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   Special Foreword       

 This volume of Reviews in Environmental Contamination and Toxicology (RECT) 
is devoted to an ecological risk assessment of the insecticide, chlorpyrifos (CPY). 
Chlorpyrifos ( O , O -diethyl  O -(3,5,6-trichloro-2-pyridinyl) phosphorothioate; 
CAS No. 2921-88-2) is a widely used organophosphorus insecticide that is impor-
tant for the control of a large number of insect pests of crops. Applications are 
made to soil or foliage and can occur pre-plant, at-plant, post-plant, or during the 
dormant season. 

 Under the enabling legislation of the Federal Insecticide, Fungicide, and 
Rodenticide Act (FIFRA), the US Environmental Protection Agency (USEPA) is 
charged with assessing the potential for agricultural chemicals to cause undue harm 
to nontarget plants and animals while considering benefi cial uses in protection of 
crops. Registrations for labeled insecticides and other pesticides are reevaluated 
approximately every 15 years. Since CPY was last reevaluated, there have been 
many changes that affect its environmental profi le:

•    The EPA has changed how risk assessments of chemicals used to protect agricul-
tural crops are conducted.  

•   The data available on concentrations and fate in the environment and toxicity of 
CPY to animals have increased.  

•   Methods and models used to estimate concentrations in the environment and 
exposure doses to biota have improved.  

•   Use patterns have changed in response to changes in cropping patterns, pest 
pressures, and new agricultural technologies.  

•   The crops for which CPY can be used and the amounts and frequencies of appli-
cation permitted on the label have also changed, all of which are the primary 
determinants of the entry of CPY into the environment and its subsequent fate in 
the regions of use and beyond.    

 In anticipation of the next reregistration review, the registrant for most of the 
formulations containing CPY, Dow AgroSciences, requested that we convene an 
expert panel to review the ecological risks of CPY with a specifi c focus on current 
patterns of use of CPY in the US agriculture. 
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 An independent panel of experts was assembled to reassess the risks posed by 
CPY to aquatic life and wildlife and consider newly available information, assess-
ment techniques, label requirements and restrictions, changes in market-driven use 
patterns, and issues and uncertainties that have arisen since similar assessments 
were conducted for aquatic and terrestrial organisms in 1999 and 2001. As is typical 
of risk assessments of pesticides, this exercise required a range of expertise. The 
panel consisted of seven scientists with experience in environmental fate of organic 
molecules and associated simulation modeling, toxicity of pesticides to aquatic and 
terrestrial organisms, environmental chemodynamics, and ecological risk assess-
ment. The panel developed conceptual models and an analysis plan that addressed 
the issues identifi ed by the registrant, the panel, and in the problem formulation 
process developed by the USEPA. All panel members participated in all aspects of 
the problem formulation and goal-setting for the assessment. Individual experts took 
the lead in conducting various portions of the assessment. The assessment built upon 
the fi ndings of the previous assessments, updated the data sets available, and applied 
the most current methods and models for assessing risks. The panel met several 
times over the period 2011–2013, discussed the fi ndings of the various teams, and 
then prepared a series of peer-reviewed manuscripts, which are published together 
as a series in this volume of RECT. All of the papers were reviewed by anonymous 
reviewers. In particular, the panel addressed the following specifi c issues raised by 
the Environmental Fate and Effects Division of the USEPA and others:

•    The potential for long-range atmospheric transport (LRT)  
•   Occurrence and environmental risks of the oxon metabolite of CPY  
•   The potential for missing signifi cant exposures during monitoring programs  
•   Risk of CPY to pollinators    

 The assessment built upon the conclusions of the previous published assessments 
and did not repeat the lower tiers of the risk assessment process. In the refi ned 
assessments, probabilistic techniques were used. For birds, aquatic organisms, and 
bees, the results of the risk assessments were placed into the context by comparison 
to incident reports and results of fi eld studies. 

 All of this information is presented in seven papers in this volume of RECT. 
The fi rst of these is a general overview of the main conclusions and some of the sources 
of uncertainty that were identifi ed. The other six papers address the following topics:

•    Uses and key properties  
•   Fate and transport in the atmosphere  
•   Fate and transport in water  
•   Risks to aquatic organisms  
•   Exposures and risks to birds  
•   Risks to pollinators    

 These papers are augmented by extensive supplemental information (SI) in PDF 
format. The objective of providing this SI was to make the environmental risk 
assessment of this agrochemical as transparent as possible. 

Special Foreword
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 As volume editors and co-chairs of the panel, we enjoyed the process and are 
very pleased with the high level of scientifi c rigor used by the panel and the breadth 
of the data used in the process. We thank the panel for their contributions to these 
papers and also to the anonymous reviewers for ensuring the quality and clarity of 
the papers. We trust that readers will fi nd this compilation useful and will stimulate 
further scientifi c endeavors.  

  Saskatoon, SK, Canada   John     P.     Giesy   
 Guelph, ON, Canada   Keith     R.     Solomon    
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   Foreword    

  International concern in scientifi c, industrial, and governmental communities over 
traces of xenobiotics in foods and in both abiotic and biotic environments has justi-
fi ed the present triumvirate of specialized publications in this fi eld: comprehensive 
reviews, rapidly published research papers and progress reports, and archival docu-
mentations. These three international publications are integrated and scheduled to 
provide the coherency essential for nonduplicative and current progress in a fi eld as 
dynamic and complex as environmental contamination and toxicology. This series 
is reserved exclusively for the diversifi ed literature on “toxic” chemicals in our 
food, our feeds, our homes, recreational and working surroundings, our domestic 
animals, our wildlife, and ourselves. Tremendous efforts worldwide have been 
mobilized to evaluate the nature, presence, magnitude, fate, and toxicology of the 
chemicals loosed upon the Earth. Among the sequelae of this broad new emphasis 
is an undeniable need for an articulated set of authoritative publications, where one 
can fi nd the latest important world literature produced by these emerging areas of 
science together with documentation of pertinent ancillary legislation. 

 Research directors and legislative or administrative advisers do not have the time 
to scan the escalating number of technical publications that may contain articles 
important to current responsibility. Rather, these individuals need the background 
provided by detailed reviews and the assurance that the latest information is made 
available to them, all with minimal literature searching. Similarly, the scientist 
assigned or attracted to a new problem is required to glean all literature pertinent to 
the task, to publish new developments or important new experimental details 
quickly, to inform others of fi ndings that might alter their own efforts, and eventu-
ally to publish all his/her supporting data and conclusions for archival purposes. 

 In the fi elds of environmental contamination and toxicology, the sum of these 
concerns and responsibilities is decisively addressed by the uniform, encompassing, 
and timely publication format of the Springer triumvirate: 

 Reviews of Environmental Contamination and Toxicology [Vol. 1 through 97 
(1962–1986) as Residue Reviews] for detailed review articles concerned with 



x

any aspects of chemical contaminants, including pesticides, in the total environ-
ment with toxicological considerations and consequences.

Bulletin of Environmental Contamination and Toxicology (Vol. 1 in 1966) for 
rapid publication of short reports of signifi cant advances and discoveries in the 
fi elds of air, soil, water, and food contamination and pollution as well as method-
ology and other disciplines concerned with the introduction, presence, and 
effects of toxicants in the total environment.

Archives of Environmental Contamination and Toxicology (Vol. 1 in 1973) for 
important complete articles emphasizing and describing original experimental or 
theoretical research work pertaining to the scientifi c aspects of chemical con-
taminants in the environment. 

 Manuscripts for Reviews and the Archives are in identical formats and are peer 
reviewed by scientists in the fi eld for adequacy and value; manuscripts for the 
Bulletin are also reviewed, but are published by photo-offset from camera-ready 
copy to provide the latest results with minimum delay. The individual editors of 
these three publications comprise the joint Coordinating Board of Editors with 
referral within the board of manuscripts submitted to one publication but deemed by 
major emphasis or length more suitable for one of the others.

Coordinating Board of Editors  

Foreword



xi

   The role of Reviews is to publish detailed scientifi c review articles on all aspects of 
environmental contamination and associated toxicological consequences. Such articles 
facilitate the often complex task of accessing and interpreting cogent scientifi c data 
within the confi nes of one or more closely related research fi elds. 

 In the nearly 50 years since  Reviews of Environmental Contamination and 
Toxicology  ( formerly  Residue Reviews ) was fi rst published, the number, scope, and 
complexity of environmental pollution incidents have grown unabated. During this 
entire period, the emphasis has been on publishing articles that address the presence 
and toxicity of environmental contaminants. New research is published each year on 
a myriad of environmental pollution issues facing people worldwide. This fact, and 
the routine discovery and reporting of new environmental contamination cases, cre-
ates an increasingly important function for  Reviews . 

 The staggering volume of scientifi c literature demands remedy by which data 
can be synthesized and made available to readers in an abridged form.  Reviews  
addresses this need and provides detailed reviews worldwide to key scientists and 
science or policy administrators, whether employed by government, universities, or 
the private sector. 

 There is a panoply of environmental issues and concerns on which many scien-
tists have focused their research in past years. The scope of this list is quite broad, 
encompassing environmental events globally that affect marine and terrestrial eco-
systems; biotic and abiotic environments; impacts on plants, humans, and wildlife; 
and pollutants, both chemical and radioactive; as well as the ravages of environmen-
tal disease in virtually all environmental media (soil, water, air). New or enhanced 
safety and environmental concerns have emerged in the last decade to be added to 
incidents covered by the media, studied by scientists, and addressed by governmen-
tal and private institutions. Among these are events so striking that they are creating 
a paradigm shift. Two in particular are at the center of everincreasing media as well 
as scientifi c attention: bioterrorism and global warming. Unfortunately, these very 
worrisome issues are now superimposed on the already extensive list of ongoing 
environmental challenges. 

  Pref ace 
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 The ultimate role of publishing scientifi c research is to enhance understanding of 
the environment in ways that allow the public to be better informed. The term 
“informed public” as used by Thomas Jefferson in the age of enlightenment con-
veyed the thought of soundness and good judgment. In the modern sense, being 
“well informed” has the narrower meaning of having access to suffi cient informa-
tion. Because the public still gets most of its information on science and technology 
from TV news and reports, the role for scientists as interpreters and brokers of sci-
entifi c information to the public will grow rather than diminish. Environmentalism 
is the newest global political force, resulting in the emergence of multinational con-
sortia to control pollution and the evolution of the environmental ethic.Will the new 
politics of the twenty-fi rst century involve a consortium of technologists and envi-
ronmentalists, or a progressive confrontation? These matters are of genuine concern 
to governmental agencies and legislative bodies around the world. 

 For those who make the decisions about how our planet is managed, there is an 
ongoing need for continual surveillance and intelligent controls to avoid endanger-
ing the environment, public health, and wildlife. Ensuring safety-in-use of the many 
chemicals involved in our highly industrialized culture is a dynamic challenge, for 
the old, established materials are continually being displaced by newly developed 
molecules more acceptable to federal and state regulatory agencies, public health 
offi cials, and environmentalists. 

  Reviews  publishes synoptic articles designed to treat the presence, fate, and, if 
possible, the safety of xenobiotics in any segment of the environment. These reviews 
can be either general or specifi c, but properly lie in the domains of analytical chem-
istry and its methodology, biochemistry, human and animal medicine, legislation, 
pharmacology, physiology, toxicology, and regulation. Certain affairs in food tech-
nology concerned specifi cally with pesticide and other food-additive problems may 
also be appropriate. 

 Because manuscripts are published in the order in which they are received in 
fi nal form, it may seem that some important aspects have been neglected at times. 
However, these apparent omissions are recognized, and pertinent manuscripts are 
likely in preparation or planned. The fi eld is so very large and the interests in it are 
so varied that the editor and the editorial board earnestly solicit authors and sugges-
tions of underrepresented topics to make this international book series yet more 
useful and worthwhile. 

 Justifi cation for the preparation of any review for this book series is that it deals 
with some aspect of the many real problems arising from the presence of foreign 
chemicals in our surroundings. Thus, manuscripts may encompass case studies 
from any country. Food additives, including pesticides, or their metabolites that may 
persist into human food and animal feeds are within this scope. Additionally, chemi-
cal contamination in any manner of air, water, soil, or plant or animal life is within 
these objectives and their purview. 

Preface
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 Manuscripts are often contributed by invitation. However, nominations for new 
topics or topics in areas that are rapidly advancing are welcome. Preliminary com-
munication with the editor is recommended before volunteered review manuscripts 
are submitted. 

 Summerfi eld, NC, USA David M. Whitacre  
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1J.P. Giesy and K.R. Solomon (eds.), Ecological Risk Assessment for Chlorpyrifos in Terrestrial 
and Aquatic Systems in the United States, Reviews of Environmental Contamination 
and Toxicology 231, DOI 10.1007/978-3-319-03865-0_1, © The Author(s) 2014

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 fl owable 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 signifi cantly 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 modifi ed 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 refl ect 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 −1 , which is about 
50% less than the annual use prior to 2000. 

J.P. Giesy et al.
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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 1.73 × 10 −5  torr, solubility in water is 
<1 mg L −1 , and its log K OW  is 5. The mean water-soil adsorption coeffi cient normal-
ized to fraction of organic carbon in the soil (K OC ) of CPY is 8.2 × 10 3  mL g −1  .  
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 fi eld 
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 fi eld 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.  In 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 
fi eld 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 defi ned as the distance at which 

Ecological Risk Assessment of the Uses of the Organophosphorus Insecticide…
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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 × 10 6  molecules cm −3  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 identifi ed. 

 The properties of CPY were assessed against criteria for classifi cation 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-
sifi cation 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 
suffi cient 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 fi ve-fold between 1992 and 2010. Detections of CPY in 
1992–2001 ranged from 10 to 53% of samples. In the period 2002–2010, detections 
were 7 to 11%. The 95th centile concentrations ranged from 0.007 to 0.056 μg L −1  
in 1992–2001 and 0.006 to 0.008 μg L −1  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 

J.P. Giesy et al.
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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 μg L −1 , and the maximum was 0.33 μg L −1 . 
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 μg L −1 ). 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 μg kg −1  dwt) and the largest concen-
tration detected was 59 μg kg −1 . 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 μg L −1 ). 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 fi ndings 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 suffi cient 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 identifi ed as having greater potential exposure to CPY 
and were used as focal scenarios for detailed modeling. 

 A small watershed, defi ned 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 fi eld-crops and the other (WinPRZM), which was modi-
fi ed for use of CPY in fi elds irrigated by fl ood and furrow. Additional models used 
were EXAMS, AgDRIFT ® , and SWAT. Models were confi gured 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 confi gu-
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 fi eld-specifi c 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 fi rst 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 μg L −1 , respectively, with the 28-d aerobic soil metabolism half-life and 4.5, 
0.042, and 0.122 μg L −1 , 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 μg L −1 . For sediments, the maximum daily 
concentrations predicted for the watersheds in California, Georgia, and Michigan 
were 11.2, 0.077, and 0.058 μg kg −1  dwt, respectively, with the 28-d half-life, and 
22.8, 0.080, and 0.087 μg kg −1 , 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 μg kg −1 , with the 
exception of one value reported at 58.6 μg kg −1 . Again, the modeled values com-
pared favorably with measured values. 

 Duration and recovery intervals between peak concentrations of CPY infl uence 
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 signifi cant 
exposure-recovery events were identifi ed 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 identifi ed 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 fi fth 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 
refi ned 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 eco ), or individual toxicity values where suf-
fi cient 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 μg L −1 ; for 18 species 
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of aquatic insects, from 0.05 to >300 μg L −1 ; and for 25 species of fi sh, from 0.53 to 
>806 μg L −1 . The concentrations affecting 5% of species (HC5) derived from the 
SSDs were 0.034, 0.091, and 0.820 μg L −1  for crustaceans, insects, and fi sh, respec-
tively. Limited toxicity data for amphibians suggested that they were less sensitive 
to CPY than fi sh. The NOAEC eco  in 16 micro- and meso-cosm studies conducted in 
a variety of climatic zones was consistently close to 0.1 μg L −1 . 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 fi sh 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 fi sh. 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 fi sh 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 fi sh. 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 fi sh would be suffi cient 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 fi sh and arthropods was identifi ed 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 refi ned 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 ). 

 Refi ned 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 refi ned version of Liquid Pesticide Avian Risk Assessment Model 
(LiquidPARAM) was developed for the assessment of the risks of repeated uses of 
fl owable formulations of CPY. Flowable formulations of CPY are registered for a 
variety of fi eld 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 fl owable CPY were consumption of treated dietary items and drinking 
water. For acute exposure, LiquidPARAM was used to estimate the maximum 
retained dose in each of 20 birds on each of 1,000 treated fi elds 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 0 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 fl owable 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 −1 ). Overall, most species of birds would not experi-
ence signifi cant mortality as a result of exposure to fl owable CPY. The results of a 
number of fi eld studies conducted in the U.S. and EU at application rates similar to 
those on the Lorsban ®  Advanced label indicated that fl owable CPY rarely causes 
avian mortality and suggest that LiquidPARAM is likely over-estimating acute risk 
to birds for fl owable CPY. A lack of well-documented bird-kill incidents associated 
with normal use since 2002 support the conclusions of the fi eld studies. Of the two 
bird-kill incidents reported between 2002 and 2009, one was from a misuse and the 
other lacked suffi cient 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 
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a wide variety of fi eld and row crops under the trade name Lorsban ®  15G. 
Consumption of granular pesticides is a route of exposure that is specifi c 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 fi elds, relative 
proportions of natural grit versus pesticide granules on the surface of treated fi elds, 
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 fi elds 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 fi elds immediately 
after application. The predictions of the model were consistent with the results of 
several avian fi eld 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 
et al.  2014 ). In the U.S., production of crops that require or benefi t 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 fl ying and/or when fl owering 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 fl owers 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 fi eld-treated foliage, and semi-fi eld and fi eld 
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 
identifi ed as an uncertainty. However, this issue is not specifi c to CPY and applies 
to all foliar-applied insecticides.     
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1  �Introduction

The physical and chemical properties of chlorpyrifos (O, O-diethyl O-3,5, 
6-trichloro-2-pyridinyl phosphorothioate, CPY; CAS No. 2921-88-2) are the primary 
determinants that govern fate (movement, adsorption, degradation, and catabolism) 
in the environment and in biota. The uses of chlorpyrifos in locations of interest, 
such as the United States in the case of this paper, are the primary determinants of 
the entry of chlorpyrifos into the environment and its subsequent fate in the regions 
of use and beyond. The uses and manner of use are addressed in this paper.

The data on physical and chemical properties provided here were the basis for 
modeling long range transport and assessing bioaccumulation (Mackay et al. 2014), 
characterizing routes of exposure to chlorpyrifos in terrestrial systems such as soil, 
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foliage, and food items (Cutler et al. 2014; Moore et al. 2014), and in surface-water 
aquatic systems (Giddings et al. 2014; Williams et al. 2014). The currently-registered 
formulations of chlorpyrifos and their uses in the United States were the basis for the 
development of the scenarios of exposure and the conceptual models used in assessing 
risks to birds (Moore et al. 2014), pollinators (Cutler et al. 2014), and aquatic organ-
isms (Williams et al. 2014). These data on use are based on the current labels and 
reflect changes in labels and use-patterns since the earlier assessments of risks to 
aquatic (Giesy et al. 1999) and terrestrial organisms (Solomon et al. 2001). Physical 
and chemical properties of chlorpyrifos were extensively reviewed by Racke (1993) 
and, rather than repeat all of this information, relevant values from Racke 1993 are 
included in this paper and supplemental material (SI) with updates as appropriate.

2  �Physical and Chemical Properties of Chlorpyrifos

Fundamental to assessing and predicting the general fate of chlorpyrifos in the envi-
ronment are having reliable data on physical chemical and reactivity properties that 
determine partitioning and persistence in the environment. In the following sec-
tions, some of the key properties are discussed in more detail.

2.1  �Properties Affecting Fate in Air  
and Long-Range Transport

The fate of CPY and chlorpyrifos-oxon (CPYO; CAS No. 5598-15-2; CPY’s biologi-
cally active metabolite, degradate, and minor technical product component) in air, with 
respect to short- and long-distance transport are discussed in detail in a companion 
paper (Mackay et al. 2014). The physical and chemical properties specific to fate in air 
are presented in Tables 5–8 in Mackay et al. (2014) and are not repeated here except in 
the context of biological relevance and fate and movement in other matrices.

2.2  �Properties Affecting Fate in Soil, Water, and Sediment

An extensive review of the data on half-lives of CPY in soils and has shown the high 
variability attributed to soil organic carbon content, moisture, application rate and 
microbial activity (Racke 1993). Fewer data are available for water and sediments, 
but processes related to soils and sediments have been summarized in a recent 
review (Gebremariam et  al. 2012). The key physical and chemical properties of 
CPY are listed in Tables 1 and 2.

Chlorpyrifos has short to moderate persistence in the environment as a result of 
several dissipation pathways that might occur concurrently (Fig. 1). Primary mech-
anisms of dissipation include volatilization, photolysis, abiotic hydrolysis, and 
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Table 1  Physicochemical properties of chlorpyrifos

Parameter Values for Chlorpyrifos Source

Chemical Name O,O-diethyl o-(3,5,6-trichloro-2-pyridyl 
phosphorothioate

USEPA (2011b)

Chemical Abstracts Service 
(CAS) Registry Number

2921-88-2

Empirical formula C9H11Cl3NO3PS
USEPA Pesticide Code (PC #) 59101
Smiles notation S = P(OC1 = NC(=C(C = C1Cl)Cl)Cl)(OCC)

OCC
Molecular mass 350.6 g mol−1 Mackay et al. 

(2014)Vapor pressure (25 °C) 1.73 × 10−5 torr
Water solubility (20 °C) 0.73 mg L−1

Henry’s Law Constant 1.10 × 10−5 atm m−3 mol−1

Log KOW 5.0

Table 2  Environmental fate properties of chlorpyrifos

Parameter Values Source

Hydrolysis (t½) pH 5: 73 d USEPA (2011b)
pH 7: 72 d
pH 9: 16 d

Aqueous photolysis (t½) 29.6 d
Aerobic soil metabolism (t½) 2–1,576 d, N = 68 (next highest value  

is 335 d)
See SI Table A-1

Aerobic aquatic metabolism (t½) 22–51 d, N = 3 See SI Table A-5
Anaerobic soil metabolism (t½) 15 and 58 d USEPA (2011b)
Anaerobic aquatic metabolism (t½) 39 and 51 d
Soil adsorption coefficient KOC 973–31,000 mL g−1, N = 33 See SI Table A-4
Terrestrial field dissipation (t½) 2–120 d, N = 58 See SI Table A-3

Fig. 1  Pathways for degradation of chlropyrifos in the environment (after Racke 1993)
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microbial degradation. Volatilization dominates dissipation from foliage in the 
initial 12 h after application, but decreases as the formulation adsorbs to foliage or 
soil (Mackay et al. 2014). In the days after application, CPY adsorbs more strongly 
to soil, and penetrates more deeply into the soil matrix, and becomes less available 
for volatilization; other degradation processes become important.

Dissipation from soil. Factors affecting degradation of CPY in soil have been 
reviewed by Racke (1993). The key values that affect soil dissipation have been 
updated and are presented in SI Table A-1. Photolysis and oxidation are known to 
form CPYO in air (Mackay et al. 2014) and on foliar surfaces. These routes are 
either insignificant in soil or CPYO degrades as quickly as it is formed, since CPYO 
has only been formed in undetectable or small amounts in studies that have used 
radiotracers to investigate degradation in soils in the laboratory (de Vette and 
Schoonmade 2001; Racke et al. 1988) or field (Chapman and Harris 1980; Rouchaud 
et al. 1989). The primary degradation pathway in soil involves hydrolysis to yield 
3,5,6-trichloropyridinol (TCP, Fig. 1) from either CPY or CPYO. Results of several 
studies have shown that this step can be either abiotic or biotic, and the rate is 1.7- to 
2-fold faster in biologically active soils. Both modes of hydrolysis can occur in 
aerobic and anaerobic soil. The rate of abiotic hydrolysis is faster at higher pH. 
Hydrolysis is also faster in the presence of catalysts such as certain types of clay 
(Racke 1993). Degradation of the intermediate, TCP, is dependent on biological 
activity in soil, and leads to formation of bound residues and reversible formation 
of 3,5,6-trichloro-2-methoxypyridinol (TMP; Fig. 1). Under aerobic conditions, the 
primary, terminal degradation product of CPY is CO2. Since TCP and TMP are not 
considered to be residues of concern (USEPA 2011b), they were not included in 
characterizations of exposures presented here or the assessment of risk in the com-
panion papers. Because of rapid degradation in soil (see above), CPYO (Fig. 1) was 
not included in the characterization of exposures via soil.

The half-life for degradation of CPY in soils, based on results of studies con-
ducted under standardized laboratory conditions, ranged from 2 to 1,575 d (n = 68, 
next highest value is 335 d; SI Table A-1). This range in rates of degradation was 
attributed to differences in soil organic carbon content, moisture, rate of application, 
and microbial activity in the reported studies (Racke 1993); however, quantitative 
relationships between these potential drivers and rates of degradation have not been 
developed. Greater rates of application resulted in slower degradation, possibly due 
to the concentration in soil-water reaching the solubility limit of approximately 
1 mg L−1, which affects bioavailability to microbiota. The formulation applied can 
affect results; dissipation from material applied as the granular product is slower 
(Racke 1993). Half-lives for dissipation from soils determined under field condi-
tions have been reported to range from 2 to 120 d (N = 58; SI Table A-2).

Biphasic dissipation. Results of studies of aerobic degradation of CPY in soils 
under laboratory conditions exhibit bi-phasic behavior in most soils. Initial rates of 
degradation are greater than overall degradation rates by factors of 1.1 to 2.9 (Racke 
1993). This behavior of CPY is also variable and not as apparent for some of the 
soils studied, for which half-lives were calculated by using simple first-order 
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kinetics (de Vette and Schoonmade 2001). Nonetheless, some of the half-lives 
reported in SI Table A-2 that have been derived from 1st-order degradation kinetics 
might overestimate the persistence of CPY in the environment.

There have been several approaches to calculate rate constants of degradation for 
this biphasic degradation of CPY. The DT50 values reported by Bidlack were calcu-
lated using the Hamaker two-compartment kinetic model (Nash 1988), but details 
of the goodness of fit were not provided and the DT50 values do not correspond to 
degradation rate constants (Bidlack 1979). Also, bi-phasic degradation, described 
by use of the double first-order parallel (DFOP) model, best characterized the data 
from three dissipation studies performed in terrestrial environments (Yon 2011).

To obtain the biphasic rate constants for the available aerobic soil degradation 
results, a dissipation model was structured with two compartments for the parent 
compound; one adsorbed in such a manner that was not available for biological 
degradation or abiotic hydrolysis, and the other in which these processes can occur 
(Fig. 2). The initial thought was to consider these as adsorbed and dissolved com-
partments, respectively. However, it is known that partitioning of CPY between soil 
and soil pore water reaches equilibrium within hours (Racke 1993), whereas the 
biphasic degradation process observed for CPY occurs over a period of several 
days. The two compartments were identified as Labile CPY and Adsorbed CPY. 
Reversible movement of parent CPY between these compartments was represented 
as two simple first-order processes shown by arrows F1 and F2 in Fig. 2, with rate 
constants kads and kdes. This model has advantages over older two-compartment 
models in that simple first-order equations are used and the rate constants are not 
concentration-dependent as they are in the Hamaker kinetic equations (Nash 1988). 
Since the reported concentrations of CPY include both compartments, the model 
was configured so that measured values are entered as the sum of the amounts in 
these two compartments at each time point (Fig.  2). The sum of processes that 
degrade CPY was also described as a first-order kinetic process F3, but was non-
reversible. The rate constant for this process was designated km. The resulting set of 
three first-order equations was integrated numerically using Model-Maker Version 
4.0 software from Cherwell Scientific Software Ltd. UK. Metabolism data from 11 
soils reported in two studies (Bidlack 1979; de Vette and Schoonmade 2001) were 
fit to this model. It was assumed that the CPY was entirely in the labile compartment 
at time-zero, and the rate of degradation was determined by km and the concentration 

Fig. 2  Schematic diagram of 
a two–compartment kinetic 
model for chlorpyrifos (CPY) 
degradation
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in this compartment. As CPY partitions into the adsorbed compartment, less is 
available for degradation, and the rate of desorption, described by the rate constant 
kdes becomes the rate limiting step. This transition from km to kdes creates the biphasic 
behavior in the model. Further details on the equations used the model set-up and 
typical results are given in SI Appendix C.

The model results fit the data well (SI Appendix C; SI Table C-2) (Bidlack 1979). 
The resulting rate constant represents the entire data set for each soil, optimized 
simultaneously and represents a consistent model across all the soils considered. 
This provides a better representation of the half-life than the values in the original 
reports. As noted above, it is expected that the rate constants might be correlated 
with the physical and chemical properties of the soils such as % organic matter, etc. 
No significant correlation could be found among rate constants or half-lives with the 
KOC, or water-holding capacity. It has been suggested that there might be a correla-
tion between the rate constant km for degradation of CPY, and pH (Bidlack 1979). 
This is expected, given the dependence of the abiotic hydrolysis on pH, which con-
tributes to this process, but the correlation is not simple. A graph of half-life vs. pH 
is shown (Fig. 3). It is possible to consider the data in two groups; one group of soils 
has half-lives >30 d, which were pH dependent; the other group had shorter half-lives 
with a much weaker correlation to pH.

The correlations for the two groups in the range from pH 5 to 8 are given in (1) 
and (2).

	
Group half life pH1 93 5 10 86 0 762- r= - ´ =( ). . .

	
(1)

	
Group half life pH2 267 30 14 0 922- r= - ´ =( ). .

	
(2)

The mean half-life in the Group-1 was 17.6 d with a 90th centile of 25.9 d and 
for Group-2 was 77.7 d with a 90th centile of 97.7 d. The greatest half-life among 
the U.S. soils in each group was selected as a conservative value to represent the 
group in simulations with the PRZM/EXAMS model runs used to characterize con-
centrations in surface waters (Williams et al. 2014). These values were 96 d from 
the Stockton soil and 28 d from the Catlin soil (Table 3).

Fig. 3  Correlation of 
half-life of chlorpyrifos with 
pH of soil (data from Bidlack 
1979; de Vette and 
Schoonmade 2001)
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Adsorption to soil. Based on reported water-soil adsorption coefficients (KOC) of 
973 to 31,000 mL g−1; mean 8,216 mL g−1 (SI Table A-3), CPY has a large potential 
to adsorb to soil and would not likely be biologically available for uptake by roots 
of plants. Possible uptake by roots, translocation, and metabolism of CPY in plants 
also has been investigated (summarized in Racke 1993). In general, negligible 
amounts enter the plant via the roots. Thus, CPY is not systemic and this pathway 
of exposure need not be considered in exposure assessments for CPY.

Dissipation from plants. CPY rapidly dissipates from foliar surfaces of plants, 
primarily due to volatility and secondarily due to photolysis, with most reported 
dissipation half-lives on the order of several days (Racke 1993). In a field study 
performed in California that examined mass loss of CPY to air, maximum vola-
tility fluxes occurred in the first 8  h after application to recently cut alfalfa 
(Rotondaro and Havens 2012). Total mass loss of CPY, based on the calculated 
fluxes, ranged between 15.8 and 16.5% of applied mass, as determined by the 
Aerodynamic (AD) and Integrated Horizontal Flux (IHF) methodologies, 
respectively. Data on dissipation of CPY from various crops are provided in SI 
Table A-4.

Dissipation in aquatic systems. In aquatic systems, abiotic degradation of CPY due 
to aqueous hydrolysis has been reported to occur with half-lives at 25 °C of 73, 72, 
and 16 d at pH 5, 7, and 9, respectively (summarized in Racke 1993). The U.S. EPA 
(2011a) used an aqueous hydrolysis half-life of 81 d at pH 7 in modeling to esti-
mate concentrations of CPY in drinking water. Half-lives of 22–51 d have been 

Table 3  Half-lives of chlorpyrifos in selected soils recalculated using a two-compartment model

Soil
Reported 
T½a

Calculated T½1 from 
two-compartment modelb Group Reference

Commerce, MI 11 11 2 Bidlack (1979)
Barnes, ND 22 22 2 Bidlack (1979)
Miami, IN 24 18 2 Bidlack (1979)
Caitlin, IL 34 28 2 Bidlack (1979)
Marcham, UK 43 9 2 de Vette and Schoonmade 

(2001)
Thessaloniki, GR 46 31 1 de Vette and Schoonmade 

(2001)
Charentilly, FR 95 93 1 de Vette and Schoonmade 

(2001)
Norfolk, VA 102 57 1 Bidlack (1979)
Stockton, CA 107 96 1 Bidlack (1979)
Cuckney, UK 111 84 1 de Vette and Schoonmade 

(2001)
German 2:3 141 99 1 Bidlack (1979)
aRounded to nearest day
bFor detailed derivation of the data, see SI Appendix B in (Williams et al. 2014)
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reported from metabolism studies conducted in aerobic aquatic systems (Kennard 
1996; Reeves and Mackie 1993). A half-life of 30 d was reported in an aqueous 
photolysis study of CPY that was conducted under natural sunlight in sterile pH 7 
phosphate buffered solution (Batzer et al. 1990). Data on the dissipation of CPY 
from aquatic systems are summarized in SI Table A-5.

Field-scale analyses of runoff have demonstrated little potential for CPY to be 
transported with runoff water (Racke 1993). Chlorpyrifos has been extensively 
examined in field studies under varying conditions, including greater and lesser 
antecedent soil moisture, incomplete and full canopy development stages, 2 h to 7 d 
intervals between application and rainfall, maximum soil erosion conditions, differ-
ent soils properties, and a range of rainfall events up to a 1-in-833 year return fre-
quency (Cryer and Dixon-White 1995; McCall et al. 1984; Poletika and Robb 1994; 
Racke 1993). Resulting concentrations of CPY in runoff ranged from 0.003 to 4.4% 
of the amount applied (McCall et al. 1984; Poletika and Robb 1994). A field runoff 
study conducted in Mississippi indicated that the majority of chemical mass was 
transported in the dissolved chemical phase (Poletika and Robb 1994), while a 
study conducted in Iowa under record high rainfall conditions concluded that the 
majority of compound was transported attached to eroded sediment (Cryer and 
Dixon-White 1995).

3  �Toxicity of CPY

The primary mode of action of organophosphorus insecticides, such as CPY, is 
well known and has been characterized in mammals (Testai et al. 2010) and in 
aquatic organisms, particularly fish (Giesy et al. 1999). Chlorpyrifos inhibits the 
enzyme acetylcholinesterase (AChE) in synaptic junctions of the nervous sys-
tem. As a result of this inhibition, acetylcholine accumulated in the synapse 
causes repeated and uncontrolled stimulation of the post-synaptic axon. 
Disruption of the nervous system that results is the secondary effect that causes 
the death of the animal. The amino acid sequence of acetylcholinesterase is 
highly conserved in animals, with the result that CPY is toxic to most groups of 
animals, although differences in toxicokinetics (adsorption, distribution, metab-
olism, and excretion—ADME) account for differences in susceptibility among 
taxa (Timchalk 2010).

3.1  �Mechanism of Action

The mechanism of action (toxicodynamics) of CPY involves activation by biotic 
transformation to CPYO, followed by covalent binding to the serine-hydroxyl in the 
active site of the acetylcholinesterase molecule (Testai et al. 2010) (Fig. 4). While 
this can occur in the environment (Mackay et al. 2014), in animals this reaction is 
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catalyzed by multifunction oxidase enzymes (MFO) and is important in the mode of 
action of CPY. For example, inhibition of MFOs by the synergist piperonyl butoxide 
resulted in a decreased toxicity of CPY by up to sixfold in aquatic organisms 
(El-Merhibi et al. 2004). Chlorpyrifos itself is not a strong inhibitor of AChE, but 
when transformed to CPYO, the phosphorus atom in the molecule becomes more 
susceptible to nucleophilic attack by the serine hydroxyl in the active site of AChE. 
The initial association of CPYO with AChE is reversible (k1, k−1; Fig.  4) and is 
modified by the tertiary structure of the enzyme and the inhibitor. During phos-
phorylation of the serine–OH (k2; Fig. 4), CPYO is hydrolyzed to release the leaving 
group TCP (Fig. 4), the reaction is no longer reversible, and AChE is inhibited for 
as long as it remains phosphorylated. The phosphonic acid moiety is covalently 
bound to the serine in AChE but the bond can be cleaved by hydrolysis, unless the 
phosphorylated enzyme ages. If the serine-O-P bond is hydrolyzed by water, AChE 
is reactivated and normal function returns. If aged via hydrolysis of one of ethyl-
ester bonds (Fig. 4), the reactivity of the serine-O-P bond is greatly reduced, AChE 
cannot be reactivated, and recovery essentially requires the synthesis of new AChE.

The leaving group, TCP, is several orders of magnitude less toxic than CPY or 
CPYO (Giesy et al. 1999) and is not of toxicological significance (USEPA 2011a). 
The phosphonic acid released by reactivation of AChE is of low toxicity and is eas-
ily excreted from animals (Timchalk 2010). For this reason, the focus of the risk 
assessments in this series of papers (Cutler et al. 2014; Giddings et al. 2014; Moore 
et al. 2014) is only on CPY and CPYO. It should be noted that CPYO is the acti-
vated form of CPY and its formation in the animal is integral to the mode of action 

Fig. 4  Diagrammatic representation of the mechanism of action of chlorpyrifos in the nerve 
synapse
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of this insecticide, and thus, the toxicity of CPYO is implicitly considered when the 
toxicity of CPY is studied. As CPYO is also formed in the atmosphere (Mackay 
et al. 2014), it is considered in the risk assessments.

3.2  �Interactions with Other Pesticides

Because conversion of CPY to CPYO is essential to the mode of action, compounds 
that induce multifunction oxidase activity in animals can influence the toxicity of 
CPY by increasing the rate of formation of CPYO. Atrazine, a herbicide with lesser 
toxicity than CPY and no activity on AChE, has been reported to synergize (increase 
or result in supra-additivity) the toxicity of CPY and some other organophosphorus 
pesticides in aquatic animals such as the midge, Chironomus dilutus (formerly ten-
tans) (Belden and Lydy 2001). The mechanism of this synergism was via induction 
of multifunction oxidases by atrazine and the resulting increase in the formation of 
CPYO (Belden and Lydy 2000). Similar synergism has either not been observed or 
was observed only at small synergistic ratios (<2) in other invertebrates (Trimble 
and Lydy 2006) and vertebrates (Tyler Mehler et al. 2008; Wacksman et al. 2006). 
In addition, synergism was only observed at greater concentrations of atrazine and 
CPY, which rarely co-occur (Rodney et al. 2013). For this reason, synergistic inter-
actions between CPY and other chemicals were not included in the assessment of 
the risks of CPY to aquatic organisms (Giddings et al. 2014).

Synergism of CPY by the sterol-inhibiting fungicide prochloraz was reported to 
occur in the red-legged partridge (Johnston et al. 1994), but this was only observed 
in birds pretreated at a large dose of 180 mg prochloraz kg−1 (bwt), an extremely 
unlikely exposure in birds. The synergism was attributed to induction of multifunc-
tion oxidases and an increase in the formation of CPYO. As for aquatic organisms, 
interactions of this type were judged to be very unlikely to occur in terrestrial organ-
isms and were not included in the risk assessment.

4  �Use of Chlorpyrifos and Its Formulations

CPY is a widely used organophosphate pesticide with broad spectrum insecticidal 
activity. It is used against a broad array of insects and mites, primarily as a contact 
insecticide, although it does have some efficacy through ingestion. It provides con-
trol for many adult and larval forms of insects. Foliar pests for which CPY provides 
control include: aphids, beetles, caterpillars, leafhoppers, mites, and scale. CPY is 
also effective against many soil insects, including rootworms, cutworms, wire-
worms, and other grubs. Although it does not translocate readily, CPY can effec-
tively control boring insects in corn, fruit, and other crops through contact exposure. 
It can also provide contact control of such insects as case-bearers, orange-worms, 
and other flies that damage fruits and nuts. The diversity of arthropod pests subject 
to control with CPY has made it one of most widely used insecticides.
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4.1  �Formulations of Chlorpyrifos

CPY is currently available as a granular formulation and as several spray formula-
tions. CPY is widely effective against many different insects in various habitats that 
may attack crop throughout the year. Therefore, it has a wide variety of applications 
and may be applied to foliage, soil, or dormant trees. Application might occur pre-
plant, at-plant, post-plant or during the dormant season using aerial equipment, 
chemigation systems, ground-boom sprayers, air-blast sprayers, tractor-drawn 
spreaders, and hand-held equipment. Dow AgroSciences (and its predecessors) 
originally developed CPY, but it is now also produced and/or marketed by other 
registrants of pesticides. The analysis of uses covered in this paper addresses only 
those CPY products that are registered by Dow AgroSciences, including Special 
Local Needs labels (SLNs, FIFRA section 24c) for specific States in the U.S. that 
are based upon these products.

Lorsban 15G® is a granular formulation that contains 15% (wt/wt) CPY (a.i.) in 
a solid matrix (Dow AgroSciences 2008). It is used primarily as a soil insecticide, 
although it can be applied into the whorls of corn to control European corn borer. 
Applications are in-furrow, banded, and broadcast. One “special local needs” label 
(FIFRA section 24c State label) was found for use on ginseng in Michigan.

Lorsban 4E® is an emulsifiable concentrate that contains 44.9% (wt/wt) a.i. 
(479  g  L−1 = 4 pounds of per gallon) (Dow AgroSciences 2004). It is used both 
directly on plants and as a soil treatment. Foliage and woody parts of plants can be 
treated. Treatments of soil are by broadcast, banded, side-dress, or, for onions and 
radishes, applied in-furrow. Chemigation is specified for some treatments. There are 
a few special local needs (24c) labels for the Lorsban 4E, but many old ones have 
expired and appear to have been replaced by similar labels for Lorsban Advanced®.

Lorsban Advanced® is a newer, low odor, water-based version of Lorsban 4E that 
contains 40.18% a.i. (wtwt) (450 g L−1 = 3.755 lb. a.i. per gallon) (Dow AgroSciences 
2010). It is used in the same ways as the 4E formulation but contains smaller quanti-
ties of volatile solvents, thus reducing air pollution by VOCs. There are a number of 
special local needs (24c) labels for Lorsban Advanced that both modify application 
methods and rates and for several additional crops.

Lorsban 75WG® was registered by EPA late in 2011 (Gowan 2011), but is not yet 
listed among Dow AgroSciences products. It contains 75% a.i. (wt/wt) as water 
dispersible granules for use in many of the same crops as the Lorsban 4E and 
Lorsban Advanced formulations. One special local needs (24c) label for peppers in 
Florida was found that referenced Dow AgroSciences as the registrant, although 
Gowan Company was the distributor.

Lorsban 50 W® is a water soluble formulation that contains 50% a.i. (wt/wt) 
and is used for treating seeds in commercial establishments (Dow AgroSciences 
2007). It is not permitted for such use on farms and other agricultural sites. It 
does, however, have a supplemental label for use on unspecified trees in the east-
ern U.S. The treatment is to trunks of trees at a rate of 3  lb a.i./100 gallons of 
spray, but no amount or limit per acre is specified. A similar use for Lorsban 
Advanced is only for apple trees in the eastern U.S., but the Lorsban 50 W label 
is not limited to any species of tree.
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Rates and methods of application for Lorsban 15G are summarized in SI Table 
B-1. Flowable formulations of Lorsban Advanced, Lorsban 4E, and Lorsban 75WG 
are summarized (SI Tables B-2, B-3, and B-4). The crops, pests, methods, and rates 
are very similar for these three two flowable formulations. Because Lorsban 50 W 
does not have a federal label for application in agricultural settings, it was not 
included in the tabular information.

4.2  �Environmental Precautions

All Lorsban products have the standard precautionary labeling involving risks to 
aquatic organisms, birds, small mammals, and bees. It is not to be applied to water 
or below the mean high tide level or when bees are visiting the area; dusk to dawn 
applications are allowed for many uses when bees are active during the day. Labels 
advise that drift and runoff might be hazardous in water adjacent to treated areas.

Lorsban 15G has a limitation on aerial application; rates >1.121 kg a.i. ha−1 
(=1 lb. a.i. A−1) are not permitted. Lorsban 4E, Lorsban Advanced, and Lorsban 
75WG have mandatory buffers in their sections on drift-management: Setback 
buffers from aquatic habitats (“permanent bodies of water such as rivers natural 
ponds lakes, streams, reservoirs, marshes, estuaries and commercial fish ponds”) 
“must” be utilized: 7.6 m (25 ft) for ground application and chemigation, 15 m 
(50  ft) for orchard air blast, and 45 m (150  ft) for aerial applications. Aerial 
applications must follow nozzle and boom width requirements, and applications 
must neither be made more than 3  m (10  ft) above the height of the plants 
(unless required for aircraft safety), nor when wind speed exceeds 16 km h−1  
(10 mph). The above buffers are mandatory. In addition, there are numerous 
additional recommendations on the label(s) meant to reduce drift. Lorsban 
Advanced, Lorsban 4E, and Lorsban 75WG may only be applied by ground 
spray equipment in Mississippi.

4.3  �Use of Chlorpyrifos in U.S. Field Crops

Chlorpyrifos is one of the most widely used insecticides in the world. Estimates of 
annual use in the U.S. since 2008 range from 3.2 to 4.1 M kg y−1 (7 to 9 M lb a.i. per 
annum) (Gomez 2009; Grube et al. 2011). Because of withdrawal of domestic uses, 
changes in agricultural production, and the introduction of new insecticides, current 
use is less than 50% of estimated amounts used in the early 2000s (USEPA 2001). 
Although there are selected survey data from some states on certain crops, and 
quantitative usage data from California, there were no other recent applicable data 
on national usage. Estimates of use vary with the amounts of crops planted or har-
vested, with climate and pest pressure, and sometimes with recent or local occur-
rences of new or resistant pests.
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Data on sales of granular and flowable CPY, presented as percent of total use 
across the U.S. from 2010 to 2011, are provided in Fig. 5 (developed from unpub-
lished sales data from Dow AgroSciences). Regions with the highest percentage of 
total sales (depicted in blue), include Kern, Tulare, Santa Cruz, Fresno counties in 
central California; Lancaster County in southeastern Pennsylvania; and Calhoun, 
Decatur, and Mitchell counties in southeast Georgia.

Since purchases of CPY might not be made close to areas of use, data on sales 
might not accurately reflect use. Several agencies estimate pesticide use on crops 
but these estimates are derived from a variety of imprecise sources. Although 
California’s Pesticide Use Reporting (PUR) is based upon the actual amounts 
reported by pesticide users, all others are derived from sampling and statistical anal-
yses. For specific crops, analysis of CPY use was undertaken by EPA (2008), Gomez 
(2009), and USDA’s National Agricultural Statistics Service (USDA 2012). Usage 
data for CPY are inclusive of all products from any manufacturer or registrant.

Data on amounts of pesticides used were collected differently by Gomez, 
USEPA, and USDA. EPA acquired their data from USDA/NASS from 2001 to 
2006, proprietary market research data from 2001 to 2006, data from the CropLife 
Foundation’s National Pesticide Use Database, only when other data were not avail-
able, and California Pesticide Use Report (PUR) data from 2000 to 2005 when 95% 
of the crop was grown in California (USEPA 2008). EPA noted that their estimates 
included only data from states that were surveyed, rather than for the entire U.S. 
The reported figures were derived from an algorithm that covers many years but 

Fig. 5  Geographical distribution of use of granular and liquid formulations of chlorpyrifos in the 
United States from 2010 to 2011 as % of total. Derived from unpublished sales data from Dow 
AgroSciences, Indianapolis, IN
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gives more weight to recent data so as to give a “current” picture for the period over 
which the data were developed. Information is consistent across almost all crops 
and includes the total of active ingredient (a.i.) applied, likely average percent of 
crop treated and likely maximum percent of crop treated.

