices prohibit application of
CPY when bees are flying and/or when flowering crops or weeds are present in the
treatment area. Therefore, the risk of CPY to pollinators through direct contact
exposure should be small. The primary routes of exposure for honey bees are dietary
and contact with flowers that were sprayed during application and remain available
to bees after application.

The main pathways for secondary exposure to CPY are through pollen and nec-
tar brought to the hive by forager bees and the sublethal body burden of CPY carried
on forager bees. Foraging for other materials, including water or propolis, are not
important routes of exposure. Because adult forager honey bees are most exposed,
they are expected to be most at risk compared to other life stages and castes of
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honey bees in the hive. Although there were data on the acute oral toxicity of CPY
to honeybees, this was not the case for non-Apis pollinators, where no data on toxic-
ity or exposures were found and risks could not evaluated.

An assessment of concentrations reported in pollen and honey from monitoring
in North America indicated that there was little risk of acute toxicity from CPY
through consumption of these food sources. Several models were also used to esti-
mate upper-bound exposure of honey bees to CPY through consumption of water
from puddles or dew. All models suggest that the risk of CPY is minimal for this
pathway. Laboratory experiments with field-treated foliage, and semi-field and field
tests with honey bees, bumble bees, and alfalfa leaf-cutting bees indicate that expo-
sure to foliage, pollen, and/or nectar is hazardous to bees up to 3 d after application
of CPY to a crop. Pollinators exposed to foliage, pollen, or nectar after this time
should be minimally affected.

Overall, the rarity of reported bee kill incidents involving CPY indicates that
there is compliance with the label precautions and good agricultural practice with
the product is the norm in North American agriculture. We concluded that the use
of CPY in North American agriculture does not present an unacceptable risk to
honeybees, provided label directions and good agricultural practices are followed.
The lack of data on toxicity of and exposures to CPY in non-Apis pollinators was
identified as an uncertainty. However, this issue is not specific to CPY and applies
to all foliar-applied insecticides.
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