Gomez (2009) used proprietary data from 2003 to 2008 and California’s PUR 
data, when that State had more than 40% of the crop acreage. Gomez does not indi-
cate if the reported usage covers all of the U.S.; it seems likely that the proprietary 
data would concentrate on states where the most acreage of specific crops was 
planted. Gomez reported estimated usage for all crops considered both for individ-
ual years and averages of 4–5 years. Although Gomez provided valuable data on the 
percentage of a crop treated, he used different methods of analysis based on propri-
etary data, which precluded comparisons with EPA and NASS data analyses. Gomez 
also used data that typically had 3–5 significant figures, while EPA used one signifi-
cant figure in their estimates, or 2 significant figures for numbers of more than 
1,000,000. Gomez calculated and presented the percent difference between his 
estimates and those of EPA. Although real differences existed between some num-
bers, many apparent differences resulted from averaging and different rounding 
methods.

The NASS performed usage surveys of individual pesticides on certain crops 
in selected states (“program states”) where those crops were most important 
(http://www.nass.usda.gov/). These surveys are not performed every year. The 
frequency is dependent upon the crop and typically varies from 3 to 5 y. Methods 
used by NASS are publically available; but, because they are required to protect 
individual privacy, data are aggregated in ways that sometimes hides useful infor-
mation. NASS maintains databases of known growers that are stratified in several 
ways. They typically send out questionnaires to selected samples of growers. 
Depending upon the nature of the survey, they might follow up by letter, tele-
phone or computer. They analyze these data using standard statistical aggrega-
tion. Therefore, the collected data are representative rather than actual, and only 
apply to the selected states. As a result, the amounts presented as total pesticide 
applied nationally are likely to be underestimates, the magnitude of which 
depends upon how much of a particular crop is grown in the states selected for 
analysis. However, the percentage of crops treated and the amount applied by 
acre are likely to be comparable in non-selected states. NASS data are reliable for 
specific states, at least for years that are sampled. Although annual data might be 
skewed, the comparisons are fairly close among sources when averaged over 
several years.

A summary of data from the three national sources on the amount of CPY used 
on various crops is given in Table 4. EPA estimates usage from existing stocks on 
some crops that are no longer labeled, but these are not included in Table 4. NASS 
usage estimates are only given for the latest year, although the amount of CPY used 
will vary considerably from year to year, depending upon pest pressure.
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Table 4  Summary of amount of chlorpyrifos used and percentage of crop treated for selected crop 
sites

Crop

Ave. lbs.a a.i. 
applied  
(Gomez 2009) 
from Doane

Ave. lbs. a.i. 
applied  
(USEPA 2008)

Ave. %  
crop treated 
(USEPA 
2008)

Ave. lbs. a.i. 
applied (NASS 
program states 
–latest year)b 
(USDA 2012)

Ave. %  
crop treated 
(NASS) 
(USDA 
2012)

Alfalfa 374,750 400,000 5
Almonds 341,991 500,000 30
Asparagus 22,104 20,000 25 211,100 44
Apples 414,600 400,000 55
Beans, green 4,119 3,000 <1
Beans & peas, dry 4,000 <1
Broccoli 60,385 90,000 45
Brussels Sprouts 6,000 n/c
Cabbage 7,055 10,000 10
Carrots  

(SLN-WAc)
1,000 <2.5

Cauliflower 15,239 20,000 40
Cherries, all 80,140 60,000 30 36,300 16–23
Christmas trees 26,600 16–20
Corn 2,617,432 3,000,000 5 478,000 1
Cotton 285,350 200,000 <1
Cranberries 50,000 70
Grapefruit 54,855 60,000 15 42,500 19
Grapes, wine 68,603 64,500 4
Grapes, table 60,428 40,000 12
Grapes, all 100,000 5
Hazelnuts 7,286 7,000 15
Lemons 47,033 90,000 35 22,800 12
Mint 50,000 25
Nectarines 20,000 20 3,400 5
Onions, dry 68,805 60,000 35 51,100 30–32
Oranges 241,735 300,000 10 194,800 12
Peaches 69,853 70,000 30 8,900 7
Peanuts 119,213 200,000 5
Pears 29,564 30,000 20 11,300 10
Peas, green <500 <1
Pecans 296,596 300,000 35
Peppers  

(SLN-FL)
2,000 <1

Plums & Prunes 18,674 40,000
Plums 15 2,400 7
Prunes 10
Sod/turf 2,000 n/c
Sorghum 30,000 <1

(continued)
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4.4  �Timing of the Use of Chlorpyrifos

CPY is normally applied to coincide with infestations of pests, which vary from one 
location to another. Timing of application of CPY in relation to local climatic condi-
tions, rainfall, and patterns of weather might have significant effects on the degradation, 
potential for movement, and exposures of non-target organisms. To properly character-
ize timing of the use of CPY, we relied on the USDA publication “Usual Planting and 
Harvesting Dates for U.S. Field Crops” (USDA 2010) and other sources (i.e., mainly 
state extension services and the internet). These data are summarized in Table 5 for 
crops that are in the field year round, and in Table 6 for crops that are seasonal.

From these data, it is apparent that there is no strong seasonal use of CPY, 
although there is a somewhat greater usage in winter months for tree crops in 
California and greater use in summer for certain field crops (e.g., corn). These use 
patterns and how they affect scenarios for exposures are discussed in more detail in 
the companion papers of this volume (Moore et al. 2014; Williams et al. 2014).

5  �Summary

Physical properties and use data provide the basis for estimating environmental 
exposures to chlorpyrifos (CPY) and for assessing its risks. The vapor pressure of 
CPY is low, solubility in water is <1 mg L−1, and its log KOW is 5. Chlorpyrifos has 

Table 4  (continued)

Crop

Ave. lbs.a a.i. 
applied  
(Gomez 2009) 
from Doane

Ave. lbs. a.i. 
applied  
(USEPA 2008)

Ave. %  
crop treated 
(USEPA 
2008)

Ave. lbs. a.i. 
applied (NASS 
program states 
–latest year)b 
(USDA 2012)

Ave. %  
crop treated 
(NASS) 
(USDA 
2012)

Soybeans 1,017,953 700,000 <1
Strawberries 10,043 9,000 15 7,700 15
Sugar Beets 138,020 100,000 10
Sunflowers 34,857 20,000 <1
Sweet Corn 120,881 100,000 10 36,500 13–23
Sweet potatoes 100,000 65
Tangelos & 

tangerines
8,000 10 8,300 7–19

Tobacco 98,468 100,000 15
Walnuts 195,505 400,000 45
Wheat 288,751 300,000 <1 577,000 2–3
Total
aTo maintain consistency with uses and the labels of formulated products sold in the U.S., amounts 
of CPY applied are given in imperial units (pounds (lbs.))
bGenerally this is 2011 for fruits and 2010 for other crop
cSpecial Label Needs
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Crop and location

Months of the year in which CPY is applied

J F M A M J J A S O N D
Alfalfa, warmer states (CA, AZ, etc.)

Cooler states

Southern MO

Northern MO

Apple tree trunks

Asparagus CA only Southern desert

Delta

Central coast

Other U.S.

Brassica (cole) leafy vegetables

Brussels sprouts
Carrots for seed OR & WA

Christmas tree

Citrus orchard floors

Citrus fruits
Cranberry
Fig (CA only)

Ginseng (MI, WI-SLNa)

Grape (E of Continental Divide only)

Grapes (CA-SLN)

Grass and clover for seed (NV, ID, OR, WA-SLNs)

Legume vegetables (except soybeans)

Onion (dry bulb)

Pears (CA, OR, & WA only)

Peppers (FL only – special local need)

Pineapple (HI only – special local need)

Pulpwood (cottonwood & poplar, OR, WA-SLNs)

Strawberries
Tree fruits and nuts – all applications, almond

Apples (all U.S.)

Apples (eastern U.S.)

Cherry

Filbert

Nectarine

Peach

Pear

Pecan

Plum

Prune

Walnut

Turfgrass
Wheat (W of the Mississippi River)

Table 5  Timing of chlorpyrifos use for crops in the U.S. that are in the field all year (Jan to Dec)

(continued)

Properties and Uses of Chlorpyrifos in the United States



30

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. 
Volatilization dominates dissipation from foliage in the initial 12 h after application, 
but decreases as CPY adsorbs to foliage or soil. In the days after application, CPY 
adsorbs more strongly to soil, and penetrates more deeply into the soil matrix, 
becoming less available for volatilization. After the first 12 h, other processes of 
degradation, such as chemical hydrolysis and catabolism by microbiota become 
important. The half-life of CPY in soils tested in the laboratory ranged from 2 to 
1,575 d (N = 126) and is dependent on properties of the soil and rate of application. 
At application rates used historically for control of termites, the degradation rate is 
much slower than for agricultural uses. In agricultural soils under field conditions, 
half-lives are shorter (2 to 120 d, N = 58). The mean water-soil adsorption coeffi-
cient (KOC) of CPY is 8,216 mL g−1; negligible amounts enter plants via the roots, 
and it is not translocated in plants.

Table 5  (continued)

aSpecial Label Needs
Data from:
USDA (2010)
Missouri Extension Service: http://extension.missouri.edu/p/G4550
http://ohioline.osu.edu/b826/b826_14.html
http://www.pickyourown.org/FLcitrus.htm; http://www.pickyourown.org/CAharvest calendar. htm
Seasonal Patterns of Citrus Bloom, by William A. Simanton, Florida Agricultural Experiment 
Station Journal Series No. 3426. Florida State Horticultural Society, 1969, pp 96–98
http://en.wikipedia.org/wiki/Cranberry; http://www.wenatcheeworld.com/news/2011/oct/07/ 
cranberry-harvest-under-way-on-wa-coastal-bogs/; http://www.capecodtravel.com/attractions/ nature/
cranberries0900.shtml
Morton, J. 1987. Fig. p. 47–50. In: Fruits of warm climates. Julia F. Morton, Miami, FL. @ http://
www.hort.purdue.edu/newcrop/morton/fig.html; also http://www.latimes.com/features/ la-fo-market 
16-2008jul16,0,4856462.story
http://en.wikipedia.org/wiki/Cranberry; http://www.wenatcheeworld.com/news/2011/oct/07/ 
cranberry-harvest-under-way-on-wa-coastal-bogs/; http://www.capecodtravel.com/attractions/nature/
cranberries0900.shtml\
Monitoring and Control Tactics for Grape Root Borer Vitacea polistiformis Harris (Lepidoptera: 
Sesiidae) in Florida Vineyards. By Scott Weihman. Master’s Degree Thesis, University of Florida, 
2005 @ http://etd.fcla.edu/UF/UFE0009182/weihman_s.pdf
The Grape Root Borer in Tennessee, by P. Parkman, D. Lockwood, and F. Hale, University of 
Tennessee Extension Service publication W171, 2007. @ https://utextension.tennessee.edu/
publications/documents/W171.pdf www.nysipm.cornell.edu/factsheets/grapes/pests/gcb.pdf
http://www.calagquest.com/BloomTime.php
http://sacramentogardening.com/edible_gardening.html
http://wiki.answers.com/Q/What_time_of_year_do_you_grow_peas
Pest Management Strategic Plan for Dry Bulb Storage Onions in Colorado, Idaho, Oregon, Utah, 
and Washington. Summary of a workshop held on February 26–27, 2004. Boise, ID. @ http://www. 
ipmcenters.org/pmsp/pdf/WesternONION.pdf
http://aggie-horticulture.tamu.edu/archives/parsons/publications/onions/oniongro.html
http://edis.ifas.ufl.edu/mv112
http://www.ctahr.hawaii.edu/oc/freepubs/pdf/f_n-7.pdf
http://www.strawberry-recipes.com/plant-strawberries.html
http://strawberryplants.org/2010/05/strawberry-varieties/
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http://en.wikipedia.org/wiki/Cranberry
http://www.wenatcheeworld.com/news/2011/oct/07/cranberry-harvest-under-way-on-wa-coastal-bogs/
http://www.wenatcheeworld.com/news/2011/oct/07/cranberry-harvest-under-way-on-wa-coastal-bogs/
http://www.capecodtravel.com/attractions/nature/cranberries0900.shtml
http://www.capecodtravel.com/attractions/nature/cranberries0900.shtml
http://www.hort.purdue.edu/newcrop/morton/fig.html
http://www.hort.purdue.edu/newcrop/morton/fig.html
http://www.latimes.com/features/la-fo-market16-2008jul16,0,4856462.story
http://www.latimes.com/features/la-fo-market16-2008jul16,0,4856462.story
http://en.wikipedia.org/wiki/Cranberry
http://www.wenatcheeworld.com/news/2011/oct/07/cranberry-harvest-under-way-on-wa-coastal-bogs/
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http://www.capecodtravel.com/attractions/nature/cranberries0900.shtml
http://www.capecodtravel.com/attractions/nature/cranberries0900.shtml
http://etd.fcla.edu/UF/UFE0009182/weihman_s.pdf
https://utextension.tennessee.edu/publications/documents/W171.pdf
https://utextension.tennessee.edu/publications/documents/W171.pdf
http://www.nysipm.cornell.edu/factsheets/grapes/pests/gcb.pdf
http://www.calagquest.com/BloomTime.php
http://sacramentogardening.com/edible_gardening.html
http://wiki.answers.com/Q/What_time_of_year_do_you_grow_peas
http://www.ipmcenters.org/pmsp/pdf/WesternONION.pdf
http://www.ipmcenters.org/pmsp/pdf/WesternONION.pdf
http://aggie-horticulture.tamu.edu/archives/parsons/publications/onions/oniongro.html
http://edis.ifas.ufl.edu/mv112
http://www.ctahr.hawaii.edu/oc/freepubs/pdf/f_n-7.pdf
http://www.strawberry-recipes.com/plant-strawberries.html
http://strawberryplants.org/2010/05/strawberry-varieties/
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Half-lives for hydrolysis in water are inversely dependent on pH, and range from 
16 to 73 d. CPY is an inhibitor of acetylcholinesterase and is potentially toxic to 
most animals. Differences in susceptibility result from differences in rates of adsorp-
tion, distribution, metabolism, and excretion among species. CPY is an important 
tool in management of a large number of pests (mainly insects and mites) and is 
used on a wide range of crops in the U.S. Estimates of annual use in the U.S. from 
2008 to 2012 range from 3.2 to 4.1 M kg y−1, which is about 50% less than the 
amount used prior to 2000. Applications to corn and soybeans accounts for 46–50% 
of CYP’s annual use in the U.S.

Crop in field, location, and use of CPY
Months of the year in which CPY is applied

J F M A M J J A S O N D
Corn, Southern states in field

Use of CPY

Northern states in field

Use of CPY

Cotton, Southern areas in field

Use of CPY

Northern areas + CA in field

Use of CPY

Peanuts, in field

Use of CPY

Peppermint and Spearmint, in field

Use of CPY

Sorghum, in field

Use of CPY

Soybeans, in field

Use of CPY

Sugarbeets, in field Imperial Valley, CA

Use of CPY

Other locations in field

Use of CPY

Sunflowers, in field CA

Use of CPY

TX & OK in field

Use of CPY

Other states in field

Use of CPY

Sweet potato, in field

Use of CPY

Tobacco, in field New England & PA

Use of CPY

Southern states in field

Use of CPY

Data from: (Chen et al. 2011; USDA 2010; Zheljazkov et al. 2010)

Table 6  Timing of chlorpyrifos use for crops in the U.S. that are in the field part of the year
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1  �Introduction

The fate and movement of the organophosphorus insecticide chlorpyrifos (CPY; 
CAS No. 2921-88-2) and its principal transformation product of interest, 
chlorpyrifos-oxon (CPYO; CAS No. 5598-15-2), are primary determinants of expo-
sures experienced by animals in terrestrial and aquatic environments. Dynamics of 
the movement of CPY and CPYO are determined by the interactions between chem-
ical and physical properties (Solomon et al. 2013a) and environmental conditions. 
Together, these properties provide the basis for developing and refining models of 
exposure for assessing risks. An extensive review of the environmental fate of CPY 
was published in 1993 (Racke 1993). The following sections build on this review, 
with updates exploiting relevant data from new studies and other reviews in the lit-
erature as these pertain to the assessment of risks in the ecosystem. This report 
addresses processes that affect fates of CPY and CPYO in various compartments of 
the environment and how these affect exposures of ecological receptors (Fig. 1) as 
discussed in companion papers (Cutler et  al. 2014; Moore et  al. 2014; Williams 
et  al. 2014). This paper serves as an update on the environmental dynamics and 
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potential exposures to CPY that were presented previously (Giesy et  al. 1999; 
Solomon et al. 2001) and includes additional information on environmental chemo-
dynamics of CPY that have become available subsequent to those earlier publica-
tions. There have been and continue to be extensive studies on the presence of CPY 
and CPYO in environmental media near to and remote from sites of application. 
Many are prompted by concerns that these substances may have effects on distant 
sensitive organisms, such as amphibians and in remote food webs as have occurred 
with organo-chlorine pesticides.

2  �Fate in the Atmosphere and Long-Range Transport

The potential for long-range transport (LRT) is a concern for synthetic chemicals 
of commerce, including pesticides. Concentrations of synthetic chemicals mea-
sured at locations distant from sources, in conjunction with mass-balance model-
ing, have combined to provide information on key contributing processes involved 
in LRT, especially for persistent organic pollutants (POPs) that have relatively 
long residence times in the atmosphere. A quantitative predictive capability has 
emerged in the form of simple mass-balance models such as TAPL3 and the 
OECD Tool (Beyer et al. 2000; Wegmann et al. 2009). These models have been 
used in regulatory contexts and characterize LRT as a Characteristic Travel 
Distance (CTD) over which some two-thirds of the mass of chemical transported 
from source regions is deposited or transformed to other chemicals, while the 
remaining third is transported greater distances through the atmosphere. The 
focus here is the organophosphate insecticide, CPY and its transformation 
product CPYO, in which the sulfur atom is replaced by oxygen (Giesy et  al. 
1999; Racke 1993).

Fig. 1  Qualitative 
diagrammatic representation 
of the sequence of processes 
influencing the fate of CPY 
in various environmental 
compartments after release 
and their influence on 
exposures to biota

D. Mackay et al.
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2.1  �Chlorpyrifos and Chlorpyrifos-Oxon

Evidence that CPY is subject to LRT is provided in reports of concentrations in air 
and other media at locations remote from sites where CYP is applied in agriculture 
(Tables 1, 2, 3 and 4). Notable are studies conducted in the intensely agricultural, 
Central Valley of California and adjacent National Parks. CTDs of several pesti-
cides, including CPY have been estimated (Muir et al. 2004). Results of these mod-
eling exercises have suggested a CTD of 280–300 km for CPY, the narrow range 
being the direct result of close similarities between the model equations. Monitoring 
observations of concentrations of CPY in air close to and carried downwind from 
application areas are in general accord with these distances. Also in accord are 
monitoring data reflecting deposition in foothill and mountainous terrain, especially 
in the Sierra Nevada of California.

Table 1  Reported concentrations of CPY in air in N America

Location and dates of sampling Concentration (ng m−3) Reference

CANCUP data for 8 sites in 
Canada 2004–2005, values 
range from areas of 
application to distant areas

0.08–22 Yao et al. (2008)

Passive air samples in Ontario 
2003–2005

0.0003–0.06; median 0.007; 73% 
FODa

Kurt-Karakus et al. 
(2011)

Iowa 2000–2002 Average 1.0, 19% FOD 1.4 at 
1A—AM Site, 0.88 at Hills

Peck and 
Hornbuckle 
(2005)

Mississippi River Valley 1994 0.43 Majewski et al. 
(1998)

Chesapeake Bay 2000 0.015–0.670 Median 0.110 FOD 
87%

Kuang et al. (2003)

Bratt’s Lake (Saskatchewan) 
and Abbotsford (British 
Colombia)

Mostly 10–100 with 3 concentra-
tions exceeding 100 and a 
maximum of 250 in Aug 2003 
at Bratt’s Lake near area of use 
but max only 1.38 in Jul 2005. 
Concentrations in Abbotsford, 
an area of lesser use all <0.26 in 
2004 and 2005

Raina et al. (2010)

Mississippi River Valley FOD 93, MS 35%, Iowa City 90%, 
Cedar Rapids 50%, Minneapolis 
10%, Princeton MN 3%

Foreman et al. 
(2000)

Central Valley (CA) and Sierra 
Nevada

CPY up to 180 and CPYO up to 54, 
lesser concentrations in Sequoia 
NP

Aston and Seiber 
(1997)

CPY and CPYO in air in 
Sequoia NP

0.16–17.5 LeNoir et al. 
(1999)

aFOD = frequency of detection
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A comprehensive ecotoxicological risk assessment of CYP was developed for 
birds and mammals (Solomon et al. 2001) and aquatic environments (Giesy et al. 
1999) that were near areas of application. The analysis of LRT of CPY and CPYO 
presented here extends those assessments to regions downwind of points of applica-
tion. The approach taken in this study was to compile and evaluate data on concen-
trations of CPY and CPYO at locations both near to applications and remote from 
sources. This assessment of LRT thus goes beyond determination of CTD to include 
estimates of concentrations of CPY and CPYO in other environmental media such 
as rain, snow, and terrestrial phases as well as in the atmosphere at more remote 
locations, including high altitudes. This was accomplished by developing a rela-
tively simple mass-balance model, predictions from which could be compared to 
available measured concentrations of CYP in air and other media. This can provide 
an order-of-magnitude test of the accuracy of the predictions of the model, and, in 
this way, make an indirect assessment of the relative importance of the included 
processes and parameters. The model can then serve as a semi-quantitative predic-
tive framework that is consistent with observations. The equations included in the 
model enable examination of the effect of changes in parameters such as application 
rate, temperature, meteorology, distance from source and precipitation. Estimated 
concentrations in terrestrial and aquatic environments remote from areas of applica-
tion can be used, in combination with toxicological data, to assess risk to organisms 
in those media and locations.

Monitoring data. Reports of concentrations of CPY in air at a variety of locations 
are presented in Table 1, with comments on other influencing factors such as alti-
tude. Also included are reports of concentrations of toxicologically-relevant trans-
formation products, such as CPYO, if and when such information was available. 
Reports of concentrations of CPY in precipitation (rain and snow) are given in 
Table 2, while Table 3 provides data for water bodies and other terrestrial media. 

Table 2  Reported concentrations of CPY in rain and snow and fluxes

Location and dates of sampling Concentration in ng L−1 Reference

Chesapeake Bay 2000 Rain; 0.97–29 average 4.8, FODa 14%
Wet flux, 190 ng m−2 event total 

6,100 ng m−2, 1.1 kg/yr

Kuang et al. (2003)

Svalbard Ice Cap 1979–1986 Ice, peak concentration 16.2 at ~15 m Hermanson et al. 
(2005)

Delaware/Maryland April to 
Sept 2000–2003

Rain; 1.0–29 average 1.0 39% FOD
Fluxes ~610–1750 average 

1.0–4.5 ng m−2

Goel et al. (2005)

7 US National Parks (NP) 
March–April 2003

Snow in Sequoia NP; 2.8, 1.3
Other NP ; 0.033 ~0.05 ~0.5 ~0.02 

~0.02 and 0.03
Deposition in Sequoia NP; 

2,600 ng m−2

Other parks; 25, 65, 35, 30, 14, and 
4 ng m−2

Correlations with altitude and 
distance, 75, 150, 300 km from 
sources

Hageman et al. 
(2006)

aFOD = frequency of detection
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A significant portion of these data are from the Sierra Nevada, including National 
Parks that are some 30–200 km and primarily downwind and up-gradient from the 
productive agricultural Central Valley of California, in which there is significant 
usage of CPY (Solomon et al. 2014).

The data in (Tables 1, 2, 3 and 4) confirm that measurable concentrations of 
CPY are found in air and other media remote from sources with a significant 

Table 3  Reported concentrations of CPY in aquatic and terrestrial media

Location and dates of sampling
Concentration in ng g−1dwt unless 
indicated otherwise Reference

Sierra Nevada CA 2,785–3,375 m 
elevation 2004/2005 and 
Yosemite National Park

Water: all concentrations in water 
were <0.07 ng L−1

Sediment:
0.043–3.478 median 0.107
0.285–12.44 median 1.73
0.011–2.276 median 0.101
0.499–10.72 median 1.372
Tadpoles:
2.224–156, median 22.2 ng g−1 lipid
2.741–68.4, median 19.9 ng g−1 lipid

Bradford et al. 
(2010a)

Bradford et al. 
(2013)

Lassen National Park, CA, 25 km 
from the San Joaquin Valley 
edge

Tadpoles of Pacific tree frog (Hyla 
regilla):

10–17 ng g−1wwt

Datta et al. (1998)

Kaweah, Kings, and Kern
Watersheds 43–85 km from the 

San Joaquin Valley edge

Tadpoles of Pacific tree frog (Hyla 
regilla):

<0.6 ng g−1wwt

Bradford et al. 
(2010b)

Thirty Canadian lakes 1999–2001 Lake water in application region: 
0.28–1.0 mean 0.65 ng L−1

Lake water in remote regions: 
<0.017–2.9 mean 0.82 ng L−1

Lake water, subarctic: 
  < 0.017–<0.017 ng/L−1 in all 
samples

Lake water, arctic: <0.017–1.6 mean 
0.27 ng L−1

Muir et al. (2004)

Ontario 2003/2005 Lake water: <0.002 to 0.5 ng L−1 
median 0.02, 77% FOD

Rain: <0.004 to 43 ng L−1 median 
0.76, 80% FOD

Zooplankton: <0.003–0.08, 0.004, 
0.005 ng g−1wwt (geometric 
means = GM)

BAF in Zooplankton (GM) 70 (wwt), 
3,300 (lipid wt)

Kurt-Karakus 
et al. (2011)

Chesapeake Bay, 2000 0.51–4.6 Kuang et al. 
(2003)

Lichen in Yosemite NP 
2003–2005

0.92 ng g−1, 1.7 ng g−1 Mast et al. (2012)

Pine needles in Sequoia NP, 1994 10–125 ng g−1dwt Aston and Seiber 
(1997)

Sequoia NP, 1996–1997 Dry deposition: 0.2–24 ng m−2 d−1

Surface water: 0.2–122 ng L−1

LeNoir et al. 
(1999)
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frequency of detection. The key issue in this context is not one of presence/absence, 
because CPY and CPYO can be monitored in air at concentrations as little as 
0.001 ng m−3, which are much less than thresholds for adverse effects. Risk depends 
on the magnitude of concentrations, especially in media where organisms might be 
exposed and thus are potentially at risk. It can be difficult to assimilate ranges in 
concentrations in the atmosphere and the variety of concentration units of differing 
magnitudes in sampled media. Accordingly, here, the feasibility was assessed of 
compiling a more readily comprehendible depiction of multi-media environmental 
concentrations by expressing the concentrations as ranges and converting concen-
trations in various media to fugacities. Fugacity is essentially partial pressure and 
can be deduced for all media and compared directly, without difficulties introduced 
by the use of different concentration units for individual compartments of the envi-
ronment. Using fugacity as a synoptic descriptor of concentrations in the ecosys-
tem has been applied previously to multi-media concentrations of organochlorines 
in the Great Lakes (Clark et al. 1988). It is, of course, possible to calculate multi-
media equilibrium concentrations using partition coefficients directly, rather than 
using fugacity as an intermediate, but the equilibrium status of two phases with 
units such as ng m−3 in air and mg kg−1 in vegetation may not be obvious.

Ideally, to demonstrate directly the trend of decreasing concentrations, the data 
should be plotted as a function of distance from source, but because sources are 
often uncertain and concentrations vary with time as a function of transformation of 
the material at the location of release, this is rarely possible. The approach adopted 
here was to compile a distribution of reported concentrations to gain perspective on 
the range in magnitude of concentrations at various distances from points of release, 
at least for ecosystems for which sufficient monitoring data have been compiled. 
Accordingly, Table 4 depicts the distribution of reported concentrations for air, rain, 
snow, water bodies, soils, sediments, and biota on a decade scale. In some cases, 
products of transformation are included and in others they were specifically 
excluded. Some of the data were reported graphically or as ranges, so numerical 
values were sometimes difficult to establish. Locations for which information was 
available varied geographically and often lacked information on current and recent 
meteorology such as wind speed, temperature, and precipitation. Some values 
reported for each concentration range are approximate because reports gave only 

Table 4  Numbers and approximate percentage distributions of reported concentration levels 
expressed as percentages of reported data

Phase
Air 
ng m−3

Rain 
ng L−1

Snow 
ng L−1

Water 
ng L−1

Sediment 
ng g−1

Soil 
ng g−1

Biota 
ng g−1

Number and conc. ~100 15 18 30   8 2 10
% >10 15 20 11   0   0 0 0
% 1–10 14 40 17 46 20 0 10
% 0.1–1.0 36 20 11 27 40 100 10
% 0.01–0.1 27 20 61 10 40 0 80
% 0.001–0.01   8   0   0 17   0 0 0

Note that concentrations in air and rain appear similar numerically because the air-water partition 
coefficient of 0.00034 is similar to the 0.001 factor conversion from m3 to L
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minimum, maximum, and mean or median concentrations. Such results are reported 
as three points. Given these limitations, only an approximate distribution of observed 
values can be obtained.

Concentrations in air that exceed 20 ng CYP m−3 were generally near sources 
(areas of application), while those in the range 0.01–10 ng CYP m−3 were regarded 
as “regional”, corresponding to distances of up to 100  km from sources. 
Concentrations less than 0.01 ng CYP m−3 were considered to be “remote”. There is 
a possibility that lesser concentrations could have been measured close to sources if 
the prevailing wind direction is not from the source region. Approximately 70% of 
the data for concentrations in air were in the range of 0.01–1.0 ng CPY m−3. For 
rain, the greatest frequency (40%) was in the range 1–10 ng CPY L−1. The distribu-
tion of concentrations of CPY in snow exhibited similar patterns, but with more 
concentrations in the range 0.01–0.1 ng CPY L−1.

Physical-chemical properties of chlorpyrifos and chlorpyrifos-oxon. The model 
developed here was designed to describe transport and fate of CPY from source to 
remote destinations and thus obtain a semi-quantitative assessment of its LRT char-
acteristics and provide estimates of exposure concentrations at remote locations. 
Estimates can then be compared with measured concentrations from monitoring 
programs. The sensitivity of the results to uncertainty in the various input parame-
ters can also be determined. Fundamental to assessing and predicting LRT of CPY 
and CPYO are reliable values for physical-chemical properties and rates of 
reaction by different processes that determine partitioning and persistence in the 
environment. Data from the literature were compiled and critically assessed to 
obtain consistent values of these physical-chemical properties (Tables 5, 6, and 7). 

Table 5  Key physical-chemical properties of CPY

Property Units Value Comments

Melting point (mp) °C 42
Molar mass g/mol 350.6
Fugacity ratio (FR) – 0.68 Estimated from mp
Vapor pressure (VP) of solid Pa 0.0023 EPA gives 0.00249
Vapor pressure of sub-cooled 

liquid
Pa 0.0034 Consistent with FR and solid 

VP
Solubility of solid in water g m−3or mg L−1 0.73 EPA gives 1.43
Solubility of sub-cooled 

solid
g m−3 1.07 Consistent with FR and solid 

solubility
Henry’s Law constant Pa m−3 mol−1 1.11 VP/Solubility, EPA gives 0.628
Air-water partition coeff. 

KAW

– 0.00045
Log is −3.35

Calculated from H/RT

Octanol-water partition 
coeff. KOW

– 100,000
Log is 5.0

EPA gives 4.7

Octanol-air partition coeff. 
KOA

– 2.2 × 108

Log is 8.34
Log is 8.34, KOA = KOW/KAW

Organic carbon-water 
partition coeff. KOC

L/kg 8,500
Log is 3.93

EPA gives 5,860, 4,960, 7,300

Data from Mackay et al. (1997); Muir et al. (2004); Racke (1993); USEPA (2011). Values are at 
25 °C unless otherwise stated
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Selected values presented for CPY in Tables 5 and 6 are well established and judged 
to be accurate within a factor of approximately 2 but, in some cases, ranges are 
given to reflect the variability and uncertainty in values. Since CPYO has been less 
studied, the values presented in Table 7 are subject to more uncertainty than those 
for CPY and must be treated as tentative.

The vapor pressure and solubility were used only to estimate the air-water parti-
tion coefficient KAW and the Henry’s Law constant, H. The octanol-water partition 
coefficient (KOW) was used only indirectly to estimate the organic carbon water 
partition coefficient (KOC) in the TAPL3 LRT model but, since there are extensive 
empirical data on KOC, these empirical values were used directly. The octanol-air 

Table 6  Estimated reaction half-lives of CPY in various media as used in the modeling of LRT

Medium Value Comment

•OH radical reaction  
in air

9.1 × 10−11 cm3  
molecules−1 s−1

2nd order rate constant

Half-life in air 1.4 h
3.0 h

•OH radical conc. of 1.5×106 molecules cm−3

•OH radical conc. of 0.7×106 molecules cm−3

Half-life in air 3 h Conservative value assuming lesser  
concentration of •OH

Half-life in soil 7–30 d 168–720 h
Half-life in surface water 30–50 d 720–1,200 h
Half-life in sediment 50–150 d 1,200–3,600 h

Table 7  Estimated and measured physical-chemical properties of CPYO

Property Value Comment

Molar mass 334.6
Vapor pressure 0.00088 Pa (USEPA 

2011)
Goel et al. (2007) give 0.0000062

Solubility in water 26 mg L−1 (USEPA 
2011)

Octanol water partition 
coefficient KOW

776 (USEPA 2011). Log 
is 2.89

Appears very low compared to KOW for 
CPY

Half-life in air 11 h
7.2 h

•OH radical conc. of 1.5×106 molecules 
cm−3 (Aston and Seiber 1997)

•OH radical conc. of 1.56×106 molecules 
cm−3

Half-life in air 11 h Conservative value assuming lesser 
concentration of •OH

Half-life in soil 9–30 d
Half-life in water 13.2 d (USEPA 2011)

40 d, pH = 4, 20 °C
4.7 d, pH = 7, 20 °C
1.5 d, pH = 9, 20 °C 

(Tunink 2010)

The more conservative value of 13.2 d 
was used in the modeling

Half-life in sediment 132 d 10× half-life in water assumed

Note that some of these values are only illustrative and are subject to considerable error
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partition coefficient (KOA) can be used to determine partitioning from air to aerosol 
particles. Its value is not used directly, but is estimated from the ratio KOW/KAW; 
however, its relatively low value proves to be less important because monitoring 
data confirm that CPY does not partition appreciably to aerosol particles in the envi-
ronment (Yao et al. 2008) or indoors (Weschler and Nazaroff 2010).

From the perspective of LRT, the single most important parameter determining 
concentrations at any given location and the distance that a chemical can be trans-
ported, is transformation half-life in the atmosphere. Results of a study of the 
atmospheric chemistry of CPY and CPYO at the EUPHORE experimental facility 
in Spain have been reported showing that the principal process that transforms 
CPY in the atmosphere is reaction with •OH radicals, although there are also con-
tributions from direct photolysis and reactions with ozone and nitrate radicals 
(Muñoz et al. 2012). In that study, a second-order rate constant for transformation 
of 9.1 × 10−11  cm3 molecules−1  s−1 was determined. Combining that second order 
rate constant with a concentration of 1.5 × 106 •OH molecules cm−3 gives a first 
order rate constant of 13.6 × 10−5 s−1 which corresponds to a half-life of 1.4 h. Half-
lives of CPY, thus depend directly on the assumed concentration of •OH. For
CPYO, the corresponding rate constant is less certain (0.8–2.4 × 10−11 cm3 mole-
cules−1  s−1) and was estimated to be a factor of approximately 5.5 slower. 
Experimental results indicated a 10–30% yield of CPYO from transformation of 
CPY, which is judged to be relatively small, given the absence of significant yields 
of other transformation products.

In their assessment of LRT, Muir et al. (2004) used the AOPWIN, structure activ-
ity (SAR) program to predict a second-order rate constant for CPY of 9.17 × 10−11 cm3 
molecules−1 s−1, a value almost identical to that estimated by Muñoz et al. (2012). 
Muir et al. used a more conservative concentration of •OH that is tenfold less, which
yielded an estimated half-life of 14 h (Muir et al. 2004). The lesser concentration of 
•OH was selected to account for concentrations of •OH likely to occur in more
remote regions and at higher latitudes, for example in Canada. Global concentra-
tions of •OH have been compiled and a concentration of 0.9×106 •OH molecules
cm–3 was reported for April in the Central Valley of California and increasing to 
1.46 × 106 in July and decreasing to 0.63 × 106 in October (Spivakovsky et al. 2000). 
At the latitude of Iowa, USA, concentrations of •OH in summer were approximately
80–85% of the concentrations observed in California. In the assessment of LRT 
reported here, atmospheric half-lives of 3 and 12 h were selected as being reason-
able and conservative daily averages for CPY and CPYO, respectively. The actual 
half-lives of CPY could be a factor of two shorter, especially during midsummer 
daylight hours and polluted conditions when concentrations of •OH are greater.
Monitoring data suggest that CPYO might have a shorter half-life. Half-lives, based 
on experimental data for CPY-methyl (CPY-methyl), have been reported to be in the 
range of 3.5 h for reactions between CPY-methyl and •OH, 15 h for direct photoly-
sis, >8 d for reactions with ozone (O3) and a half-life of 20 d for transformation of 
CPY-methyl through reactions with nitrate radicals (Munoz et al. 2011). Given the 
structural similarity between CPY and CPY-methyl, it is likely that similar propor-
tions apply to both substances for reactions in the atmosphere, but not necessarily in 
other media such as rainwater and surface water where rates are pH-dependent.
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Reported half-lives of CPY in soils vary considerably, which has been attributed 
to differences in soil organic carbon content, moisture, application rate and micro-
bial activity (Racke 1993). Less data were available for water and sediments. From 
a critical review of the literature, the half-lives in Table 6 were selected. These are 
considerably shorter than those predicted by the EPIWIN program and used by 
Muir et al. (2004). Since these half-lives are uncertain, the selected values must be 
regarded as tentative, although they are not critical to the determination of potential 
for LRT because deposited CPY evaporates slowly. These half-lives are, however, 
important for assessing the extent and duration of exposures in distant water, soil, 
and sediment ecosystems.

Volatilization. For LRT in the atmosphere, one of the most important parameters is 
the rate of volatilization from surfaces of leaves and soils. Drift is also important but 
over shorter distances. The quantity of CPY entering the atmosphere following 
application is a function of several variables, including the physical-chemical prop-
erties of the formulation, whether it is applied as a liquid or granular formulation, 
the quantity applied, the area to which it is applied, the soil properties where applied, 
meteorological conditions, spray composition and related parameters and the result-
ing losses by spray drift. The early period after spraying and particularly 24–48 h 
after application is critical in determining the fraction of applied CPY that enters 
the atmosphere and becomes subject to LRT (Racke 1993). Relatively fast initial 
volatilization of applied CPY is observed in the first 12 h after application. The 
initial loss rate is hypothesized to result directly from volatilization of the “neat” 
formulated product. But, as the CPY sorbs to the substratum (e.g., foliage or soil), 
it becomes subject to photolysis, and the rate of volatilization decreases as a func-
tion of time. Photolysis of the formulation occurs on the surface of leaves and soils 
to form CPYO, which also volatilizes. These assertions are consistent with the 
results of the study by Zivan (2011), who demonstrated substantial rates of photoly-
sis of CPY to CPYO on various surfaces. In the days subsequent to application, 
CPY adsorbs more strongly to soil, penetrates more deeply into the soil matrix, 
becomes less available for volatilization, and becomes subject to biological trans-
formation processes.

The model developed here uses illustrative numerical values of quantities applied 
and characteristics of the environment to which it is applied. To simulate a desired 
application, these parameters can be varied to explore the effects of rates and condi-
tions of application on volatilization. Results of pesticide dissipation studies that 
immediately followed application have been complied and reviewed by several 
authors (Majewski 1999; van Jaarsveld and van Pul 1999). Results of two experi-
mental field studies are particularly applicable to this LRT study. In the first study, 
two techniques for direct flux measurement were applied to CPY and CPYO follow-
ing application of 0.98 kg CPY(a.i.) ha−1 to recently cut alfalfa in the Central Valley 
of California (Rotondaro and Havens 2012). The Aerodynamic method gave a max-
imum flux of 0.657  μg  m−2  s−1 (2,365  μg  CPY  m−2  h−1) which decreased to 
0.002 μg CPY m−2 s−1 (7.2 μg CPY m−2 h−1) by 24 h. The Integrated Horizontal Flux 
method gave a maximum flux of 0.221 μg CPY m−2 s−1 (797 μg CPY m−2 h−1), which 
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decreased to 0.002  μg CPY m−2  s−1 (7.2  μg CPY m−2  h−1) by 24  h following 
application. Total loss of CPY mass in the 12–24 h after application ranged from 
15.8 to 16.5%, but diurnal variability is expected. CPYO was also observed to evap-
orate but at a lesser rate of 0.0164 μg m−2 s−1 for the 3–8 h period after application, 
which corresponds to 0.85% of the CPY applied. These results confirm that some of 
the CPY was transformed to CPYO on the surface and/or in the atmosphere imme-
diately above the surface and subsequently entered the atmosphere. The average 
initial flux was approximately 1,500 μg CPY m−2 h−1 and decreased by a factor of 
approximately 200–7.2 μg CPY m−2 h−1. In an earlier study, the eddy correlation 
micro-meteorological technique was used to estimate evaporation fluxes for several 
pesticides including CPY in the days following application in California (Woodrow 
and Seiber 1997). For CPY, a flux of 92.3 μg m−2 h−1 was calculated following appli-
cation of 1.5 kg CPY ha−1, which is equivalent to 0.15 g CPY m−2. Fluxes of other 
pesticides were directly correlated with vapor pressure (P, Pa) and inversely propor-
tional to KOC (L  kg−1) as well as solubility in water (S, mg L−1). The parameter 

described by 
P

K SOC( )
 is essentially an air/soil partition coefficient analogous to an 

air/water partition coefficient, thus this correlation has a sound theoretical basis. 
This flux of 92.3 μg CPY m−2 h−1 from a site containing 0.15 gm−2 corresponds to a 
loss of a fraction of 92.3 × 10−6/0.15 or 615 × 10−6 per hour, which is equivalent to 
0.0615% per hour or 1.4% per day. The total flux from an area of 1 ha or 104 m2 is 
thus predicted to be approximately 0.92 g CPY h−1, with a possible error judged to 
be a factor of 3.

In summary, it is suggested that, in the 12 h following application of the liquid 
formulation to the surface, approximately 10–20% of the applied material volatil-
izes, but variability is expected diurnally, with temperature, rainfall and soil mois-
ture content. Sorption then “immobilizes” the CPY and subsequent volatilization is 
slower, with a rate of approximately 1% per day that decreases steadily to perhaps 
0.1% per day in the subsequent weeks. During these periods on the surface and in 
the atmosphere, there is direct photolysis of CPY to CPYO. A detailed characteriza-
tion of the initial 12 h period is given by Rotondaro and Havens (2012), while 
studies by Woodrow et al. (Woodrow and Seiber 1997; Woodrow et al. 2001) char-
acterized average volatilization during the day or 2 following application. In the 
context of modeling volatilization losses, the simplest approach is to determine the 
total applied quantity and area treated, assume an immediate volatilization loss of 
10–20% followed by a period of slower volatilization at an approximate initial rate 
of 1% per day decreasing with a half-life of approximately 3 d to 0.1% after 10 d. 
Rain and temperature will affect these rates. For illustrative modeling purposes, it 
was assumed that a typical rate of application is 1.5 kg CPY ha−1, which corre-
sponds to 0.15 g CPY m−2 (Woodrow and Seiber 1997) to an illustrative area of 
1.0 ha (104 m2).

Concentrations in air. Of primary interest here are concentrations of CPY in the 
atmosphere following application. A maximum concentration is dictated by the 
saturation vapor pressure of solid CPY of 0.0023  Pa, which corresponds to 
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approximately 0.00033 g m−3 or 330,000 ng m−3 in an enclosed ecosystem. It is 
inconceivable that this concentration could be achieved in the field because of dilu-
tion in formulations and mass transfer limitations during evaporation. Concentrations 
of CPY in air above a potato field in the Netherlands at noon in midsummer ranged 
from 14,550 to 7,930 ng m−3 at 1 and 1.9 m above the crop 2 h after application 
(Leistra et al. 2005). These declined to a range of 2,950 to 1.84 ng m−3 after 8 h and 
to 26 to 15  ng  m−3 in the 6 d following application. The initial flux was large 
(5–9 mg m−2 h−1), possibly because of the large surface area of the leaves of this 
crop. As CPY is not registered for use on potatoes in the U.S., these data were not 
used in this assessment. Similarly high concentrations of CPY in air following an 
application of 4.5 kg ha−1 to turf were in the range of 1,000–20,000 ng m−3 (Vaccaro 
1993). This might be a “worst case” in terms of concentrations and represents ~10% 
of the saturation concentration in air, i.e., the vapor pressure/RT, where RT is the 
gas constant-absolute temperature group. Immediately after application, concentra-
tions of CPY of approximately 10,000 ng CPY m−3 (~3% of saturation) were mea-
sured at a height of 1.5 m above an alfalfa crop (Rotondaro and Havens 2012). 
Concentrations then decreased to approximately 100 ng m−3 after the initial more 
rapid evaporation. The USEPA conducted a modeling study to assess potential 
exposures of bystanders close to the site of application (USEPA 2013), but these 
values are not directly relevant to larger distances, in which concentrations would 
be much smaller because of dilution.

Concentrations of pesticides in air downwind of the site of application can, in 
principle, be calculated from an estimated flux by assuming a wind-speed, a mixing 
height, an atmospheric stability class and dimensions of the site. This is most rigor-
ously done by using air dispersion models, such as SCREEN3 (Turner 1994; USEPA 
1995). Detailed estimation of near-source concentrations in the atmosphere are 
beyond the scope of the simulation utilized here, which was focused on transport 
over distances up to 100s of km. Such estimates are nonetheless useful to estimate 
the order of magnitude of these “source” concentrations when monitoring data have 
been obtained in the vicinity of sources. The SCREEN3 model has been used to 
estimate concentrations in air at ground-level (1.5 m) immediately downwind, such 
as 10–30 m, from treated crops (Woodrow and Seiber 1997). Measured concentra-
tions of five pesticides were of similar magnitude to predicted concentrations 
(μg m−3) and similar in magnitude to estimated fluxes (μg m−2 s−1), a result that is 
consistent with the ratio of these two parameters being approximately 1 m s−1. This 
ratio of flux to concentration can be regarded as an effective wind-speed or mass 
transfer coefficient into which the evaporated chemical is diluted and is similar to 
the actual wind-speed of a few meter per second. Measured and simulated concen-
trations of pesticides in air were in good agreement. Accordingly, using this simple 
estimation method, ground-level concentrations in air at the site studied by Woodrow 
et al. are expected to be approximately 92 μg m−2 h−1 divided by a typical wind-
speed of 3,600 m h−1, giving 0.025 μg m−3, which is 25 ng m−3. This result is consis-
tent with the above estimate. Volatilization rates of approximately 1,500 μg CPY 
m−2  h−1 (Rotondaro and Havens 2012) yielded a concentration of approximately 
500 ng CPY m−3. Concentrations would be expected to be less downwind because 
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of dissipation by vertical and lateral atmospheric dispersion. Concentrations in the 
range of 100 ng CPY m−3 ± a factor of 10 are regarded as typical of areas immedi-
ately downwind (~1 km) of application sites, but large variability is expected from 
differences in rates of application, nature of the crops treated, site area and meteo-
rological conditions, especially temperature and wind-speed.

In support of these concentration ranges, Raina et al. (2010) have reported CPY 
concentrations at the Canadian agricultural field site at Bratt’s Lake SK in 2003 and 
2005. Over a 4-d sampling period, concentrations were 1–100 ng CPY m−3 with 
some values as high as 250 ng CPY m−3. These are similar to measured concentra-
tions in the range 4–180 ng CPY m−3 adjacent to a citrus orchard at the Lindcove 
Field Station in California (Aston and Seiber 1997). Concentrations of a variety of 
pesticides, including CPY, have been measured at locations across Canada (Yao 
et al. 2008). In the intensive fruit and vegetable growing area of Vineland, Ontario, the 
greatest concentrations of CPY were 21.9 ng CPY m−3 in 2004 and 20.6 ng CPY m−3 
in 2005. These concentrations suggest that sampling was at a site within a few km 
of treated areas and possibly during or shortly after application. It has been confirmed 
that the samples were taken immediately adjacent to the application and were timed 
to coincide with the application (Personal communication, Dr. T. Harner).

Volatilization from water. It is possible that some CPY enters nearby ponds or 
streams as a result of spray drift and run-off and subsequently evaporates from these 
water bodies or flows downstream. To assess the significance of this process a sim-
ple kinetic analysis was conducted using the two-resistance or two-film model. If 
typical water and air mass transfer coefficients (MTCs) for water to air exchange are 
assumed of 0.05 and 5 m h−1 and KAW is 4.5 × 10−4, respectively, then the water and 

air phase resistances are 
1
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444 h m−1 and the overall water phase MTC would be 0.0021 m h−1 as follows (1):
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The primary resistance to transport thus lies in the air phase. For a water depth of 
1 m, the rate constant for evaporation would be 0.0021 h−1 and the half-life would 
be 322 h, which is 13 d. This is similar to the half-lives estimated for transformation 
of CPY in water, which suggests that both volatilization and transformation are 
significant pathways of dissipation of CPY in such bodies of water. Partitioning to 
suspended solids and deposition to bottom sediments are also likely to remove some 
CPY from solution (Gebremariam et al. 2012) and reduce the volatilization rate. 
CPY reaching water bodies will thus be subject to other loss processes and rela-
tively slow and delayed evaporation over a period of weeks. It is concluded that 
secondary volatilization from water bodies is unlikely to be significant compared 
with the primary volatilization immediately following application.
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2.2  �Model of Long Range Transport and Characteristic  
Travel Distance

Estimation of mass loss by transformation and deposition. As a parcel of air con-
taining 100 ng CPY m−3 is conveyed downwind, the total mass and concentrations 
of CPY decrease. The mass decreases as a result of transformation processes, pri-
marily reaction with •OH radicals and net deposition. Oxidation primarily results
in the formation of CPYO. The rate of the overall process can be represented (2) 
as follows:

	 V C k V C tR× × × ×or 0 693. 	 (2)

Where: V is volume, C is concentration and kR and t are the first-order rate constant 
(0.23 h−1) and half-life (3 h), respectively. There is also loss of mass of CPY by trans-
port from air to the ground, specifically due to deposition in rain or snow, sorption to 
aerosol particles that subsequently are deposited by wet and dry deposition, and 
direct sorption to terrestrial and aquatic surfaces as shown by Aston and Seiber 
(1997), LeNoir et al. (1999) and Bradford et al. (2013). Estimates of these process 
rates can be made and the overall results can be compared to measured concentrations 
of CPY. Rates of these processes can be combined into a chemical-specific net mass 
transfer coefficient or velocity kM m h−1. The rate of deposition is described in (3):

	 C kM´ - -gm h2 1

	 (3)

and the loss of mass is described by (4):

	 A C kM´ ´ -g h 1

	 (4)

Where: A is the area and is equivalent to the volume (V) divided by the parcel height 
(H, expressed in m). Thus, the rate of loss of mass of CPY is described (5) as:

	

V C k

H
M× × −g h 1

	
(5)

The parameter 
k

H
M  can be regarded as a rate constant. The TAPL3 model, which 

is discussed later, suggests that this rate constant is approximately 0.0016 h−1 for an 
atmospheric height H of 1,000 m, which is a factor of 144 slower than transforma-
tion. For deposition from a lesser atmospheric height such as 100 m, the rate con-
stant is correspondingly greater by a factor of 10, thus there will be greater deposition 
from a near-ground level plume of higher concentration. The total rate of loss of 
mass by reaction and deposition is then described (6) as:

	
V C k

V C k

HR
M´ ´ +

´ ´ -g h 1

	
(6)
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The rate of change of mass M in the parcel is given by the following 
relationships (7):

	

dV C

dt
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Integration from an initial mass M0 gives the relationship (8):
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If a constant wind velocity U m h−1 is assumed, t can be replaced by 
L

U
, where 

L is distance in m. The CTD (m) is defined as L when the group in the exponent is 

−1.0, i.e., CTD is:
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The corresponding characteristic travel time (CTT, expressed in h) is:
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This time has the advantage that it applies regardless of the assumed wind  
velocity. When L equals CTD or CTT equals:
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or 0.368 and 63.2% of the mass is lost by transformation and net deposition. A com-
plication arises when describing the behavior of CPY in that some of the deposited 
CPY re-evaporates. The actual CTD is thus somewhat longer than that calculated, 
but, for CPY, this is a relatively small quantity. In practice, this complication is read-
ily addressed by calculating the CTD by an alternative, but equivalent method, 
which has become standard in LRT calculations. This is done by use of a multi-
media, mass balance model to calculate the steady-state mass of chemical in the 
atmosphere of an evaluative environment which contains water and soil compart-
ments. The only emission is to air and no advective losses from air are included; 
thus, the only losses from air are degrading reactions and net deposition processes, 
i.e., deposition and absorption less volatilization. Since the rate of input to air is 
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known, that rate must equal the net rate of loss from air. Dividing the calculated 
mass in air by this rate gives the characteristic time defined above and this can be 
converted to a distance by multiplying by the wind velocity U, which is convention-
ally assumed to be 14.4 km h−1 or 4 m s−1. Alternatively, the residence time or char-
acteristic travel time (CTT) in air can be calculated as the mass in air divided by the 
rate of emission. This approach is used in the TAPL3 model (Beyer et al. 2000) and 
in the similar OECD Tool described by Wegmann et al. (2009)

The output of the TAPL3 simulation model is given diagrammatically for the 
selected half-life in air of 3.0 h (Fig. 2) and includes the conservative (long) half 
lives in other media (Table 7). The mass in air is 4,328 kg and the emission rate to 
air is 1,000 kg/h, thus, the residence time in air and the CTT is 4.3 h and the cor-
responding rate constant for total loss is 0.231  h−1. The CTD is approximately 
62 km, which is the product of 4.3 h and the wind velocity of 14.4 km h−1. The rate 
of transformation is 993 kg h−1 and the net losses by deposition to water, vegeta-
tion, and soil total about 7 kg CPY h−1, which corresponds to a rate constant of 
0.0016 h−1, and is less than 1% of the rate of degradation. The critical determinant 
of potential for LRT is the rate of transformation from reactions with •OH radicals

Fig. 2  Mass balance output from the TAPL3 LRT model. A 3 h half life is assumed for atmo-
spheric degradation. The CTD is 62 km. Other parameters are as specified in Tables 5 and 6 and 
include the upper range (conservative) of half lives in water, soil and sediment in Table 6. The 
model can be downloaded from www.trentu.ca/cemc
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in air. If the half-life is increased by an arbitrary factor of 4–12 h as in Fig. 3, the 
CTD increases to 244 km.

In a similar study, Muir et al. (2004) estimated the CTD of CPY by using two 
models (TAPL3 and ELPOS) and obtained values of 290 and 283 km for conditions 
in which the concentration of •OH radicals was smaller, thus yielding a half-life of
14 h. Introducing intermittent rather than continuous precipitation had a negligible 
effect on predicted concentrations. Their longer CTDs are entirely attributable to 
their assumed longer half-life, which is a factor of 4.7 greater and is regarded as 
very conservative, but might be more appropriate for conditions at higher latitudes 
and during winter. Since the CTD is the distance over which the mass of chemical 
decreases by a factor of e (2.718), at a distance of two CTDs, the mass would be 
reduced by a factor of 7.4 and at three CTDs this factor is 20. Under the conditions 
simulated for CPY, 5% of the initial mass would remain in air at a distance of 
approximately 180 km if the half-life is assumed to be 3 h. If the half-life is increased 
to 12 h, the fraction remaining at that distance increases to 47%.

Decreases in concentration caused by dispersion/dilution. In addition to the 
decrease in concentration corresponding to loss of mass, there is a decrease in con-
centration attributable to expansion of the volume of the parcel of air in horizontal 

Fig. 3  Mass balance output from the TAPL3 LRT model. A 12  h (conservative) half life is 
assumed for atmospheric degradation. The CTD is 244 km. Other parameters are as specified in 
Tables 5 and 6 and include the upper range (conservative) of half lives in water, soil and sediment 
in Table 6. The model can be downloaded from www.trentu.ca/cemc
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and vertical dimensions. This is difficult to quantify because it depends on terrain 
and local and recent meteorology. It is especially difficult if part of the parcel of air 
is subject to fast upward convective transport (thermals) or during a storm. This 
mass of air could be conveyed to higher altitudes and into a region of lesser concen-
trations of •OH, faster transport, and lower temperatures, which could enable the
associated CPY to travel thousands of km. It is thus not surprising that small but 
detectable concentrations can be found in remote locations such as Svalbard 
(Hermanson et al. 2005; Muir et al. 2004). The largest concentration of 16 ng CPY L−1 
was found in ice from Svalbard in the 1980s, but concentrations measured more 
recently are generally <1 ng CPY L−1. Although CPY is unlikely to be used for 
agricultural purposes in such near-polar locations, there is a possibility that it was 
used locally for other purposes, such as for control of biting insects.

A simple but approximate approach to estimate concentrations of CPY at dis-
tances from sources is to use a dispersion model to estimate concentrations at 
ground level from a ground level source using standard air dispersion parameters 
(Turner 1994). To estimate concentrations at ground level downwind of applica-
tions, a simplified and approximate version of the Gaussian air dispersion model for 
a ground level source can be used, which can be described mathematically (12) as:

	

C
Q

U y z

=
´ ´ ´( )p r r

	

(12)

In (12), C is concentration (g m−3), Q is emission rate (g h−1), π is the mathemati-
cal constant that is the ratio of the circumference of a circle to its diameter, U is 
wind velocity (m h−1) and ρy and ρz are respectively the horizontal (crosswind) and 
vertical Pasquill-Gifford dispersion parameters (m) that depend on downwind dis-
tance (km) and atmospheric stability class. This equation must be applied with cau-
tion because of variation of U as a function of height and topography, but it is used 
here to suggest the form of an appropriate correlation. Q can be estimated from the 
total quantity applied and an assumed fraction volatilized during a specified time 
period. Plots of ρy and ρz(m) versus downwind distance x (km) have been given 
(Turner 1994), and can be expressed as correlations for stability class C (13):

	
r ry zx x= ´ = ´100 610 91 0 91. .and

	
(13)

For example, at 1.0, 10 and 100 km (the maximum distance) ρy is 100, 776 and 
6,026 m, respectively and corresponding values of ρz are 61, 496 and 4,030 m. For 
an evaporation rate of 1.0  g  h−1 into a wind of 1  m  s−1, the concentrations are 
14 ng CPY m−3 at 1 km, 0.23 ng CPY m−3 at 10 km and 0.0037 ng CPY m−3 at 
100 km. There is approximately an 8-fold increase in plume width and height from 
1 to 10 km, and thus, there is about a 64-fold decrease in concentration. At 100 km, 
there is a further 61-fold decrease in concentration. For larger areas of application, 
concentrations of CPY would be correspondingly greater. Under other conditions of 
moderate atmospheric stability, e.g., categories D or B, the dispersion parameters 

D. Mackay et al.



53

are smaller or larger respectively by factors such as 1.5–2.0 that can be estimated 
from the dispersion parameter plots. If the area of application is larger by a factor 
such as 100, i.e., 1  km2, then local concentrations downwind of sources would 
probably be greater. Horizontal dispersion then merely mixes this air and most dilu-
tion is by vertical dispersion and the dilution factor discussed above would be of the 
order of 10 rather than 60. There will also be contributions from evaporation from 
other soils in the locality that have been subject to prior applications.

Due to uncertainty in calculating concentrations from the volatilization rate Q, it 
is more convenient and probably more accurate to calculate downwind concentra-
tions from an assumed concentration at, for instance, 1 km from the source i.e., 
C1 km. By applying the equation for C at 1 km and at x km and taking the ratio, the 

concentration at a distance x km can be shown to be 
C

x
km1

1 82.
. The quantity x1.82 can be 

regarded as a dilution factor. The wind speed cancels when the ratio of concentra-
tions is deduced. In practice, the exponent of x can be lesser, but this gives a reason-
able form of the dilution equation. When applied to monitoring data it was 
determined that an exponent of 1.5 is more appropriate.

Combining the mass loss and the volume expansion gives the concentration 
downwind as a function of U, L, and the CTT, which is represented by (14):
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Or, more conveniently, by (15):
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It is these calculated concentrations (that do not include deposition) that can be 
compared with monitoring results.

Limitations in predicting concentrations downwind of a source are caused by  
the uncertainties inherent in the dispersion parameters, Q, U, and L, as well as the 
possibility that a remote region has experienced CPY transport from multiple 
sources. Equation (15) does, however, provide a basis for estimating concentrations 
of CPY in air at more remote locations as far as 100 km from the source. If desired, 
conservative assumptions can be applied. The effect of wind velocity can also be 
evaluated. Lesser wind speeds cause an increase in the initial concentration, because 

as the quotient 
Q

U
 increases and transit times 

L

U
 increase, the volatilized pesticide 

is more concentrated in the region of application, there is more transformation 
locally, and the impact of LRT would be reduced. The equation also enables the 
relative roles of transformation and dilution by dispersion to be assessed. For exam-
ple, at relatively short distances downwind, dispersion dominates because the transit 
time is short relative to the half-life for transformation. At greater distances and 
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longer transit times, transformation is more influential. The equation can also be 
used to estimate the fraction of the volatilized mass of CPY that will travel a given 
distance, or be deposited, or the fraction of the applied mass that can reach a 
specified distance. The quantity of transformation products can also be estimated. 
Results of the model can also be used to design more targeted monitoring. The 
model equation for C as a function of C1 km, distance and time is applied later to test 
agreement with monitoring data.

2.3  �Formation and Fate of Chlorpyrifos-Oxon

Despite uncertainties in partitioning and reactivity of CPYO, it is possible to esti-
mate CPYO’s rate of formation and concentrations in distant atmospheres relative 
to CPY. These estimates can also be compared with monitoring data. It is assumed 
for illustrative purposes here, that CPY reacts with •OH to form CPYO in air or on
surfaces with a molar yield of 30%; CPYO also reacts by the same mechanism. 
Half-lives are assumed to be 3 and 12 h for the reactions of CPY and CPYO, respec-
tively. In the later evaluation, we assume a more conservative yield of 70%.

A parcel of air containing M0 mol of CPY will change in composition with time 
and distance, forming CPYO, which in turn is degraded. This decay series is analo-
gous to a radioactive decay series. The quantity of CPY (M1) will follow first order 
kinetics, which can be described as (16):

	

dM

dt
M k1

1 1= - ´
	

(16)

This can be integrated to give (17):

	 M M k t
1 0

1= - ´( )
	 (17)

Where: k1 is the first order rate constant. The corresponding differential equation for 
CPYO (M2) is given by (18):

	

dM

dt
Y k M k M2

1 1 2 2= ´ ´ - ´
	

(18)

Where: Y is the upper reported molar yield of 0.3, i.e., 30% and k2 is the transformation 
rate constant of CPYO. It is likely that Y is larger than is stated above because other 
transformation products are at lesser yields. Integration of this function gives (19):
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When k1 < k2, a “secular” or “transient” equilibrium is established with an 
approximately constant ratio of the two species. In this case, k1 > k2 and a “no 
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equilibrium” condition prevails in which the ratio M M2 1 increases monotonically 
with time.

Using the above relationships, half-lives, and yields, the following are the 
approximate quantities for an initial value of M0 of 100 mol. After 0.46 h, when 
10% of the initial CPY has degraded, 3 mol of CPYO are formed and the ratio 
CPYO/CPY is 0.033 (3/90). After 3 h, 50% of the initial CPY would have degraded, 
14 mol of CPYO would be formed and the ratio CPYO/CPY would increase to 0.28. 
After 7 h, 80% of the CPY would have reacted and both M2 and M1 are 20 and their 
ratio would reach 1.0. After 10 h, M1 is 10 and M2 would reach its maximum value 
of 21, their ratio becoming 2.1. At longer times, the ratio would continue to increase, 
because, although M1 and M2 would both be decreasing, M1 would be decreasing 
faster. For example, at 12 h, the ratio would be 3.2. This behavior results in the pos-
sibility that the CPYO/CPY ratio can provide insights into the approximate “age” of 
the air parcel, although this ratio may be influenced by conversion during sampling 
and prior to analysis. This ratio was observed to be approximately 1.0 in the summer 
of 1994 at Lindcove near Fresno CA, which suggests a transit time of ~5 h (Aston 
and Seiber 1997). A test using SF6 as a tracer gave comparable transit times. At a 
more distant location, Ash Mountain in Sequoia National Park, the ratio increased 
to 7–30, corresponding to a longer transit time. At the even more distant location of 
Kaweah Canyon (elevation 1,920 m) the CPYO/CPY ratio was 2.7 in June to early 
July 1994 but later the CPY was less than the LOQ for much of the summer and 
only CPYO was measurable. Generally, similar results were obtained by LeNoir 
et  al. (1999). The similar concentrations of CPY and CPYO observed in air at 
Lindcove were also observed in pine needles from the same location. In surface 
waters in the same region, concentrations of CPY exceeded those of CPYO, possi-
bly because of faster hydrolysis of CPYO or differences in deposition rates and 
hydrology (LeNoir et al. 1999).

From knowledge of the kinetics or transformation, local meteorology, transit 
times, and atmospheric deposition characteristics, these results indicate that it is fea-
sible to predict formation and fate of CPYO, and thus, to estimate concentrations in 
air and other media at distant locations. An implication is that, whereas CPY is the 
substance of greatest exposure and concern in areas of application, its transformation 
product CPYO might be of most concern in more distant locations subject to LRT. 
The absolute quantities of CPY transported to and retained in terrestrial media are 
small and the concentrations and exposures to aquatic organisms are relatively small, 
and much smaller than concentrations sufficient to cause toxicity (Aston and Seiber 
1997; LeNoir et al. 1999). However, to quantify the risk of impacts on distant ter-
restrial and aquatic ecosystems, improved information is needed on the properties of 
CPYO and the parameters required by the simulation models. Seasonally stratified 
monitoring is also desirable. Concentrations of pesticides in surface water at altitudes 
greater than 2,040 m in the Sierra Nevada were below detection limits. This result 
suggests that, because of meteorological constraints, there is less effective transport 
to higher elevations (LeNoir et al. 1999). Concentrations also become lower because 
of faster wind speeds at high altitudes. The postulated “cold-condensation” effect, in 
which low temperatures associated with high elevations cause high deposition rates 
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and greater concentrations in terrestrial and aquatic systems, does not apparently 
apply to transport of CPY into the Sierra Nevada mountains.

The relationship between CPY and CPYO and their transport in the atmosphere is 
summarized as follows: Shortly after application, a fraction of the applied CPY vola-
tilizes to the atmosphere where it is dispersed by atmospheric turbulence to lower 
concentrations estimated to be of the order of 100 ng m−3 at a distance of 1 km. It is 
also subject to transformation to CPYO, which is also subject to dispersion and trans-
port for moderate or long distances. Some CPY will be transported from the plume 
back to neighboring soils and vegetation by direct gas absorption; however, the result-
ing concentrations in soils and vegetation will be small and many orders of magnitude 
less than those in the application area. The vapor pressure and KOW of CPYO are 
smaller than those of CPY and its solubility in water is greater, thus it has a smaller 
KAW. As a result, it is subject to faster deposition and there will be enhanced partition-
ing into water droplets in the air. CPYO is also subject to some gaseous deposition but 
it is likely to be further degraded in other compartments such as water and moist solid 
surfaces. Once in water, hydrolysis is rapid (Table 7). This process also explains the 
very infrequent detection of CPYO in surface waters (Williams et al. 2014). During 
heavy rainfall immediately following application, local deposition will be maximized. 
The rates could be estimated but will be speculative and will be difficult to confirm 
because most locally deposited CPY will result from spray drift and it will be difficult 
to discriminate between gaseous deposition and spray drift.

Interpretation of measured concentrations of chlorpyrifos in media by use of 
fugacity. There is an incentive to exploit all the available measured concentrations 
of CPY for all sampled media, rather than just air. This is feasible by converting all 
concentrations of CPY to the “common currency” of fugacity as outlined in Tables 8 
and 9 (Mackay 2001). Fugacity is the escaping tendency for chemicals to move 

Table 8  Estimated Z values of CPY at 25 °C used in fugacity calculations

Environmental phase Formula
Value 
(mol m−3 Pa) Comment

Air 1/RT ZA = 4.03 × 10−4 R is 8.314
Water 1/H ZW = 0.90 H = 1.11
Octanol and lipids ZO = KOW/H ZO = 90,000 KOW = 105

Organic carbon ZOC = KOCZWρoc ZOC = 7,730 KOC = 8,500 ρOC = 1.01  
(density kg L−1)

Soils solids of 2% 
OC

ZS = ρsZOCfOC ZS = 371 ρs 2.4 kg L−1, fOC = 0.02

Sediment solids of 
10% OC

ZS = ρsZOCfOC ZS = 1,855 ρs = 2.4 kg L−1, fOC = 0.10

Aerosol particles ZP = 0.1 ZO ZP = 9,000 Assumes 10% octanol equivalent
Snow ZN ZN = 15 ZW ZN = 13.5 Assuming factor of 15 lesser 

Henry’s Law constant at 0 °C
Biota of 100% lipid 

equivalent
ZB = ZO =90,000 i.e., 100% octanol

Biota of 10% lipid 
equivalent

ZB = 0.1 ZO =9,010 i.e., 10% octanol, 90% water
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from one environmental compartment to another and has the units of pressure. 
At equilibrium, fugacities of a chemical in all compartments are equal. The relative 
concentrations in compartments do not change and are defined by the equilibrium 
partition coefficients, even though individual molecules are still moving between 
compartments. This conversion requires first that all concentrations (C) be con-
verted to units of mol m−3, which requires that the molar mass and possibly the 
phase density are known. This concentration is then divided by the appropriate Z 
value for the medium in which CPY is partitioned. Values of Z, which have units of 
mol m−3 Pa−1, are deduced from partition coefficients. This yields the fugacity, f, as 
C/Z, of CPY in that medium, thus enabling fugacities in a variety of phases to be 
compared directly. Essentially, this analysis leads to a characterization of the equi-
librium status of CPY in the entire ecosystem.

In many cases, phase fugacities in multi-media environments are similar in mag-
nitude, e.g., water, sediments and small fish might exist at comparable fugacities. 
An additional advantage of incorporating rain, snow, and terrestrial components in 
the model is that concentrations of CPY are generally greater in solid and liquid 
media and can be analyzed more accurately. Concentrations are generally more 
stable as a function of time. It is with this perspective that considerable effort has 
been devoted to measuring concentrations of CPY in rain, snow, terrestrial, and 
aquatic systems in regions of interest. Insights into likely differences in fugacity 
between air and other media can be obtained by examining ratios of fugacities as 
predicted by models such as TAPL3. For example, in Fig. 2, the fugacity of CPY in 
surface water is 12% of that in air, largely because the rate of transformation in 
water is fast relative to the rate of deposition from air. Z-values and conversion fac-
tors are given in Table 6.

Since effects of mixing, transport, and transformation generally cause a decrease 
in fugacity of CPY as it travels from source to destination, it is expected that mea-
sured concentrations and fugacities of CPY will display this trend. In this case, the 
most convenient units for fugacity are nano Pascals (nPa) i.e., 10−9 Pa. The fugacity 
of liquid CPY as applied is limited by the vapor pressure of 0.002 Pa, (2 × 106 nPa), 

Table 9  Concentration-fugacity conversion factors for CPY

Environmental phase Conversion

Air 1 ng m−3 = 1 × 10−9/(350 × 4.03 × 10−4) = 7.1 × 10−9 Pa = 7.1 nPa
Water and rain 1 ng L−1 = 1 × 10−9 × 1,000/(350 × 0.9) = 3.2 × 10−9 Pa = 3.2 nPa
Snow 1 ng g−1 = 1 × 10−9 × 1,000/(350 × 0.9 × 15) = 0.21 × 10−9 Pa = 0.21 nPa
Organic carbon 1 ng/g = 1.01 × 106/(350 × 7,727) = 0.37 nPa
Sediment and soil solids  

2% OC
1 ng g−1 = 2.4 × 106/(350 × 371) = 18.4 nPa

Sediment and soil solids 
10% OC

1 ng g−1 = 2.4 × 106/(350 × 1,854) = 3.7 nPa

Biota concentrations on a 
lipid weight basis

1 ng g−1 = 106/(350 × 90,000) = 0.032 nPa

Biota of 10% lipid or 
octanol equivalent

1 ng g−1 = 106/(350 × 9,010) = 0.32 nPa
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but it is likely to be smaller because of dilution in carrier fluids or granules. 
Incorporation of 0.15 g m−2 into solid phases of soils to a depth 2.5 cm or 0.025 m 
gives a bulk soil concentration of 0.017 mol m−3 and the corresponding fugacity is 
46,000 nPa, a factor of 43 less than that of the applied chemical and is attributable 
to sorption and dilution.

A concentration of 100 ng m−3 in air close to a site of release corresponds to 
0.286 × 10−9 mol m−3and the fugacity would be 710 nPa. This is a factor of 64 less 
than the fugacity of the chemical in soil and is from dilution that occurs during 
evaporation. The total decrease in fugacities of CPY from the point of application 
is, thus, approximately 64 × 43 or 2,750. Most measured concentrations of CPY 
were in the range 0.01–1.0 ng m−3, which corresponds to a range of fugacities of 
0.07–7 nPa, a factor of 100–10,000-foldless than that of the initial concentrations of 
100 ng m−3. Therefore, CPY undergoes high dilution in the hundreds of km down-
wind of the source.

The concentration of CPY in rain of approximately 0.4 ng CPY L−1 or 400 ng m−3 
that was reported by Mast et  al. (2012) corresponds to approximately 
1.1 × 10−9 mol m−3 and a fugacity of 1.32 nPa. The corresponding equilibrium con-
centration in air is 0.18 ng m−3 which is typical of concentrations in air in the Sierra 
Nevada. Fugacities of CPY in air and rain thus appear to be of a similar order of 
magnitude, which lends support to the use of fugacity as a method of combining and 
comparing measured concentrations among media.

Conversion of concentrations of CPY in snow to fugacities is more problematic 
because the Z value for snow is uncertain. This is because the low temperatures and 
the variable sorption to ice surfaces as distinct from partitioning to liquid water. 
There might also be greater deposition of aerosols in snow at lower temperatures. 
Concentrations of CPY in snow were reported to be approximately tenfold greater 
in snow than in rain (Mast et al. 2012). This result is consistent with the greater Z 
value, which is due to the lesser Henry’s Constant and vapor pressure of CPY. The 
enthalpy of vaporization, which has been reported to be 73 kJ mol−1 for CPY (Goel 
et al. 2007) corresponds to a 15-fold decrease in vapor pressure from 25 to 0 °C. The 
value of Z for snow appears to be a factor of 10–20-fold greater than that of water. 
For this reason, rates of deposition of CPY associated with snow are expected to be 
greater than those in rain from a similar atmospheric concentration. Snow concen-
trates and integrates CPY more than does rain and can be useful for monitoring the 
presence of CPY, but using this information quantitatively is problematic because of 
uncertainties in translating concentrations of CPY in air to those in snow, especially 
for more intense snow-fall events when extensive scavenging of chemicals from the 
atmosphere occurs.

Concentrations in biota such as zooplankton, tadpoles, lichen, and pine needles 
can also be converted to fugacities by assuming a content of lipid, or more correctly 
an equivalent content of octanol. If data are reported on a lipid weight basis, conver-
sion to fugacity involves division by the Z value of lipid or octanol. The average 
CPY lipid-based concentration in tadpoles from the Sierra Nevada in 2008–2009 
has been reported to be 22.2 ng CPY g−1 (Mast et  al. 2012). The corresponding 
fugacity of CPY is 0.7 nPa, which is similar in magnitude to the fugacities of air and rain. 
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Concentrations of pesticides were measured in frogs at 7 high elevation sites in the 
Sierra Nevada in 2009 and 2010 (Smalling et al. 2013). Although CPY was one of 
the most heavily used pesticides in the area, it was not detected in frog tissues above 
the LOD of 0.5 ng g−1. In comparison, p,p′-DDE was widely detected with a 75th 
centile of 40 ng g−1 and the fungicide, tebuconazole was detected with a 75th centile 
of 120 ng g−1. Concentrations of CPY in zooplankton in lakes in Ontario, expressed 
on a wet weight basis, have been reported to be 0.004 ng CPY g−1wwt, but concen-
trations as great as 0.08  ng  CPY  g−1 can occur (Kurt-Karakus et  al. 2011). 
Corresponding concentrations, normalized to the fraction of lipid (2%) in zooplank-
ton results in a range of concentrations of 0.2 and to 4 ng CPY g−1 lipid in lakes 
distant from points of application of CPY. Corresponding fugacities for this range 
of concentrations are 0.0064 and 0.13 nPa. Bioconcentration factors (BCF) are con-
siderably smaller than would be predicted from the octanol-water partition coeffi-
cient (KOW) or from estimations based on simulation models such as BCFWIN. 
These lesser values for site-specific BCF calculated from measured concentrations 
are likely attributable to biotransformation. Aston and Seiber (1997) obtained pine 
needle/air bioconcentration factors of 9,800 of CPY that might be a function of the 
octanol/air partition coefficient and the quantity of lipid-like material in the cuticle. 
In summary, fugacity can act as a bridge between monitored concentrations in biota, 
air, and precipitation in regions subject to LRT in the atmosphere. The corollary is 
that estimated concentrations in air can be used to estimate concentrations in biota 
and possibly contribute to assessments of risk of adverse effects.

2.4  �Long-Range Atmospheric Transport of Chlorpyrifos  
and Its Oxon

It is useful to present a perspective on the relevant distances in regions of the U.S. 
that have been monitored for CPY and CPYO. Much of the available data have been 
collected from the Central Valley of CA and adjacent National Parks in the Sierra 
Nevada. The Parks are 50–100  km from the areas of application in the Central 
Valley and have altitudes from 600 to 4,000 m. The region is approximately 50 km 
west of the border between California and Nevada, but the meteorology at higher 
elevations is complex and simple estimates of concentration versus distance are 
impossible. In Eastern and Midwest regions of the U.S., distances relative to appli-
cation areas are less defined and are probably several hundreds of km. For example, 
the distance from central Iowa to the U.S. East Coast is approximately 1,000 km.

An example of monitored concentrations along a transect from source to destina-
tion is the work of Aston and Seiber (1997), who measured concentrations of CPY 
in June 1994 over a transect from Lindcove, CA (elevation 114 m) to Ash Mountain 
22 km distant (elevation 533 m) and to Kaweah a further 10 km distant (elevation 
1,920 m). Concentrations decreased from approximately 100 ng CPY m−3 at Lindcove 
to 0.1–0.5 ng CPY m−3 at Ash Mountain and to 0.1–0.3 ng CPY m−3 at Kaweah. 
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Those authors also present tracer data for SF6 that suggest a dilution factor of 100 
from a source 9 km SW of Lindcove to Ash Mountain, i.e., a distance of approxi-
mately 31 km. It is monitoring data of this type that can provide quantitative infor-
mation on LRT and assist in calibrating models.

A semi-quantitative interpretation of measured concentrations of CPY and 
CPYO, assisted by use of the fate and transport model developed in this study is 
provided here including the effects of transformation, transport, and dispersion/
dilution processes on downwind concentrations. A half-life of CPY of 3 h in air 
(Table 6) is assumed, but to test the sensitivity of the results to this half-life, the 
effect of a value of 12 h is also used. A wind speed of 15 km h−1 (4.16 m s−1) is 
assumed for estimating the CTD. In the model, the concentration at a distance 
downwind CL and distance x km can be estimated from the concentration C1 km at 
1 km by (20) to give CL as:
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These parameter assignments were selected by comparing available monitoring 
data to predicted values from the simulation model and adjusting parameters by 
hand until the selected input parameters resulted in simulated results that were com-
parable to measured concentrations. The objective was not to rigorously calibrate 
the model, but rather to test the feasibility of developing and applying the LRT 
model to estimate concentrations of CPY and CPYO at locations remote from site 
of application. The results of applying the model developed in this study are sum-
marized for CPY (Table 10) and illustrated for CPY and CPYO (Fig. 4). Near the 
area of application, such as at a distance of 1 km and assuming a 0.1 h air transit 
time, air concentrations (C1 km) were assigned a value of 100 ng CPY m−3 (~700 nPa). 
At these short transit times, relatively little of the CPY would have been trans-
formed, although there might be transformation to CPYO on the surface and adjacent 
atmosphere if conditions are sunny and favor greater concentrations of •OH.
Concentrations of CPY are primarily controlled by rates of evaporation and disper-
sion rather than reactions with •OH.

At a distance of 120 km and 8.4 h transit time, which is equivalent to two CTDs, 
84% of the volatilized CPY would have been transformed and 16% would remain. 
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Concentrations of CPY in air would have decreased to 0.022 ng CPY m−3 (0.16 nPa). 
At this distance, transformation would have become a greater proportion of the total 
dissipation, and concentrations of CPYO would be expected to exceed those of CPY 
by a factor of 2, but may be affected by differing deposition rates. At steady state, 
rain water would be predicted to have a concentration of 0.1 ng CPY L−1 and snow 
a concentration of 1.5 ng CPY L−1. If a very conservative CPY half-life of 12 h were 
assumed, the fraction of CPY transformed would be only 38% and much greater 
concentrations are expected. At a distance of 180 km and 12 h transit time, that is 
equivalent to three CTDs, 94% of CPY would be predicted to have been 

Table 10  Estimates of the transformation of CPY and concentrations in air at various distances 
downwind of an application

Distance km Transit time h F (reacted) Conc. ng m−3 Comment

1–3 0.1–0.2 <0.05 20–100 Application area
10 0.67   0.14 5 Local
30 2   0.38 0.7 Regional
60 4   0.62 0.15 One CTD
120 8   0.84 0.022 Two CTDs
180 12   0.94 0.005 Three CTDs
240 16   0.98 0.001 Four CTDs
300 20   0.99 0.0003 Five CTDs
1,000 67 >0.999 <0.0001 Fifteen CTDs

A wind speed of 14.4 km h−1 is assumed. The fraction reacted, F, is calculated assuming a half-life 
of 3 h as e− 0.231 × t where t is the transit time and the transformation rate constant is 0.231 h−1

Fig. 4  Concentrations of CPY and CPYO modelled at various times and distances downwind 
from an application
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transformed with only 4% remaining. Concentrations of CPY would be 
approximately 0.005 ng m−3 (0.035 nPa). Approximately 70% of the concentrations 
measured in air are in the range of 0.01–1.0 ng CPY m−3 and probably correspond 
to distances from sources of 30–200 km. Predicted concentrations in rain at steady 
state would be 0.02–2.0 ng CPY L1 and those in snow would be 0.3–30 ng CPY L−1, 
with some 39% of the reported concentrations in snow being in this range. Most of 
these data are restricted to one region, the Sierra Nevada Mountains in the U.S. 
Predicted fugacities and concentrations in snow are speculative since the air/snow 
partition coefficient is uncertain and concentrations are undoubtedly influenced by 
timing of the snowfall relative to applications. Heavier snowfall, such as occurs in 
the Sierra Nevada might result in dilution in the precipitation and near-total scav-
enging of CPY from the atmosphere.

At a distance of 300  km and about 20  h transit time, which is equivalent to 
approximately five CTDs, 1.0% of the initial mass of CPY would remain because 
the CPY would have been subjected to nearly 7 half-lives. Concentrations at this 
distance from the source would likely be 0.0003 ng CPY m−3 (0.002 nPa) or less. 
Concentrations of 0.003 ng CPYO m−3 would be expected. Thus, at this distance 
from the source, CPYO would be the primary product present, at a concentration 
which is near the typical limit of quantitation. Rain, if at equilibrium with air, would 
be expected to contain a concentration of 0.001 ng CPY L−1 and snow 0.02 ng CPY 
L−1. Given an assumed half-life of 3 h and the time to be transported this distance, it 
is unlikely that, under normal conditions, significant quantities could travel more 
than 300 km. Observations of detectable amounts of CPY at greater distances, such 
as 1,000 km, suggest that, at least under certain conditions, the half-life is longer 
than was assumed in this analysis. For example, significant concentrations of CPY 
have been measured in the Svalbard ice-cap (Hermanson et al. 2005). It is likely that 
these residues originated from Russia and were transported at times of lesser tem-
peratures, greater wind speeds, and limited photolysis, which results in a longer 
CTD of the order of 300–1,000 km. Concentrations of CPY measured by Muir et al. 
(2004) in arctic lakes might also reflect slow transformation in the presence of 
smaller concentrations of •OH at these higher latitudes.

Monitoring data and the tentative modeling described here indicate that CPY and 
CPYO are detectable in air at concentrations exceeding 0.1 ng m−3 at distances of up 
to 60 km from the source and at 0.01 ng m−3 at distances up to 200 km, except in the 
Sierra Nevada where there are meteorological constraints on flows of air masses. 
There will be corresponding concentrations in rain, snow, and in terrestrial media 
such as pine needles and biota. There is an incentive to monitor these media because 
of the greater concentrations and increased analytical reliability. The “zone of 
potential influence” of LRT in this case is one to two CTDs or up to 60–120 km 
from the point of application. Reactivities of CPY and CPYO are such that concerns 
about LRT are much more localized than for organochlorines, which are more per-
sistent and thus might have CTDs of thousands of km. The results of the analysis 
presented here suggest that it is feasible to extend assessments of LRT beyond the 
mere estimation of CTD and CTT to address the magnitude of the concentrations 
and fugacities along a typical LRT transect and to estimate absolute multi-media 
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concentrations and deposition rates. There is also a need to focus more on the 
transformation products such as CPYO, but major uncertainties exist about the for-
mation rates and properties of transformation products which preclude full interpre-
tation of monitoring data and modeling. It is likely that any risks associated with 
LRT are attributable more to CPYO than to CPY; however, the concentrations pre-
dicted in air and water are much smaller than toxicity values for either of these 
compounds (Giddings et al. 2014) and risks are de minimis. The proposed model 
can also be applied to gain an understanding of the likely effects of the various 
parameters such as wind speed and temperature.

3  �Fate in Water

The fate of CPY in water was extensively reviewed by Racke (1993), and data are 
provided in (Solomon et al. 2013a); key points are summarized here with a focus on 
information that has become available since 1993. As discussed above, there are 
significant differences between dissipation and degradation of CPY in water, but 
earlier studies did not always distinguish between dissipation and degradation. In 
the laboratory, and in the absence of modifiers such as methanol, reported half-lives 
(DT50deg) for hydrolysis in distilled and natural waters ranged from 1.5 to 142 d (SI 
Table 1) at pH values between 5 and 9 (Racke 1993), which are considered to rep-
resent realistic field values. The mean half-life of these values was 46 d and the 
geometric mean was 29 d. At pH <5, reported half-lives were generally longer  
(16–210 d) and at pH >9, shorter (0.1–10 d). The presence of copper (Cu++) resulted 
in shorter half-lives (<1 d), even at pH <5 (Racke 1993). In studies published since 
2000, similar half-lives have been reported (SI Table 1). A DT50deg of 40 d for CPY 
was reported in distilled water but DT50deg (120 to 40 d) varied in sterile natural 
waters from rivers flowing into Chesapeake Bay. Concentration of Cu++ was a major 
driver of rate of hydrolysis, although other factors such as salinity were also identi-
fied (Liu et al. 2001). Concentrations of total suspended solids (TSS) greater than 
10 mg L−1 resulted in lesser rates of hydrolysis of CPY, but dissolved organic carbon 
did not affect the rate. In water, CPY has been shown to bind strongly with variable 
strength and reversibility to Ca-saturated reference smectites but strongly and with 
poor reversibility to Ca-saturated humic acid (from Aldrich) (Wu and Laird 2004). 
The binding to suspended clays might explain the effect of TSS on hydrolysis rate 
observed by Liu et al. Half-lives from the newer laboratory-studies ranged from 1.3 
to 126 d with a mean and geometric mean of 23 and 13 d, respectively (SI Table 1). 
The overall mean and geometric mean were 37 and 21 d, respectively (SI Table 1).

Under field conditions, it is difficult to separate degradation from dissipation and 
the half-lives measured are normally based on the latter (DT50dis). A number of 
reports have noted relatively rapid dissipation of CPY in microcosms. DT50dis of 
9.6–6.1 d in microcosms treated with 0.005–5  μg  L−1 were reported in small 
laboratory-based studies conducted in mesocosms in the Netherlands (Daam and 
Van den Brink 2007). However, smaller DT50dis values (<4 d) were reported for 
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outdoor mesocosms treated with 1 μg L−1 in Thailand (Daam et al. 2008). Using 
small (70-L) open-air estuarine microcosms to investigate dissipation of 14-C CPY, a 
DT50dis of ~5 d was reported under tropical conditions with loss to air a major driver 
of dissipation (Nhan et al. 2002). In studies conducted in flowing, outdoor meso-
cosms, a DT50dis was reported to be <1 d, probably as a result of hydraulic dilution. 
However, in still-water-only laboratory mesocosms, DT50dis ranged from 10 to 18 d 
(Pablo et al. 2008). Dissipation in small (2.4-L) laboratory microcosms with water 
and gravel was biphasic with a phase-1 DT50dis of 2.25–3 d and a phase-2 DT50dis of 
14–18 d (Pablo et al. 2008). DT50dis of CPY in microcosms was reported to be ~5 d 
from water (Bromilow et al. 2006). Overall, dissipation of CPY in natural waters 
under field conditions was rapid with the range of DT50dis s from 4 to 10 with a geo-
metric mean of 5 d (SI Table 1).

4  �Fate in Soils and Sediments

Studies on the fate of CPY in soils and sediments were summarized in the review by 
Racke (1993) and discussed in the context of adsorption and desorption in a detailed 
review in 2012 (Gebremariam et al. 2012). Most of the half-lives in soil (DT50dis and 
DT50deg) summarized from laboratory studies in Racke (1993) were in the range of 
1.9–120 d for rates of application associated with agricultural uses, with most in the 
range of 7–30 d (Table 6). Longer half-lives (DT50deg) were reported for rates of 
application for the now-cancelled use for control of termites in soil. Half-lives in 
soil were dependent on temperature (a doubling in rate of degradation for a 10 °C 
increase in temperature) and soil pH, with faster rates at greater pH (0.0025 d−1 at 
pH 3.8 to 0.045 d−1 at pH 8) (Racke 1993). Mean and geometric mean values for all 
data (SI Table 2) were 82 and 32 d, respectively.

Generally, dissipation (DT50dis) of CPY in soils under field conditions was reported 
to be more rapid than in the laboratory. The DT50dis was reported to range from <2 to 
120, with mean and geometric means of 32 and 22 d, respectively (SI Table 3); most 
values were in the range of 7–30 d (Table 6). Comparison of rates of dissipation of 
CPY from soils from Brazil under laboratory conditions suggested a tenfold greater 
rate of dissipation in the field than in the laboratory (Laabs et al. 2002).

Half-lives (DT50deg) in sediments were reported to range from 6 to 223 d (SI 
Table 4), with longer times likely reflecting more anaerobic conditions. Some more 
recent studies have reported dissipation of CPY from sediments in microcosms, a 
more realistic scenario. The DT50dis values for CPY were reported to range from 68 
to 144 d in wetland sediments under flooded conditions (Budd et  al. 2011). 
Measurements of dissipation of CPY from sediments collected in San Diego and 
Bonita Creeks (Orange County, CA, USA) gave DT50dis values of 20 and 24 d under 
aerobic and 223 and 58 d under anaerobic conditions, respectively (Bondarenko and 
Gan 2004). DT50dis of CPY in microcosms was reported to be 15–20 d from sedi-
ment (Bromilow et al. 2006). The DT50dis value measured in sediment in a laboratory-
based marine microcosm study was approximately 6 d under tropical conditions 
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(Lalah et  al. 2003), but was likely overestimated because metabolites were not 
separated from the 14-C CPY. The DT50dis values measured in pore-water ranged 
from 7 to 14 d in water-gravel laboratory-based microcosms that were treated with 
0.2–20 μg CPY L−1 (Pablo et al. 2008). The mean and geometric mean DT50diss for 
CPY in laboratory and microcosm tests were 68 and 39 d, respectively (SI Table 4).

5  �Fate in Organisms

The fate of CPY in organisms is a function of absorption, distribution, metabolism 
and excretion (ADME) and has been well studied in mammals (Testai et al. 2010). 
Observations have also been recorded for other animals such as fish (Racke 1993; 
Barron and Woodburn 1995), aquatic organisms (Giesy et  al. 1999) and birds 
(Solomon et al. 2001). The focus in this paper is on newer studies, and only key 
information from older studies will be addressed. Integration of the processes of 
ADME in organisms at quasi-equilibrium is described by several factors, which are 
ratios between abiotic and biotic compartments. These include bioconcentration 
factors (BCF), bioaccumulation factors (BAFs), biota/sediment accumulation fac-
tors (BSAFs) and, in the case of movement in the food web, biomagnification 
(BMFs) or trophic magnification factors (TMFs) (Gobas et al. 2009).

Several studies have been conducted in aquatic organisms to measure concentra-
tions of CPY in fish and other organisms during uptake, at equilibrium, and during 
dissipation. These have been used to calculate various magnification factors. 
Bioconcentration factors (BCFs) reported from laboratory studies reviewed by Racke 
(1993) and Barron and Woodburn (1995) in 17 species of freshwater (FW) and salt-
water fish exposed to CPY at concentrations <10 μg/L for ≥26 d ranged from 396 to 
5,100 with a mean of 1,129 and a geometric mean of 848 (SI Table 5). Similar values 
were observed in several studies conducted in microcosms or ponds under field condi-
tions, which also have been reviewed in Racke (1993). Here the mean BCF was 1,734 
and geometric mean 935 (SI Table 5). Assuming a KOW of 100,000 and a lipid content 
of 5% suggests an equilibrium BCF of 5,000, but lower than equilibrium values can 
be expected as a result of metabolic conversion and slow uptake.

Several studies on uptake of CPY from water and sediments have been reported 
since 2000 (Table 11). Results of several other recently-published studies were not 
usable. Two studies of marine clams were conducted using 14-C-CPY but results 
were only reported as percentages (Kale et al. 2002; Nhan et al. 2002) and BCFs 
could not be calculated. Uptake of CPY from water by the fish, hybrid red tilapia, 
was measured by gas-chromatography (Thomas and Mansingh 2002) but a BCF 
could not be calculated. A study of uptake and depuration of 14-C-CPY reported 
BCFs for 15 species of FW aquatic invertebrates (Rubach et al. 2010). Unfortunately, 
the BCFs were based on total 14-C in the organisms and, because the 14-C-label was 
in the di-ethyl-phosphorothiol moiety of the CPY molecule, radioactivity measured 
in the organisms did not represent only CPY, but included other phosphorylated 
proteins such as AChE, BuChE, and paraoxonase. Therefore, as has been pointed 
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out previously (Ashauer et al. 2012), these data were unusable. Uptake of CPY was 
rapid in Gammarus pulex (Ashauer et al. 2012), with equilibrium reached in less 
than 1 d. Formation of an unidentified metabolite and CPYO were rapid with rate 
constants of 3.5 and 0.132 d−1, respectively. The elimination rate constant CPYO in 
G. pulex was 0.298 d−1. Because the 14-C-label was in the Et-O moieties in the mol-
ecule, a BCF for CPY could not be calculated. In a study in laboratory-based 
marine microcosms, BCFs of 89–278 and 95–460 were reported in oysters and fish, 
respectively (Lalah et al. 2003), but were likely overestimated as the metabolites 
were not separated from the 14-C-CPY. Studies with usable results demonstrate that 
in most cases, BCFs, BAFs, and BSAFs are small (<2,000) and not indicative of 
bioaccumulation or toxicologically significant exposures to predators via the food 
chain (Table 11). The two new reports of BCFs from fish (Table 11) were based on 
very short exposures (≤3 d), and thus, cannot be compared or combined with the 
studies reviewed by Racke (1993), which were conducted for ≥28 d. The one report 
of a BMF (0.32 in the fish Aphaniusiberus) was based on an exposure of 32 d and 
is not indicative of biomagnification (Varo et al. 2002). One study in eleutheroem-
bryos of Danio rerio reported a BCF value greater than 2,000 (El-Amrani et al. 
2012), most likely because metabolic capacity in this early a stage of development 
is not fully developed.

6  �Assessment of Chlorpyrifos as a POP or PBT

The Stockholm convention (United Nations Environmental Programme 2001) and 
the UN-ECE POP Protocol (United Nations Economic Commission for Europe 
1998) was established to identify and manage organic chemicals that are persistent, 
bioacumulative, and toxic (PBT), in that they have the potential to exceed the 
threshold for toxicity, and to be transported to remote regions (persistent organic 
pollutants, POPs). Classification criteria for POPs were developed from the physi-
cal, chemical, biological, and environmental properties of the so-called “dirty 
dozen” (Ritter et al. 1995a, b) and are based on trigger values for persistence (P) 
bioaccumulation (B), toxicity (T), and propensity for long range transport (LRT) 
(Table 12). Several other initiatives to assess chemicals for properties that might 
confer P, B, and T have been put in place. These are the Convention for the Protection 
of the Marine Environment of the North-East Atlantic (OSPAR 1992), the Toxic 
Substances Management Policy (Environment Canada 1995), the Toxics Release 
Inventory Reporting (USEPA 1999a), the New Chemicals Program (USEPA 1999b), 
REACH (European Community 2011). These initiatives exclude pesticides but EC 
regulation No. 1107/2009 (European Community 2009) is specifically directed 
towards pesticides and is the focus of further discussion here. EC regulation No. 
1107 uses classification criteria similar to those of the POPs (Table 12), but these 
are somewhat more conservative for P and B. The criteria used to classify the PBT 
character of pesticides under EC regulation No. 1107/2009 are simple (Table 12); 
the process is basically a hazard assessment that does not make full use of the rich 
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set of data available for risk assessment of pesticides (Solomon et  al. 2013).  
In addition, as has been pointed out previously, classification criteria are inconsis-
tent for PBT among regulations in various jurisdictions (Moermond et  al. 2011) 
and, in some cases, appropriate criteria and/or guidance are not provided (Solomon 
et al. 2013). Under EC regulation No. 1107/2009, exceeding trigger values for P, B, 
and T results in a ban and, exceeding two of three, results in being listed for substi-
tution with pesticides that are less P, B, and/or T. In the sections below, we assess 
CPY as a POP and PBT based on criteria for POPs (Stockholm) and PBT (EC regu-
lation No. 1107/2009). To our knowledge, neither CPY nor CPYO are officially 
being considered for classification as POPs or PBTs, although, some have suggested 
that they be considered (Watts 2012).

In assessing P and B for chemicals, the concern is for the general environment, 
not for a particular local scenario. Because extreme values that are observed in spe-
cific situations are not representative of all locations, it is best to use mean values. 
Moreover, because many P or B processes are driven by first-order kinetics, the 
geometric mean value is most appropriate for comparing triggers for classification. 
Accordingly, these were used in the following sections.

Classification as a POP. CPY does not meet the criteria for P, B, and LRT for clas-
sification as a POP. Persistence in water, sediment, and soil (Table 6) is less than the 
trigger values (Sects. 3 and 4, above), and there is no evidence to suggest ecologically 

Table 12  Criteria for the categorization of compounds as POPs or PBT

Persistent (P) Bioaccumulative (B) Toxicity (T)

Potential for 
long-range 
transport (LRT)

POP (Stockholm Convention)
Water: DT50 > 

2 months
Sediment: DT50 > 

6 months
Soil: DT50 > 

6 months
Other evidence of 

persistence

BCF >5,000 or Log 
KOW > 5

Other, e.g., very toxic 
or bioaccumulation 
in nontarget species. 
Trigger values for 
BMF, BAF, and 
BSAF not available

No specific criteria other 
than “significant 
adverse effects”

Air: DT50 >2 d or 
monitoring 
modeling or 
data that shows 
long-range 
transport

PBT (EC No. 1107/2009)

Marine water:  
t½ >60 d

Fresh water  
t½ >40 d

Marine sediment: 
t½ >180 d

Freshwater 
sediment:  
t½ >120 d

Soil: t½ >120 d

BCF >2,000 in aquatic 
species. Trigger 
values for BMF, 
BAF, and BSAF not 
available

Chronic NOEC <0.01 mg/L 
or is a carcinogen, 
mutagen, or toxic for 
reproduction, or other 
evidence of toxicity. 
Trigger values for 
non-aquatic species not 
available

None

From European Community (2009); United Nations Economic Commission for Europe (1998); 
United Nations Environmental Programme (2001). Author comments in italics
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significant persistence in the environments of use. The geometric mean of half-life 
values in water tested in the laboratory was 21 d. Half-lives in water in the presence 
of sediments in the field were even smaller (geometric mean of 5 d). These are less 
than the trigger values of 60 d for POPs. Geometric mean half-lives in soil tested 
under laboratory and field conditions had geometric means of 32 and 22 d, respec-
tively, both of which are less than the 180 d trigger. The geometric mean DT50diss for 
CPY in sediments tested in the laboratory and microcosms was 39 d, which is less 
than the trigger value of 180 d.

Geometric means of values for BCF, BAF, and BSAF measured in the laboratory 
(assumed to be equivalent, Sect. 5, and Table 11) and the field were 848 and 935, 
respectively, all of which were less than the trigger value of 5,000. Studies of tro-
phic magnification of CPY in the field were not found in the literature but, based on 
food-chain magnification measured in model ecosystems with 14-C-labelled material 
(Metcalf and Sanborn 1975), CPY does not magnify to the same extent as any of the 
currently identified POPs that were also tested.

The criterion for toxicity, “significant adverse effects”, used to classify chemi-
cals a POP, is somewhat vague (Solomon et  al. 2009) in that specific numerical 
criteria are not provided. All pesticides are toxic to some organisms; otherwise they 
would not be used. However, in the context of POPs and LRT, adverse effects are 
more properly interpreted as ecologically significant outcomes on survival, growth, 
development, and reproduction in organisms well outside the boundaries of the site 
of application. Based on the conclusions of several of the companion papers, CPY 
does not exceed the trigger for “significant adverse effects” in or outside the regions 
of use (Cutler et al. 2014; Giddings et al. 2014; Moore et al. 2014).

The half-life of CPY in the atmosphere of 1.4 d does not exceed the trigger value 
of 2 d for LRT. CPY is found at distances from areas of application, and even in 
remote locations (Sect. 2.1); but the concentrations in air (Table 1), rain and snow 
(Table 2), aquatic and terrestrial media (Table 3), and biota (Table 4) are small and less 
than the threshold of toxicity for aquatic organisms and birds (Giddings et al. 2014; 
Moore et al. 2014). Even assuming a longer half life of 3 d as was done earlier, the 
concentrations at remote locations are low and do not approach toxicity thresholds.

Assessment of CPYO as a POP is complicated by the fact that it is a degradation 
product of CPY and is usually present with the parent material in the environment 
as well as during tests of effects of CPY. By itself, CPYO also does not exceed the 
triggers for POPs (Table 12) with respect to persistence in water, soil, and sediment 
(Table 7). No data were available for BCF of CPYO, but studies with ring-labelled 
CPY provide equivalency for CPYO and it does not trigger the criterion for B. 
Toxicity for CPYO is subsumed in that of CPY and it does not trigger “significant 
adverse effects”. The half-life in air of approximately 11 h (Table 7) is less than 
25% of the LRT trigger of 2 d. In addition, replacement of the =S with =O in CPYO 
increases polarity; CPYO is about 25-fold more water soluble, and has a KOW that is 
100-fold smaller than that of CPY (Table 7). Thus, CPYO will partition more into 
water in the atmosphere (precipitation) and will be more likely to rain-out into sur-
face water or snow. Because of the greater electronegativity of the P-atom, CPYO 
is more reactive than CPY and will undergo hydrolysis more rapidly than CPY; the 
half-life in water (Table 7) is approximately half that of CPY (Table 6). Thus, CPYO 
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will partition out of air into water, where it is less persistent. The overall persistence 
in these two media is not suggestive of the characteristics of a POP. Concentrations 
in surface waters in remote locations (Sect. 2.4 and Fig. 4) are less than amounts 
that would cause toxicity (Giddings et  al. 2014). In addition, adverse effects in 
aquatic organisms have not been linked to exposures to CPY (Datta et  al. 1998; 
Davidson et al. 2012), and, by extension to the oxon that might be formed. Thus, 
neither CPY nor CPYO trigger the criteria for POPs and LRT.

Classification as a PBT. In terms of assessment of PBT under EC regulation No. 
1107/2009, there is no guidance for using multiple values for P and B. However, 
because of the multiple uses of CPY over a large number of agricultural sites, the 
geometric mean is the most appropriate value to compare to the trigger value. In 
addition, values derived under field conditions can be used for validation. For sur-
face waters, the geometric mean of laboratory-based half-lives was 21 d but, under 
more realistic conditions in microcosms, half-lives were less than 10 d (Sect. 3). 
These are less than the trigger of 40 d. Based on these values, the trigger value for 
P is not exceeded. Geometric mean half-lives in soil tested under laboratory and 
field conditions were 32 and 22 d, respectively. These are less than the trigger of 120 
d. The geometric mean DT50dis for CPY in sediments tested in the laboratory and 
microcosms was 39 d, less than the trigger value of 120 d.

The geometric mean values for BCF or BAF tested in the laboratory and the field 
were 848 and 935, respectively (Sect. 5). These are less that the trigger value of 
2,000. Moreover, CPY does not trigger the criterion for Pv or Bv. In addition, CPYO 
also does not trigger the criteria for P and B or Pv or Bv.

The trigger of 10 μg L−1 for T is exceeded for CPY; the most sensitive NOEC 
reported for aquatic organisms is 0.005 μg L−1 for Simocephalus vetulus in a micro-
cosm experiment (Daam and Van den Brink 2007). Since CPY is an insecticide, 
toxicity to arthropods is expected, however; the key question is the relevance of this 
to the exposures in the general environment and, as discussed in the companion 
papers (Giddings et al. 2014; Williams et al. 2014), this is not indicative of significant 
ecotoxicological risks in the North-American environment, even in areas close to 
where it is applied. In aquatic organisms, CPYO has similar toxicity to CPY (Giddings 
et al. 2014), but it is only infrequently found in surface waters and then only at very 
small concentrations (Williams et al. 2013). This is consistent with the greater reac-
tivity of CPYO and its rapid hydrolysis in the environment. Thus, although formed 
from CPY in the atmosphere, CPYO is not persistent enough to present a risk to 
aquatic organisms, although it does trigger the T criterion under EC 1107/2009.

7  �Summary

The fate and movement of the organophosphorus insecticide chlorpyrifos (CPY; 
CAS No.2921-88-2) and its metabolite chlorpyrifos-oxon (CPYO; CAS 
No.5598-15-2) determine exposures in terrestrial and aquatic environments. 
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Detectable concentrations of the organophosphorus insecticide 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, which 
indicates the potential for long range transport (LRT) in the atmosphere. This issue 
was addressed by first compiling monitoring results for CPY in all relevant envi-
ronmental media. As a contribution to the risk assessment of CPY in remote 
regions, a simple mass balance model was developed to quantify likely concentra-
tions at locations ranging from local sites of application to more remote locations 
up to hundreds of km distant. Physical-chemical properties of CPY were reviewed 
and a set of consistent values for those properties that determine partitioning and 
reactivity were compiled and evaluated for use in the model. The model quantifies 
transformation and deposition processes and includes a tentative treatment of dis-
persion to lesser atmospheric concentrations. The model also addressed formation 
and fate of CPYO, which is the major transformation product of CPY. The 
Characteristic Travel Distance (CTD) at which 63% of the original mass of volatil-
ized CPY is degraded or deposited-based on a conservative concentration of •OH
radicals of 0.7 × 106 molecules cm−3 and a half-life of 3  h, was estimated to be 
62 km.At lesser concentrations of •OH radical, such as occurs at night and at lesser
temperatures, the CTD is proportionally greater. By including monitoring data 
from a variety of media, including air, rain, snow and biota, all monitored concen-
trations can be converted to the equilibrium criterion of fugacity, thus providing a 
synoptic assessment of concentrations of CPY and CPYO in multiple media. The 
calculated fugacities of CPY in air and other media decrease proportionally with 
increasing distance from sources, which can provide an approximate prediction of 
downwind concentrations and fugacities in media and can contribute to improved 
risk assessments for CPY and especially CPYO at locations remote from points of 
application, but still subject to LRT. The model yielded estimated concentrations 
that are generally consistent with concentrations measured, which suggests that the 
canonical fate and transport processes were included in the simulation model. The 
equations included in the model enable both masses and concentrations of CPY and 
CPYO to be estimated as a function of distance downwind following application. 
While the analysis provided here is useful and an improvement over previous esti-
mates of LRT of CPY and CPYO, there is still need for improved estimates of the 
chemical-physical properties of CPYO.

Based on the persistence in water, soils, and sediments, its bioconcentration and 
biomagnification in organisms, and its potential for long-range transport, CPY and 
CPYO do not trigger the criteria for classification as a POP under the Stockholm 
convention or a PB chemical under EC 1107/2009. Nonetheless, CPY is toxic at 
concentrations less than the trigger for classification as T under EC1107/2009; how-
ever, this simple trigger needs to be placed in the context of low risks to non-target 
organisms close to the areas of use. Overall, CPY and CPYO are judged to not trig-
ger the PBT criteria of EC 1107/2009.
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1  �Introduction

Chlorpyrifos (O,O-diethyl O-(3,5,6-trichloro-2-pyridinyl) phosphorothioate) is an 
organophosphorus insecticide that has been detected in surface waters of the United 
States (CDPR 2012a; Martin et al. 2011; NCWQR 2012; WDOE 2012). The potential 
for chlorpyrifos (CPY) to occur in surface water is governed by complex interactions 
of factors related to application, agronomic practices, climatological conditions dur-
ing and after application, soil pedology and chemistry, hydrologic responses of drain-
age systems, and its physicochemical properties that affect mobility and persistence 
under those environmental settings. These conditions vary among patterns of use such 
as the crop to which it is applied within the different regions of the country that have 
different soil types and climates. CPY use and registrations have changed over time as 
a result of market forces and product stewardship, including the ban of retail use and 
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the implementation of other label changes for environmental stewardship that were 
implemented in 2001. The objective of this study was to characterize likely exposures 
of aquatic organisms to CPY in the U.S. by evaluating patterns of use, environmental 
chemistry, available monitoring data, and via simulation modeling. The results of the 
data analyses and simulation modeling are a key component of the CPY risk assess-
ment described in the companion paper (Giddings et al. 2014).

1.1  �Distribution of Use of Chlorpyrifos

CPY is one of the insecticides most widely used throughout the world to limit insect 
and mite damage to a number of important crops, including soybeans, corn, tree 
nuts, alfalfa, wheat, citrus, peanuts, and vegetables, among others (Solomon et al. 
2014). Regions in the U.S. with the largest use of CPY in 2010–2011, expressed as 
percent of insecticide, include the Central Valley of California; the Snake River 
basin in Oregon and southwestern Idaho; parts of Minnesota, Iowa, Wisconsin, 
Illinois, Indiana, Ohio and Michigan in the central and eastern corn belt; and areas 
in Georgia and North Carolina along the Atlantic and Gulf coastal plain (Fig. 1). 
Soybeans, corn, tree nuts (almonds, pecans and walnuts), apples, alfalfa, wheat, and 
sugar beets accounted for approximately 80% of the use of CPY in 2007 (Fig. 2).

CPY is available as a granular product for soil treatment, or several flowable 
formulations (all formulations that are sprayed) that can be applied to foliage, soil, 

Fig. 1  Geographical distribution of chlorpyrifos use in the United States from 2010 to 2011. Derived 
from confidential sales data (from Dow AgroSciences, 2012; see SI for a color version of this Figure)
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or dormant trees (Solomon et  al. 2014). Application can occur pre-plant, at-plant, 
post-plant or during the dormant season using aerial equipment, chemigation, ground 
boom or air-blast sprayers, tractor-drawn spreaders, or hand-held equipment.

1.2  �Environmental Fate Properties

CPY has short to moderate persistence in the environment as a result of several 
pathways of dissipation, including volatilization, photolysis, abiotic hydrolysis and 
microbial degradation that can occur concurrently. Dissipation by volatilization 
from foliage, as controlled by the physical and chemical properties of CPY (Tables 1 
and 2) is the dominant process during the first 12 h after application, but decreases 
as the formulation adsorbs to foliage or soil (Mackay et al. 2014). During the days 
following application, CPY strongly adsorbs to soil and penetrates the soil profile to 
become less available for volatilization, and consequently other degradation pro-
cesses become important. The magnitude of CPY adsorption varies substantially 
between different soils, with a spread of two orders of magnitude in calculated Kd 
coefficients (SI Table A4).

Key factors affecting degradation of CPY in soil have been reviewed previously 
(Racke 1993) and these factors have been substantiated by additional recent research 
cited herein. CPY can be degraded by UV radiation, dechlorination, hydrolysis, and 
microbial processes. However, hydrolysis of CPY is the primary mechanism and 
results in formation of 3,5,6-trichloropyridinol (TCP). This step can be either abi-
otic or biotic, and the rate is 1.7- to 2-fold faster in biologically active soils. The rate 
of abiotic hydrolysis is pH-dependent and occurs more rapidly under alkaline con-
ditions. It is also faster in the presence of catalysts such as certain types of clay 
(Racke 1993). Degradation of TCP is dependent on biological activity, and leads to 

Fig. 2  Use of chlorpyrifos by crop (2007) (data from Gomez 2009)
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formation of bound residues and reversible formation of 3,5,6-trichloro-2-me-
thoxypyridinol (TMP). Under aerobic conditions, the major terminal degradation 
product of CPY is CO2. Since TCP and TMP are not considered to be residues of 
concern (USEPA 2011), they were not included in the model simulations presented 
below. Finally, while photolysis and oxidation are known to form the chlorpyrifos 
oxon (CPYO) in air and on foliar surfaces (Mackay et al. 2014), this route is either 
insignificant in  soil or the oxon degrades as quickly as it is formed. CPYO has not 
been reported in radiotracer soil degradation studies in the laboratory or field. 
Concentrations of CPYO were not included in simulations because it has not been 
observed in soils.

Under standardized laboratory conditions, rates of degradation of CPY in soil, 
expressed as the half-life, have ranged from 1.3 to 1,575 d (all values except one are 
<335 d; see SI, Table A1). Although half-lives of 7–120 d are considered typical, 
this range narrows for medium textured soils across several states where reported 
half-lives range from 33 to 56  d (USEPA 1999). This variability in reported 

Table 1  Key physicochemical properties of chlorpyrifos

Parameter Value Source

Chemical name O,O-diethyl  
o-(3,5,6-trichloro-2-pyridyl 
phosphorothioate

USEPA (2011)

Chemical Abstracts Service (CAS) 
Registry Number

2921-88-2 USEPA (2011)

Empirical formula C20H17F5N2O2 USEPA (2011)
Molecular mass 350.6 g/mol Mackay et al. (2014)
Vapor pressure (25 °C) 1.73 × 10−5 torr Mackay et al. (2014)
Water solubility (20 °C) 0.73 mg/L Mackay et al. (2014)
Henry’s law constant 1.10 × 10−5 atm-m3/mol Mackay et al. (2014)
Log Kow 5.0 Mackay et al. (2014)

Table 2  Key environmental fate properties of chlorpyrifos

Parameter Value Source

Hydrolysis (t½) pH 5: 73 d USEPA (2011)
pH 7: 72 d
pH 7: 81 d
pH 9: 16 d

Aqueous photolysis (t½) 29.6 d USEPA (2011)
Aerobic soil metabolism (t½)a 1.9–1576 d See Table SI A1
Aerobic aquatic metabolism (t½) 22–51 d See Table SI A5
Anaerobic soil metabolism (t½) 15 and 58 d USEPA (2011)
Anaerobic aquatic metabolism (t½) 39 and 51 d USEPA (2011)
Soil adsorption coefficient KOC 973–31,000 cm3 g−1 See Table SI A4
Terrestrial field dissipation (t½) 1.3–120 d See Table SI A3

t½ = half-life
aAll values <335 d except one
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half-lives has been attributed to differences in soil organic carbon and moisture 
contents, prior CPY application rate, and microbial activity at the time of sampling, 
but no quantitative relationships have been reported (Racke 1993). Rates of degra-
dation are inversely proportional to rates of application, possibly because concen-
trations in soil water reach the solubility limit of approximately 1 μg CPY L−1. 
Generally, when applied as a granular product, CPY dissipation is slower than when 
applied as a liquid (Racke 1993). Dissipation under field conditions is also variable, 
with half-lives ranging from 1.3 to 120 d (SI, Table A2).

Results of laboratory aerobic degradation studies with CPY exhibit bi-phasic 
behavior in some soils. Initial rates of degradation are greater than overall rates by 
factors of 1.1 to 2.9 (Racke 1993). This behavior of CPY is not as apparent for some 
soils for which half-lives were calculated by use of simple, first-order kinetics (de 
Vette and Schoonmade 2001). Some half-lives reported in the literature (SI Table 
A1) have been derived by assuming first-order kinetics for degradation, which can 
overestimate the environmental persistence of CPY. This artifact is discussed in 
greater detail in the second paper of this series (Solomon et al. 2013).

CPY rapidly dissipates from plant surfaces, primarily from volatility and second-
arily from photolysis, with most reported dissipation half-lives being on the order of 
several days (SI, Table A3). In a field study of CPY loss to air conducted in California, 
maximum fluxes via volatilization occurred in the first 8 h after application to recently 
cut alfalfa (Rotondaro and Havens 2012). The total loss of mass was calculated from 
fluxes determined by the Aerodynamic (AD) and Integrated Horizontal Flux (IHF) 
methodologies and ranged from 15.8 to 16.5% of the applied mass of CPY.

Based on reported water-sediment adsorption coefficients normalized to fraction 
of organic carbon in sediments (KOC) of 973–31,000 cm3 g−1 (mean 8216 cm3 g−1, SI 
Appendix X, Table A4), CPY has moderate to high potential to adsorb to soil. 
Uptake by roots, translocation, and metabolism of CPY in plants are negligible and 
thus CPY is non-systemic, although metabolism of foliar-applied CPY does occur 
(Racke 1993).

In aquatic systems, abiotic degradation from aqueous hydrolysis of CPY has 
been reported to occur with half-lives of 73, 72, and 16 d at pH 5, 7, and 9, respec-
tively at 25 °C (Racke 1993). An aqueous hydrolysis half-life of 81 d at pH 7 has 
been reported (USEPA 2011). Half-lives of 22–51 d have been reported from stud-
ies of aerobic metabolism in aquatic systems (SI Table A5, Kennard 1996; Reeves 
and Mackie 1993). A half-life of 29.6 d was observed in a aqueous photolysis study 
performed with CPY under sterile conditions at pH 7 in phosphate-buffered solution 
under natural sunlight (Batzer et al. 1990).

Transport of CPY off-site following application has been extensively examined 
across a range of field conditions as affected by several factors: antecedent soil 
moisture, soil physical and chemical properties, soil erosion, plant canopy cover-
age, plant development stage, time intervals of 2-h to 7-d between application and 
rainfall events, and a range of rainfall events with return frequencies as little as 1-in-
833 yr (Cryer and Dixon-White 1995; McCall et al. 1984; Poletika and Robb 1994; 
Racke 1993). CPY mass in runoff ranged from 0.003 (McCall et al. 1984; Poletika 
and Robb 1994)) to 4.4% (McCall et al. 1984; Poletika and Robb 1994) of applied 
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mass. A study conducted in Iowa under record high rainfall conditions concluded 
that the majority of compound was transported attached to eroded sediment (Cryer 
and Dixon-White 1995). However, based on a combination of low erosion and avail-
ability of large amounts of residues on cotton foliage for wash-off during storms 
simulated soon after application of CPY, Poletika and Robb (1994) suggested that 
the majority of the CPY was transported in the dissolved phase of the runoff in 
Mississippi. Thus, both dissolved and adsorbed fractions need to be considered as 
transport pathways to surface water.

2  �Measurements of Chlorpyrifos in Aquatic Environments

2.1  �Chlorpyrifos in Surface Water

The most comprehensive dataset of pesticide concentrations has been compiled 
from the USGS National Water-Quality Assessment (NAWQA) Program and the 
National Stream Quality Accounting Network (NASQAN). These represent concen-
trations measured from 1992 to 2010 (Martin and Eberle 2009; Martin et al. 2011). 
Both NAWQA and NASQAN programs utilized similar methods to collect and pro-
cess samples. Pesticide concentrations were determined by the USGS National 
Water Quality Laboratory (NWQL) by using gas chromatography/mass spectros-
copy (GC/MS) in selective ion monitoring (SIM) mode. The USGS determined and 
applied a consistent minimum concentration as a bias correction to account for 
changes in recovery and limit of detection (LOD)1 during the sample collection 
period. A consistent method of rounding was applied to concentration values and 
quality control (QC) samples were removed from the data file before analysis. To 
allow for trend analysis, USGS added an attribute to the database to allow users to 
create a subset of the data that had no more than one sample per calendar week to 
avoid weighting the analysis toward periods of more frequent sampling.

The dataset reported by Martin et al. (2011) was characterized based on the per-
cent of samples that contained detectable CPY. Characterization also included cal-
culating 90th, 95th, and 99th centile concentrations and maximum concentrations 
for all samples. Data were categorized by year, Farm Resource Region2 (FRR; 9 
total), and drainage basin land-use class (4 total). The basin land-use classes were 
agricultural (>50% agricultural and ≤5% urban), undeveloped (≤25% agricultural 
and ≤5% urban); urban (>25% urban and ≤25% agricultural); and mixed (all other 
combinations of urban, agricultural, and undeveloped land). To examine the effect 
of the 2001 ban on retail sales of CPY on measured concentrations, data for 1992–
2001 and 2002–2010 were characterized separately.

1 Level of detection (LOD) level of quantitation (LOQ) and method detection limit (MDL) are used 
as defined by MacDougall and Crummet (1980).
2 A map and explanation of USDA’s Economic Research Service (ERS) Farm Resource Regions is 
available at http://ageconsearch.umn.edu/bitstream/33625/1/ai000760.pdf.
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Frequencies of detection and 95th centile concentrations decreased more than 
five-fold between 1992 and 2010 (Fig. 3). Detections in 1992–2001 ranged from 
10.2 to 53.1%, while 2002–2010 detections ranged from 7.0 to 11.2%. The 95th 
centile concentrations ranged from 0.007 to 0.056 μg L−1 in 1992–2001 and 0.006–
0.008 μg L−1 in 2002–2010. Localized intensive studies of CPY in surface waters 
also indicated the dramatic decrease in detection of CPY between 2001 and 2002, 
for example in Texas (Banks et al. 2005).

Farm Resource Regions (USDA-ERS 2000) with the greatest percent detections 
(Table 3) and the greatest 95th centile concentrations (Table 4) were the Fruitful 
Rim region and the Basin and Range region. Farms in the Basin and Range and 
Fruitful Rim FRRs include cattle, wheat, sorghum, fruit, vegetable, nursery and cot-
ton farms in the western third of the U.S. and southern Texas, Florida, and south-
eastern Georgia and South Carolina (Martin et al. 2011).

The greatest frequency of detections (Table 3) and 95th centile concentrations 
(Table 4) occurred in undeveloped and agricultural land-use classes. The two land-
use classes with the most urban land (urban and mixed) had the smallest frequency 
of detections and 95th centile concentrations, consistent with the cessation of 
CPY-based product sales for most homeowner uses in December 2001 (Johnson 
et al. 2011).

Databases in California and Washington were also examined to identify addi-
tional data on concentrations of CPY in surface waters. The California Department 
of Pesticide Regulation Surface Water Database (CA-SWD) was developed in 1997 
to collect and provide information on pesticides in California surface waters (CDPR 
2012a). Samples were taken from rivers, creeks, urban streams, agricultural drains, 
the San Francisco Bay delta region, and runoff of urban storm-water from August 

Fig. 3  Detections of chlorpyrifos and 95th centile concentrations in U.S. surface water, 1992–
2010 (data from Martin et al. 2011)
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1990 through July 2010. From 2002 to 2010, the percent detections for CPY in the 
CA-SWD ranged from 7.6 to 27%, the 95th centile concentrations ranged from 
0.010 to 0.1 μg L−1, and maximum concentrations ranged from 0.15 to 3.9 μg L−1. 
Percent detections in the CA-SWD from 2002 to 2010 was in the same range as for 
the Martin et al. (2011) data, while the maximum and 95th centile concentrations 
were generally greater.

The majority of the applicable surface water monitoring data available in the 
Washington Department of Ecology’s Environmental Information Management 
(WA-EIM) database (WDOE 2012) was generated as part of the Surface Water 
Monitoring Program for Pesticides in Salmonid-Bearing Streams. The monitoring 
program was specifically designed “to address pesticide presence in Endangered Species 
Act (ESA)-listed, salmonid-bearing streams during typical pesticide use periods,” 

Table 3  Frequency of detections of chlorpyrifos in surface water samples, by Farm Resource 
Region (FRR) and Land-Use Class, 2002–2010

Region

Percent detections

Agricultural Mixed Undeveloped Urban All classes

All FRRs 16.1 7.42 18.0 5.51 9.11
Heartland 29.8 6.83 N/Aa 6.32 9.40
Northern Crescent N/A 1.59 0 0.59 1.05
Northern Great Plains N/A 2.20 5.14 N/A 3.89
Prairie Gateway N/A 2.09 18.8 9.23 7.19
Eastern Uplands N/A 0.33 0 11.3 1.22
Southern Seaboard 1.16 7.31 N/A 4.26 5.81
Fruitful Rim 11.6 37.9 8.13 10.1 21.3
Basin and Range 5.00 1.80 31.3 0 22.7
Mississippi Portal 9.01 5.93 0 19.7 8.24

Data from Martin et al. (2011)
aNo data available

Table 4  Ninety-fifth centiles of chlorpyrifos concentrations in surface water samples, by Farm 
Resource Region (FRR) and Land-Use Class, 2002–2010

Region

95th centiles of measured concentrations (μg L−1)

Agricultural Mixed Undeveloped Urban All classes

All FRRs 0.0097 0.006 0.008 0.0067 0.007
Heartland 0.018 0.005 N/Aa 0.0076 0.007
Northern Crescent N/A 0.005 0.005 0.005 0.005
Northern Great Plains N/A 0.005 0.005 N/A 0.005
Prairie Gateway N/A 0.005 0.009 0.008 0.0067
Eastern Uplands N/A 0.005 0.005 10.0 0.005
Southern Seaboard 0.005 0.006 N/A 0.005 0.005
Fruitful Rim 0.0086 0.022 0.005 0.0098 0.015
Basin and Range 0.005 0.005 0.01 0.005 0.009
Mississippi Portal 0.0065 0.006 0.005 0.012 0.007

Data from Martin et al. (2011)
aNo data available
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with weekly monitoring from March through October each year (WDOE 2012). As 
with the CA-SWD, the WA-EIM monitoring data were not suitable for trend analy-
sis, but comparisons to the data sets of Martin et al. (2011) and CA-SWD (CDPR 
2012a) could be made. From 2002 to 2011, percent detections in the WA-EIM data-
base ranged from 4.9 to 32%, rates similar to those observed by Martin et al. (2011) 
and CA-SWD (CDPR 2012a). The 95th centile concentrations ranged from 0.033 to 
0.3 μg L−1, and maximum concentrations ranged from 0.35 to 0.59 μg L−1. In gen-
eral, CPY concentrations in the EIM dataset were greater than those reported by 
Martin et al. (2011), but less than those reported by CA-SWD (CDPR 2012a).

Another source of information on concentrations of CPY in surface water used 
in this assessment was compiled by the tributary monitoring program operated by 
the National Center for Water Quality Research (NCWQR) at Heidelberg University 
(NCWQR 2012). Concentrations of nutrients, sediment, and pesticide were included 
in the NCWQR monitoring program database. Concentrations of CPY were reported 
for 6,301 samples from ten stations within the Lake Erie Basin and Ohio from 2002 
to 2011. CPY was detected in 6 samples (<1%), with concentrations ranging from 
0.02 to 0.37 μg L−1. The percent of detections was less in the NCWQR dataset than 
in the other datasets.

Overall, the database with the greatest number of samples (more than 10,000) 
and broadest geographical representation (Martin et al. 2011) shows that CPY was 
detected in 9% of samples analyzed between 2002 and 2010 and that 95% of the 
samples contained CYP at less than 0.007 μg L−1, and the maximum was 0.33 μg L−1. 
The regional databases, which were more focused on areas of pesticide use than the 
USGS database, had more frequent detections (13–17%) and greater concentrations 
(95th centiles 0.010–0.3 μg L−1). Even in the WA-EIM database, less than 1% of 
samples analyzed since 2007 exceeded 0.1 μg L−1.

2.2  �Chlorpyrifos in Sediment

The NAWQA (NAWQA 2012), CA-SWD (CDPR 2012a), and WA-EIM (WDOE 
2012) databases also contained data on concentrations of CPY in sediments. The 
NAWQA database included results of 76 analyses for CPY in sediments between 
2007 and 2010 (NAWQA 2012). CPY was detected in two sediments (detection rate 
of 2.6%). One sediment sample had an estimated concentration of 1 μg kg−1 and the 
other had a measured concentration of 58.6 μg kg−1. The LOD was 2 μg kg−1 for all 
samples. Data for sediment from the CA-SWD (CDPR 2012a) were only available 
from one study that was conducted in 2004 (Weston et al. 2005). Of 24 sediments 
analyzed, CPY was detected in nine, or a detection rate of 37.5%. Concentrations 
ranged from 1.5 to 19 μg kg−1 and the limit of quantitation (LOQ) was 1 μg kg−1 for 
all samples. The WA-EIM database (WDOE 2012) had only one detection for CPY 
in 23 sediment samples (detection rate of 4.4%) post-2001; the estimated concentra-
tion was 1 μg kg−1.
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2.3  �Chlorpyrifos Marine Monitoring Data

Only the WA-EIM database (WDOE 2012) contained marine monitoring data. 
No CPY was detected in any of the 42 samples of water collected after 2001, which 
had method reporting limits of 0.002–0.0023 μg L −1. No sediment samples were 
analyzed.

2.4  �Occurrence of Chlorpyrifos Oxon

Though not a listed USEPA contaminant (USEPA 2012), the NAWQA (NAWQA 
2012), NASQAN (NASQAN 2012), CA-SWD (CDPR 2012a), and WA-EIM 
(WDOE 2012) databases also contained data on detections of CPYO and concentra-
tions that provide some insight into the possible earlier distribution of CPY. The 
NAWQA database included results of 7,098 analyses for CPYO in surface waters 
between 1999 and 2012. CPYO was detected in 16 samples, a rate of 0.23%. These 
detections, however, were all estimated concentrations, which were less than the 
LOQ, which ranged from 0.011 to 0.054 μg L−1. The LODs were 0.007 to 0.34 μg L−1. 
In instances when CPY was sampled at the same time as CPYO was detected, con-
centrations of CPY were less than the MDLs of 0.005 to 0.006 μg L−1 in 75% of 
samples (i.e., 9 of 12).

In the NASQAN database, CPYO was an analyte in 2,025 surface water sam-
ples collected between 2001 and 2012, and was detected in 9 samples-a detection 
rate of 0.44%. Estimated concentrations (<LOQ) ranged from 0.011 to 0.036 μg L−1 
and the detection limits were from 0.016 to 0.34 μg L−1. In all cases when samples 
were analyzed for CPY at the same time as CPYO (nine samples), concentrations 
of CPY were less than the MDL of 0.005 to 0.006 μg L−1. Neither the CA-SWD 
(CDPR 2012a) nor the EIM (WDOE 2012) databases contained any detections for 
CPYO in surface waters. The CA-SWD included results of 288 analyses from 2005 
to 2010 (LOQ = 0.05 to 0.06 μg L−1), while the EIM database contained results of 
964 analyses (MDL = 0.048 to 0.1 μg L−1) from 2009 to 2011.

2.5  �Exposures in Relation to Changes in Use-Pattern

Three different United States Geological Survey (USGS) studies used the same 
pesticide concentration dataset (Martin and Eberle 2009) to examine trends in pes-
ticide concentrations in corn-belt streams (Sullivan et  al. 2009), urban streams 
(Ryberg et al. 2010), and streams of the western U.S. (Johnson et al. 2011). The 
dataset containing concentrations of insecticides was compiled in the same manner 
as the Martin et al. (2011) dataset, which included data only from 1992 to 2008.
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Pesticide concentration trends that commonly occur in streams and rivers of the 
corn belt of the U.S were assessed Sullivan et al. (2009) and the relative applicability 
and performance several statistical methods for trend analysis were evaluated. 
Temporal trends in concentrations of 11 pesticides (including CPY) with sufficient 
data were assessed at as many as 31 stream sites for two time periods: 1996–2002 
and 2000–2006. Most sites had too few concentrations that were greater than the 
MDLs to determine meaningful trends in CPY concentrations. All the 11 sites for 
which flow-adjusted trends could be analyzed during 1996–2002 exhibited down-
ward trends in concentrations of CPY, including significant downward trends at two 
sites and highly significant downward trends at five sites. Only three sites could be 
analyzed during 2000–2006. One site had a statistically significant downward trend, 
the second site had a non-significant upward trend, and the third site had a highly 
significant upward trend. Overall, the results indicate downward trends in concentra-
tions of pesticides in general. This included decreasing CYP concentrations in Corn 
Belt streams and rivers during 1996–2006, which were explained largely by the cor-
responding decreases in annual use due to regulatory actions or market forces.

The second USGS study (Ryberg et al. 2010) used the Martin and Eberle (2009) 
dataset to assess trends of pesticide concentrations in 27 urban streams in the 
Northeastern, Southern, Midwestern and Western regions of the U.S. Three par-
tially-overlapping 9-yr periods (1992–2000, 1996–2004, and 2000–2008) were 
examined for eight herbicides, five insecticides, and three degradation products. 
The data were analyzed for trends in concentrations by use of a parametric regres-
sion model. Due to small and declining frequencies detection, trends in concentra-
tion of CPY were not assessable at most sites, particularly during 2000–2008. Most 
of the streams for which adequate data were available exhibited significant down-
ward trends in concentrations (i.e., 10 of 11 sites during 1996–2004 and two of five 
sites during 2000–2008). Between 2000 and 2008, most measured concentrations of 
CPY were less than the MDLs and only five sites had more than 10 detections. 
Concentrations of CPY at two of those sites continued to decline significantly, but 
there were no significant downward trends at the remaining three sites during the 
latter period. The downward trends of CPY concentrations in urban streams were 
consistent with the regulatory phase-out of residential uses of CPY between 1997 
and 2001.

The most recent USGS study to use the Martin and Eberle (2009) dataset assessed 
trends in concentrations of two insecticides and five herbicides in 15 streams in 
California, Oregon, Washington, and Idaho from 1993 to 2005 (Johnson et  al. 
2011). Because of changes in amounts applied and methods of application in their 
associated catchments, pesticide concentration trends were estimated by using a 
parametric regression model to account for flow, seasonality, and antecedent hydro-
logic conditions. Short-term models of trends were developed for all sites for the 
period 2000–2005, while long-term models of trends were developed at 10 of the 15 
study sites: two small urban sites (1996–2005), three small agricultural sites (1993–
2005), and five large mixed land-use sites (1993–2005). Of the seven sites that had 
a sufficient number of uncensored (>MDL) concentrations of CPY for short-term 
trend analysis of flow-adjusted concentrations (2000–2005), only one site (Yakima 
River, WA; a large mixed land-use site) had a significant upward trend. For the 
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long-term trend models, six sites had a sufficient number of uncensored concentra-
tions of CPY for analysis of flow-adjusted concentrations. Three of the six sites had 
significant downward trends, one had a significant upward trend (Zollner Creek, 
OR; a small agricultural site), and the other two sites had no significant trends. 
Downward trends in concentrations of CPY at the small urban and California agri-
cultural sites appear to reflect the phase-out of CPY and/or reduction in its use. 
Upward trends in the Yakima River, WA and Zollner Creek, OR might be due to 
increases in use from an increase in the planted acreage of certain crops (e.g., corn) 
and/or restrictions on the use of other organophosphate insecticides.

Overall, these three USGS analyses of the Martin and Eberle (2009) data gener-
ally indicate trends of decreasing pesticide concentrations, including CPY, in corn 
belt streams and rivers (Sullivan et al. 2009), urban streams in four regions of the 
U.S. (Ryberg et al. 2010), and in small urban and agricultural sites in California and 
the Pacific Northwest (Johnson et al. 2011).

3  �Modeling of Chlorpyrifos in Aquatic Environments

Collectively, the CPY monitoring data provided useful and relevant insight towards 
quantifying the range of concentrations expected in surface waters. However, rela-
tively few monitoring programs have sampled at a frequency sufficient to quantify 
the time-series pattern of exposure. Therefore, numerical simulations were used to 
characterize CPY concentrations in water and sediment for three representative high 
exposure environments in the United States. The environments were selected by 
parallel examination of use intensity across the U.S., susceptibility of CPY to runoff 
with respect to soil and weather variability across the U.S., and a sensitivity analysis 
of CPY runoff potential for various patterns of use. From the analyses, three geo-
graphical regions, each defined as several contiguous counties, were identified as 
having greater potential exposure to CPY. These regions were in central California, 
southwestern Georgia, and the Leelanau peninsula of Michigan. A small watershed, 
defined as having a 3rd order stream outlet, was selected from each region based on 
having a high density of cropland eligible for receiving CPY applications according 
to registered uses. Models were configured for each watershed and simulations con-
ducted for up to 30 yr of consecutive CPY use using historical weather records for 
each region modeled. Daily mean concentrations of CPY in water and sediment 
from runoff, erosion, and drift sources were predicted at the watershed outlets.

3.1  �Selection and Justification of the Models

Several models were used, the number of which depended on the level of detail 
needed for the specific phase of the assessment. Models were selected for their abil-
ity to represent the key fate and transport processes of CPY. Based on use practices 
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and chemical properties discussed in Sect. 1.1, above, potential transport pathways 
to aquatic systems include water and soil erosion from rainfall and irrigation and 
spray drift during application.

The Pesticide Root Zone Model, PRZM, was selected to evaluate pesticide run-
off potential because of its ability to account for pertinent environmental processes 
at an appropriate spatial scale and time step for chemical dissipation. PRZM is a 
dynamic, compartmental model developed for simulating movement of water and 
chemical in unsaturated soil systems within and below the plant root zone (Carousel 
et al. 2005). The model simulates time-varying hydrologic behavior on a daily time 
step, and includes physical processes of runoff, infiltration, erosion, and evapotrans-
piration. The chemical transport component of PRZM calculates pesticide uptake 
by plants, volatilization, surface runoff, erosion, decay, vertical movement, foliar 
loss, dispersion and retardation. PRZM includes the ability to simulate transport of 
metabolites, irrigation, and hydraulic transport below the root zone. PRZM is the 
standard model used for ecological and drinking water pesticide risk assessments by 
the U.S. Environmental Protection Agency’s Office of Pesticide Programs (USEPA 
2009). The model has undergone extensive validation, in which the results were 
compared with measured concentrations from numerous studies of field-scale run-
off and leaching, conducted for pesticides in the United States (Carousel et al. 2005; 
Jones and Russell 2001). Moreover, PRZM has been integrated into several water-
shed assessment models in the U.S. (Parker et al. 2007; Snyder et al. 2011).

Two versions of PRZM were used here. The majority of simulations were con-
ducted using PRZM version 3.12.2; the version that is incorporated into the pesti-
cide registration review process of the USA (USEPA 2009). Simulations for 
California were conducted using a version of WinPRZM (FOCUS 2012) that was 
modified (Hoogeweg et al. 2012) to simulate pesticide losses in furrow and flood 
irrigation tail-water, which is a significant source of pesticide loadings in many 
areas of California and elsewhere that utilize these irrigation practices. WinPRZM 
contains additional enhancements that are not available in PRZM 3.12.2 that have 
been added for pesticide registration evaluation in Europe, including the ability to 
simulate soil adsorption using the Freundlich isotherm, temperature and soil-
moisture-dependent degradation, and non-equilibrium sorption to soil (FOCUS 
2012). WinPRZM produces identical exposure concentrations to PRZM version 
3.12.2 when those options are not used.

The Exposure Analysis Modeling System, version 2.98.04 (EXAMS), was used 
to evaluate the relative effects of use practices (i.e., CPY labels) on exposure con-
centrations. Simulations utilized standard scenarios developed by USEPA’s Office 
of Pesticide Programs for pesticide registration review, which are configured to run 
with EXAMS (USEPA 2009). The scenarios represent a 10-ha field draining into a 
1-ha × 2 m deep pond. EXAMS combines a chemical fate and transport model with 
a steady-state hydraulic model to simulate the following processes: advection, dis-
persion, dilution, partitioning between water, biota, and sediment, and degradation 
in water, biota, and sediment (Burns 2004).

The regulatory version 2.05 of the AgDRIFT® model (Teske et al. 2002) was 
selected to estimate spray drift deposition onto aquatic water bodies. This version of 
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AgDRIFT® contains the Tier I levels for ground and orchard air blast spraying, and 
the Tier I, II and III levels for aerial spraying. Tier II and III ground and orchard air 
blast spraying screens have not been developed. The Tier I predictions for this 
assessment were used for all application methods.

The 2005 version of the Soil and Water Assessment Tool (SWAT) model was cho-
sen to link and route CPY transport in the three focus watersheds. SWAT is a semi-
distributed model developed by the U.S. Department of Agriculture to predict effects 
of land management practices on water, sediment and agricultural chemical yields in 
large complex watersheds that have varying soils, land use, and management condi-
tions over long periods of time (Neitsch et  al. 2010). Model components include 
weather, surface runoff, return flow, percolation, evapo-transpiration (ET), transmis-
sion losses, pond and reservoir storage, crop growth and irrigation, groundwater flow, 
reach routing, nutrient and pesticide loading, and water transfer. PRZM was used to 
simulate CPY in runoff and erosion, because SWAT is unable to simulate losses of 
CPY due to volatilization and runoff from furrow/flood irrigation tail-waters.

The Risk Assessment Tool to Evaluate Duration and Recovery (RADAR) was 
used to evaluate SWAT model output. RADAR is a software program commissioned 
by the Ecological Committee for FIFRA Risk Assessment Methods (ECOFRAM) 
in the late 1990s to conduct evaluations of exposure events from time-series data 
(ECOFRAM 1999) and to assess pulse-dose study designs. RADAR relies on the 
concept of defining a threshold value (or trigger value) for the water column con-
centration believed by the user to be of some interest in interpreting exposure. The 
software identifies each occurrence, in which CPY residues exceed this threshold 
and defines such occasion as an “event.” Once an event has been triggered, the pro-
gram calculates the duration that residues continue to be above this level (event 
duration) and then how long before the concentration again exceeds this threshold 
value (post-event interval).

3.2  �Chemical Input Parameter Values, Source, and Rationale

The chemical properties used in models used in this assessment are summarized in 
Table 5. Selection of chemical properties began by evaluating the properties used by 
the U.S. Environmental Protection Agency for a dietary exposure assessment con-
ducted in 2011 (USEPA 2011). USEPA’s assessment was designed to be a conserva-
tive screening evaluation of pesticide fate and transport. However, this USEPA 
assessment did not adequately represent the behavior of CPY at the level of resolu-
tion and accuracy needed for the present assessment. Therefore, an expanded data-
base on environmental fate properties was assembled and reviewed to better 
characterize relevant fate and transport processes.

Physicochemical properties. Available molecular weight, water solubility, and 
vapor pressure values were used for other elements of this risk assessment as 
needed (Mackay et al. 2014). PRZM simulates volatilization by using a dimension-
less expression of Henry’s law constant. The value provided in Table 5 was obtained 
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by calibration of PRZM to achieve 10–15% loss of CPY in the first 2 d and 20–25% 
maximum after several weeks, values comparable to that reported in Sect. 1.2 and 
by Mackay et al. (2014). This fitted value is approximately two orders of magnitude 
smaller than the dimensionless values for Henry’s law constants cited by the U.S. 
Department of Health and Health Services (USDHHS 1997) and by (Fendinger and 
Glotfelty 1990; Glotfelty et al. 1987; Suntio et al. 1987). Other parameters required 
for simulating volatilization include the diffusion coefficient of pesticide in air 
(DAIR) and the enthalpy of vaporization (ENPY). Values of 4,188  cm2 d−1 and 
14.3 kcal mol−1 were obtained for these parameters from Carousel et al. (2005).

Soil-water partition coefficients. Soil-water partition coefficients (Kd) were calcu-
lated by multiplying the average KOC of 8,216  cm3 g−1 times the organic carbon 
content (percent) of the soil series used in a specific model simulation. The Koc 
value was derived as the mean value from the 37 studies presented in SI Table A4.

Soil degradation of CPY. To bracket the expected environmental behavior, model 
scenarios were evaluated with two soil degradation rates. As discussed in Sect. 1.2 
and in Solomon et al. (2014), aerobic soil metabolism appears to be biphasic. The 
28-d and 96-d half-lives represent conservative estimates for each phase. Rate con-
stants were not adjusted for individual soils (i.e., to account for effects of hydrolysis 
on pH or photolysis).

Foliar processes. Degradation on foliar surfaces was represented by a half-life of 
3.28  d. This half-life represents the upper 90th centile confidence bound on the 

Table 5  Environmental properties used in model simulations

Property Value used in model simulations

Molecular weight 350.6 g mol−1

Water solubility 0.73 mg L−1

Vapor pressure 1.87 × 10−5 torr

Henry’s law constant
PRZM model 0.5 × 10−5 (dimensionless)
EXAMS model 6.2 × 10−6 atm m3 mol−1

Soil adsorption / desorption, KOC 8,216 cm3 g−1 (mean KOC from 37 data points)
Aerobic soil metabolism (t½) Run 1: 28.3 da

Run 2: 96.3 da

Aqueous hydrolysis (t½) pH 5: 73 d
pH 7: 81 d
pH 9: 16 d

Aqueous photolysis (t½) 29.6 d
Aerobic aquatic metabolism (t½) 50.8 d
Anaerobic aquatic metabolism (t½) 63 d
Foliar degradation (t½) 3.28 d
Foliar washoff (cm−1) 0.1
Plant uptake 0.0
aIn the text, these numbers are rounded to whole numbers; the table values were used in the 
modeling
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mean half-life calculated from the 18 studies of accumulation of CPY (SI Table 
A3). If a range of values was listed, the largest value was used in the calculation for 
a study (SI Table A3). If the half-life value given was expressed as being less than a 
given value, that value was used as a conservative estimate in the calculation. The 
upper 90th centile confidence bound on the mean half-life was calculated (1), 
(USEPA 2009) and used in the model.

	
t t

t s

ninput

n= − +
( )











1 2

90

1 2/

,

/

×

	
(1)

where, tinput = half-life input value (time) t1/2 = mean of sample half-lives (time), 
s = sample standard deviation (time), n = number of half-live values available (−), 
and t90,n−1 = one-sided Student’s t value at α = 0.1.

A foliar wash-off fraction of 0.1 cm−1 rainfall for CPY was used in the PRZM 
model (Carousel et  al. 2005). This value was further supported by the results of 
dislodgeable foliar residue studies and foliar wash-off measurements (Poletika and 
Robb 1994; Racke 1993). The review by Racke (1993) indicates that the proportion 
of applied CPY that can be washed off foliage decreases with time after application, 
not unexpectedly, given the large values of KOC and Log KOW for CPY. Because 
dislodgeable residues diminish within hours after application and sampling times 
likely differ between studies, reported results have high variability. Relevant values 
of the wash-off fraction could not be derived from many of the older studies, since 
this would require assumptions about both the proportion of dislodgeable residue 
released by rain and the amount of rainfall required to release it. For example, Hurto 
and Prinster (cited in Racke 1993), reported dislodgeable residues on turfgrass of 
0.03 μg cm−2, and total residues of 0.53 to 0.68 μg cm−2 within the first 1–2 h after 
application, giving a wash-off fraction of 0.044 to 0.057. Since not all dislodgeable 
residues as measured in the laboratory (released by immersion in detergent and 
water) are washed off in rain, this is likely to be an overly conservative estimate. 
Although no information existed on the amount of rain needed to achieve such a 
reduction, it is likely to be substantial.

The best direct measure of foliar CPY wash-off was obtained from a field study 
on cotton (Poletika and Robb 1994). The results of this study (Fig. 4) show that the 
foliar wash-off fraction of CPY is strongly time-dependent, and has a maximum 
value of ~0.08 approximately 2 h after application. Other results that were based on 
irrigation of the treated area immediately after application were considered to be 
unrealistic. Under actual use conditions, CPY products are not to be applied when 
rainfall is anticipated within 2 h after application, since this could diminish the effi-
cacy against foliar pests (except where the product is intentionally watered in to 
provide efficacy against pest in soil or thatch).

Finally, uptake of CPY by plants from the soil was considered negligible and this 
parameter was set to 0.0 in the model. CPY is not systemic and tends not to enter 
plants or move within the plant vascular system (Racke 1993).
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Properties of CPY in water. For the sensitivity analysis of patterns of use of CPY, 
degradation in the EXAMS model was regarded to occur through aerobic aquatic 
metabolism, aqueous hydrolysis, and photolysis. Aerobic aquatic metabolism was 
represented by the upper 90th centile confidence bound on the mean half-life  
(t ½ = 50.8 d) calculated from (1) by using the data in SI Table A5. Aqueous hydro-
lysis of CYP at pH 5, 7 and 9 has been reported with half-life values of 73, 81, and 
16 d, respectively. The longer 81-d value was used for the modeling scenarios. The 
half-life for aqueous photolysis was taken as 29.6 d in the simulations. Volatilization 
was also simulated using the Henry’s law constant of 6.2 × 10−6 atm m3 mol−1. The 
calibrated dimensionless value discussed above is not applicable for aquatic media. 
Degradation in sediment was assumed to occur via anaerobic aquatic metabolism 
(63-d half-life), which was calculated from (1) by using the reported laboratory 
half-life values of 39 and 51 d.

3.3  �Selection of Exposure Scenarios

Distribution of CPY across the U.S. Intensity of use was a factor in the selection of 
watersheds. County sales data (Fig. 1) cannot be used to determine the precise loca-
tion of product use, but it does provide a general indication of the spatial distribution 
of CPY use. Areas in the U.S. with the greatest intensity of use from 2010 to 2011 
(depicted in blue in Fig. 1, see SI for color map) include Kern, Tulare, Santa Cruz, 
Fresno counties in central California; Lancaster County in southeastern Pennsylvania; 
and Calhoun, Decatur, and Mitchell counties in southeast Georgia. Other areas of 
high use at a lesser density are depicted by the green shading in Fig. 1 (see SI for 
color map).

National vulnerability assessment of CPY runoff. A national vulnerability assess-
ment was conducted to characterize the potential for CPY to be transported beyond 
a treated field in runoff water and eroded sediment throughout the conterminous 
United States. The assessment involved use of the National Pesticide Tool (NPAT) 
to simulate the relative runoff potential of CPY for all major agricultural soil types. 

Fig. 4  Wash-off fraction vs. 
time after application
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NPAT uses databases specifically created to provide access to all necessary inputs 
for national-scale PRZM simulation modeling, including soil location and proper-
ties, historical weather records, erosion factors, and crop parameters. A more com-
plete description of the NPAT is provided in SI Appendix B.

It was not possible to simulate variability of areas of crops planted, application 
methods, rates, and intervals between applications permitted on labels at the national 
scale. Instead simulations were conducted with two generalized interpretations of 
CPY labels. Simulations used “corn/soybeans” as the crop because soybeans and 
corn represent approximately half of total CPY use in the U.S. One of the NPAT 
executions simulated a single application to soil at a unit application rate (1.0 kg a.i. 
ha−1) timed at crop emergence. Properties of CPY used in the simulation are pro-
vided in Table 5 except that foliar and aquatic properties were not used in simula-
tions and only the predominant 28-d half-life was simulated for aerobic soil 
metabolism. The second simulation represented two applications of CPY at 0.5 kg 
a.i. ha−1 at 21 and 35 d post-emergence. Properties of CPY used in the simulation are 
consistent with those of the soil-applied application, with the exception that foliar 
properties are utilized; however, volatilization from soil was not simulated because 
it is not as significant with foliar applications. Combined, the simulations performed 
included more than 64,000 combinations of soil and weather conditions for each of 
the two types of application considered. Each simulation was conducted for 30 con-
secutive years of CPY application, and used 30 yr of historical weather data repre-
sentative of the geographical location of the simulation. Daily predictions of runoff 
and erosion losses of CPY were estimated for each simulation and expressed as 
annual loads (kg ha–1 yr–1).

The annual load calculated for the 90th centile year was used for assessment 
purposes. Statistics were performed using an Extended Reach File 1 (ERF) polygon 
basis (USEPA 2006) for mapping watersheds (Figs. 5 and 6). There are approxi-
mately 61,000 ERF polygons in the conterminous U.S.A. Each model simulation 
associated with a soil polygon that spatially intersects an ERF polygon was assigned 
a relative weight in the distribution, based on the estimated area of the soil that 
resides within the ERF (2).

	

Prob Sim A Ax x
i n

i( ) = ( )å
=

/
,1 	

(2)

Where, Prob (Simx) is the area weighted probability associated with simulation “x”, 
Ax is the area associated with simulation “x” that resides within the ERF, and ∑i=1,n 
(Ai) is the area sum of the areas of all simulations that reside within the ERF.

The results of soil and foliar executions of NPAT are shown in Figs. 5 and 6, 
respectively. These figures present the combined runoff and erosion losses of CPY 
expressed as the percent of applied active ingredient at the ERF resolution. Similar 
patterns can be seen in Figs. 5 and 6 with the greatest losses occurring in the high 
summer rainfall regions on relatively heavy soils in the U.S., such as Mississippi 
Delta regions of Louisiana, Mississippi, and Arkansas. Relatively large losses are 
also concentrated in northern Missouri and bordering areas. This latter region of 
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Fig. 5  Relative runoff potential of chlorpyrifos in runoff and erosion with soil applications (see SI 
for a color version of this Figure)

Fig. 6  Relative runoff potential of chlorpyrifos in runoff and erosion with foliar applications (see 
SI for a color version of this Figure)
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MO is particularly noticeable when considering soil applications of CPY (Fig. 5). 
Overall, runoff losses are much smaller in the more arid western states and in areas 
with lighter textured soil.

Sensitivity analysis of the effect of use practices on runoff of CPY. The national 
vulnerability assessment compared the relative runoff potentials of CPY across the 
U.S., based on soil properties and weather conditions. However, labels for CPY 
permit different use practices that cannot be assessed in a comprehensive manner at 
a national scale. Therefore, a sensitivity analysis was performed on use practices of 
CPY to determine conditions that can result in the highest potential runoff of CPY 
to aquatic systems. The sensitivity analysis was used to narrow the application prac-
tices and geographical areas of the country that we considered in selecting particu-
lar watersheds for more detailed analyses.

The analysis was conducted using model scenarios and procedures developed by 
USEPA’s Office of Pesticide Programs for ecological risk assessments (USEPA 
2000). The scenarios represent a hypothetical environment—a 10-ha field draining 
into a 1-ha by 2-m deep pond. The pond remains at a constant volume that receives 
pesticide loads from drift and runoff, but not the corresponding influx of water that 
would occur during a runoff event. Scenario selection began with review of a pre-
liminary drinking water assessment of CPY conducted by USEPA (USEPA 2011). 
The scenarios associated with the highest exposures were selected for the sensitivity 
analysis: CA-grape, PA-turf, GA-pecans, MI-cherries, and FL-citrus. Several addi-
tional scenarios developed by USEPA were included in the analysis to account for 
other geographical areas and crops that were associated with either high use of CPY 
(Figs. 1 and 2) and/or high runoff potential (Figs. 5 and 6). The additional scenarios 
include CA-citrus, IL-corn, IN-corn, NC-corn, NE-corn, NC-apples, and NY-grape. 
The counties associated with these scenarios are depicted (Fig. 7).

Environmental fate properties of CPY (Table  5) and patterns of application 
(Table 6) developed for this study were used in the simulations. Certain application 
patterns for CPY were not represented correctly by USEPA (2011) in their assess-
ment (see Racke et al. 2011) and therefore, the application patterns were reviewed 
and modified as necessary to better represent labeled uses. Specific items reviewed 
included: application methods, dates, rates, and timing. To simulate the greatest 
concentrations of CPY in aquatic systems, maximum label rates and minimum 
reapplication intervals were evaluated in the modeling. In some cases, several dif-
ferent application practices were represented for a specific crop location (Table 6). 
Two sets of simulations were conducted for each scenario—one using the shorter 
aerobic soil metabolism half-life value of 28 d and the other using a longer aerobic 
soil metabolism half-life value of 96 d. The source and rationale for these chemical 
properties were discussed in Sect. 1.2.

Estimated environmental concentrations from the short and long aerobic soil 
half-live scenarios are presented in Fig. 8. Concentrations are markedly greater for 
certain scenarios (e.g., GA-pecan1, FL-citrus2, MI-cherries1, and IL-corn3). For 
other scenarios (e.g., CA-citrus3 and FL-citrus2) differences were negligible. Two 
scenarios (GA-pecans1 and MI-cherries1) resulted in the highest estimates of expo-
sure concentrations and became a significant factor in selecting watersheds for the 
exposure assessment.
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Assessment of vulnerability for runoff of CPY in California. An assessment of vul-
nerability specific to California was conducted for several reasons. First, because of 
the large volume of CPY used in that state (Fig. 1); second, the historical detections 
of CPY reported from monitoring studies conducted in the state (CDPR 2012a; 
CEPA 2011a, b; USGS 2013); third, the availability of detailed records on pesticide 
applications from the California Department of Pesticide Regulation’s (CDPR) 
Pesticide Use Reporting (PUR) database (CDPR 2012b); and fourth, because of the 
intensive use of furrow and flood irrigation on crops registered for use with CPY in 
the state (Orang et al. 2008). Losses in furrow and flood irrigation tail-water have 
been identified as a major cause of transport of pesticides, including CPY, to non-
target aquatic systems (Budd et al. 2009; Gill et al. 2008; Long et al. 2010; Starner 
et  al. 2005). This pathway could not be simulated with the National Pesticide 
Assessment (NPAT) model.

The assessment of vulnerability for California was conducted using the Co- 
occurrence of Pesticides and Species Tool (CoPST), a modeling framework 
developed by the California Department of Water Resources (CDWR) to evaluate 
the potential spatial and temporal co-occurrence of pesticides with threatened or 
endangered aquatic and semi-aquatic species (Hoogeweg et al. 2011). The frame-
work integrates a number of databases necessary for temporal and spatial analysis, 
including historical records of pesticide use and soil properties, weather records, 
agronomic data, and species habitat for the Sacramento River, San Joaquin, and the 
San Francisco Bay Delta Estuary watersheds (SI Appendix C). Using the modeling 
framework, daily pesticide runoff and erosion losses in the Central Valley of CA 
were estimated for historical CPY applications to agricultural fields. Approximately 
47,860 historical applications of CPY were simulated for the period 2000–2008. 

Fig. 8  Influence of aerobic soil metabolism half-life on 90th centile 96-h time-weighted mean 
estimated environmental concentrations for crop/label sensitivity analysis

W.M. Williams et al.
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Average annual mass loadings (Fig. 9) ranged from as little as 0.45 g to 18.5 kg per 
Public Land Survey Section (PLSS) per year. The largest annual mass loadings 
from runoff and erosion were predicted in southern Yuba County of the Sacramento 
Valley watershed and San Joaquin, Madera, and Stanislaus counties of the San 

Fig. 9  Estimated average annual chlorpyrifos loss in runoff water for the Sacramento River, San 
Joaquin River, and Bay Delta estuary watersheds of California (see SI for a color version of this 
Figure)

Exposures of Aquatic Organisms to the Organophosphorus Insecticide…
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Joaquin Valley watershed. Differences in loads reflect variability in crops, soils, 
CPY use intensity, and irrigation methods across the Central Valley.

Selection of watershed scenarios. Three geographical areas of the U.S. (southeast-
ern Georgia, northwestern Michigan, and central California) were selected for 
detailed investigation. This selection was based on the parallel examination of den-
sity of use of CPY across the U.S.; the modeling study of the relative vulnerability 
to CPY being found in runoff with respect to soil and weather variability across the 
U.S.; the evaluation of use- patterns that provided the greatest estimated concentra-
tions under a standardized scenario; and the modeling study of the relative vulner-
ability of CPY to runoff in California, based on detailed product-use records.

Counties in southeastern Georgia that were selected for further investigation 
included Mitchell, Baker, and Miller. This region was chosen because it was among 
those areas that sustained the highest density of CPY use in the country, it had rela-
tively high runoff potential in the national vulnerability assessment, and had the 
greatest predicted exposure concentrations in the sensitivity analysis of use prac-
tices (GA-pecans). The Dry Creek watershed in the Flint River basin of Miller 
County (Fig. 10) was selected from this region for detailed modeling because it has 
a high density of labeled crops eligible for CPY applications in the region. This 
watershed is a third-order tributary within the Flint River watershed and drains an 
area of 12,322 ha. Dry creek is a predominately agricultural watershed, where 69% 
of the watershed is in agricultural land use (Table 7 and Fig. 10), and in which non-
hay/pasture crops account for about 70% of the agricultural production area. The 
primary non-pasture crops (i.e., crops registered for CPY) include cotton (21.7%), 
peanut (16.3%), corn (5.5%), and pecan (0.6%). Most of the row crops are grown 
with supplemental irrigation from center pivot irrigation systems.

The Leelanau peninsula of Michigan was selected because of the high exposure 
concentrations estimated for the MI-cherry scenario, and that this area has one of 
the greatest densities of cherry orchards in the USA. The Cedar Creek watershed in 
the Betsie-Platte River system in Leelanau County was chosen based on having a 
density of labeled crops eligible for CPY applications in the region (Fig. 11). The 
watershed drains 7,077 ha into Lake Leelanau, which, in turn, drains directly into 
Lake Michigan. Land-use within the watersheds is 35% in agricultural production 
and 23% of the area in non-hay/pasture agriculture (Table 7). The primary crops in 
the watershed are hay (12.0%), cherries (11.1%), alfalfa (8.1%), and corn (2.7%)

Orestimba Creek in the San Joaquin River basin of California (Fig.  12) was 
selected because of the high density of use of CPY in the watershed, frequent detec-
tions of CPY in ambient monitoring programs (Domagalski and Munday 2003; 
Ensminger et al. 2011; Zhang et al. 2012), and because an existing model setup of 
the watershed was available from the University of California (Luo et al. 2008; Luo 
and Zhang 2010). The watershed drains 55,998 ha from the mountainous area in 
the west, where brush and scrubland is predominant, into the agriculturally intensive 
valley floor. Overall, agriculture accounts for 22% of the total watershed area with 
the primary crops being walnuts, almonds, corn and alfalfa (Table  7).  
In the intensely cropped valley floor, agriculture accounts for over 80% of land use. 
In the time period from 2000 to 2008, 11,658 kg of CPY were applied.

W.M. Williams et al.
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3.4  �Watershed Scenarios

Model Setup. The three focus watersheds (Dry Creek in Georgia, Cedar Creek in 
Michigan, and Orestimba Creek in California) were modeled using SWAT to simu-
late the daily hydrology and hydraulics and to route CPY sources in the watershed 
to the basin outlet. CPY runoff mass within each watershed was simulated using 
PRZM for Georgia and Michigan and winPRZM for California. Estimates of drift 
onto water surfaces were calculated from AgDrift.

The Georgia and Michigan watersheds were delineated within the SWAT 2005 
ArcView interface by using local 10 m digital elevation model (DEM) GIS data 
from the National Elevation Dataset (NED) and hydrography datasets from the 
area. These data were downloaded from the US Geological Survey available 
through the National Map data server (http://nationalmap.gov/viewer.html) (Gesch 
2007). Land cover/use for the locations was mapped within the model from the 
USDA National Agriculture Statistics Service Cropland Data Layer (USDA 2012). 
The watersheds were subdivided in sub-basins, primarily at stream confluences, 
and an area threshold was used to include hydrologic response units (combinations 
of soils and land uses) that accounted for more than 5% of the watershed area. This 
threshold was used as a filter to aid in computational efficiency so that not every 
land use and soil combination is simulated. Datasets of rainfall and max/min tem-
perature from local weather records were used to drive the hydrologic simulations. 
Simulations for the Georgia and Michigan watersheds were simulated for the 30-yr 
period of 1961–1990.

To provide for a conservative assessment, all cropland eligible for CPY applica-
tions according to product labels in the Dry Creek and Cedar Creek watersheds 
were represented as “GA-pecan1” or “MI-cherries1”. For example, areas desig-
nated as pecan, cotton, sorghum, corn, peanut, and peaches in the Dry Creek water-
shed were represented as GA-pecan1, with respect to soil, crop, and CPY application 

Table 7  Land use distributions in Dry Creek watershed in Georgia, Cedar Creek watershed in 
Michigan, and Orestimba Creek watershed in California

Aggregated 
land-use

Land use distribution (%)

Dry Creek watershed, 
Georgia (12,322 ha)

Cedar Creek watershed, 
Michigan (6,381 ha)

Orestimba Creek watershed, 
California (55,997 ha)

CPY cropland 45.75 22.72 22.16
Rangeland 1.46 0.88 29.63
Forests 16.31 36.97 14.88
Urban 3.99 6.75 3.58
Pasture / Hay 21.26 12.02 0.00
Water bodies 0.12 0.07 0.15
Wetlands 6.35 20.23 0.91
Grassland 2.73 0.36 27.95
Fallow soils 2.04 0.00 0.74

CPY cropland = crops eligible for receiving applications of CPY according to registered uses

W.M. Williams et al.
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rates, methods, and intervals between applications. Similarly, all eligible cropland 
in Cedar Creek was represented as the MI-cherries1 scenario. The applications were 
scheduled to occur over a 7-d application window to represent the reality that not all 
fields in a 7,000–12,000 ha watershed can receive applications on the same day.

An additional adjustment was made to the plant growth parameters for the Cedar 
Creek scenarios. In practice, applications of chlorpyrifos on cherries are directed to 
tree trunks and lower branches. With tart cherries, foliage may also be sprayed. The 
crop emergence and maturation dates in USEPA’s scenario for MI-cherries resulted 
in an unrealistic 18, 47, and 0% of the CYP applied being depositing on the trees 
and 82, 53, and 100% on soil for each of the three applications per year,  
respectively. To simulate a more realistic proportion of deposition of chemical on 
the trees, the maximum canopy and maturity and harvest dates were modified to 
achieve deposition of 80% of the a.i. applied on the trees and 20% on the soil for all 
three applications.

Inputs of CPY for the California model were calculated slightly differently from 
the Georgia and Michigan watersheds. Applications of CPY were specific to the 
date, crop, and PLSS location in the California Pesticide Use Reporting database 
(CDPR 2012b). The California simulations were simulated for the more recent 9-yr 
period of 2000–2008 during which there were 293 actual CPY applications across 
the watershed.

Drift of CPY onto water surfaces was estimated with the AgDRIFT model to 
account for setback requirements on product labels. The ground spray was assumed 
to be applied with a 7.6 m (25-ft) spray buffer, high boom, and a fine to medium/
coarse spray. Aerial spray was assumed to have a 45.7 m (150-ft) spray buffer and 
medium to coarse spray. Orchard applications were represented as an aerial spray 
(45.7 m spray buffer), because airblast (15.2 m spray buffer) is not specifically iden-
tified in the PUR database as an application method. Boom height and droplet sizes 
that result in the greatest drift allowed on CPY use labels were assumed. The prox-
imity of treated fields to water was unknown, and therefore the area of surface water 
receiving spray drift was assumed to be in direct proportion of the watershed land 
area receiving applications.

Chemical properties used in the simulations of Dry Creek, Cedar Creek, and 
Orestimba Creek are summarized in Table 3. Two sets of simulations were con-
ducted for each watershed using the 28-d and 96-d aerobic soil metabolism half-
lives. Foliar degradation was not represented in the Orestimba Creek simulations 
because of occasional model crashes that prevented completion of the full set of 
simulations. Results are conservative for applications that occur to foliage for 
Orestimba Creek.

Daily estimates of masses of soluble and sediment-bound CPY were predicted at 
the outlet of each watershed with SWAT. Soluble mass values were converted to 
concentrations by dividing the mass of the soluble CPY (mg) by the volume of 
stream flow (L) for the day. Concentrations of sediment-bound CPY were calcu-
lated from the ratio of the daily bed load CPY mass (mg) to the mass of bed sedi-
ment in the outlet reach, assuming an active sediment layer of 3  cm (length of 
reach × width of reach × 0.03 m depth of sediment bed).

Exposures of Aquatic Organisms to the Organophosphorus Insecticide…
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Annual maximum concentrations. A probability analysis was conducted on the 
daily time-series predictions of CPY concentrations in the water and sediment for 
each watershed using the RADAR program (SI Appendix E). RADAR converts a 
daily time series to an annual maximum series for various exposure durations that 
are based on a rolling average calculation. The durations of exposure included the 
instantaneous maximum, 96-h, 21-d, 60-d, and 90-d average concentrations.

Maximum daily concentrations predicted for the California, Georgia, and 
Michigan watersheds were 3.2, 0.041, and 0.073 μg L−1, respectively, with the 28-d 
aerobic soil metabolism half-life and 4.5, 0.042, and 0.122 μg L−1, respectively, with 
the 96-d soil half-life. For sediments, the maximum daily concentrations predicted 
for the California, Georgia, and Michigan watersheds were 11.2, 0.077, and 0.058 
μg kg−1, respectively, with the 28-d half-life and 22.8, 0.080, and 0.087 μg kg−1, 
respectively, with the 96-d soil half-life. The 96-h time weighted mean concentra-
tions (TWMC), used in the risk assessment (Giddings et al. 2014) are summarized 
in Table 8. Concentrations associated with the minimum year, median year, 90th 
centile year, and maximum year are presented. Annual maxima concentrations for 
all years are provided in SI Appendix D.

The greatest annual concentrations of CPY in water and sediment were predicted 
in the California watershed, using the 96-d aerobic soil metabolism half-life. 
Predicted concentrations in water ranged from 0.003 to 1.39 μg L−1 for the 28-d 
half-life simulations, increasing slightly to a range of 0.013–2.14 μg L−1 for the 96-d 
half-life simulations. Similarly, CPY concentrations in sediment ranged from 4.74 
to 11.0 μg kg−1 in simulations that used 28-d half-life, and 10.8–22.2 μg kg−1 in 
simulations that used a half-life of 96-d. Predicted annual concentrations in the 
Georgia and Michigan watersheds were less than those for California. The Georgia 
watershed had a maximum 96-h TWMC of 0.023 μg L−1 in water for the 28-d and 

Table 8  Characteristics of modeled 96-h time-weighted mean chlorpyrifos concentrations in 
water draining the focus watersheds

Location of 
watershed

Concentration  
in water (μg L−1)

Concentration in 
sediment (μg kg−1)

Half-life Half-life

28-d 96-d 28-d 96-d

California Minimum 0.003 0.013 4.74 10.8
Median 0.024 0.251 7.91 14.6
90th centile 1.319 1.543 10.8 20.8
Maximum 1.392 2.142 11.0 22.2

Georgia Minimum 0.004 0.004 0.007 0.007
Median 0.010 0.010 0.023 0.027
90th centile 0.020 0.020 0.050 0.060
Maximum 0.023 0.023 0.064 0.067

Michigan Minimum 0.002 0.007 0.027 0.010
Median 0.011 0.018 0.021 0.038
90th centile 0.018 0.034 0.032 0.060
Maximum 0.028 0.043 0.047 0.074

Values reflect the 90th centile of the annual maxima (1 in 10 yr maximum value)

W.M. Williams et al.
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96-d half-life simulations. The maximum 96-h TWMCs in sediment were 
0.064 μg kg−1 and 0.067 μg kg−1 in the 28-d and 96-d half-life simulations, respec-
tively. The Michigan watershed had a maximum 96-h TWMC of 0.028 μg L−1 and 
0.043  μg  L−1 in water for the 28-d and 96-d half-life simulations, respectively. 
Maximum 96-h TWMCs in sediment were 0.047 μg kg−1 and 0.074 μg kg−1 in the 
28-d and 96-d half-life simulations, respectively.

Event duration analysis. Using RADAR, characterization of durations of exposure 
events was conducted on each time series record by using concentration thresholds 
of 0.1 and 1.0 μg L−1 for the three watersheds. In Table 9, we list each event that met 
the respective criteria for the model simulations using both half-life assumptions. 
Additional information on each event, including the maximum duration of the event, 
average concentration during the event, and the date when the event began are pro-
vided in SI Appendix E.

There were no events exceeding the concentration threshold for the Georgia 
watershed over the 30-yr simulation period with either the 28-d or 96-d half-life 
values. For the Michigan watershed, no events were predicted with the 28-d  
half-life and three events were predicted with the 96-d half-life. All three events 
were limited to 1 d. California was predicted to have the greatest number of exceed-
ance events. At a 0.1 μg L−1 threshold, 10 events were predicted to occur with the 
28-d half-life life, while 35 occurred with the 96-d half-life. For the 96-d half-life 
and the 0.1 μg L−1 threshold, the median event duration was 1 d and the longest 
duration was 15 d.

4  �Discussion

CPY is not detected frequently or at large concentrations in surface waters of 
the U.S. Monitoring data reported in the USGS, CDPR, and WDOE databases indi-
cate maximum water CPY concentrations ranging from 0.33 to 3.96 μg L−1. These 

Table 9  Duration of exposures events in the focus watersheds for the 30-yr simulation period

Location of watershed Georgia Michigan California

Event threshold μg L−1 0.1 1.0 0.1 1.0 0.1 1.0

Duration of events for 28-d half-life
No. of events 0.0 0.0 0.0 0.0 10 4
Min. duration (d) n/a n/a n/a n/a 1 1
Max. duration (d) n/a n/a n/a n/a 11 2
Median duration (d) n/a n/a n/a n/a 1 1.5
Avg. duration (d) n/a n/a n/a n/a 2.9 1.5

Duration of events for 96-d half-life
No. of events 0.0 0.0 3 0.0 35 10
Min. duration (d) n/a n/a 1 n/a 1 1
Max. duration (d) n/a n/a 1 n/a 15 6
Median duration (d) n/a n/a 1 n/a 1 1
Avg. duration (d) n/a n/a 1 n/a 2.3 1.9

Exposures of Aquatic Organisms to the Organophosphorus Insecticide…
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maxima represent approximately 17,700 sample analyses (911 locations) during 
2002–2010 that were collected following the ban on residential uses and other label 
changes of CPY ca. 2001. However, detections are relatively infrequent. 
Characterization of surface water CPY concentrations in this 9-yr period from 
regional data sets that focused on use areas indicated that only 13–17% of collected 
samples contained detectable CPY concentrations. The 95th centile concentrations 
from these programs ranged from <0.01 to 0.3 μg L−1 across years.

Similarly, CPYO was not detected frequently or in large concentrations. The 
databases of the USGS, CDPR, and WDOE contained reports of only 25 detections 
of CPYO from 10,375 analyses (0.24% of samples) in surface water between 1999 
and 2012. The concentrations reported in the 16 detections reported in the USGS 
databases (9,123) were all below the LOQ and neither the CDPR nor the WDOE 
databases contained any reports of detections of CPYO in surface waters.

One of the inherent limitations of monitoring data is that it may not be wholly 
representative of all locations. Because of logistical and resource issues, not all 
locations can be sampled with a frequency and duration that fully characterizes 
peaks in exposures, especially those of short duration. Thus, modeling was used to 
provide estimates of concentrations in surface waters across the country. From 
knowledge of rates of and frequency of application, environmental settings were 
identified as being more susceptible to runoff and CPY drift into surface water. 
These included areas of higher rainfall and heavier soils and those receiving the 
greatest single application rate or shortest intervals between multiple applications as 
identified from the sensitivity analysis of use-patterns.

Because it was not possible to model all locations in detail and all scenarios of 
CPY use in the USA, the analyses of sensitivity were used to identify three focus 
watersheds—Dry Creek in Georgia, Cedar Creek in Michigan, and Orestimba Creek 
in California. These watersheds were intended to provide realistic but reasonable 
worst-case predictions of concentrations of CPY in runoff water and sediment. The 
soil-water hydrologic model SWAT was combined with PRZM to predict these con-
centrations using a 30-y climatic record (1961–1990 for Dry Creek and Cedar Creek 
and 2000–2008 for Orestimba Creek) and local cropping and soils information. Two 
half-lives for aerobic soil metabolism of CPY in soil, 28 and 96 d, were selected for 
the purposes of modeling.

Estimated concentrations of CPY in water for the three watersheds were in gen-
eral agreement with ambient monitoring data from 2002 to 2010 in the datasets of 
the USGS, CDPR, and WDOE. Maximum daily concentrations predicted for the 
California, Georgia, and Michigan watersheds were 3.2, 0.041, and 0.073 μg L−1, 
respectively, with the 28-d aerobic soil metabolism half-life and 4.5, 0.042, and 
0.122 μg L−1, respectively, with the 96-d soil half-life. These compared favorably 
with maximum concentrations measured in surface water, which ranged from 0.33 
to 3.96 μg L−1. For sediments, the maximum daily concentrations predicted for the 
California, Georgia, and Michigan watersheds were 11.2, 0.077, and 0.058 μg kg−1, 
respectively, with the 28-d half-life and 22.8, 0.080, and 0.087 μg kg−1, respectively, 
with the 96-d soil half-life. Twelve detections out of 123 analyses were contained in 
the USGS, CDPR, and WDOE databases with concentrations reported from <2.0, 
up to 19 μg kg−1 with the exception of one value reported at 58.6 μg kg−1. Again, the 

W.M. Williams et al.
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modeled values compared favorably with measured values. Duration and recovery 
intervals between CPY water concentrations that exceeded two different threshold 
values derived from toxicity data of Giddings et  al. (2014) were also computed. 
Based on modeling with the half-life of 28 d, no exceedances were identified in the 
focus watersheds in Georgia or Michigan. Using the half-life of 96 d, only three 
exceedance events of 1-d duration each were identified in the Michigan focus-
watershed. Frequency of exceedance was greater in the focus watershed from 
California. There were 10–35 exceedance events (depending on threshold level) 
during the 30-yr simulation period, or an average of less than one per year. Moreover, 
even in this worst-case focus-watershed, the median event exceedance duration was 
1 d. The greater concentrations in Orestimba Creek are attributed to a higher fre-
quency of applications, a higher frequency of runoff events (due to irrigation tail-
water), and less stream-flow for dilution.

Several advantages and insights gained from the modeling of concentrations of 
CPY in surface waters were developed from range of modeling assumptions and 
field conditions simulated. Conservative assumptions were used in the modeling of 
concentrations in the focus-watersheds. Studies on environmental-fate of CPY have 
demonstrated a range of rates of degradation in soil, crops, and aquatic systems. 
Values from these data were selected to represent appropriate degradation and loss 
processes in the modeling. For example, the 90th centile confidence interval on the 
mean half-life was selected to err on the side of caution. Conservative assumptions 
were also used in configuring the Georgia and Michigan watersheds, in that all eli-
gible crop acreage in each watershed was represented as if it were pecan or cherries, 
respectively; thereby, the soil properties and applications of CPY represented by the 
use-pattern selected produced the greatest estimates of exposure-concentrations. 
Model simulations for Orestimba Creek used reported applications of CPY, but field 
specific management practices to mitigate runoff and drift were not represented in 
the simulations. In addition, volatilization was not included in the California simula-
tions. CPY drift for all three watersheds was assumed to occur with all treated crops 
having a proximity to water equal to the minimum setback requirements on the 
product label. The setback was used to simulate drift reductions to water, but reduc-
tions in pesticide loadings in runoff were not assumed to occur in the setback area.

Opportunities to verify the focus-watershed model results were limited for this 
study. No calibration of runoff water, soil erosion, or CPY properties was con-
ducted. However, it was possible to model several field-specific runoff studies 
(Cryer and Dixon-White 1995; McCall et al. 1984; Poletika and Robb 1994; Racke 
1993) by using the environmental fate properties employed in the modeling of the 
focus watersheds. Predicted volumes of runoff water, sediment, and CPY concen-
trations in runoff water and in eroded sediment were within an order of magnitude 
of the amounts measured in runoff studies, and they were neither consistently high 
nor consistently low, suggestive of a lack of model prediction bias.

The analyses used to characterize runoff of CPY at the national level incorpo-
rated a number of generalizations. For this reason, these analyses were only used to 
evaluate the relative potential for runoff of CPY as a guide in selecting the focus 
watersheds. The most significant generalization was representing all simulations as 
a generic crop (corn) with a unit application rate. Applications were set to occur 
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relative to the typical date of corn emergence across the USA. Only two application 
scenarios were predicted—broadcast sprays to soil and to foliage. Volatilization was 
not simulated in the foliar application scenario. Granular applications and crop-
specific label-type applications were not evaluated. The scenarios used in the sensi-
tivity analysis on use-patterns are another relative indicator of the runoff potential 
of CPY because they represent a hypothetical environment—a 10-ha field draining 
into a 1-ha by 2-m deep pond. The pond remains at a constant volume that receives 
pesticide loads from drift and runoff, but not the corresponding influx of water that 
would occur during a runoff event.

The Orestimba Creek watershed in California was predicted to have the greatest 
exposure concentrations and the longest duration of exposures of the three water-
sheds. This is caused in part because of the relatively higher intensity of CPY’s 
use, and because of the relatively small dilution and flushing that exists in the 
headwater channels. The watershed is under a water quality management plan 
administered by the Westside San Joaquin River Watershed Coalition to alter 
practices contributing to water quality issues associated with agricultural chemi-
cals (CURES 2013; SJVDA 2010). The practices needing to be altered include 
education and outreach on pesticide application technologies and managing irriga-
tion and storm-water runoff that were not taken into account in the model.

Characterization of CPY in the environment could be enhanced by including 
additional detail in all three watershed systems. These include heterogeneity in 
cropping and soils in Georgia and Michigan; management plans being introduced 
into Orestimba Creek, and weather specific drift estimates and application field 
proximity to water drainage-ways.

5  �Summary

Concentrations of CPY in surface waters are an integral determinant of risk to 
aquatic organisms. CPY has been measured in surface waters of the U.S. in sev-
eral environmental monitoring programs and these data were evaluated to charac-
terize concentrations, in relation to major areas of use and changes to the label 
since 2001, particularly the removal of domestic uses. Frequencies of detection 
and 95th centile concentrations of CPY decreased more than fivefold between 
1992 and 2010. Detections in 1992–2001 ranged from 10.2 to 53%, while 2002–
2010 detections ranged from 7 to 11%. The 95th centile concentrations ranged 
from 0.007 to 0.056 μg L−1 in 1992–2001 and 0.006–0.008 μg L−1 in 2002–2010. 
The greatest frequency of detections occurred in samples from undeveloped and 
agricultural land-use classes. Samples from urban and mixed land-use classes had 
the smallest frequency of detections and 95th centile concentrations, consistent 
with the cessation of most homeowner uses in 2001. The active metabolite of 
CPY, CPYO, was not detected frequently or in large concentrations. In 10,375 
analyses from several sampling programs conducted between 1999 and 2012, only 
25 detections (0.24% of samples) of CPYO were reported and estimated concen-
trations were less than the LOQ.
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Although the monitoring data on CPY provide relevant insight in quantifying the 
range of concentrations in surface waters, few monitoring programs have sampled 
at a frequency sufficient to quantify the time-series pattern of exposure. Therefore, 
numerical simulations were used to characterize concentrations of CPY in water 
and sediment for three representative high exposure environments in the U.S. The 
fate of CPY in the environment is dependent on a number of dissipation and degra-
dation processes. In terms of surface waters, fate in soils is a major driver of the 
potential for runoff into surface waters and results from a number of dissipation 
studies in the laboratory were characterized. Aerobic degradation of CPY exhibits 
bi-phasic behavior in some soils; initial rates of degradation are greater than overall 
rates by factors of up to threefold. Along with fate in water, these data were 
considered in selecting parameters for the modeling concentrations in surface 
waters. An assessment of vulnerability to runoff was conducted to characterize the 
potential for CPY to be transported beyond a treated field in runoff water and eroded 
sediment across the conterminous U.S. A sensitivity analysis was performed on use 
practices of CPY to determine conditions that resulted in the highest potential run-
off of CPY to aquatic systems to narrow the application practices and geographical 
areas of the country for selecting watersheds for detailed modeling. The selected 
focus-watersheds were Dry Creek in Georgia (production of pecans), Cedar Creek 
in Michigan (cherries), and Orestimba Creek in California (intensive agricultural 
uses). These watersheds provided realistic but reasonable worst-case predictions of 
concentrations of CPY in water and sediment.

Estimated concentrations of CPY in water for the three watersheds were in gen-
eral agreement with ambient monitoring data from 2002 to 2010 in the datasets from 
US Geological Survey (USGS), California Department of Pesticide Regulation 
(CDPR), and Washington State Department of Ecology (WDOE). Maximum daily 
concentrations predicted for the watershed in California, Georgia, and Michigan 
were 3.2, 0.041, and 0.073 μg L−1, respectively, with the 28-d aerobic soil metabo-
lism half-life and 4.5, 0.042, and 0.122 μg L−1, 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 μg L−1. For sediments, 
the maximum daily concentrations predicted for the watersheds in California, 
Georgia, and Michigan were 11.2, 0.077, and 0.058 μg kg−1, respectively, with the 
28-d half-life and 22.8, 0.080, and 0.087 μg kg−1, respectively, with the 96-d soil 
half-life. CYP was detected in 12 samples (10%) out of 123 sample analyses that 
existed in the USGS, CDPR, and WDOE databases. The concentrations reported in 
these detections were from <2.0, up to 19 μg kg−1, with the exception of one value 
reported at 58.6 μg kg−1. Again, the modeled values compared favorably with these 
measured values. Duration and recovery intervals between toxicity threshold con-
centrations of 0.1 and 1.0 μg L−1 were also computed. Based on modeling with the 
half-life of 28 d, no exceedance events were identified in the focus watersheds in 
Georgia or Michigan. Using the half-life of 96 d, only three events of 1-d duration 
only were identified in the Michigan focus-watershed. Frequency of exceedance was 
greater in the California focus watershed, though the median duration was only 1-d.
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1           Introduction 

 Effects of chlorpyrifos (CPY) in aquatic ecosystems are dependent on duration and 
magnitude of exposure and toxicity to individual species. This paper is focused on 
potential effects of CPY on aquatic organisms and ecosystems based on properties 
and current uses of CPY (Mackay et al.  2014 ; Solomon et al.  2014 ) and probabilities 
of exposure as determined by measurement in monitoring programs and predictions 
of simulation models (Williams et al.  2014 ). Exposures, toxicity, and risks to birds, 
other terrestrial wildlife, and pollinators are assessed in two additional companion 
papers (Cutler et al.  2014 ; Moore et al.  2014 ). This paper follows the framework for 
ecotoxicological risk assessment (ERA) developed by the US Environmental 
Protection Agency (USEPA  1992 ,  1998 ,  2004 ), and builds on a previous assessment 
of risks posed by CPY in surface waters of North America (Giesy et al.  1999 ). 

 Like many risk assessments, the previous assessment of the risk of CPY in surface 
waters (Giesy et al.  1999 ) was tiered. Lower tiers of risk assessments incorporate less 
data and therefore make conservative assumptions when characterizing hazards and 
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risks. If the criteria for lower tiers do not indicate risk, further refi nements of the risk 
assessment are not needed. This was not the case in the earlier assessment where 
lower-tier risk criteria were exceeded and potential hazards to aquatic organisms 
were identifi ed (Giesy et al.  1999 ). However, these potential hazards were not con-
sistent with the lack of incident reports, such as fi sh kills, attributable to use of chlor-
pyrifos in agriculture (Giesy et al.  1999 ). Refi nement of the earlier ERA by the use 
of Species Sensitivity Distributions (SSDs) and measured concentrations of CPY in 
surface waters showed that, in almost all locations in the U.S., risks associated with 
use of CPY in agriculture were either negligible or  de minimis  (Giesy et al.  1999 ). 

 Since the 1999 ERA for CPY was written, there have been refi nements in the 
process of risk assessment and additional data have become available for toxicity and 
exposures in surface waters. In addition, there have been changes in the labeled uses 
of CPY (Solomon et al.  2014 ); most notably, removal of termite control and residen-
tial uses of CPY in 2001. The former uses involved large rates of application (with 
attendant potential for large environmental exposures), and the changes in the labels 
signifi cantly reduced exposures from relatively uncontrolled uses in urban environ-
ments (Banks et al.  2005 ; Phillips et al.  2007 ). Availability of additional data and 
changes in use patterns prompted the reassessment of risks to aquatic organisms from 
use of CPY in agriculture in the U.S., the results of which are presented here. Since 
lower-tier assessment had already indicated risk for CPY in surface waters (Giesy 
et al.  1999 ), the lower tiers were omitted from this ERA. The current assessment 
focused on a refi ned approach that employed SSDs and results of community- level 
studies in microcosms and mesocosms (“cosms”) as points of departure for toxicity, 
and refi ned modeling of concentrations in surface waters (Williams et al.  2014 , in this 
volume) to characterize exposures. Concentrations of CPY measured in surface 
waters were used as a check on the estimates of exposures predicted by use of simula-
tion models (Williams et al.  2014 ) and as another line of evidence in the ERA.  

2     Problem Formulation for Risk Assessment 

 Risk assessments, particularly ERAs, use a formal process of problem formulation 
(PF) to narrow the focus of the assessment to address key questions and, from these, 
develop risk hypotheses (USEPA  1998 ). Several components of the PF have been 
addressed in detail in companion papers and will only be summarized here. 

2.1       Exposures to Chlorpyrifos 

 A conceptual model for exposures to CPY (Fig.  1 ) was constructed from environ-
mental properties data that are presented in the companion papers (Mackay et al. 
 2014 ; Solomon et al.  2014 ; Williams et al.  2014 ). As several studies have noted, 
urban uses were a signifi cant source of historical exposures to CPY in surface water 
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(Banks et al.  2005 ; Phillips et al.  2007 ) and sediments (Ding et al.  2010 ) until label 
changes occurred in 2001. All current labeled uses of CPY are in agriculture, thus 
sources from urban uses were omitted from the conceptual model. As is discussed 
in more detail in Williams et al. ( 2014 ), CPY can enter surface waters via several 
routes (Fig.  1 ), although some are of lesser importance. CPY is not registered for 
direct application to surface waters and the relatively large K OC  (973–31,000 mL g −1  
Solomon et al.  2014 ) mitigates against leaching and movement via groundwater. 
Spills might occur but, because they are episodic and cannot be predicted, the cur-
rent labeled uses were the focus of this review. The major potential sources for 
exposures of aquatic organisms are run-off, erosion, and tail waters with lesser 
inputs via drift of sprays and deposition from the atmosphere (Williams et al.  2014 )   .

   CPY adsorbs to surfi cial sediments in water-bodies, and residues of CPY have 
been detected in surfi cial sediments in streams and creeks in areas of use. In a few 
cases, observed toxicity in sediments collected from agricultural drains, creeks, and 
rivers in California was linked to the presence of CPY (Phillips et al.  2012 ; Weston 
et al.  2012 ). However, in most locations CPY contributed less to toxicity of sedi-
ments than other pesticides such as pyrethroids (Amweg et al.  2006 ; Ding et al. 
 2010 ; Ensminger et al.  2011 ; Phillips et al.  2006 ). 

 CPY is bioconcentrated and/or bioaccumulated into aquatic organisms to a lim-
ited extent. Measures of bioconcentration factors (BCFs), bioaccumulation factors 
(BAFs), and biota-sediment accumulation factors (BSAFs) are relatively small 
(Mackay et al.  2014 ). One literature report gave a biomagnifi cation factor (BMF) in 

  Fig. 1    The conceptual model for exposures of aquatic organisms to chlorpyrifos in surface waters. 
The weights of the  arrows  indicate importance of the pathway of exposure       
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fi sh; the value was 0.32 for  Aphanius iberus  sp. (Varo et al.  2002 ), which is not 
indicative of biomagnifi cation. CPY is metabolized by a variety of aquatic organ-
isms and results of studies in model food chain cosms (Metcalf et al.  1971 ; Metcalf 
and Sanborn  1975 ) did not suggest that CPY will biomagnify to a toxicologically 
signifi cant extent in food chains found in surface waters. Because of the relatively 
small BCF and BMF values, exposures of terrestrial wildlife that consume aquatic 
food items were excluded from this risk assessment (Fig.  1 ). For the same reason, 
exposures of fully aquatic organisms will mostly be via uptake directly from water, 
although some dietary exposure to CPY might result from residues adsorbed to 
food items such as algae, macrophytes, and invertebrates, or from ingested sedi-
ment particles. Exposures and risks to terrestrial birds through consumption of 
granules and terrestrial food items are addressed in a companion paper (Moore 
et al.  2014 ).  

2.2       Toxicity of Chlorpyrifos 

 The mechanism of toxic action of CPY is through inhibition of acetylcholinesterase 
(AChE) by the active metabolite, chlorpyrifos oxon (CPYO). The specifi cs of the 
mode of action are discussed in greater detail in the companion paper (Solomon 
et al.  2014 ). Inhibition of AChE by CPYO is reversible and, in the case of sublethal 
exposures, recovery of AChE can occur. AChE is a key enzyme in the nervous systems 
of most animals, and direct effects of CPY will occur at much smaller exposure 
concentrations than in organisms that lack the target enzyme, such as plants. Insects 
and crustaceans are generally more sensitive to CPY than are fi sh or amphibians 
(Giesy et al.  1999 ). The primary focus of this ERA is CPY and CPYO. Other metab-
olites and breakdown products, such as trichloropyridinol (TCP), are much less 
toxic (USEPA  2008 ) and are not addressed. 

 Effects of CPY on animals range from lethality to minor symptoms from which 
animals recover. Most testing of toxicity of CPY to aquatic animals has used lethal-
ity as the measurement endpoint, with results usually expressed as the LC50 or the 
no-observed-adverse-effect-concentration (NOAEC). Fish are an exception since a 
number of studies have characterized sublethal and behavioral responses. 

2.2.1     Sublethal Effects on Aquatic Animals 

    Several studies have reported effects of CPY on behavior of arthropods and fi sh. 
Interpretation of these studies presents diffi culties, because it is not always clear if 
the observed responses are alterations in normal behavior specifi cally induced by 
the pesticide or changes in behavior in response to general stress or symptomology 
of the toxicity. This distinction can be addressed in specifi cally designed tests such 
as have been used to assess aversion to ingestion by birds (Moore et al.  2014 ). In 
studies of the prawn  Macrobrachium rosenbergii , effects on feeding were observed 
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at concentrations less than half the 24-h LC 50  of 0.7 μg L −1  (Satapornvanit et al. 
 2009 ). These effects persisted for at least 4 h after cessation of exposure to CPY, 
but it is not known if these were truly behavioral responses or symptoms of sub-
lethal poisoning. 

 A number of studies of sublethal effects of CPY on fi sh have been conducted, 
some of which have focused on olfactory perception and others on behavior. Much 
of the research on effects of CPY and other pesticides on behavior has focused on 
migratory species of salmon because of their societal importance and the need for 
migratory species to be able to sense chemicals in water to successfully navigate to 
breeding waters. Exposure of the olfactory epithelium of Coho salmon 
( Oncorhynchus kisutch ) to 0.7 μg CPY L −1  caused a 20% loss of sensory function as 
measured by neurophysiological response to salmonid bile salt and  l -serine 
(Sandahl et al.  2004 ). Since these studies were conducted in the laboratory, the 
changes in sensory function were not evaluated at the level of the whole-animal. 
Several studies have linked effects of CPY on the sensory epithelium and behavior 
to inhibition of AChE. Working with juvenile Coho salmon ( Oncorhynchus kisutch ) 
exposed to CPY at concentrations between 0.6 and 2.5 μg L −1 , Sandahl et al. ( 2005 ) 
showed that spontaneous swimming rate and food strikes were correlated (r 2  0.58 
and 0.53, respectively) with inhibition of AChE activity in the brain. Other studies 
of effects of CPY in the same species showed that thresholds for different behaviors 
were related to inhibition of AChE (Tierney et al.  2007 ). Thresholds for effects of 
CPY on swimming behavior ranged from 20 to 35% inhibition of AChE. Zebrafi sh 
( Danio rerio ) exposed to 220 μg CPY L −1  for 24 h exhibited impaired swimming 
behavior (p <0.01) and a concentration-response relationship was observed at con-
centrations greater than 35 μg L −1  (Tilton et al.  2011 ). Similarly, locomotory behav-
ior of mosquito fi sh,  Gambusia affi nis , was affected by exposure to 60 μg CPY L −1  
for 20 d (Rao et al.  2005 ). Although exposures to concentrations of CPY of 100 and 
200 μg L −1  caused depression of whole-body AChE (≈60% of controls) in tadpoles 
of  Rana sphenocephala , there were no effects on swim-speed or vulnerability to 
predation (Widder and Bidwell  2006 ). 

 Most of the reported behavioral responses of fi sh to CPY were related to inhibi-
tion of AChE. These observations are consistent with current understanding of func-
tions of AChE in the nervous system. It is also not surprising that mixtures of 
carbamate and organophosphorus pesticides have the same effect as single com-
pounds and that they act additively and sometimes synergistically (Laetz et al. 
 2009 ). However, when assessed in the context of actual exposures in the environ-
ment, risks are small as the pesticides must co-occur temporally and spatially to 
cause ecological effects. Even when total potencies of mixtures of insecticides are 
considered, exposures that inhibit AChE at concentrations greater than the threshold 
for effects on behavior rarely occur in key locations for valued species, such as 
salmon in the Pacifi c NW (Moore and Teed  2012 ). 

 Although effects on behavior due to inhibition of AChE can be observed in ver-
tebrates, these have not been experimentally related to effects on survival, develop-
ment, growth, and reproduction of individuals or ecosystem stability or function in a 
quantitative manner. Therefore, they cannot be incorporated into an ERA at this time. 
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Little information has been reported on the effects of CPY or other insecticides on 
behaviors of other aquatic vertebrates and, to our knowledge, there have been no 
robust extrapolations of effects on behavior to the endpoints of survival, develop-
ment, growth and reproduction. For this reason, we excluded behavioral responses 
from this risk assessment, because it is still uncertain as to how one interprets the 
data, either for CPY or all other pesticides. 

 Few studies on aquatic organisms have reported effects on reproduction directly 
caused by CPY. Chronic exposure of the guppy ( Poecilia reticulata ) to CPY (com-
mercial formulation) for 14 d at nominal concentrations of 0.002 and 2 μg L −1  
resulted in concentration-related reductions in the frequency of reproductive behav-
ior (gonopodial thrusts) in males (De Silva and Samayawardhena  2005 ). The num-
ber of young born per female over the 14-d period was reduced from an average of 
27 in the controls to 24 in pairs exposed to 0.002 μg CPY L −1  and 8 in pairs exposed 
to 2 μg L −1 . Activity of AChE was not reported in this study, so it is diffi cult to relate 
these chronic effects to response of AChE in other studies on behavior or to shorter 
exposure durations in the fi eld (Williams et al.  2014 ). Another study on tadpoles of 
 Rana dalmatina  (Bernabo et al.  2011 ) reported that exposures to concentrations 
of 25 or 50 μg CPY L −1  from Gosner stage 25 to 46 (57 d) increased the incidence 
of testicular ovarian follicles (TOFs). This observation was reported at environmen-
tally unrealistic concentrations and is the only report of this response for CPY; no 
other reports of TOFs in fi sh or amphibians were found in the literature. There 
appeared to be no effects of these exposures on mortality or time to metamorphosis. 
No measurements of AChE activity were reported and the effects on reproduction 
were not characterized. Because of the paucity of data, we excluded the effects of 
CPY on reproduction from this assessment. However, we indirectly addressed the 
endpoints in some of the cosm studies, where signifi cant changes in reproduction of 
invertebrates would likely be encompassed in responses at the population level.  

2.2.2     Toxicity of CPY and Temporality of Exposures 

 Frequency, duration, and intervals between exposures to CPY will infl uence 
responses observed in receptor organisms. These differences in response will result 
from variations in toxicokinetics and toxicodynamics of CPY in the environment 
and in individual organisms. The hydraulics of surface waters and variability of 
inputs from uses and precipitation events shape the types of exposures to pesticides 
experienced by organisms in fl owing waters (Bogen and Reiss  2012 ). These are 
further altered by the individual properties of pesticides, such as rates of degrada-
tion and/or tendency for partitioning into sediments. As illustrated elsewhere in this 
volume (Williams et al.  2014 ), most exposures to CPY in fl owing waters are less 
than 2 d in duration and are followed by periods of lesser or no exposure. These 
episodic exposures are typical of what is observed in fl owing waters for pesticides 
in general and are relevant to this risk assessment. 

 As was pointed out in an earlier risk assessment of CPY (Giesy et al.  1999 ), 
exposures via the matrix of the organism (water in this case) are driven by 
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thermodynamic processes, such as partitioning into the organism as well as kinetic 
processes related to rates of diffusion, transport, etc. This means that the critical 
body burden associated with the threshold of toxicity is not reached until sometime 
after exposure is initiated. This has been demonstrated for CPY (Giesy et al.  1999 ) 
and other organophosphorus insecticides (Bogen and Reiss  2012 ). The relationship 
between time of exposure and toxicity is reciprocal, with shorter exposures at 
greater concentrations resulting in the same level of response as lesser concentra-
tions for longer durations. This reciprocal relationship was demonstrated in studies 
of effects of CPY on  Daphnia magna  exposed to CPY for varying durations (Naddy 
et al.  2000 ). For example, continuous exposures to 0.25 μg L −1  CPY resulted in 
100% mortality in 5 d, while exposures for 1 d followed by transfer to clean water 
resulted in only 17% mortality, and then only after 16 d (Naddy et al.  2000 ). Whether 
this is the result of a delayed (latent) response or other causes, including regenera-
tion of AChE activity, is uncertain; however, given the recovery observed in other 
Crustacea (below), the latter is a more plausible explanation. Where multiple epi-
sodic exposures occur, recovery from toxic effects between exposures can affect 
responses of exposed organisms. This was demonstrated in the greater response of 
 D. magna  exposed to the same concentration of CPY for 1 × 12 h compared to ani-
mals exposed for 2 × 6 h, 3 × 4 h, or 4 × 3 h with a 24-h interval between pulses 
(Naddy and Klaine  2001 ). Here, the interval between exposures likely provided 
time for detoxifi cation and excretion of CPY, recovery of the target enzyme AChE 
by dephosphorylation (k 3  in Fig.   4     in Solomon et al.  2014 ), and/or synthesis of new 
AChE (Naddy and Klaine  2001 ). 

 Recovery of AChE inhibited by CPY has been observed in arthropods and fi sh. 
After exposure of  D. magna  to the 24-h LC 50  concentration, whole-body activity of 
AChE (50% of unexposed control at time of removal to uncontaminated water) 
recovered to control activity within 24 h when animals were moved to clean water 
(Barata et al.  2004 ). After exposures of larvae of the midge  Kiefferulus calligaster  
to 0.38, 1.02, or 1.26 μg L −1  CPY for 3 d, concentration-dependent depression of 
activity of AChE as great as 90% was observed (Domingues et al.  2009 ). When 
transferred to fresh medium for a further 3 d, AChE activity returned to control 
values. Similar recovery of activity of AChE was observed in the shrimp ( Paratya 
australiensis ) exposed to CPY for 96 h at concentrations from 0.001 to 0.1 μg L −1  
and then moved to clean medium for 48 h or 7 d (Kumar et al.  2010 ). Complete 
recovery was dependent on exposure concentration and recovery time. Recovery 
after a 7-d exposure to 0.025 μg L −1  occurred in 7 d, but after exposure to 0.1 μg L −1 , 
recovery was not complete within 7 d. Whether this recovery resulted from dephos-
phorylation of AChE or synthesis of new AChE is not known. However, it is clear 
that recovery occurs and that recovery times are of the order of 1 to ~7 d. 

 Studies of fi sh exposed to CPY suggest that recovery of AChE in fi sh takes longer 
than in arthropods. No recovery of brain- or muscle-AChE was observed within a 4-d 
period in mosquitofi sh ( Gambusia affi nis ) exposed to 100 μg CPY L −1  for 24 h (Boone 
and Chambers  1996 ). This exposure resulted in 70% inhibition of these enzymes. In 
another study of the same species, exposure to 297 μg CPY L −1  for 96 h resulted in 
80% inhibition of brain-AChE (Kavitha and Rao  2008 ), but activity had recovered to 
control levels after 20 d in clean water. AChE activity in the brain of Nile tilapia, 
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 Oreochomis niloticus , exposed to 10 μg CPY L −1  for 24 h declined to 47% of control 
values but, after transfer to clean water, recovered to 55% after 7 d and 63% after 14 d 
(Chandrasekera and Pathiratne  2005 ). After 14-d exposures of the guppy ( Poecilia 
reticulata ) to 0.325 μg CPY L −1 , activity of whole-body AChE was 22% of that in 
control fi sh (van der Wel and Welling  1989 ). Following removal to clean water for a 
further 14 d, activity of AChE had recovered to 40% of that in control fi sh. Similar 
observations have been reported for other organophosphorus insecticides. For exam-
ple, activity of brain-AChE in Atlantic salmon parr ( Salmo salar ) exposed to formu-
lated fenitrothion (50% inhibition at initiation of recovery) and transferred to fresh 
water, recovered to 66% of control values in 7 d and 93% in 42 d (Morgan et al. 
 1990 ). It is not known if AChE recovery rates in fi sh differ among organophosphorus 
insecticides having  O -methyl (fenitrothion) or  O -ethyl (CPY) substituents, and 
whether there are models, with which recovery rates can be extrapolated. 

 If, as is generally suggested (Morgan et al.  1990 ), recovery of phosphorylated 
AChE in fi sh requires synthesis of new enzyme, rates of recovery would be slow and 
dependent on rates of metabolism and the physiological and biochemical character-
istics of fi shes, which appear to be unknown. In the absence of having a model for 
predicting recovery periods, empirical observations suggest that inter-exposure 
intervals of the order of 4–8 wk might be required for complete recovery of AChE 
in fi sh. This period was incorporated into the ERA (Sect.  4.2 ).   

2.3     Protection Goals and Assessment Endpoints 

 Protection goals and assessment endpoints are strongly linked and do not change as 
higher tiers or refi nements are applied in the ERA. The protection goals applied in 
this assessment were to protect populations and communities of most aquatic organ-
isms most of the time and at most locations. Specifi cally, Species Sensitivity 
Distributions (SSDs) were used (Posthuma et al.  2002 ) for crustaceans, insects, and 
fi sh to calculate the 5th centile (also referred to as the HC5) as a community-focused 
endpoint. Because of functional redundancy and resiliency, some effects on a small 
proportion of species can be tolerated in an ecosystem and the 5th centile of these 
distributions has been shown to be generally protective of ecosystems and the ser-
vices that they provide (Brock et al.  2006 ; Maltby et al.  2005 ). Furthermore, based 
on results of studies in the fi eld and in cosms, exposures equivalent to the 5th centile 
appear to not cause adverse effects on populations or communities. This is due in 
part to reduced bioavailability compared to exposures of organisms under labora-
tory conditions, and to more rapid dissipation of CPY under fi eld conditions.  

2.4     Conceptual Models of Effects 

 Based on the likely effects of CPY on aquatic animals, a conceptual model for 
effects was constructed to serve as a guide for developing risk questions and 
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hypotheses (Fig.  2 ). Fish and amphibians are less sensitive to direct effects than 
crustaceans and insects but they could be affected indirectly via alterations of the 
food web (Fig.  2 ). As discussed above, exposure via the food chain was not consid-
ered in this ERA.

2.5         Analysis Plan 

 The previous assessment of risks of CPY in surface waters of the U.S. (Giesy et al. 
 1999 ) began with a lower-tier deterministic characterization of risk quotients (RQs, 
also referred to as hazard quotients, HQs) and then advanced through several tiers 
of refi nement to a probabilistic assessment of risks based on comparisons of SSDs 
to distributions of measured concentrations of CPY in surface waters. Because 
lower tiers are designed to be conservative and to be applied when few data are 
available, they are not applicable to CPY, for which there is a wealth of data. Thus, 
the risk assessment was focused on the upper, more refi ned, tiers. SSDs were used 
to characterize acute effects, and these distributions were compared to concentrations 
predicted by simulation models and concentrations measured in surface waters. 

  Fig. 2    Conceptual model for effects of chlorpyrifos on aquatic organisms in surface waters. The 
weights of the  arrows  indicate importance of the pathway of exposure       
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Episodic exposures of aquatic organisms to CPY in fl owing waters were assessed 
for several scenarios that were selected to represent typical situations (Williams 
et al.  2014 ) and reasonable worst-case exposures, relative to times necessary for 
arthropods and fi sh to recover during intervals between exposures. In addition, 
responses and recoveries in microcosms were compared to modeled and measured 
exposures.   

3     Characterization of Effects 

 The toxicity of CPY to non-target organisms was extensively reviewed in 1995 
(Barron and Woodburn  1995 ) and this review was used as an initial reference source. 
Toxicity data from acute studies in aquatic organisms also were obtained from the 
USEPA ECOTOX database (USEPA  2007 ), from studies conducted by Dow 
AgroSciences, and from the open literature (SI Table  1 ). 

3.1     Evaluation and Selection of Data 

 Studies were assessed for appropriateness by using criteria (Table  1 ) similar to those 
recommended for assessing studies for inclusion in the International Uniform 
Chemical Database (IUCLID) (Klimisch et al.  1997 ), except that numerical values 
were assigned to the individual criteria. Scores used to characterize studies are 
described below, and these were mostly used to assess data from the open literature. 
Guideline studies conducted under Good Laboratory Practice (GLP) with full 
Quality Assurance/Quality Control (QA/QC) were given the maximum score unless 
they had <5 concentrations of exposures, the recommended number for guideline 
studies such as those of OECD.

   Applied experimental procedures were scored from 1 to 5 (Table  1 ). A score of 
1 was assigned if the design was inadequately described or incorrect and a 5 if it was 
complete, such as a guideline study conducted under GLP and with a clear protocol. 
Examples of factors considered when judging study quality were: incomplete 
description of the methods, inappropriate designs such as pseudoreplication and 
lack of appropriate controls, lack of information about test organisms, replicates, or 
number of test subjects per replicate, lack of an adequate description of the purity or 
form of the test substance, inappropriate statistical comparisons, lack of details 
about husbandry of organisms, lack of details on analytical methods, etc. 

 The use of QA/QC was scored from 1 to 5 (Table  1 ). If there was full QA/QC, 
the score was 5. Scores of 2–4 were assigned based on the amount of QC, such as, 
for example, measurements of exposure concentrations at the start of the study only 
(score = 2) or measurements of exposures and other parameters at regular intervals 
(score = 3). 

J.M. Giddings et al.



129

       Ta
bl

e 
1  

  C
ri

te
ri

a 
fo

r 
as

se
ss

in
g 

st
re

ng
th

 o
f 

th
e 

m
et

ho
ds

 o
f 

to
xi

ci
ty

 s
tu

di
es

 o
n 

ch
lo

rp
yr

if
os

 a
nd

 it
s 

ox
on

   

 St
re

ng
th

 o
f 

m
et

ho
ds

 
 1 

 2 
 3 

 4 
 5 

 D
es

cr
ip

tio
n 

of
 th

e 
ex

pe
ri

m
en

ta
l a

nd
 

pr
oc

ed
ur

es
 

 In
ad

eq
ua

te
ly

 
de

sc
ri

be
d 

or
 in

co
rr

ec
t 

 C
ri

tic
al

 in
fo

rm
at

io
n 

on
 m

et
ho

ds
 

m
is

si
ng

 

 C
ri

tic
al

 in
fo

rm
at

io
n 

on
 

m
et

ho
ds

 a
nd

 p
ro

ce
du

re
s 

pr
ov

id
ed

 

 Pr
oc

ed
ur

es
 d

es
cr

ib
ed

 
so

 th
at

 th
e 

st
ud

y 
co

ul
d 

be
 r

ep
lic

at
ed

 
or

 s
pi

ri
t o

f 
G

L
P 

 G
ui

de
lin

e 
st

ud
y 

or
 

co
m

pl
et

e 
de

ta
ile

d 
pr

ot
oc

ol
 o

r 
fu

ll 
G

L
P 

 Q
A

/Q
C

 
 N

on
e 

 So
m

e 
Q

C
 (

e.
g.

, 
ex

po
su

re
s 

m
ea

su
re

d 
on

ce
) 

 M
or

e 
Q

C
 (

e.
g.

, e
xp

os
ur

es
 

m
ea

su
re

d 
on

 a
 r

eg
ul

ar
 

ba
si

s)
 

 R
ob

us
t Q

A
/Q

C
 

 Fu
ll 

Q
A

/Q
C

 

 T
ra

ns
pa

re
nc

y 
of

 d
at

a 
 C

ri
tic

al
 d

at
a 

no
t 

pr
ov

id
ed

 

 Su
m

m
ar

y 
da

ta
 o

nl
y 

 Su
m

m
ar

y 
da

ta
 w

ith
 

va
ri

an
ce

 c
ha

ra
ct

er
iz

ed
 

 K
ey

 r
aw

 d
at

a 
pr

ov
id

ed
 

 A
ll 

ra
w

 d
at

a 
pr

ov
id

ed
 

 C
on

ce
nt

ra
tio

ns
 te

st
ed

 
 O

nl
y 

1 
co

nc
. 

te
st

ed
 

 2 
co

nc
s.

 te
st

ed
 

 3 
co

nc
s.

 T
es

te
d 

or
 fi 

el
d 

st
ud

y 
>

3 
si

te
s 

 4 
co

nc
s.

 te
st

ed
 

 ≥5
 c

on
cs

. t
es

te
d 

 D
es

cr
ip

to
rs

 f
ro

m
 

K
lim

is
ch

 e
t a

l. 
( 1

99
7 )

 
 N

ot
 a

ss
ig

na
bl

e 
 N

ot
 r

el
ia

bl
e 

 W
ith

 r
es

tr
ic

tio
n 

 W
ith

ou
t r

es
tr

ic
tio

ns
 

Risks to Aquatic Organisms from Use of Chlorpyrifos in the United States



130

 Transparency of data was scored from 1 to 5 (Table  1 ). If critical data were not 
provided, a score of 1 was assigned. If full raw data were provided, the score was 5. 
If data were provided in tables and graphs, intermediate scores were assigned 
depending on the clarity of the data and the description of variance, etc. 

 Most concentration-response study guidelines require that fi ve concentrations be 
used in a toxicity test; therefore, fi ve test concentrations were used to defi ne a maxi-
mum score (5). It was recognized that, in some circumstances, the use of fewer 
concentrations could still provide useful data, particularly if the concentration- 
response curve was steep. These studies were, however, assigned lesser scores. 

 The overall evaluation of the strength of the methods was obtained from the 
computed average of the scores. Toxicity data for inclusion in the risk assessment 
were selected based on the overall score. Guideline and GLP studies with full QA 
and QC, and studies with scores of ≥4, were preferred. Studies with scores of <4 ≥3 
were included as qualifi ed values and those with scores <3 were not included. 

 Additional information was also used to select data for use when multiple results 
were available for the same species. For example, fl ow-through exposures were 
selected over renewal and renewal over static. However, if only data from static 
exposures were available, they were used with caution. Where several stages of the 
same species were tested, the more sensitive stage (based on the EC or LC value) 
was used. For example, data from larval amphibians were selected over embryos, 
which are generally less sensitive (Richards and Kendall  2002 ). The details of toxic-
ity data included and excluded from SSDs are indicated in SI Table 1. 

 Data for saltwater and freshwater, Palearctic and Nearctic, tropical and temper-
ate organisms were not separated, as differences in sensitivity between these groups 
have been shown to be minimal, and their 5th centile concentrations (HC5s) are not 
signifi cantly different (Maltby et al.  2005 ). Data from studies that used the formu-
lated product were included as were those with the active ingredient; however, if 
data on both formulated and active ingredient were available, only data for the 
active ingredient were used. If toxicity values for more than one study were avail-
able for a species and they were of equal quality, the geometric mean of these values 
was used to construct the SSD. 

 For aquatic organisms, the most frequently reported toxicity data were effect 
concentrations (ECs) that cause some magnitude of effect. For instance, the EC 50  is 
the concentration that causes a 50% change in a measurement endpoint, such as 
growth or reproduction. When the effect is mortality, it is expressed as the lethal 
concentration that causes 50% mortality in a specifi ed duration of exposure, i.e., 
96-h LC 50 . The HC5, based on acute LC 50  values, has been found to be protective of 
responses to CPY at the ecosystem level (Maltby et al.  2005 ). 

 All durations of exposure from 2 to 5 d were included; durations >5 d were 
excluded from the SSDs. Analysis of the exposure profi les (Williams et al.  2014 ) 
showed that concentrations greater than toxicity values were of short duration 
(median = 1 d) and that acute toxicity data were the most appropriate for the assess-
ment. When toxicity values were reported for different periods of exposure, data for 
the longest period of exposure up to 5 d were included in the SSDs. Toxicity values 
excluded from the data set were LOEL, LOEC, NOEL, NOEC, MATC, unspecifi ed 
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measures of effect, responses such as behavior, which are diffi cult to link to  survival, 
development, and reproduction, and data from strains of insects that had been 
selected for resistance to chlorpyrifos. LC values such as LC 5 , LC 10 , LC 90 , and LC 99  
were infrequently reported, cannot be combined with LC 50s , and were excluded 
from the assessment.  

3.2      Species Sensitivity Distributions 

 As outlined in the Analysis Plan (Sect.  2.5 ), SSDs were used to characterize the 
toxicity of CPY to aquatic organisms. Data for different taxa were separated to bet-
ter assess responses in relation to protection goals which might differ between taxa, 
for example, invertebrates and fi sh. Using SSDs to characterize toxicity of CPY is 
different from using SSDs to develop guidelines and criteria (CCME  2007 ,  2008 ). 

 SSDs were constructed and 5th centiles and their confi dence intervals calculated 
with the aid of the SSD Master Version 3.0 software (CCME  2013 ). This software 
is a series of macro statements that are executed in Microsoft Excel. Raw data are 
entered into a spreadsheet and a cumulative frequency distribution (CFD) is fi tted 
using the plotting positions calculated from the Hazen equation and log-transformed 
toxicity values to produce an SSD. The data are then fi tted to several models (nor-
mal, logistic, Extreme Value, and Gumbel) and information on goodness of fi t, HC5 
and confi dence interval for each model is provided. Graphical displays of the SSDs 
are provided and can be inspected to select those that provide best fi t of the data in 
the region of interest, such as the lower tail of the SSD.  

3.3     Ecotoxicological Profi les by Taxon 

 Data were evaluated by taxonomic groups, based on the mode of action and likely 
sensitivity. These groupings included: plants, crustaceans, insects, fi sh, amphibians, 
and other invertebrates. Where insuffi cient data were available to construct a SSD 
(≥8 species), such as for algae, amphibians, and invertebrates (other than crusta-
ceans and insects), the data are presented in narrative. Results for each taxon are 
discussed in the following sections. 

  Plants . The only data on toxicity of CPY to plants were those generated with 
algae. All of the four species assessed (Table  2 ) were saltwater algae. Since there 
were <8 data points and only one study met the criterion for inclusion in the analy-
sis, an SSD was not derived. The range of EC 50s  for algae was from 138 to 769 μg 
CPY L −1 , which indicated that algae are relatively tolerant of exposure to chlorpyri-
fos. Given the mode of action and the lack of a  critical mechanism of action or 
appropriate target site in plants, this is not surprising. Because of this lack of sensi-
tivity, algae were not considered further in the ERA. It is very unlikely that plants 
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          Table 2    Toxicity values for chlorpyrifos used in this assessment (complete data and codes for the 
test item, exposure and medium are shown in SI Table 1)   

 Species 
 Exposure 
duration (d)  Endpoint 

 GM 
(μg L −1 ) a   n 

 Test 
item 

 Exposure 
type  Medium 

 Algae 
  Isochrysis galbana   4  EC50 (growth)  138  1  F  S  SW 
  Thalassiosira 

pseudonana  
 4  EC50 (growth)  148  1  F  S  SW 

  Skeletonema costatum   3  EC50 (growth)  298  5  F  S  SW 
  Dunaliella tertiolecta   4  EC50 (growth)  769  1  A  S  SW 

 Amphibia 
  Xenopus laevis   4  LC50  134  2  A  R  FW 
  Lithobates clamitans 

clamitans  
 4  LC50  236  1  A  R  FW 

  Rana dalmatina   4  LC50  5174  1  A  S  FW 

 Crustacea 
  Daphnia ambigua   2  LC50  0.035  1  A  S  FW 
  Ceriodaphnia dubia   4  LC50  0.054  2  A  S  FW 
  Gammarus pulex   4  LC50  0.07  1  A  F  FW 
  Hyalella azteca   2  LC50  0.10  1  A  S  FW 
  Moina australiensis   2  LC50  0.10  1  A  S  FW 
  Gammarus lacustris   4  LC50  0.11  1  F  S  FW 
  Daphnia pulex   3  LC50  0.12  1  A  R  FW 
  Palaemonetes pugio   4  LC50  0.15  2  A  R  FW 
  Neomysis integer   4  LC50  0.16  2  F  F  SW 
  Gammarus palustris   4  LC50  0.19  1  A  R  SW 
  Daphnia carinata   2  LC50  0.19  3  A  S  FW 
  Macrobrachium 

rosenbergii  
 2  LC50  0.30  1  F  S  FW 

  Daphnia longispina   4  LC50  0.30  1  A  R  FW 
  Paratya australiensis   4  LC50  0.33  1  A  R  FW 
  Simocephalus vetulus   4  LC50  0.50  1  A  R  FW 
  Daphnia magna   4  LC50  0.82  1  A  S  FW 
  Amphiascus tenuiremis   4  LC50  1.47  2  A  S  SW 
  Procambarus  sp.  4  LC50  1.55  1  A  S  FW 
  Gammarus fossarum   4  LC50  2.90  1  A  R  FW 
  Orconectes immunis   4  LC50  6.00  1  A  F  FW 
  Asellus aquaticus   4  LC50  8.58  1  A  S  FW 
  Eriocheir sinensis   4  LC50  30.5  4  F  R  SW 
  Neocaridina 

denticulata  
 4  LC50  457  1  A  S  FW 

 Fish 
  Menidia menidia   4  LC50  0.53  3  F  F  SW 
  Leuresthes tenuis   4  LC50  1.1  11  F  F  SW 
  Menidia peninsulae   4  LC50  1.3  1  A  F  SW 
  Menidia beryllina   4  LC50  4.2  1  A  F  SW 
  Fundulus heteroclitus   4  LC50  4.65  1  F  S  SW 
  Pungitius pungitius   4  LC50  4.70  1  A  F  FW 
  Atherinops affi nis   4  LC50  4.97  2  F  S  SW 

(continued)

J.M. Giddings et al.



133

 Species 
 Exposure 
duration (d)  Endpoint 

 GM 
(μg L −1 ) a   n 

 Test 
item 

 Exposure 
type  Medium 

  Poecilia reticulata   4  LC50  7.2  1  A  R  FW 
  Cyprinus carpio   4  LC50  8.00  1  F  S  FW 
  Oncorhynchus mykiss   4  LC50  8.49  2  A  F  FW 
  Gasterosteus aculeatus   4  LC50  8.5  1  A  F  FW 
  Lepomis macrochirus   4  LC50  10  1  A  F  FW 
  Leuciscus idus   4  LC50  10  1  A  R  FW 
  Oncorhynchus clarki   4  LC50  11  3  F  S  FW 
  Aphanius iberus   3  LC50  18  1  F  R  SW 
  Sander vitreus   2  LC50  18  4  A  S  FW 
  Melanotaenia fl uviatilis   4  LC50  122  1  F  R  FW 
  Pimephales promelas   4  LC50  207  4  A  F  FW 
  Salvelinus namaycush   4  LC50  244  1  F  F  FW 
  Oryzias latipes   2  LC50  250  1  A  R  FW 
  Rutilus rutilus   4  LC50  250  1  A  R  FW 
  Gambusia affi nis   4  LC50  298  1  A  R  FW 
  Opsanus beta   4  LC50  520  1  A  R  SW 
  Ictalurus punctatus   4  LC50  806  1  A  F  FW 
  Carassius auratus   4  LC50  >806  1  A  F  FW 

 Insects 
  Deleatidium  sp.  2  LC50  0.05  1  F  S  FW 
  Chironomus riparius   4  LC50  0.17  2  F  NR  FW 
  Atalophlebia australis   4  LC50  0.24  1  A  R  FW 
  Simulium vittatum   2  LC50  0.28  1  A  S  FW 
  Cloeon dipterum   4  LC50  0.3  1  A  F  FW 
  Chironomus dilutus   4  LC50  0.62  2  A  S  FW 
  Anax imperator   4  LC50  1.98  1  A  S  FW 
  Plea minutissima   4  LC50  1.98  1  A  S  FW 
  Corixa punctata   4  LC50  2.00  1  A  F  FW 
  Sigara arguta   2  LC50  2.16  1  F  S  FW 
  Ranatra linearis   4  LC50  4.48  1  A  S  FW 
  Chaoborus obscuripes   4  LC50  6.6  1  A  F  FW 
  Notonecta maculata   4  LC50  7.97  1  A  S  FW 
  Xanthocnemis 

zealandica  
 2  LC50  8.44  1  F  S  FW 

  Paraponyx stratiotata   4  LC50  27.2  1  A  S  FW 
  Molanna angustata   2  LC50  >34  1  A  S  FW 
  Sialis lutariah   4  LC50  >300  1  A  S  FW 

 Rotifers 
  Brachionus calycifl orus   2  LC50  12,000  1  F  S  FW 

 Mollusks 
  Mytilus 

galloprovincialis  
 2  EC50 

(develop-
ment) 

 154  1  A  S  SW 

  Lampsilis siliquoidea   4  LC50  250  1  A  S  FW 
  Aplexa hypnorum   4  LC50  >806  1  A  F  FW 

   a GM = geometric mean where n > 1  

Table 2 (continued)
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would be affected by environmentally-relevant  concentrations of CPY and that 
indirect effects would occur higher in the food web. Thus, protection of these other 
components of the food web would also be protective of plants in general and 
phytoplankton in particular.

    Crustacea . Data for toxicity of CPY from 23 species of crustaceans met the criteria 
for inclusion in the analysis (Table  2 ). The range of LC 50 s was from 0.035 to 457 μg 
CPY L −1 . The model for the cumulative frequency distribution (CFD) with the best 
fi t was the Gumbel (SI Table  4 , SI Fig.  1 ) and the SSD is shown in Fig.  3 . The HC5 
(95%CI) was 0.034 (0.022–0.051) μg CPY L −1  (SI Table  4 ).

    Insects . Toxicity data for CPY from 17 species of aquatic insects met the criteria for 
inclusion in the analysis (Table  2 ). The range of LC 50 s was from 0.05 to >300 μg 
CPY L −1 . Two values were reported as “greater than” and were included in the cal-
culations of the ranks for constructing the SSD (Fig.  4 ). The Extreme Value model 
gave the best fi t for the CFD (SI Table  4 ), but visual inspection of the plots of the 
various models showed that the fi t in the lower tail was better for the Gumbel model 
(SI Fig.  1 ). The lower tail is where exceedences are more likely and, for this reason 
and for consistency with the other taxa, this model was used. The HC5 (95%CI) was 
0.087 (0.057–0.133) μg CPY L −1  (SI Table  4 ).

    Fish . Data for toxicity of CPY from 25 species of fi sh met the criteria for inclusion 
in the analysis (Table  2 ). One value reported as “greater than” was included in the 
calculations of the ranks for constructing the SSD (Fig.  5 ). The model that exhibited 
the best CFD fi t was Gumbel (SI Table  4  and SI Fig.  1 ). The range of LC 50 s was 

  Fig. 3    Species Sensitivity Distribution (SSD) for chlorpyrifos in crustaceans.  Solid line  is the 
 fi tted Gumbel model.  Dashed lines  represent 95% confi dence interval       

 

J.M. Giddings et al.



135

  Fig. 5    Species Sensitivity Distribution (SSD) for chlorpyrifos in fi sh.  Solid line  is the fi tted 
Gumbel model.  Dashed lines  represent 95% confi dence interval. One species ( Carassius auratus ) 
with a “greater than” LC 50  value was included in the species rankings but not included in the model       

  Fig. 4    Species Sensitivity Distribution (SSD) for chlorpyrifos in aquatic insects.  Solid line  is the 
fi tted Gumbel model.  Dashed lines  represent 95% confi dence interval. Two species ( Molanna 
angustata  and  Sialis lutariah ) with “greater than” LC 50  values were included in the species rank-
ings but not included in the model       
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from 0.53 to >806 μg CPY L −1  and the HC5 (95%CI) was 0.812 (0.507–1.298) μg 
CPY L −1  (SI Table  4 ).

    Aquatic stages of amphibians . Of the seven species assessed, only three studies 
met the QC criteria, and one of these was questionable. The range of LC 50 s was 
from 19 to a questionable value of 5,174 μg CPY L −1  (Table  2 ). Because of the 
paucity of data, an SSD was not constructed. Larval stages of amphibians have 
been observed to be less sensitive than fi sh to a range of chemicals (Weltje et al. 
 2013 ), and the toxicity data for fi sh can be extrapolated to and be protective of 
amphibians. Therefore, aquatic stages of amphibians were not considered further 
in the ERA. 

  Other invertebrates . Toxicity data for four other invertebrates were found (Table  2 ). 
The LC 50  of 12,000 μg CPY L −1  for  Brachionus calycifl orus  is consistent with the 
lack of sensitivity of rotifers to pesticides in general (Brock et al.  2000 ). Similarly, 
the three LC/EC 50  values for aquatic mollusks ranged from 154 to >806 μg CPY L −1 , 
which also is consistent with general lack of sensitivity of this taxon to insecticides 
(Brock et al.  2000 ). Because of general lack of sensitivity, these taxa were not con-
sidered further in the ERA. 

  Toxicity of CPY to benthos . There were few acute toxicity data for benthic  organisms. 
Data from two species met the QC criteria (Table  3 ). LC 50 s for  Hyalella azteca  and 
 Chironomus dilutus  were 399 and 377 μg CPY kg −1  (dwt), respectively, or expressed 
in terms of organic carbon content of the sediment 2,122 and 4,815 ng g −1  organic 
carbon (OC), respectively. There were too few data to derive an SSD. Given that the 
concentration measured in the pore-water at the LC 50  was close to the water-only 
LC 50  (Ankley et al.  1994 ), it was previously concluded (Giesy et al.  1999 ) that the 
risk assessment for aquatic organisms could be applied to benthos on the basis of 
equilibrium partitioning and that risk of CPY to benthos could be extrapolated from 
organisms in the water column.

    Toxicity of CPYO . Insuffi cient toxicity data on the biologically active metabolite, 
CPYO, were available (Table  4 ) to construct an SSD. The LC 50  values relevant to 
risks to surface-water organisms were a 48-h LC 50  for  D. magna  of 1.9 μg CPYO L −1  
and 96-h LC 50  of 1.1 μg CPYO L −1  in the bluegill sunfi sh  L. macrochirus . The only 
toxicity value reported for amphibians was in larval  Rana boylii , but the reported 
LC 50  value of >5 μg CPYO L −1  was from a study that did not meet the criteria for 
inclusion in the ERA. The LC 50  value for CPYO in  D. magna  was larger than CPY 

     Table 3    Toxicity values for chlorpyrifos in benthic organisms   

 Species  Resp. a   Test sub.  Expos. (d)  Endpoint 
 Geomean 
μg kg −1   n 

 Test 
item 

 Expos. 
type  Inc.  Medium 

 Crustacea 
  Hyalella 

azteca  
 Mort  7–14 d  10  LC50  399  1  A  F  Y  FW 

 Insects 
  Chironomus 

dilutus  
 Mort  Larv 3rd  10  LC50  377  3  A  F  Y  FW 
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(0.82 μg L −1 , Table  2 ), while that for  L. macrochirus  was less than that for CPY 
(4.2 μg L −1 , Table  2 ). Although CPYO is much more potent than CPY at the target 
(AChE), the molecule is very labile in aqueous solution (discussed below).

3.4         Evidence from Microcosms and Mesocosms 

 Chlorpyrifos has been the subject of a large number of studies in microcosms and 
mesocosms (Table  5 ). Because the distinction between microcosms and mesocosms 
is primarily semantic, they are referred to jointly as “cosms” in the following dis-
cussion. Data from cosms add several types of realism to assessment of the potential 
effects of chemicals on aquatic organisms (Graney et al.  1995 ). They allow for more 
realistic exposure scenarios because factors such as photolysis, microbial degrada-
tion and adsorption to aquatic plants and sediments (Giesy and Odum  1980 ; Graney 
et al.  1989 ) are included. Cosms also include dynamic interactions between and 
among species so that potential “ecosystem-level” effects can be evaluated, includ-
ing predator-prey interactions in the larger systems (Giesy and Geiger  1980 ). Early 
cosm studies of CPY were reviewed by Leeuwangh ( 1994 ), Barron and Woodburn 
( 1995 ), and Giesy et al. ( 1999 ). Since the publication of the Giesy et al. review, 
results of several cosm studies of CPY have featured prominently in comparisons of 
cosm studies, single-species laboratory toxicity tests, and regulatory benchmarks 
across classes of insecticides (Brock et al.  2000 ,  2006 ; Maltby et al.  2005 ; van 
Wijngaarden et al.  2005b ). Several newer cosm studies have broadened the scope of 
conclusions about chlorpyrifos effects on aquatic communities to a wider range of 
locations and environmental conditions (Daam et al.  2008a ,  b ; López-Mancisidor 
et al.  2008a ,  b ; van Wijngaarden et al.  2005a ; Zafar et al.  2011 ). The body of evi-
dence from cosm studies is consistent in supporting the conclusion that concentra-
tions of 0.1 μg CPY L −1  or less cause no ecologically signifi cant effects on aquatic 
communities.

         Table 4    Toxicity values for chlorpyrifos oxon in aquatic organisms   

 Species  Resp. a   Test sub.  Expos. (d)  Endpoint  μg L −1  
 Test 
item 

 Expos. 
type  Inc.  Medium 

 Coral 
  Acropora 

millepora  
 Fert  Embryo  0.125  EC50  >30  A  S  Q  SW 

  Acropora 
millepora  

 Meta.  Larva  0.75  EC50  0.39  A  S  Q  SW 

 Crustacea 
  Daphnia magna   Mort.  <24-h old  2  LC50  1.9  A  F  Y  FW 

 Fish 
  Lepomis 

macrochirus  
 Mort.  46 mm  4  LC50  1.1  A  F  Y  FW 

 Amphibians 
  Rana boylii   Mort.  G32-44  4  LC50  >5  A  S  N  FW 
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    California ponds . Two studies on fates and effects of CPY were conducted in 
 outdoor experimental ponds at Riverside, California (Hurlburt et al.  1970 ;  1972 ). In 
the fi rst study, ponds were sprayed four times at 2-wk intervals at initial concentra-
tions from 2 to 200 μg L −1 . In the second study, ponds were sprayed three times at 
2-wk intervals to produce concentrations of 7.2 μg CPY L −1  and 72 μg L −1 . In both 
studies, the dominant zooplankton species,  Cyclops vernalis  and  Moina micrura , 
were reduced, while  Diaptomus pallidus  and rotifers (especially  Asplanchna bright-
welli ) increased. The increases in  D. pallidus  and rotifers were attributed to reduced 
predation and competition.  C. vernalis  and  M. micrura  recovered in 1–3 wk at 
7.2 μg L −1  and in 3–6 wk at 72 μg L −1 . Predaceous insects (notonectids and corixids) 
were affected and recovered slowly, while herbivorous insects were less affected 
and recovered more quickly. No effects were observed on the mosquitofi sh 
( Gambusia affi nis ). 

  Minnesota littoral enclosures . In situ enclosures in the littoral region of a pond in 
Duluth, Minnesota were sprayed once with CPY to produce initial concentrations of 
0.5, 5, and 20 μg L −1  (Brazner and Kline  1990 ; Siefert et al.  1989 ). Cladocerans (fi ve 
species) and ostracods ( Cyclocypris ) decreased 4 d after treatment. Densities of 
copepods were slightly reduced in treated enclosures but were not signifi cantly less 
than controls. Rotifers were reduced at 0.5 μg L −1 , but were unaffected (or increased) 
at the greater concentrations. Chironomids (the dominant insect group) were 
reduced 4 d after treatment; they recovered within 16 d at 0.5 μg L −1 , but remained 
less abundant than controls after 32 d at the greater concentrations. Other insects 
and the amphipod,  Hyalella azteca , were reduced. Snails, planaria, and protozoa 
were unaffected or increased. Survival of bluegill sunfi sh ( L. macrochirus ) decreased 
at 5 and 20 μg L −1 . Survival of fathead minnows ( Pimephales promelas ) was unaf-
fected, but the study authors reported that  P. promelas  growth was reduced due to a 
reduction in invertebrate abundance. As discussed by Giesy et al. ( 1999 ), the data 
from the study do not support this interpretation, and the effect on growth of 
 P. promelas , if real, remains unexplained. 

  Kansas outdoor cosms . Outdoor pond cosms in Kansas were treated with CPY with 
initial concentrations of 0.03, 0.1, 0.3, 1, and 3 μg L −1  (Biever et al.  1994 ; Giddings 
 1993a ,  b ; Giddings et al.  1997 ; Giddings  2011 ). In separate series of cosms, applica-
tions were made as a single surface spray, three CPY-treated slurry applications at 
2-wk intervals, and a combination of the two. Results were similar in all three series, 
and only the single spray treatment will be summarized here. 

 The total abundance of copepods was reduced for 3 d at 0.3 μg CPY L −1  (recov-
ery by d-15), for 29 d at 1 μg L −1  (recovery by d-43), and for 22 d at 3 μg L −1  (recov-
ery by d-29). No effects were observed at 0.1 μg L −1 . The calanoid copepod 
 D. pallidus  was a notable exception to the general sensitivity of the copepods: at the 
highest treatment level (3 μg L −1 )  D. pallidus  increased soon after the chlorpyrifos 
application. An increase in  D. pallidus  after chlorpyrifos treatment was also 
observed by Hurlbert et al. ( 1972 ), who noted that the increase took place only after 
numbers of  C. vernalis  had decreased. The numbers of cyclopoids, as well as most 
calanoids other than  D. pallidus , were also reduced in the Kansas cosms. 

Risks to Aquatic Organisms from Use of Chlorpyrifos in the United States
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This pattern, observed in studies conducted 20 yr and 2,000 km apart, implies that 
(a)  D. pallidus  is less sensitive than cyclopoids to CPY, and (b)  D. pallidus  com-
petes with cyclopoids for food, and therefore benefi ts from reductions in cyclopoid 
abundance. It has been reported that “the survival and reproduction of  D. pallidus  
were substantially enhanced by the addition of rotifers to a threshold algal diet” 
(Williamson and Butler  1986 ).The increase in  D. pallidus  at 3 μg L −1  may therefore 
have been partly a result of the increase in abundance of rotifers (see below). 

 The cladocerans were slightly less abundant at 0.3 μg L −1  than in controls, but 
only on d-43. Pronounced effects occurred at 1 μg L −1  (recovery by d-57) and 
3 μg L −1  (recovery by d-43). No effects on total numbers of cladocerans were 
observed at 0.1 μg L −1 . The most abundant cladocerans were  Chydorus sphaericus  
and  Alona  sp.  C. sphaericus  was most sensitive to CPY, while  Alona  was less 
sensitive and appeared to benefi t from changes that occurred at the greater 
concentrations. 

 There were no signifi cant differences in abundance of rotifers among CPY treat-
ment levels on any sample event. The total numbers of the two major rotifer groups, 
Ploima and Flosculariaceae, were also unaffected by treatment with CPY. Total 
numbers of zooplankton were not signifi cantly reduced at any  concentration on any 
sample event. The observed reductions in copepods and sensitive cladocerans were 
offset by increases in rotifers and more tolerant cladocerans. 

 Benthic insect communities in the cosms were dominated by Diptera and 
Ephemeroptera. Abundance of Diptera was signifi cantly reduced at 0.3 and 1 μg L −1  
on d-15 only, and at 3 μg L −1  from d-1 through d-29 (recovery by d-42). Treatment- 
related reductions in numbers of Ephemeroptera were found at 0.3 μg L −1  (d-1 
only), 1 and 3 μg L −1  (d-1 and -15). There were no signifi cant differences after 
d-15. Signifi cant differences in total numbers of benthic insects occurred on d-1 
and -15 at 0.3 and 1 μg L −1 , and from    d-1 through d-29 at 3 μg L −1  (recovery by 
d-42). No effects on Diptera, Ephemeroptera, or total benthic insects were observed 
at 0.1 μg L −1 . In terms of invertebrate community structure (based on Principal 
Response Curve (PRC) analysis) (Giddings  2011 ) and abundance of sensitive pop-
ulations within the community, no ecologically relevant effects occurred at 
0.1 μg L −1 . 

  Australian stream cosms . Two studies in Australia reported effects of CPY on inver-
tebrate communities in large outdoor experimental streams (Pusey et al.  1994 ; Ward 
et al.  1995 ). In the fi rst study, 6-h pulses of CPY were applied at 0.1 and 5 μg L −1  
and invertebrate community responses were monitored for 80 d. There were no 
effects at 0.1 μg L −1 . The abundance of chironomids, but not other invertebrate 
groups, was reduced at 5 μg L −1 . Invertebrate abundance recovered by the end of the 
study. In the second study, the same concentrations of CPY were applied continu-
ously for 21 d. Abundance and diversity of invertebrates were slightly reduced at 
0.1 μg L −1  and more severely reduced at 5 μg L −1 . Abundances of invertebrates at 
5 μg L −1  recovered between 42 and 70 d after the fi rst treatment. Snails became more 
abundant in the treated streams. 
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  Dutch ditch cosms . CPY has been the subject of several studies in indoor and 
 outdoor cosms representing Dutch ditches at the Winand Staring Center, The 
Netherlands. The indoor cosms (Brock et al.  1992 ;  1993 ;  1995 ; Cuppen et al.  1995 ; 
van den Brink et al.  1995 ; Van Donk et al.  1995 ) were sprayed once, with an initial 
concentration of 35 μg CPY L −1 . Direct effects were observed on cladocerans, cope-
pods, amphipods, isopods, and insects. An algal bloom occurred, as had also been 
observed in the California ponds (Hurlburt et al.  1970 ;  1972 ) and in the Minnesota 
enclosures (Siefert et al.  1989 ). The researchers documented the recovery of the 
cosm-invertebrates as concentrations of CPY declined. Copepods and some cladoc-
eran populations recovered when concentrations of CPY reached 0.2 μg L −1 ; other 
cladocerans recovered when concentrations fell to 0.1 μg L −1 . Taxa with no recolo-
nization sources (such as insects, amphipods, and isopods) did not recover, but cage 
studies showed that  Asellus aquaticus  could survive when concentrations decreased 
to 1.3 μg L −1 ; and  Chaoborus obscuripes ,  Cloeon dipterum ,  Gammarus pulex  could 
survive when concentrations reached 0.2 μg CPY L −1 . 

 The outdoor ditch enclosures were sprayed once with CPY concentrations of 0.1, 
0.9, 6, and 44 μg L −1  (van den Brink et al.  1996 ; van Wijngaarden et al.  1996 ). No 
effects were observed at 0.1 μg L −1 . At greater concentrations, numbers of macroin-
vertebrates were reduced and shifts were observed in the relative abundance of dif-
ferent functional groups (reductions in the proportion of gatherers, increases in the 
proportions of fi lter feeders and shredders). Most taxa, other than  G. pulex , recov-
ered rapidly at all concentrations.  G. pulex  could not recover because there was no 
source of recolonization. 

 In further studies, macrophyte-dominated outdoor Dutch ditch cosms were 
treated with CPY under three different exposure regimes: a single application of 
0.9 μg L −1 , three applications of 0.3 μg L −1  at 7-d intervals, and continuous applica-
tion of 0.1 μg L −1  for 21 d using a pump (Zafar et al.  2011 ). The three exposure 
regimes were designed to produce similar 21-d time-weighted averages of 0.1 μg L −1 . 
Under all exposure regimes, cladocerans and copepod nauplii were the most sensi-
tive taxa of zooplankton, while numbers of rotifers increased.  C. dipterum  and 
 Chaoborus  sp. were the most sensitive taxa of macroinvertebrates. In both the zoo-
plankton and insect communities, effects were observed immediately after the sin-
gle application of 0.9 μg L −1  but occurred more slowly in the other treatments. 
Overall, effects on both the zooplankton and macroinvertebrate communities were 
more or less the same under all exposure regimes. 

  Indoor cosms simulating Mediterranean environments . Indoor, plankton- dominated 
microcosms were used to compare the responses of aquatic communities to CPY 
under conditions pertaining to Mediterranean regions (higher temperature and 
greater amounts of nutrients) with conditions representing cool temperate regions 
(van Wijngaarden et al.  2005a ). CPY was applied once to give concentrations from 
0.01 to 10 μg L −1  in water of microcosms. CPY dissipated more rapidly under 
Mediterranean than temperate conditions. As in previous studies, cladocerans and 
copepod nauplii were among the most sensitive taxa of zooplankton, while numbers 
of rotifers and adult copepods generally increased as the other groups declined. 

Risks to Aquatic Organisms from Use of Chlorpyrifos in the United States



146

The NOAEC for the most sensitive zooplankton populations and for the  zooplankton 
community was 0.1 μg L −1  under both temperate and Mediterranean conditions. The 
phytoplankton community was altered and phytoplankton chlorophyll increased at 
1 μg L −1 , but only under Mediterranean conditions. Overall, the study supported a 
community-level NOAEC value of 0.1 μg L −1 . 

  Spanish outdoor cosms . Outdoor plankton-dominated 11-m 3  cosms were treated 
with single CPY applications of 0.1 and 1 μg L −1  (López-Mancisidor et al.  2008b ). 
Cladocerans, copepods, and some rotifers ( Keratella  sp.) decreased at 1 μg L −1 ; 
other rotifers ( Brachionus  sp.) increased.  Daphnia galeata , which had been severely 
reduced, recovered rapidly;  Keratella  sp. was still reduced on d-99. There were no 
effects at 0.1 μg L −1 . In a subsequent study, López-Mancisidor et al. ( 2008a ) sprayed 
the cosms four times at weekly intervals to produce concentrations of 0.033, 0.1, 
0.33, and 1 μg L −1 . Population densities of cyclopoid copepods and cladocerans 
decreased at 1 μg L −1 , while calanoid copepods and some rotifers increased. 
Community analysis using PRC indicated signifi cant effects at 0.33 μg L −1 . All taxa 
recovered within 12 wk (9 wk after the fi nal CPY application) except at the highest 
treatment level (1 μg L −1 ). These studies indicated that CPY caused no effects on 
zooplankton after single or multiple exposures to CPY at 0.1 μg L −1 . 

  Thailand outdoor cosms . In a study in 1-m 3  outdoor cosms in Thailand treated once 
0.1, 1, 10, and 100 μg CPY L −1 , cladocerans ( Moina micrura ) were the most sensitive 
zooplankton taxa, with signifi cant reductions at 1, 10, and 100 μg L −1  (Daam et al. 
 2008a ). Other cladocerans ( Ceriodaphnia cornuta ), adult copepods, and copepod 
nauplii were reduced for    1 wk at 1 μg L −1  and then recovered. Some rotifers (including 
 Keratella ) decreased at 100 μg L −1 , while other rotifer species increased. Among mac-
roinvertebrates, Conchostraca (clam shrimp) were eliminated at the three greatest 
concentrations. Ostracods and corixids were reduced or eliminated at 10 μg CPY L −1 . 
Snails, fl atworms, and mollusks increased in abundance. PRC analysis showed that 
both zooplankton and macroinvertebrate communities were affected at the three great-
est concentrations of CPY. Zooplankton communities recovered by d-14 at 1 μg L −1 , 
d-35 at 10 μg L −1 , and d-70 at 100 μg L −1 ; all taxa of macroinvertebrates recovered by 
d-70 at all concentrations. Similar studies on the effects of CPY on zooplankton were 
conducted in 250-L outdoor cosms in Thailand, treated either once or twice (7-d inter-
val) with 1 μg L −1  CPY (Daam et al.  2008b ). Cladocerans decreased, while copepods, 
rotifers, and ostracods increased; PRC indicated community recovery by d-32 in both 
treatments. Overall, the Thai cosm studies indicated a NOAEC of 0.1 μg L −1 . 

  Conclusions from cosm studies with CPY . Results of cosm studies of CPY summa-
rized above (except the recent studies) were included in analyses by Brock et al. 
( 2000 ), van Wijngaarden et al. ( 2005b ), Maltby et al. ( 2005 ), and Brock et al. 
( 2006 ), in which the cosm results were compared with single-species toxicity data 
and regulatory benchmarks for various groups of insecticides. The summarized con-
clusions of these reviews are consistent with the earlier Giesy et al. ( 1999 )  ecological 
risk assessment, and are:

•    Sensitivity of species in cosms is similar to the sensitivity of the same or related 
taxa in laboratory toxicity tests for single species. For CPY and other acetylcho-
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linesterase (AChE) inhibitors, Amphipoda, Cladocera, Copepoda, Trichoptera, 
Ephemeroptera, and Diptera are the most sensitive taxa in cosms, with effects 
observed at 0.1- to 1-times the LC 50  of the most sensitive standard test species. 
Effects on mollusks, annelids, and plants are observed at concentrations 10–100 
times greater than the LC 50  of the most sensitive species. Most rotifers are unaf-
fected at even greater concentrations.  

•   The ecosystem-level NOAEC (NOAEC eco ) is the concentration in which “no, or 
hardly any, effects on the structure and functioning of the studied (model) eco-
system are observed” (Fig.  6 , van Wijngaarden et al.  2005b ). For CPY, the 
NOAEC eco  for a single exposure is 0.1 μg L −1 . Effects are generally more severe 
with repeated or chronic exposure, but such exposure patterns are not typical for 
CPY (Williams et al.  2014 ). The NOAEC eco  falls at the 23rd centile of the SSD 
for crustaceans, the most sensitive taxon for which data are available (Fig.  6 ). 
This implies that use of the HC5 in the risk characterization errs on the side of 
protection.

•      For inhibitors of AChE and other insecticides, sensitive crustaceans and insects 
in static systems usually recover within 8 wk of a single pulsed exposure below 
the LC 50  of the most sensitive species. For multiple applications, recovery occurs 
within 8 wk of the last application less than 0.1× the LC 50  (van Wijngaarden et al. 
 2005b ). The extent and rate of recovery in cosms is determined by exposure 
concentration, life cycle, and ecological factors such as the degree of isolation of 
the test system from sources of recolonization.  

  Fig. 6    Comparison of SSDs for 96-h toxicity values for chlorpyrifos and the NOAEC eco  from 
cosm studies to greatest annual 95th centiles of concentrations reported by the US Geological 
Survey from surface waters samples collected before and after 2001. For a more detailed descrip-
tion of the data, see Williams et al. ( 2014 )       
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•   Indirect effects are observed only at concentrations that cause pronounced effects 
on arthropods. The most common indirect effects observed are an increase of 
algae and an increase of less sensitive herbivores such as rotifers and snails.  

•   Results in lotic cosms are similar to those in lentic cosms, for CPY and for other 
insecticides that target AChE.  

•   Consistent results are obtained from cosm studies conducted in different geo-
graphical locations and under different experimental conditions.     

3.5     Reports of Field Incidents in U.S. Surface Waters 

 Prior to 2000, there were 44 incidents in a period of 3 yr involving fi sh-kills and 
confi rmed exposure to CPY, largely associated with improper application of CPY as 
a termiticide (summarized in Giesy et al.  1999 ). Not all incidents involving reports 
of adverse effects of pesticides in humans and the environment are reported to the 
USEPA, but a search of the US EPA’s Aggregate Incident Summary Report by 
Ingredient revealed no moderate or minor incidents associated with surface waters 
and CPY or products containing CPY between January 2002 and June 2012 (USEPA 
 2012a ). A total of 1,548 incidents were included in this dataset. However, some 
incidents were reported in the US EPA’s database of Specifi ed Ingredient Incidents 
(USEPA  2012b ). The database contained 666 data records from the U.S. and other 
locations, and 4 were associated with verifi ed exposure to CPY and kills of fi sh  and/
or invertebrates. All four incidents appeared to be related to misuse and included 
improper use of CPY as a termiticide in Alabama in June 2002, incorrect aerial 
application of a mixture of CPY and cyfl uthrin in Lavender Canal in California, Feb 
2003, and a similar incident on the Boone River, Iowa with a mixture of CPY and 
pyraclostrobin in Aug 2009. One fi sh-kill incident was due to a spill or deliberate 
release of several pesticides, including CPY, in Grape and Core Creeks in North 
Carolina in May 2003 (Incident # I014123). Several thousand fi sh were killed, and 
CPY was detected at 1.33 and 5.1 μg L −1  in Core Creek (along with pebulate and 
fenamiphos). One sample in Grape Creek contained CPY at 24 g L −1  (described as 
an emulsion), clearly from a major spill or deliberate release. This sample also con-
tained sulfotep (0.51 g L −1 ), diazinon (0.74 g L −1 ), malathion (9.5 g L −1 ), and fenami-
phos (1.6 g L −1 ). All incidents were linked to misuse, and there was no indication 
that normal use of CPY in agriculture has resulted in fi sh kills.   

4     Characterization of Risks 

 Where suffi cient data were available, such as for surface waters, risks posed by CPY 
to aquatic organisms were characterized by comparison of measured and predicted 
concentrations to SSDs of acute toxicity values. For sediments, where fewer toxic-
ity data were available, simple quotients of exposure concentrations to single toxic-
ity values (risk quotients, RQs) were utilized. 
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4.1     Risks from Measured Exposures 

  Risks for CPY in surface waters . There is a relatively large database of measured 
concentrations of CPY in surface waters (see detailed characterization in Sect.   3.1     
in Williams et al.  2014 ). In almost all of these data sets, frequency of sampling was 
too small to allow exposures to be characterized as 96-h time-weighted-mean con-
centrations for direct comparison to 96-h toxicity values. However, comparisons in 
relation to changes in the use of CPY were possible. The greatest annual 95th cen-
tiles of concentrations measured in surfaces waters by the US Geological Survey 
before and after the introduction of new labels in 2001 clearly shows the reductions 
in exposures and risks that resulted from the changed use pattern (Fig.  6  and 
Table  6 ). Based on 95th centiles and the HC5, risks for fi sh in either period were 
small. An extensive review of the toxicity screening data from 2004 to 2009 in 
samples of surface waters of the Central Valley of California (Hall and Anderson 
 2012 ) confi rmed that the reductions in concentrations of CPY after 2001 (see Sect. 
  4     in Williams et al.  2014 ) were refl ected in reductions in the frequency of detection 
of toxicity mediated by CPY.

    Risks for CPY in sediments . The toxicity of CPY in sediments in areas of intensive 
use, has infrequently been reported in studies conducted recently (Sect.  2.1 ). 
Comparison of the 10-d LC 50  toxicity values for  H. azteca  and  C. dilutus  (Table  3 ) 
to the greatest concentration (58.6 μg kg −1 ) measured in sediments (Sect.   3.2     in 
Williams et al.  2014 ) gave RQs of 0.15 and 0.16 for the two species. These RQs are 
only slightly above the Level of Concern for non-endangered species (USEPA 
 2004 ) and are consistent with toxicity testing of sediments from areas of intensive 
use since 2000 (Sect.  2.1 ). 

  Risks from CPYO . As discussed in a companion paper (Solomon et al.  2014 ), CPYO 
is formed from CPY in the environment and  in vivo  but has seldom been detectable in 
surface waters (see Sect.   4     in Williams et al.  2014 ). The National Water Quality 
Assessment (NAWQA) database included results of 7,098 analyses for CPYO in sur-
face water samples between 1999 and 2012 (NAWQA  2012 ). CPYO was detected in 
16 samples (detection rate of 0.23%), and the greatest estimated concentration (i.e., 
>LOD but <LOQ) was 0.0543 μg CPYO L −1 . Similar results were found in the National 
Stream Quality Accounting Network (NASQAN) database (NASQAN  2012 ), 

   Table 6    Risk quotients for maximum 95th centile measured concentrations of CPY in surface 
waters of the U.S. before and after 2001   

 Taxon  Crustacea  Insects  Fish 

 HC5 (μg L −1 )  0.034  0.091  0.820 
 RQ for greatest annual 95th centile pre-2001 (0.056 μg L −1 ) a   1.65  0.64  0.07 
 RQ for greatest annual 95th centile post-2001 (0.008 μg L −1 ) a   0.24  0.09  0.01 

   a See Sect.   2.1     and Fig.   3     in Williams et al. ( 2014 ) for the derivation of the greatest annual 95th 
centile concentrations  
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where the rate of detection for 2,025 analyses of surface water between 2001 and 2012 
was 0.44%, and the greatest estimated concentration was 0.0356 μg CPYO L −1 . 
Databases of pesticide concentrations in surface waters of California (288 analyses, 
CDPR  2012 ) and Washington State (964 analyses, WDOE  2012 ) contained no detec-
tions for CPYO. In a study of pesticides in surfaces waters at various elevations above 
the Central Valley of California (LeNoir et al.  1999 ), CPYO was detected at concentra-
tions ranging from 0.024 to 0.037 μg CPYO L −1  as compared to CPY which ranged 
from 0.089 to 0.124 μg CPY L −1  at the same locations. Thus, the frequency of detec-
tion was small and the concentrations, when measurable, also were small. 

 Risks from measured concentrations of CPYO were all small. The RQ for the 
greatest measured concentration of CPYO in surface waters (0.054 μg L −1 ) and the 
LC 50  of 1.1 μg L −1  for the most sensitive freshwater (FW) organism tested ( L. mac-
rochirus ) was 0.049, which is below the level of concern (LOC) for highly valued 
species (USEPA  2004 ). 

 The small estimated risks from CPYO are supported by several lines of evidence. 
CPYO is formed from CPY in the atmosphere and is detected in air near sites of 
application and at more distant locations (see discussion in Mackay et al.  2014 ). 
Because CPYO is more polar than CPY (log KOW of 2.89 vs. 5, Tables   5     and   6     in 
Mackay et al.  2014 ) it would be expected to partition into precipitation and accumu-
late to a greater extent than CPY in surface waters. However, this does not occur; for 
example, LeNoir et al. ( 1999 ) showed that CPYO was detected in water at smaller 
concentrations than CPY, the opposite of those in air sampled at the same locations. 
The most likely reason for this is the greater rate of hydrolysis of CPYO compared 
to CPY with half-lives of 13 d vs. 30–50 d, respectively (Tables   7     and   6     in Mackay 
et al.  2014 ). Since CPYO is more polar than CPY (Mackay et al.  2014 ), it would not 
be expected to be taken up into and accumulate in organisms as much as CPY. 
Finally, because CPYO is the active toxic form of CPY and is transformed  in vivo , 
the toxicity of CPYO would be implicitly included in toxicity testing in the labora-
tory and cosms where animals are exposed to CPY. For all these reasons, environ-
mental risks from CPYO were smaller than those for CPY. Therefore, a separate and 
detailed risk assessment was not required.  

4.2      Risks from Modeled Exposures to CPY 

  Probabilistic analysis of risks . The higher-tier modeling of CPY concentrations in 
surface waters for three scenarios of intensive use and vulnerability to runoff and 
contamination of surface waters (   Sect. 6.2 in Williams et al.  2014 ) provided fre-
quency distributions of annual maximum 96-h time-weighted mean concentrations. 
These values could then be compared to distributions of 48- to 96-h toxicity values 
from the SSDs (Sect.  3.2 ) using probabilistic approaches. To characterize the risks 
graphically, these values were used to construct joint probability curves (JPCs, 
ECOFRAM  1999 ; Giesy et al.  1999 ). Reference lines proposed for interpretation of 
JPCs (Moore et al.  2010 ) were added to the graphs. 
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 The JPCs for the concentrations modeled in Orestimba Creek, CA (Fig.  7 ) 
showed that fi sh and insects were at  de minimis  risk. The line for crustaceans was 
slightly above the reference line for low risk, indicating that some species of crusta-
ceans are at low (but not  de minimis ) risk of adverse effects in this use scenario.

   The JPC for concentrations modeled in another focus-scenario, Cedar Creek, MI 
(Fig.  8 ) indicated  de minimis  risk for crustaceans, insects, and fi sh. The modeled 
concentrations in the other focus-scenario, Dry Creek, GA were smaller than those 
in Cedar Creek, MI (   Table   8     in Williams et al.  2014 ), hence, these risks also were  de 
minimis  (JPC not shown). Overall, the probabilistic analyses of these data suggest 
that risks from direct effects of CPY on fi sh are  de minimis  in all areas of use. In 
most areas of use, as exemplifi ed by the modeling of concentrations in Cedar Creek, 
MI and Dry Creek, GA, risks to insects and crustaceans will be  de minimis  as well. 
Low risk is also predicted for crustaceans in Orestimba Creek, CA, an intensive-use 
scenario that reasonably exemplifi es the worst-case.

   There were insuffi cient toxicity data for CPY in sediment to conduct a probabi-
listic assessment of risk. However, comparison of the 10-d LC 50  toxicity values for 
 H. azteca  and  C. dilutus  (Table  3 ) to the maximum modeled values of 22.2, 0.067, 
and 0.074 μg kg −1  resulted in RQs of 0.06, <0.001, and <0.001 for Orestimba Creek, 
Cedar Creek, and Dry Creek, respectively. The RQs for Cedar Creek and Dry Creek 
are well below the Level of Concern for all species. The RQ for Orestimba Creek is 
slightly greater than the Level of Concern (0.05; EPA  2004 ) for endangered and 
threatened (listed) invertebrates, but below the Level of Concern for other (non-
listed) species. 

  Fig. 7    Joint probability curves for estimated 96-h time-weighted average (TWA) concentrations 
of chlorpyrifos in Orestimba Creek, CA modeled from Jan 1, 2000 to Dec 31, 2009 and species 
sensitivity distributions for fi sh, Crustacea, and insects       
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  Risks from repeated exposures to CPY . The risks of CPY were further evaluated by 
considering the duration of exposure and the time between exposures that were 
predicted by SWAT for watersheds in Michigan, Georgia, and California. The anal-
ysis was conducted using the RADAR program (ECOFRAM  1999 ; Williams et al. 
 2014 ). RADAR analyzes the daily time-series of exposure estimates to identify 
events in which concentrations exceed a pre-defi ned threshold, calculate the dura-
tion of each event, and determine the time between events (recovery time). The 
NOAECeco from the cosm studies, 0.1 μg L −1 , was used as the threshold in this 
analysis. The full results are presented in SI Appendix E of Williams et al. ( 2014 ). 
No events occurred in the Georgia watershed, and none in the Michigan watershed 
when the 28-d half-life was used. With a 96-d half-life, there were three events in 
the Michigan watershed, all of 1-d duration and with at least 1,240 d between events. 
The short event durations and long intervals between events imply that no exposures 
in the Michigan watershed would result in ecologically signifi cant effects. 

 Over the 10-yr simulation in the California watershed, there were 10 events (28-d 
half-life) or 35 events (96-d half-life), in which concentrations exceeded 0.1 μg L −1 . 
The minimum and median event durations in the California watershed were 1 d for 
both half-lives, and the maximum event durations were 11 d and 15 d using the 28-d 
and 96-d half-lives, respectively. Recovery times ranged from 1 to >1,892 d. Using 
either half-life, recovery times in half of the events were greater than 14 d, long 
enough for toxicodynamic recovery from AChE inhibition in crustaceans and 
insects (Sect.  2.2 ). About one-third of these events had recovery times greater than 
56 d, long enough for toxicodynamic recovery in fi sh (Sect.  2.2 ) and for ecological 

  Fig. 8    A joint probability curve for estimated 96-h time-weighted mean concentrations of chlor-
pyrifos in Cedar Creek, MI modeled from Jan 1, 1961 to Dec 31, 1990. For details of the modeling 
of exposures, see Williams et al. ( 2014 )       

 

J.M. Giddings et al.



153

recovery in cosms (Sect.  3.4 ). Only three or four events (for the 96-d and 28-d 
 half- lives, respectively) had durations of 4 d or greater and recovery times less than 
56 d. These results suggest that ecologically signifi cant single and repeated expo-
sure events were rare, even in the high-exposure California scenario.   

5     Conclusions 

 This ecological risk assessment of CPY and its oxon CPYO built upon a previous 
assessment (Giesy et al.  1999 ) and was refi ned to address changes in the labeled 
uses, different use patterns, and new toxicity data. Exposure data were taken from 
Williams et al. ( 2014 ), which characterizes measured and modeled concentrations 
of CPY in surface waters of the U.S. 

 The major pathway for exposures to CPY in surface waters is direct accumulation 
from water, rather than through diet or from sediments. CPY adsorbs strongly to 
sediments, and this mitigates exposures to benthic invertebrates via sediment. CPY’s 
sediment behavior is consistent with the fact that toxicity is less frequently observed 
to occur via sediment than water under fi eld testing conditions. The focus of the 
ERA was thus directed mostly to surface waters and water-column organisms. 

 Because exposures to CPY in fl owing surface waters are episodic with durations 
usually less than 2 d (Williams et al.  2014 ), recovery of organisms between pulses 
can reduce overall risks, but frequent pulses with short recovery periods could result 
in cumulative damage and cumulative risks. The few studies that have characterized 
recovery of the target enzyme (AChE) from CPY suggest that invertebrates recover 
more rapidly than fi sh. These recovery periods were from 1 to ~7 d for invertebrates, 
and periods of the order of 4–8 wk might be required for complete recovery of 
AChE in fi sh. These periods were considered in the risk assessment. In situations 
where there is potential for multiple pulsed exposures, a more complex model could 
be developed that includes accumulation, time to effects and species- specifi c rates 
of recovery of AChE. In this assessment of risk, to be conservative, it was assumed 
that recovery in all organisms would be at the upper bound of observed times 
(2–8 wk). This assumption likely results in an overestimate of risk. 

 Characterization of acute toxicity of CPY showed that crustaceans were most 
sensitive to CPY (HC5 = 0.034 μg CPY L −1 ), closely followed by insects 
(HC5 = 0.087 μg CPY L −1 ). Fish were less sensitive (HC5 = 0.812 μg CPY L −1 ). The 
little data available for aquatic stages of amphibians suggested that they were less 
sensitive to CPY than fi sh. Thus fi sh were protective of amphibians, and amphibians 
would only need to be considered in an ERA if fi sh were affected. This was not the 
case for CPY. 

 Assessment of the results of a large number of studies of the effects of CPY in 
cosms suggested that the no observed adverse effect concentration in these systems 
(NOAEC eco ) was 0.1 μg L −1 . These data were derived from single and multiple expo-
sures to CPY and support the conclusion that the HC5s for insects and crustaceans 
from acute toxicity studies are predictive and protective of toxicity under conditions 
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more relevant to the fi eld. Results for cosms thus provided another line of evidence 
for characterization of the risks of CPY under conditions that are more representa-
tive of conditions in the fi eld. 

 Risks to aquatic organisms from measured exposures were assessed by compar-
ing the 95th centile concentrations to the HC5s for the SSDs. These data may not 
fully capture peak exposures but suggested that there were  de minimis  risks for all 
aquatic organisms from exposures measured after use patterns were changed in 
2001. The analyses also showed that risks had decreased from those prior to 2001, 
which leads to the conclusion that the changes made in 2001 and 2005 to the labeled 
use patterns, and possibly other changes in general pesticide stewardship, mitigated 
CPY exposures and reduced risks. 

 Estimated exposures from models for three focus-scenarios, representing greater 
vulnerability to exposures than other use scenarios (Williams et al.  2014 ), allowed 
the assessment of risks based on 96-h time-weighted-mean concentrations that were 
matched to the 48–96 h toxicity data. Based on the joint probabilities of distribu-
tions of data for exposure and toxicity, we concluded that risks for fi sh and aquatic 
stages of insects were  de minimis  in all three regions. However, in the intensive-use 
scenario of Orestimba Creek, in California, risk to crustaceans was greater and 
deemed to be not  de minimis . Further analysis of risks from repeated exposures to 
CPY, in these three focus-scenarios, confi rmed the  de minimis  risks to crustaceans, 
insects, and fi sh in the focus-scenarios in GA and MI. Repeated exposures in 
Orestimba Creek, CA suggested small risks to fi sh, insects, and crustaceans. We 
concluded that repeated exposures to insects and crustaceans would not be ecologi-
cally relevant because of the potential for rapid recovery in these taxa. Risks for fi sh 
may be somewhat greater because there is more uncertainty regarding recovery of 
the target enzyme AChE and because of their longer reproductive cycles. The lack 
of fi sh-kills since 2002 in the U.S. that were associated with confi rmed exposure to 
CPY is consistent with the small risks to fi sh and the smaller exposures in surface 
waters since the change in the labeled uses. 

 Too few data on toxicity of CPYO were available to conduct a probabilistic risk 
assessment but, on the basis of the available data and the large margins of exposure, 
we concluded that risks of CPYO to aquatic organisms were  de minimis . CPYO is 
the active metabolite of CPY, and its toxicity is subsumed by the parent CPY. It is 
thus not surprising that CPYO’s toxicity is similar to that of CPY. CPYO is more 
rapidly hydrolyzed in water and is more polar than CPY and is less likely to be taken 
up into aquatic organisms. Detections of CPYO in surface waters were infrequent, 
and the concentrations were all less than toxicologically signifi cant values for the 
one fi sh and one invertebrate for which data were available. 

 This ERA was supported by several strong data-sets. There is a good database of 
toxicity values for CPY, and many of these tests are of high quality. They are cer-
tainly suffi cient to characterize acute toxicity to insects, crustaceans, and fi sh. There 
are also large sets of data for measured values in surface waters in a number of loca-
tions, including areas of intensive use, where greater exposures would be expected. 
Several studies conducted in cosms, some of excellent quality, are available to pro-
vide points of reference for the SSDs and information on recovery of invertebrates 
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from exposures to CPY. These strengths have helped reduce uncertainty in the ERA 
since these cosms included a number of taxa for which there were few toxicity data 
from laboratory studies. These cosms provide data on responses of aquatic organ-
isms to CPY under realistic conditions. 

 Just as there were strengths in the ERA there were several areas of uncertainty, 
some more relevant than others. There were few usable toxicity data from amphib-
ians, but evaluations of the relative sensitivity of fi sh and amphibians to several 
classes of toxicants (Weltje et al.  2013 ) suggest that toxicity data from fi sh can 
provide equivalency for amphibians. There were few data on recovery of AChE, the 
target enzyme for CPY, in aquatic organisms, and this is an uncertainty in the analy-
sis of the relevance of the duration between exposure-events. Because of this, longer 
and more conservative durations were used in the assessment. In addition, this is an 
uncertainty that is relevant to all organophosphorus insecticides, as they share the 
same target enzyme and toxicodynamics of recovery. 

 There was uncertainty with regard to the demonstrated effects of CPY on behav-
ior and the relevance of these to survival, growth, development, and reproduction 
(SGDR). Pesticides that target the nervous system are expected to cause effects on 
behavior, but it is diffi cult to determine the relevance of these responses to SGDR. 
For invertebrates in cosms, all responses, including those mediated by behavioral 
effects, are subsumed into the responses and recovery of exposed populations and 
communities and are refl ected in the NOAEC eco  of 0.1 μg L −1 . Data to extrapolate 
behavioral responses to SGDR for fi sh and other vertebrates are not available for 
CPY or, for that matter, all other pesticides that target the nervous system. This is a 
general uncertainty that has still to be addressed in the science of ERA. 

 When this ERA was initiated, there was uncertainty about the relevance of the 
formation of CPYO from the parent, CPY, and how this might infl uence risks. While 
still somewhat uncertain, this issue is judged to be of lesser relevance than that of 
CPY itself. There are several lines of evidence to support this conclusion. The oxon 
is an integral component of the toxicodynamics of CPY and is formed  in vivo . 
Toxicity of the oxon in aquatic organisms is not vastly or consistently different from 
that of the parent CPY, and, to some degree is included in the toxicity studies with 
CPY. The oxon is more rapidly hydrolyzed in the environment, partitions more into 
water, and is less likely to bioconcentrate into organisms than CPY (see discussions 
in the companion paper, Mackay et al.  2014 ).  

6     Summary 

 The risk of chlorpyrifos (CPY) to aquatic organisms in surface water of North 
America was assessed using measured concentrations in surface waters and model-
ing of exposures to provide daily concentrations that better characterize peak expo-
sures. Ecological effects were compared with results of standard laboratory toxicity 
tests with single species as well as microcosm and mesocosm studies comprised 
of complex aquatic communities. The upper 90th centile 96-h concentrations 
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(annual maxima) of chlorpyrifos in small streams in agricultural watersheds in 
Michigan and Georgia were estimated to be ≤0.02 μg L −1 ; in a reasonable worst-
case California watershed, the 90th centile 96-h annual maximum concentrations 
ranged from 1.32 to 1.54 μg L −1 . Measured concentrations of chlorpyrifos are less 
than estimates from simulation models. The 95th centile for more than 10,000 
records compiled by the US Geological Survey was 0.008 μg L −1 . Acute toxicity 
endpoints for 23 species of crustaceans ranged from 0.035 to 457 μg L −1 ; for 18 spe-
cies of aquatic insects, from 0.05 to 27 μg L −1 ; and for 25 species of fi sh, from 0.53 
to >806 μg L −1 . The No Observed Adverse Effect Concentration (NOAEC eco ) in 
more than a dozen microcosm and mesocosm studies conducted in a variety of cli-
matic zones, was consistently 0.1 μg L −1 . These results indicated that concentrations 
of CPY in surface waters are rarely great enough to cause acute toxicity to even the 
most sensitive aquatic species. This conclusion is consistent with the lack of fi sh-
kills reported for CPY’s normal use in agriculture in the U.S. 

 Analysis of measured exposures showed that concentrations in surface waters 
declined after labeled use-patterns changed in 2001, and resulted in decreased risks 
for crustaceans, aquatic stages of insects, and fi sh. 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 exposures to CPY in the 
Georgia and Michigan watersheds were  de minimis . Risks from individual expo-
sures in the intense-use scenario from California were  de minimis  for fi sh and 
insects and low for crustaceans. Risks from repeated exposures in the California 
intense-use scenario were judged not to be ecologically relevant for insects and fi sh, 
but there were some risks to crustaceans. Limited data show that chlorpyrifos oxon 
(CPYO), the active metabolite of CPY is of similar toxicity to the parent compound. 
Concentrations of CPYO in surface waters are smaller than those of CPY and less 
frequently detected. Risks for CPYO in aquatic organisms were judged to be  de 
minimis . 

 Several uncertainties common to all AChE inhibitors were identifi ed. Insuffi cient 
data were available to allow interpretation of the relevance of effects of CPY (and 
other pesticides that also target AChE) on behavior to assessment endpoints such as 
survival, growth, development, and reproduction. Data on the recovery of AChE 
from inhibition by CPY in fi sh are limited. Such data are relevant to the character-
ization of risks from repeated exposures, and represent an uncertainty in the assess-
ment of risks for CPY and other pesticides that share the same target and 
toxicodynamics. More intensive monitoring of areas of greater use and more com-
prehensive models of cumulative effects that include rates of accumulation, metabo-
lism and recovery of AChE in the more sensitive species would be useful in reducing 
this uncertainty.     
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1           Introduction 

 Chlorpyrifos (O,O-diethyl O-(3,5,6-trichloro-2-pyridinyl) phosphorothioate; CPY) is a 
widely used, organophosphorus insecticide that was fi rst registered in the United States 
in 1965. It is available in fl owable and granular formulations under the trademark 
Lorsban ®  and is registered in many countries for control of pests in soil or on foliage. 
Birds are potentially at risk following application of CPY because: (1) they forage in 
areas that could be treated with the pesticide, and (2) CPY has been shown to be toxic to 
birds under laboratory conditions when they were exposed to ecologically relevant con-
centrations in the diet. Here we present a refi ned assessment of risk to birds from appli-
cation of granular or fl owable formulations of CPY to crops in the United States at rates 
and frequencies of use approved on the current product labels. This assessment focused 
on bird species that are known to frequently forage in crop fi elds treated with CPY. 
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 Mammals are far less sensitive than birds to acute exposures of chlorpyrifos 
(see review in Solomon et al.  2001 ). In addition, mammals are less exposed to 
granular CPY because they do not consume grit to aid digestion as do birds 
(Solomon et al.  2001 ). Therefore, risks due to exposure to CPY are likely to be 
greater for birds than for mammals. We did not conduct a refi ned risk assessment for 
mammals because any mitigations stemming from the avian risk assessment should 
also be protective of mammals foraging in treated fi elds. 

 This assessment builds upon past assessments of CPY, including the most recent 
EPA re-registration assessment (USEPA  1999 ) and a refi ned risk assessment to 
birds by Solomon et al. ( 2001 ). Using a conservative, screening-level risk assess-
ment approach, the USEPA ( 1999 ) concluded that single and multiple applications of 
CPY potentially pose risks to birds. However, a more refi ned assessment of exposure 
based on simulations and analyses of fi eld studies and incident reports demonstrated 
that the risks of exposure to fl owable and granular CPY were small (Solomon et al. 
 2001 ). Solomon et al. ( 2001 ) used a probabilistic individual-based model to predict 
mortality for eight focal species exposed to fl owable and granular CPY in corn. 
The model predicted that the eight focal species would not experience any mortality. 
Since the completion of the assessments by USEPA ( 1999 ) and Solomon et al. 
( 2001 ), the labels have been amended to require buffer zones, reduce single and 
seasonal application rates, reduce the number of applications per season, and 
increase the minimum re-treatment intervals (USEPA  2009 ). In addition, EPA is 
preparing a new assessment of risk of fl owable and granular formulations of CPY to 
birds that will make use of their standard screening-level risk assessment approach 
( USEPA 2008a ). An initial draft of the reassessment by EPA was to be released for 
public comment in the latter part of 2013 (USEPA  2009 ). 

 A refi ned assessment of risks posed by labeled uses of CPY in agriculture in the 
USA was conducted to refl ect changes made to the label and the availability of new 
information and methods for conducting exposure assessments of birds to insecti-
cides. We initiated the preparation of this assessment by carefully formulating the 
problem to be addressed. Such problem formulation establishes the scope of the 
assessment, including defi ning the routes of exposure to be considered, focal 
species of birds and patterns of use. The problem formulation concludes with an 
analysis plan. Subsequent sections describe the methods and assumptions for 
assessing exposure and effects and characterization of risks. This paper is part of a 
series that describes the properties and environmental chemodynamics (Solomon 
et al.  2014 ), long-range atmospheric transport (Mackay et al.  2014 ), concentrations 
in aquatic environments (Williams et al.  2014 ), risks to aquatic organisms (Giddings 
et al.  2013 ), and risks to pollinators (Cutler et al.  2014 ) of CPY.  

2     Problem Formulation 

 The goal of problem formulation is to develop a plan for the analysis that will guide 
the assessment of risks to terrestrial birds. To accomplish this task, the following 
 topics are briefl y reviewed: (1) patterns and amounts of CPY used; (2) formulations; 
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(3) transformation products in the environment; (4) routes of exposure; and (5) mode of 
toxic action and thresholds for effects. The information cogent to these topics was 
used to create a conceptual model and identify focal avian species for the assessment. 
The problem formulation concludes with a list of exposure scenarios that were 
included in the refi ned avian risk assessment and an overview of the analysis plan. 

2.1     Patterns of Use 

 Chlorpyrifos is an organophosphate insecticide that provides broad spectrum control of 
insects in cereal, oil, forage, nut, and vegetable crops (Solomon et al.  2014 ; USEPA  2011 ). 
The focus of this assessment is on representative current use fl owable and granular 
formulations of Lorsban, i.e., Lorsban ®  Advanced and Lorsban ®  15G, respectively. 

 Chlorpyrifos is registered for use on a wide variety of crops including Brassica 
vegetables, corn, onion, peanut, sugar beet, sunfl ower, and tobacco for the granular 
formulation (Lorsban 15G), as well as alfalfa, Brassica vegetables, citrus, corn, cot-
ton, grape, mint, onion, peanut, pome and stone fruits, soybean, sugar beet, sun-
fl ower, sweet potato, tree nuts, and wheat for the fl owable formulations (e.g., 
Lorsban Advanced) (Gomez  2009 ; Solomon et al.  2014 ). The greatest amounts of 
CPY used in 2007 were applied to soybean, corn, almond, apple, alfalfa, wheat, and 
pecan (Gomez  2009 ; Solomon et al.  2014 ). Chlorpyrifos is widely used in the 
Midwest and Plains regions, California, Florida and Georgia because these are the 
primary growing areas for many row crops, citrus and tree nuts. For additional 
information on CPY use patterns, see Sect.  2.8  and Solomon et al. ( 2014 ).  

2.2     Formulations 

 The focus of this risk assessment is on two formulations, the granular and the fl owable. 
Lorsban 15G (Dow AgroSciences  2008 ) is a clay-based (e.g., montmorillonite, 
bentonite) granular formulation containing 15% active ingredient. Lorsban 
Advanced (Dow AgroSciences  2009 ) is a fl owable formulation, specifi cally an 
emulsion in water that contains 40.2% active ingredient.  

2.3     Metabolites of CPY in the Environment 

 The fate and transport of CPY in the environment is reviewed in Mackay et al. 
( 2014 ). In this section, we focus on degradates of CPY in the environment that 
could be relevant to the avian risk assessment. The major transformation product of 
hydrolysis of CPY in alkaline soil is 3,5,6-trichloro-2-pyridinol (TCP) (Solomon 
et al.  2014 ). TCP is non-toxic to birds at concentrations greater than what would be 
encountered in the environment (acute LD 50  >1,000 mg ai kg −1  bwt, chronic LC 50 s 
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of 500–5,600 mg ai kg −1  in the diet) (Campbell et al.  1990 ; Long et al.  1990 ; 
Miyazaki and Hodgson  1972 ). Transformation products of TCP are also not toxic to 
birds at concentrations observed in the environment (Racke  1993 ). The oxon of 
CPY (CYPO;  O -ethyl  O -(3,5,6-trichloro-2-pyridinol) phosphorothionate) is formed 
 in vivo  in birds by oxidative desulfuration (Testai et al.  2010 ). This metabolite is 
shorter lived in the environment than CPY and is rapidly degraded via hydrolysis 
to TCP and diethylphosphate (Mackay et al.  2014 ). The oxon of CPY is toxic to 
non- target organisms, including birds, but poses little risk because it is formed in 
very small quantities in the terrestrial environment and is rapidly degraded (Bidlack 
 1979 ; Chapman and Harris  1980 ; de Vette and Schoonmade  2001 ). The Pesticide 
Management Regulatory Agency of Canada (PMRA) ( 2007 ) did not consider 
CPYO to pose a risk to birds. Another transformation product, 3,5,6-trichloro- 2-
methoxypyridine (TMP) has also been reported in aerobic biodegradation studies 
(Bidlack  1979 ; Racke  1993 ). The half-life of TMP is similar to that of TCP and is 
not toxic to birds at concentrations observed in the environment (Racke  1993 ; 
Reeves  2008 ). For the reasons cited above, TCP, CPYO, and TMP were not consid-
ered in this refi ned assessment of risks of CPY to birds.  

2.4      Routes of Exposure for Birds in Terrestrial Environments 

 Based on the physical and chemical properties of CPY (Solomon et al.  2014 ), 
bioaccumulation of CPY could occur. It is not likely, however, to be a signifi cant 
pathway of exposure for birds because CPY is rapidly metabolized with a half-life 
of approximately    1-d (Barron and Woodburn  1995 ; Mackay et al.  2014 ; Racke 
 1993 ; Smith et al.  1967 ). Because CPY has a half-life of 2–5-d on foliage under 
fi eld conditions (Williams et al.  2014 ), acute exposure is the primary concern. 
Although not persistent in the fi eld, there is the potential for chronic exposure 
because fl owable CPY may be applied up to four times per season with intervals as 
short as 10-d. Therefore, for fl owable CPY, both acute and chronic risks to birds 
were estimated. Because granular CPY can only be applied once per season 
(Solomon et al.  2014 ), only acute risks were estimated for this formulation. 

 Whether applied as a granular or fl owable formulation, wind and rain cause pen-
etration of CPY into soil (Solomon et al.  2001 ), and volatilization from moist soil 
surfaces is rapid (HSDB  2013 ; Mackay et al.  2014 ). Once below the soil surface, 
CPY is much less available to birds. The most likely routes of exposure of birds to 
CPY following application of the fl owable formulation are through the ingestion of 
residues on plants and prey and in drinking water. Exposure to CPY through inhala-
tion, dermal contact, and preening are also routes of exposure for birds following 
application of fl owable CPY. However, the results of several studies conducted with 
turkeys ( Meleagris gallopavo ) (Kunz and Radeleff  1972 ; McGregor and Swart 
 1968 ,  1969 ) indicate that uptake from dermal exposure directly from soil and 
vegetation sprayed at maximum allowable rates on the Lorsban Advanced label, and 
any subsequent preening would not cause adverse effects (Solomon et al.  2001 ). 
By performing an analysis with the USEPA ( 2010 ) Screening Tool for Inhalation 
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Risk (STIR), version 1.0, we determined that inhalation of CPY would not be a 
signifi cant exposure pathway for birds. In that analysis, airblast application at the 
largest permitted, single application rate on the Lorsban Advanced label (i.e., 
6.23 kg ha −1  (5.6 lb ai A −1  for oranges)), and a vapor pressure of 0.0000202 mm Hg 
(0.00269 Pa) (Solomon et al.  2014 ; USEPA  2009 ) were assumed. When the pre-
dicted exposure was compared to the lowest oral LD 50  for birds, i.e., 5.62 mg ai kg −1  
bwt for common grackle (Schafer and Brunton  1979 ), the results of STIR predicted 
that exposure via inhalation “is not likely signifi cant” for birds exposed to CPY on 
treated fi elds immediately after application at the maximum permitted rate on the 
label for Lorsban Advanced. Thus, the most important routes of exposure for birds 
following application of fl owable CPY are ingestion of residues on food items 
and ingestion of water from on-fi eld puddles and other drinking water sources 
(e.g., dew). These routes of exposure were the focus of the avian risk assessment 
for fl owable CPY. 

 Following application of the fl owable formulation, CPY can reach offsite soil, 
water bodies, terrestrial vegetation, and insects from spray drift, runoff and erosion 
(Williams et al.  2014 ). Some CPY will dissipate into the air, either becoming air-
borne during application or volatilizing from treated surfaces (Mackay et al.  2014 ). 
Chlorpyrifos in air may be transported by wind and deposited offsite, but amounts 
will be small (Mackay et al.  2014 ). Direct application of CPY to streams, lakes, and 
ponds is not permitted by product labels. Because exposure will be greatest on 
treated fi elds, assessment of risks of fl owable CPY to birds was estimated for birds 
foraging on-fi eld. Risks to birds foraging off-fi eld would be much less. 

 Following application of granular CPY, unincorporated and intact granules might 
be directly ingested by birds while they are foraging for grit (Luttik and de Snoo 
 2004 ; Moore et al.  2010b ,  c ). When water has collected on the soil surface where 
granules have been applied, birds might ingest dissolved CPY from pooled water. 
However, farmers do not normally apply granular pesticides when soil is saturated 
with water or when signifi cant precipitation is expected within a day or two of appli-
cation. Exposure via dermal contact is expected to be minimal because the CPY that 
exists in granules is unlikely to be available for transport across feathers and the bird 
epidermis. This assumption is supported by the results of a study involving penned 
turkeys ( M. gallopavo ) that were exposed to 5% CPY in granules applied to soil at 
a rate of 3.36 kg ha −1  (3 lb ai A −1 ) (Price et al.  1972 ). The only labeled crop having 
a higher maximum application rate for granular CPY (Lorsban 15G) is peanuts 
(i.e., 4.48 kg ha −1 ). No toxicity occurred during the 4-wk study, indicating that 
turkeys did not accumulate signifi cant amounts of CPY through their feet or feath-
ers. Thus, the focus of the assessment of for the granular formulation was on birds 
exposed to CPY granules while foraging for grit to aid digestion.  

2.5     Toxicity and Mode of Action 

 As with other organophosphorus pesticides, CPY is rapidly absorbed following 
ingestion in food and water. It then undergoes oxidative metabolism to form CPYO, 
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which is the chemical primarily responsible for toxicity (Solomon et al.  2014 ). 
The oxon of CPY binds to the enzyme that hydrolyzes the neurotransmitter acetyl-
choline, i.e., acetylcholinesterase (AChE). The resulting accumulation of acetylcho-
line causes overstimulation of cholinergic synapses (Testai et al.  2010 ). Exposure to 
CPY in birds can be detected biochemically as reduced activity of AChE in blood 
plasma or brain (Parsons et al.  2000 ; Testai et al.  2010 ). Other symptoms of toxic-
ity include loss of mass, ruffl ed appearance, loss of coordination, reduced reaction 
to sound and movement, wing droop, prostrate posture, weakness of lower limbs, 
lethargy, gaping, salivation, muscle fasciculation, convulsions, and death 
(Gallagher et al.  1996 ). 

 Acute dietary studies have been conducted to determine toxicity in birds. 
However, birds tend to avoid treated food with high CPY concentrations (see SI 
Appendix 3, Sect. 1.2), which limits the usefulness of studies in which CPY is fed 
in the diet to derive dose-response relationships. Five-d GLP (Good Laboratory 
Practice) dietary studies yielded LC 50  values of 2,772 mg ai kg −1  diet for northern 
bobwhite ( Colinus virginianus ) (Beavers et al.  2007 ), and 1,083 mg ai kg −1  diet for 
mallards ( Anas platyrhynchos ) (Long et al.  1991 ). Based on the results of acute, oral 
gavage studies, LD 50 s ranged from 5.62 mg ai kg −1  bwt for adult common grackles 
( Q. quiscula ) (Schafer and Brunton  1979 ) to 112 mg ai kg −1  bwt for mallard duck-
lings ( A. platyrhynchos ) (Hudson et al.  1984 ). In an 8-wk study, in which adult 
mallards were fed CPY, a NOEC (no-observed effects concentration) of 100 mg ai kg −1  
diet was observed (Fink  1977 ). Reduced consumption of food and production of 
fewer eggs, and overt signs of toxicity, such as ataxia, ruffl ed appearance, weakness 
of lower limbs, and lethargy, were observed at the lowest observed effect concentra-
tion (LOEC) of 215 mg ai kg −1  diet or greater concentrations. A reproductive study 
in mallard of CPY effects, in which adults were exposed to treated diet for 9-wk 
prior to egg laying and for 8-wk during egg laying, reported a NOEC of 25 mg ai 
kg −1  diet and a LOEC of 125 mg ai kg −1  diet (Fink  1978a ). A similar study of CPY 
effects on reproduction of the northern bobwhite reported a NOEC at the greatest 
concentration tested, 125 mg ai kg −1  diet (Fink  1978b ).  

2.6     Conceptual Model 

 A conceptual model provides a written and visual description of possible exposure 
routes between ecological receptors and a stressor. The model includes hypotheses 
for how a stressor might come into contact with and affect receptors. These hypoth-
eses are derived by use of professional judgment and information available on 
sources of exposure, characteristics of the stressor (e.g., chemistry, fate, and trans-
port), ecosystems at risk, and anticipated effects to birds. The conceptual model for 
evaluating potential risks to birds from the application of CPY as a fl owable (   Fig.  1 ) 
product illustrates that the most likely routes of exposure of birds are ingestion of 
foliage, seeds, fruits, insects, and drinking water from pools or foliage in the treated 
area. For granular CPY (Fig.  2 ), exposure is most likely to be the result of direct 
consumption of granules mistaken for grit.
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  Fig. 1    Conceptual model for exposure of birds to fl owable chlorpyrifos       

  Fig. 2    Conceptual model for exposure of birds to granular chlorpyrifos       
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2.7         Focal Species 

 The focal bird species selected for the refi ned avian risk assessment commonly 
occur in and around areas where CPY may be applied and have adequate data to 
quantify their foraging behavior and diets (Table  1 ). They have a range of body 
mass and are insectivorous, granivorous, or both. Each of the focal species is 
described in more detail in SI Appendix 1.

2.8         Exposure Scenarios 

 Each focal species was included in a number of exposure scenarios (Tables  2  and  3 ). 
The refi ned assessment focused on application of Lorsban Advanced (the fl owable 
formulation) to the following crops: alfalfa, almond, apple, broccoli, cherry, corn, 
grape, grapefruit, orange, pecan, soybean, and sweet corn, and application of 
Lorsban 15G (the granular formulation) to broccoli, corn, onion, peanut, sugar beet, 
sunfl ower, sweet corn, and tobacco. These use patterns are inclusive of the range of 
application rates, methods, regions, and timing on the Lorsban Advanced and 15G 
labels (Solomon et al.  2014 ). In all of the modeling simulations, we assumed that 
the maximum application rates and minimum re-treatment intervals permitted on the 
Lorsban Advanced and 15G labels were used (Tables  2  and  3 ). The most important 
use patterns in terms of mass of CPY applied are included in the refi ned avian 

        Table 1    Focal bird species used in the risk assessment of chlorpyrifos   

 Common name  Scientifi c name  Feeding preferences 

 Abert’s towhee   Pipilo aberti   Insects and seeds from the ground 
 American crow   Corvus brachyrhynchos   Omnivorous and opportunistic ground feeder 
 American robin   Turdus migratorius   Mainly insects and fruit 
 Blue grosbeak   Passerina caerulea   Mainly insects 
 Common pheasant   Phasianus colchicus   Agricultural grains and other vegetation, 

insects, and seeds 
 Dickcissel   Spiza americana   Ground-dwelling arthropods and seeds 
 Horned lark   Eremophilia alpestris   Almost entirely seeds in the winter months, but 

also ground-dwelling insects in the spring, 
summer and fall 

 Indigo bunting   Passerina cyanea   Seeds, berries, and insects gleaned from foliage 
 Killdeer   Charadrius vociferous   Almost entirely arthropods with a small 

amount of seeds 
 Mourning dove   Zenaida macroura   Only seeds 
 Northern bobwhite   Colinus virginianus   Insects and seeds 
 Red-winged blackbird   Agelaius phoeniceus   Insects and seeds 
 Vesper sparrow   Pooecetes gramineus   Grasses, seeds and foliage-dwelling insects 
 Western meadowlark   Sturnella neglecta   Mainly insects with a small amount of seeds 

and grains 
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assessments for the two formulations. Applications of Lorsban Advanced can be 
made up to a rate of 6.3 kg ai ha −1  (5.6 lb ai A −1 ) (oranges in California) with a maxi-
mum of four applications (alfalfa) per season. Only one application of Lorsban 15G 
can be made per season with a maximum application rate of 4.5 kg ai ha −1  (4 lb ai 
A −1 ) (peanut). Lorsban Advanced is generally applied by broadcast, airblast, or 
banded methods, and Lorsban 15G is applied by T-band, in-furrow, or broadcast 
methods. For each use-pattern, a “high use” region of North America was deter-
mined from regional sales and use data provided in Gomez ( 2009 ). Focal species 
that would likely be in the treated areas for each use and region were selected 
by reviewing their ranges, preferred habitats, and patterns of seasonal migrations 
(see SI Appendix 1). The resulting exposure scenarios are shown in Tables  2  and  3 .

2.9         Analysis Plan 

 The refi ned assessments of risks of Lorsban Advanced and Lorsban 15G to birds were 
conducted in three phases: assessment of exposure, assessment of effects, and charac-
terization of risks. The following sections outline the analysis plan for Lorsban 
Advanced (the fl owable formulation) and Lorsban 15G (the granular formulation). 

       Table 3    Exposure scenarios for Lorsban ®  15G   

 Crop  Use pattern 

 Rate of 
application 

 Focal bird species a   kg ha −1   lb A −1  

 Broccoli  California—applied T-band 
at-plant 

 2.52  2.25  Horned lark, Red-winged blackbird, 
Mourning dove 

 Corn and 
sweet 
corn 

 Midwest—applied T-band 
or in-furrow at-plant; 
applied broadcast or 
in-furrow postplant 

 1.46  1.3  Horned lark, Red-winged blackbird, 
Mourning dove, Northern 
bobwhite, Common pheasant 

 1.12  1 

 Onion  Pacifi c northwest—applied 
in-furrow at-plant 

 1.12  1  Horned lark, Red-winged blackbird, 
Mourning dove 

 Peanut  Southeast—applied band 
postplant 

 4.48  4  Horned lark, Red-winged blackbird, 
Mourning dove, Northern 
bobwhite 

 Sugarbeet  Midwest—applied broadcast 
at-plant 

 1.12  1  Horned lark, Red-winged blackbird, 
Mourning dove, Northern 
bobwhite, Common pheasant 

 Sunfl ower  Midwest—applied T-band 
at-plant 

 1.45  1.3  Horned lark, Red-winged blackbird, 
Mourning dove, Northern 
bobwhite, Common pheasant 

 Tobacco  Southeast—applied broadcast 
preplant with incorporation 

 2.24  2  Horned lark, Red-winged blackbird, 
Mourning dove, Northern 
bobwhite 

   a See Table  1  for scientifi c names  
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  Exposure assessment—Lorsban Advanced . The model used in the assessment of 
exposure for birds was a refi nement of EPA’s Terrestrial Investigation Model (TIM) 
(USEPA  2005 ,  2008 ) and is known as the Liquid Pesticide Avian Risk Assessment 
Model (LiquidPARAM). Version 1 of TIM (TIM v1) estimates the fate of each 
of 20 birds on each of 1,000 fi elds following an acute exposure (USEPA  2005 ). 
TIM v1 is a species-specifi c model that estimates risks over a defi ned exposure 
window of 7-d. The time-step in the model is 12 h. The spatial scale is the treated 
fi eld where the fi eld and surrounding area are assumed to meet the habitat require-
ments of a defi ned cohort of individuals for each focal species. Pesticide contamina-
tion of edge or adjacent habitat from drift is assumed to be zero. Version 2 of TIM 
( USEPA 2008 ) is similar to TIM v1 except that it has a 1-h time step and includes a 
more refi ned puddle exposure algorithm as well as screening-level algorithms for 
dermal and inhalation exposure. 

 Major components included in TIM are: (1) Food preferences of selected focal 
species; (2) Daily ingestion rates of food and water which are randomly assigned 
from species-specifi c body mass distributions; (3) Frequency of feeding and drink-
ing on the treated fi eld; (4) Water sources, including dew and puddles; (5) 
Distributions of residues on food items and in on-fi eld water sources as a function 
of application rate; (6) Degradation rates of food and water residues over time; and 
(7) Interspecies distribution-based estimates of dose-response acute toxicity curves 
for focal species when laboratory-derived toxicity estimates are not available, or the 
dose-response curve derived from laboratory toxicity tests for focal species (see SI 
Appendix 2 for additional details on model structure). 

 For each simulated bird, values are randomly selected for the input parameters in 
TIM required to estimate exposure. The estimated risk of lethality for each indi-
vidual bird is calculated from the dose-response curve. Once the fate of an individ-
ual on a particular fi eld is determined (i.e., dead or alive), a new individual is carried 
through the same process. This process is repeated for a total of 20 individuals on 
the fi eld. The model then moves to the next fi eld. This outer loop continues for a 
sample size of 1,000 fi elds, which results in a risk estimate for a total of 20,000 
birds on treated fi elds. 

 LiquidPARAM shares some of the similar basic structure of TIM (e.g., each 
model estimates the fate of each of 20 birds on each of 1,000 fi elds). However, sev-
eral important refi nements have been made and are briefl y described below. A more 
detailed description is given in SI Appendix 3, Sect. 1. 

 In TIM, concentrations in dietary items within a fi eld are randomly selected from 
distributions at each time step. Often this leads to situations where concentrations 
increase several-fold, 4 or more days after application. This situation seems unlikely 
in normal use given the fairly short half-life of CPY in the fi eld. LiquidPARAM 
assumes that factors causing variation in concentrations of CPY on dietary items are 
relatively small within a fi eld at a particular time step relative to those factors 
that cause variation between fi elds. Factors affecting relationships between rate of 
application and concentrations of pesticides on dietary items include: ambient tem-
perature, wind speed, fi eld slope, soil type, rainfall patterns, applicator experience, 
and type of equipment used to apply the spray. These factors vary only slightly 
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within a fi eld, but can be quite variable among fi elds within a broad region of the 
United States. Thus, for each fi eld, LiquidPARAM randomly chooses an initial 
concentration for each dietary item and then these concentrations decline in the 
fi eld over time according to the degradation rate for that dietary item. When the 
model proceeds to the next fi eld, new initial concentrations are randomly selected. 
The process is repeated for 1,000 fi elds. 

 TIM assumes that bands occupy 17% of each fi eld and furrows 5% of each fi eld. 
However, these factors vary among crops. LiquidPARAM has been customized to 
have crop-specifi c row widths and spacing. 

 TIM uses older allometric equations provided by Nagy ( 1987 ) to estimate free 
metabolic rate. LiquidPARAM uses the more up-to-date allometric equations from 
Nagy et al. ( 1999 ). LiquidPARAM also accounts for uncertainty in estimates of free 
metabolic rate arising from error due to lack of model fi t, while TIM does not. 

 TIM also does not account for the avoidance behavior that has been observed by 
birds following initial exposure to CPY (Bennett  1989 ; Wildlife International  1978 ). 
LiquidPARAM accounts for this behavior. Further, TIM only simulates acute 
exposure following a single pesticide application. LiquidPARAM can simulate both 
acute and chronic exposures following multiple pesticide applications. 

  Exposure assessment—Lorsban 15G  .  Previously, a simulation model was developed 
that estimated exposure and risk for various bird species that are potentially exposed 
to the granular formulation of aldicarb (Moore et al.  2010b ,  c ). That model, referred 
to as the Granular Pesticide Avian Risk Assessment Model (GranPARAM), includes 
input variables such as: proportion time in the fi eld, rates of ingestion of grit, attrac-
tiveness of pesticide granules compared to natural grit, and proportion of soil 
particles in the grit size range preferred by birds. For input variables that are uncer-
tain, variable, or both, frequency distributions are used rather than point estimates. 
Monte Carlo analysis is then performed to propagate input variable uncertainties 
through the exposure model. Similar to LiquidPARAM, GranPARAM determines the 
fate of 20 randomly chosen birds on each of 1,000 randomly selected fi elds for the 
use pattern and region of interest. GranPARAM was revised to be specifi c to CPY 
for this refi ned avian risk assessment (see Sect.  4  and SI Appendix 3, Sect. 2). 

  Effects assessment . Effects data can be characterized and summarized in a variety of 
ways, ranging from benchmarks designed to be protective of most or all species to 
dose-response curves for the focal species of interest. When toxicity data are lacking 
for a focal bird species, a species sensitivity distribution (SSD) can be used to give 
an indication of the risk range by varying the dose-response curve from that of a 
sensitive species to that of a tolerant species. This approach was used by EPA 
(USEPA  2005 ) in their avian risk assessment for carbofuran. The SSD approach 
was also used in this assessment, except when toxicity data were available for the 
focal species of interest (see Sect.  5 ). 

 Effects associated with survival of juveniles or adults were the preferred measure 
of acute effect because this endpoint was judged to be the most appropriate based 
on the mode of toxic action of CPY. Gavage studies were used in preference to 
dietary studies because of problems in estimating dose when avoidance of treated 
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food is a factor. Because fl owable CPY may be applied up to four times per growing 
season, chronic risk was also estimated for that formulation. For the chronic 
assessment, preferred metrics included the most sensitive of the population-relevant 
endpoints, viz., survival, growth and reproduction. 

 The following decision criteria were used in deriving effects metrics for each 
focal species: (1) If a toxicity study with fi ve or more treatments was available for 
the focal species or a reasonable surrogate, then a dose-response curve was derived 
for that species; (2) If multiple toxicity studies that followed a similar protocol 
and together had fi ve or more treatments were available for the focal species or a 
reasonable surrogate, then a dose-response curve was derived for that species; 
(3) For untested focal species, an SSD was derived. 

 Without toxicity data for a focal species, there is uncertainty regarding the sensi-
tivity of that species to CPY. To deal with this uncertainty, the SSD was used to 
bound the risk estimates (i.e., assume 5th and 95th centile sensitivity on the SSD) and 
to estimate median risk (i.e., assume 50th centile sensitivity on the SSD) (USEPA 
 2005 ). Dose-response curves were then derived for low (95th centile), median 
(50th centile) and high (5th centile) sensitivity species by using a distribution of the 
available LD 50  data and measured dose-response curve slopes. Because insuffi cient 
bird species have been tested for chronic exposure, the most sensitive effects metrics 
were assumed for all focal species. 

 Each toxicity study was evaluated, and acceptable studies met the following 
criteria: (1) Single contaminant exposure only; (2) Gavage (acute) or dietary 
(chronic) route of exposure; (3) Ecologically-signifi cant endpoint (e.g., survival, 
reproduction, growth); (4) Adequate statistical design (e.g., fi ve or more treatments 
including controls, responses spanning most of the range of 0–100% effect includ-
ing at least one treatment with a partial response) to estimate toxic effect doses; and 
(5) Study employed acceptable laboratory practices or was previously accepted by 
EPA (USEPA  2009 ). Studies that did not meet the above criteria were not used to 
derive effects metrics. 

  Risk characterization . Three lines of evidence were used to characterize risks of 
CPY to birds: (1) Modeling of exposure and effects; (2) Information available from 
fi eld studies; and (3) Information available from incident reports. 

 Risk curves were derived for each exposure scenario and focal bird species by 
determining the percentages of fi elds that had ≥5% mortality (≥1/20 dead birds per 
fi eld), ≥10% mortality (≥2/20 dead birds per fi eld), ≥15% mortality (≥3/20 dead 
birds per fi eld), … , 100% mortality (20/20 dead birds per fi eld). The result was a 
plot of probability of exceedence versus magnitude of effect. Similar approaches 
have been used in ecological risk assessments performed for the EPA at the Calcasieu 
Estuary, Louisiana, the Housatonic River, Massachusetts (USEPA  2002 ,  2004a ) 
and by others assessing the ecological risk of pesticides (Giddings et al.  2005 ; 
Moore et al.  2010a ,  b ,  c ; Solomon et al.  2001 ). In this assessment, area under the 
risk curve (AUC) was estimated for each combination of focal species and exposure 
scenario. AUC is the area under the curve divided by the sum of the AUC and the 
area above the curve, with the result multiplied by 100. The AUC was used to 
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categorize risk as follows: (1) If the area under the risk curve was less than the AUC 
associated with the curve produced by risk products (risk product = exceedence 
probability × magnitude of effect) of 0.25% (e.g., 5% exceedence probability of 5% 
or greater effect = 0.25%), then the risk was categorized as  de minimis.  The AUC for 
risk products of 0.25% is 1.75%; (2) If the AUC was equal to or greater than 1.75%, 
but less than 9.82% (i.e., the AUC for risk products of 2%), then the risk was catego-
rized as low; (3) If the AUC was equal to or greater than 9.82%, but less than 33% 
(i.e., the AUC for risk products of 10%), then the risk was categorized as intermedi-
ate; and (4) If the AUC was equal to or greater than 33%, then the risk was catego-
rized as high. The risk curves defi ned by risk products of 0.25, 2 and 10% are shown 
graphically in Fig.  3 .

   Categories of risk were based on a rationale described previously (Moore et al. 
 2010a ,  b ) and included several considerations: (1) Losses of small numbers of indi-
viduals from a local population should not adversely affect the population (Giddings 
et al.  2005 ; Moore  1998 ). One of the foundations of hierarchy theory (Allen and 
Starr  1982 ) is that effects at lower levels of ecological organization (e.g., organism 
level) are not necessarily transmitted to higher levels of ecological organization 
(e.g., population level); (2) Although there are exceptions, an adverse effect level of 
10% is unlikely to be ecologically signifi cant to a local population. Such an effect 
generally cannot be reliably confi rmed by fi eld studies (Moore  1998 ; Suter et al. 
 2000 ); (3) Based on an analysis of EPA regulatory practice, Suter et al. ( 2000 ) con-
cluded that decreases in an ecological assessment endpoint of less than 20% are 
generally acceptable; (4) The curve corresponding to a risk product of 2% passes 
through the points corresponding to a very low probability (i.e., 10%) of 20% or 
greater effect, and a low probability (i.e., 20%) of 10% or greater effect. Thus, based 
on the considerations described above, if risk products are generally less than the 
2% boundary for an exposure scenario, then it can almost certainly be considered a 
low risk scenario; (5) The curve corresponding to a risk product of 10% passes 
through the points corresponding to a median probability (i.e., 50%) of 20% or 
greater effect and a 20% probability of 50% or greater effect. In this assessment, 
exposure scenarios with risk products generally above the 10% boundary were 

  Fig. 3    Risk curves defi ned 
by risk products (RP) of 0.25, 
2 and 10%       
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considered to be high risk scenarios because there was a low to median probability 
of detectable and possibly major impacts on local bird populations. Scenarios with 
risk curves generally between the low and high boundaries were judged to be inter-
mediate risk scenarios; (6) When there was a very low likelihood of a scenario 
affecting a focal bird species, risk was categorized as  de minimis . A 5% probability 
of exceeding 5% adverse effect lies on the curve defi ned by the risk product equal 
to 0.25%. The AUC associated with the risk curve defi ned by risk products of 0.25% 
(AUC = 1.75%) was thus used as the upper boundary for the category of  de minimis  
risk. The percent protection level was also calculated for each exposure scenario 
and focal species. Protection level (%) is equal to the number of surviving birds 
divided by the number of birds included in the model run (20 birds per fi eld × 1,000 
fi elds = 20,000 birds) times 100. 

 The risk characterization also incorporated available fi eld study results and incident 
reports into the assessment of the avian risks associated with legal labeled uses of CPY.   

3     Exposure Assessment for Flowable Chlorpyrifos 

 The development of a probabilistic assessment model for risks of fl owable pesti-
cides to birds began with the formation of the Ecological Committee on FIFRA 
Risk Assessment Methods (ECOFRAM). ECOFRAM was tasked with identifying 
and developing probabilistic tools and methods for ecological risk assessments 
under the FIFRA regulatory framework. Conclusions and recommendations of the 
ECOFRAM workgroup on avian exposure models were summarized in the Draft 
Terrestrial Workgroup Report (ECOFRAM  1999 ). Subsequently, EPA formed an 
internal committee to develop tools (e.g., Terrestrial Investigation Model) and to 
develop an approach for incorporating the ECOFRAM workgroup conclusions and 
recommendations. That approach was evaluated and endorsed by a United States 
Environmental Protection Agency (USEPA) Scientifi c Advisory Panel in 2000 
(SAP  2000 ). 

 The pilot version of the Terrestrial Investigation Model, version 1 (TIM v1) was 
developed to evaluate a model pesticide called ChemX. Based on recommendations 
and comments of another SAP (SAP  2001 ), the EPA began to refi ne TIM v1 and 
produced a draft version of TIM version 2 (TIM v2). TIM v2 was evaluated by the 
SAP (SAP  2004 ) and subsequently refi ned. TIM v1 was the model used by EPA 
(USEPA  2005 ) to estimate the risks of a fl owable carbofuran formulation to avian 
species that forage in treated fi elds and is summarized in SI Appendix 2. 

3.1     Rationale for Developing LiquidPARAM 

 Much of the basic structure of the Liquid Pesticide Avian Risk Assessment Model 
(LiquidPARAM) was based upon TIM v1 and v2. Since the release of TIM, studies 
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have taken place that can be used to refi ne components of the model. These studies 
address areas not included in TIM, such as avoidance behavior of birds exposed to 
CPY (Bennett  1989 ; Wildlife International  1978 ) and measured concentrations 
of CPY on dietary items. Thus, one reason for developing LiquidPARAM was to 
expand the model structure of TIM to accommodate new information. Changes 
to TIM were also required to address the recommendations of the SAPs (SAP  2001 , 
 2004 ) that reviewed the TIM model. Where possible, LiquidPARAM incorporated 
recommendations of the SAP (SAP  2001 ,  2004 ) including, for example:

•    Addition of many new focal species and use patterns to ensure better representa-
tion of the bird community that forages in agroecosystems.  

•   Use of a 1-h time step in LiquidPARAM, instead of the 12-h time step used in 
TIM v1. TIM v2 also moved to a 1-h time step. This refi nement was considered 
necessary to account for the changes in avian foraging behavior, avoidance 
behavior, and clearance of the pesticide that occur throughout the day.  

•   For each time step in TIM v1 and v2, the model randomly determines whether a 
bird is on or off the treated fi eld. The SAP (SAP  2001 ) felt that this approach 
misrepresented how birds forage in agroecosystems. LiquidPARAM allows 
birds to forage on and off fi elds in each time step. The model also accounts for 
between-fi eld differences in foraging behavior of bird populations that have been 
observed due to factors affecting the relative attractiveness of treated fi elds to 
birds (e.g., type of edge habitat, availability of cover, etc.). Relative attractive-
ness of fi elds to birds can vary dramatically between treated areas.  

•   The SAP (SAP  2001 ) observed that TIM v1 confused inter- and intra-fi eld varia-
tion by using dietary residue distributions that included both sources of variation. 
Residue levels in each fi eld in TIM v1 relied on the same distributions, as is the 
case in TIM v2. However, one would expect larger differences in mean concen-
trations of residues between fi elds than within fi elds because of differences in 
soil type and topography, operator skill, type of application machinery, etc. 
Further, birds spatially and temporally average their dietary exposures within 
fi elds because they generally make multiple foraging trips within any given 1-h 
time step (see Sect. 1.2 in SI Appendix 3). LiquidPARAM incorporates a model 
structure that accounts for the expected variation between fi elds in mean concen-
trations of residues in dietary items.  

•   LiquidPARAM incorporates an avoidance behavior component that was sug-
gested by the SAP (SAP  2001 ) as being a potentially important factor in reduc-
ing risk (see EFSA  2008 ).  

•   The SAP (SAP  2001 ) noted that acute oral studies do not account for the effect 
of the dietary matrix on adsorption rate of pesticides by birds. LiquidPARAM 
can account for the difference in toxicity to birds of fl owable pesticide adminis-
tered in water versus a dietary matrix if such data are available.  

•   Because fl owable CPY may be applied up to four times per season, there is a 
potential for chronic exposure. As a result, LiquidPARAM has been extended to 
a 60-d model that can be used to estimate chronic risks potentially arising from 
multiple applications.  
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•   Finally, the SAP (SAP  2001 ) stated that fi eld validation of a model, particularly a 
complex model, is critical. This has yet to be done for TIM v1 or v2. An evaluation 
of model performance was previously done for LiquidPARAM with fl owable 
carbofuran, the results of which are discussed in SI Appendix 3.    

 It was not possible to incorporate all of the recommendations of the SAP (US 
EPA SAP  2001 ,  2004 ) because information is still lacking in several areas. For 
example, the SAP (SAP  2001 ) expressed concern that TIM equates proportion time 
spent in treated fi elds as the proportion of diet obtained from the treated fi elds. The 
data required to act on this recommendation are not available for North American 
bird species that forage in agroecosystems. 

 The SAP (SAP  2001 ) also noted that there is considerable uncertainty regarding 
how birds obtain drinking water from treated fi elds and other nearby habitats. As in 
TIM v1, LiquidPARAM includes three drinking water scenarios (dew, dew plus 
puddles on day of application, and dew plus puddles on the day after application). 
The Panel (SAP  2001 ) concluded that this approach was reasonable, but recom-
mended that further research be undertaken on: (1) the linkage between time on the 
fi eld and amount of water consumed, (2) puddle persistence, (3) concentrations in 
dew and puddles, and (4) consumption of dew by different bird species. The SAP 
(SAP  2001 ) noted that fi eld telemetry studies combined with laboratory bird behav-
ior studies could provide the needed data. Because such studies have not yet been 
conducted, and because drinking water appears to be a minor source of exposure for 
fl owable CPY (see the results of the sensitivity analysis in SI Appendix 3, Sect. 1.4), 
LiquidPARAM retains the same drinking water scenarios as exist in TIM v1. 
A graphical description of the structure of the LiquidPARAM model is illustrated in 
Fig.  4  and details of the model are provided in SI Appendix 3

3.2         Description of the Structure of the LiquidPARAM Model 

 For acute exposure, LiquidPARAM estimates the maximum retained dose that 
occurs over a period of 60-d following initial pesticide application in each of 20 
birds on each of 1,000 fi elds (Fig.  4 ). The model can accommodate up to three 
applications at intervals specifi ed by the user. The model has a 1-h time step. For 
each bird, a standard normal Z score is calculated for the maximum retained dose. 
This Z score determines how extreme the exposure is relative to the appropriate 
LD 50  using a log-probit dose-response relationship. The Z score is then compared to 
a randomly selected value from a uniform distribution with a range of 0–1. If the Z 
score for exposure exceeds the randomly drawn value from the uniform distribution 
the bird dies. Otherwise, it survives (Fig.  4 ). 

 For species lacking acceptable acute oral toxicity data (all focal species except 
the northern bobwhite,  C. virginianus , and red-winged blackbird,  Agelaius phoeni-
ceus , for CPY), a species sensitivity distribution (SSD) approach is used to generate 
the effects metrics. With this approach, a regression analysis is fi rst conducted to 
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quantify the relationship between dose and proportion species affected as determined 
by their LD 50 s. Hypothetical dose-response curves are then derived for species 
of high (5th centile species on the SSD), median (50th centile species) and low 
(95th centile species) sensitivity. The 5th, 50th and 95th centile LD 50 s are combined 
with the average slope for tested bird species to parameterize the three hypothetical 
dose-response curves assuming an underlying log-probit distribution. Section  5  
describes the assessment of acute effects in detail. 

 For chronic exposure, total daily intake (TDI) is estimated for each day in the 
60-d model run. TDI is averaged over a period equal to the duration from which the 
most sensitive effects metric was derived (e.g., gestation period for number of eggs 
laid). The maximum rolling average from the 60-d model run for each bird is then 
compared to a randomly drawn TDI from the appropriate chronic dose-response 
curve, if available, to determine if the bird is adversely affected and, if so, magnitude 
of effect. In the absence of a chronic dose-response curve, as is the case for CPY, 

  Fig. 4    Components of LiquidPARAM       
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LiquidPARAM calculates the probability of maximum average TDI across all birds 
exceeding the chronic NOEL and the corresponding probability for exceeding the 
LOEL. Section  5  describes the assessment of chronic effects in detail.   

4      Exposure Assessment for Granular Chlorpyrifos 

 The Granular Pesticide Avian Risk Assessment Model (GranPARAM) was used to 
estimate exposure and fate of birds as a result of consuming pesticide granules in 
CPY-treated agricultural fi elds. The model as originally described (Moore et al. 
 2010b ,  c ) has been updated for this assessment. 

 GranPARAM simulates the grit ingestion behavior of individual birds and deter-
mines how many pesticide granules and the associated dose each bird ingests during 
the 24-h period immediately following CPY application. Each bird in a GranPARAM 
simulation is assumed to be actively foraging for grit in and around the agricultural 
fi eld to which CPY has been applied. The scheme that GranPARAM follows to 
model granule ingestion behavior is depicted in Fig.  5 .

   In GranPARAM, each bird is randomly assigned a daily grit intake rate from a 
large database of grit counts for the species being considered and estimated grit 
retention rate. This step defi nes the number of medium- and coarse-sized particles 
(i.e., particles in the same size range as Lorsban 15G granules) that the individual 
ingests during the peak day of the simulation. For CPY, the peak day was assumed 
to be the 24 h immediately following application. The work of Stafford et al. ( 1996 ) 
and Stafford and Best ( 1997 ) showed that most pesticide granules are incorporated 
into soil, and thus unavailable to birds, within 1-d of application. Rainfall accelerates 
this process (Stafford and Best  1997 ). GranPARAM relies on estimates of granule 
counts on the soil surface immediately after application, which clearly represents 
the maximum possible exposure for birds (Solomon et al.  2001 ). 

 Each site of application of the granular formulation is randomly assigned a soil 
texture (e.g., Silt-Loam) with a probability equal to the occurrence of that texture 
fraction in the crop-capable acreage in the region of interest. The database in the 
model was originally for corn, but has been expanded to include other crops and 
areas to which CPY is applied. Once the soil texture category is assigned, the 
application site is then randomly assigned a specifi c soil particle size profi le (% of 
soil mass represented by various particle size categories) from a large soils database 
of measurements. This step defi nes the levels of medium- and coarse-sized sand 
particles available as natural grit. 

 For each exposure scenario (Table  3 ), the method of application, rate of application, 
incorporation effi ciency, bird species, region of interest, and other aspects of the 
analysis included in the simulation were defi ned (Fig.  5 ). The rate of application of 
CPY defi nes the relative numbers of medium- and coarse-sized granules applied. 
The method of application (e.g., in-furrow, band, broadcast) determines the spatial 
placement of these granules and the number available as a source of particles to 
birds. The choice of bird species determines the number of particles ingested. 
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 Each time a bird feeding in a treated fi eld ingests a particle, the particle is either 
a granule or a piece of natural grit. The default assumption of the model is that birds 
forage for particles within each spatial zone randomly, and therefore the probability, 
 p,  of selecting a pesticide granule is equal to the relative availability of granules in 
comparison to natural grit particles of the same size. However, birds may select 
particles non-randomly and show preference for some types of particles over others 
(Best and Gionfriddo  1994 ; Best et al.  1996 ). In GranPARAM, the user has the 
option to input the relative preference birds have for selecting pesticide granules in 
comparison to natural grit. If this factor is used, as was the case with CPY, 
GranPARAM modifi es the estimate of  p  accordingly. Birds prefer sand for grit con-
sumption and thus strongly avoid Lorsban 15G granules because of its clay-based 
formulation (see SI Appendix 3, Sect. 2.1 for additional details). Once  p  is defi ned, 
the number of Lorsban 15G granules ingested during the day following application 

  Fig. 5    Components of GranPARAM       
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is determined by randomly sampling from a binomial distribution defi ned by  N  
(number of particles ingested that could be either granules or natural sand) and  p . 
This calculation is made separately for medium- and coarse-sized pesticide granules, 
and for spatial zones of the fi eld that differ from one another in either the relative 
availability of granules or relative use by birds (e.g., end rows, fi eld margin, fi eld 
center). The number of particles the bird obtains from a given zone ( N ) is estimated 
from the zone’s relative size and use by birds. 

 The version of GranPARAM described herein estimated exposure to 20 birds on 
each of 1,000 fi elds, as previously described for LiquidPARAM. The 1,000 fi elds 
were intended to represent the range of soil characteristics for the crop and region 
of interest. In GranPARAM, characteristics of birds such as grit counts in their 
gizzard and proportion of time they forage in treated fi elds are chosen randomly 
from distributions. Thus, individuals on fi elds differ from one another and the model 
is designed to explicitly incorporate the variation observed in nature. Similarly, 
characteristics of fi elds such as differences in size distribution and composition of 
soil are randomly chosen from distributions in GranPARAM. This approach ensures 
that the variability in fi eld soils observed in nature is refl ected in the model. 

 The outputs from the exposure portion of GranPARAM are estimated acute 
doses for each of 20 birds on each of 1,000 fi elds. The effects and risk components 
of GranPARAM and LiquidPARAM for acute exposure are the same. The risk 
output from GranPARAM is a bar chart showing the percentages of fi elds with 0/20 
dead birds, 1/20 dead birds, 2/20 dead birds, etc. 

 The components of the model and input variables for GranPARAM are described 
in detail in SI Appendix 3. Simulations were run for each of the exposure scenarios 
listed in Table  3 . All simulations were carried out using Latin Hypercube Sampling in 
Oracle Crystal Ball (2009), Version 7.3.2 with 1,000 trials (i.e., fi elds) per simulation 
and 20 birds per fi eld.  

5        Effects Assessment 

 Upon ingestion, CPY is rapidly absorbed and undergoes oxidative metabolism to 
the oxon form, which is the metabolite primarily responsible for toxicity (Testai 
et al.  2010 ). Chlorpyrifos inhibits acetylcholinesterase activity causing acetylcho-
line to accumulate at nerve terminals and neuromuscular junctions, which leads to 
cholinergic overstimulation (Testai et al.  2010 ). In birds, CPY poisoning can be 
detected biochemically as reduced cholinesterase activity in plasma and brain 
tissues (Cairns et al.  1991 ; Parsons et al.  2000 ; Timchalk  2010 ). A gavage study 
with northern bobwhite ( C. virginianus ) found reduced brain cholinesterase activity 
at concentrations of 47 mg ai kg −1  bwt of CPY and greater (Cairns et al.  1991 ). 
Cholinesterase activity remained inhibited for at least 24–48 h thereafter. 

 The following sections present a review of the available acute and chronic effects 
studies and the derivation of the acute and chronic effects metrics that were used to 
characterize risks to birds from the use of CPY. 
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5.1     Acute Toxicity Studies 

 Oral gavage and dietary studies have been conducted to determine the acute effects 
of CPY on birds (Table  4 ). Data on toxicity of CPY to birds were reviewed previ-
ously (Solomon et al.  2001 ) and in the sections that follow, only studies that have 
been conducted since that review are discussed.

   Hubbard and Beavers ( 2008 ) administered CPY by oral gavage at 21.6 mg ai 
kg −1  bwt to 19-wk old northern bobwhite ( C. virginianus ) using corn oil as a vehicle 
and observed signs of toxicity (Hubbard and Beavers  2008 ). The effects included a 
ruffl ed appearance and lethargy. Signs of toxicity were more prevalent and occurred 
sooner at higher doses. Reduced consumption of food was observed at doses 
≥36 mg ai kg −1  bwt. The acute oral 14-d LD 50  was >60 mg ai kg −1  bwt, as only 30% 
mortality occurred at this dose, the largest tested. The no-mortality dose was 36 mg 
ai kg −1  bwt and the NOEL was 13 mg ai kg −1  bwt. 

 The acute oral toxicity of Lorsban 50W was determined by exposing northern 
bobwhite ( C. virginianus ) (Kaczor and Miller  2000 ). Twenty-two-wk old birds were 
dosed once with Lorsban 50W (50.5% purity) and observed for 14-d. Food con-
sumption, body weight, signs of toxicity, and lethality were monitored throughout 
the observation period. In the group fed the greatest dose (121 mg ai kg −1  bwt), all 
birds died within 24 h of dosing. During the fi rst day or two following dosing, con-
sumption of food by birds exposed to CPY was less that of the controls. However, 
rates of food consumption quickly returned to those of control birds and, as a result, 
there was no signifi cant decrease in body weight over the study period for any of the 
treatment groups. The most prevalent sign of toxicity was lethality. The only other 
observed sign of toxicity was lethargy and it usually preceded lethality. Necropsies 
of dead birds revealed gaseous intestines. The LD 50  was 35.9 mg ai kg −1  bwt, the 
NOEC was 7.6 mg ai kg −1  bwt and the LOEC was 15.2 mg ai kg −1  bwt. 

 In other studies, the toxicity of CPY in a variety of formulations was evaluated. 
These formulations included Lorsban 2.5P (2.48% ai, Brewer et al.  2000b ), Lorsban 
10.5 LEE (10.5% ai, Brewer et al.  2000a ), GF-1668 (18.7% ai, Gallagher and 
Beavers  2006 ), and Lorsban Advanced (41.1% ai, Hubbard and Beavers  2008 ). 
The lowest LD 50  from these studies was 12.6 mg ai kg −1  bwt (Brewer et al.  2000a ) 
and the smallest NOEL was <4 mg ai kg −1  bwt (Hubbard and Beavers  2008 ). 

 To determine the importance of duration of acute exposure on a daily basis, 
25-wk old northern bobwhite ( C. virginianus ) were pre-conditioned to feed during 
either a 1- or 8-h period each day (Gallagher and Beavers  2007 ). Following the 
pre- conditioning period, the birds were offered food treated with CPY for either 1 
or 8 h for 1-d. The birds were observed for 7-d after treatment. Rate of food con-
sumption and body mass decreased with increasing dietary concentration of CPY 
in both treatment groups. Greater toxicity was observed in the group feeding for 
only 1 h each day. This result suggests that birds being exposed over an 8-h period 
had longer to metabolize and detoxify CPY. LD 50  values were 75 mg ai kg −1  bwt for 
birds receiving their total dose in 1 h and 116 mg ai kg −1  bwt for those receiving the 
dose over an 8-h period. LC 50  values were 3,697 and 6,986 mg ai kg −1  diet for birds 
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receiving the dose over 1 and 8 h, respectively. Concentrations of CPY associated 
with no mortality were 1,000 and 3,200 mg ai kg −1  diet for the two doses, 
respectively.  

5.2     Chronic Toxicity Studies 

 No chronic toxicity studies on birds have been conducted for CPY since the review 
by Solomon et al. ( 2001 ).  

        Table 4    LD 50 s from acceptable oral gavage studies for chlorpyrifos   

 Species  Life stage 

 LD 50  
(mg ai 
kg −1  bwt) 

 Probit 
slope 

 SSD 
input 
value  Reference 

 Common grackle 
( Quiscalus quiscula ) 

 Adult  5.62  –  8.55  Schafer and Brunton ( 1979 ) 
 Adult  13  –  Schafer and Brunton ( 1971 ) 

 Ring-necked pheasant 
( Phasianus colchicus ) 

 Adult, male  8.41  –  12.2  Hudson et al. ( 1984 ) 
 Adult, female  17.7  – 

 Red-winged blackbird 
( Agelaius phoeniceus ) 

 Adult, male  13.1  –  13.1  Schafer and Brunton ( 1979 ) 

 Japanese quail ( Coturnix 
japonica ) 

 Adult  13.3  –  15.6  Schafer and Brunton ( 1979 ) 
 Adult, male  15.9  –  Hudson et al. ( 1984 ) 
 Adult, male  17.8  – 

 Common pigeon 
( Columba livia ) 

 Adult  10  –  16.4  Schafer and Brunton ( 1979 ) 
 Adult  26.9  –  Hudson et al. ( 1984 ) 

 Sandhill crane ( Grus 
canadensis ) 

 Adult, male  25–50  –  25.0  Hudson et al. ( 1984 ) 

 House sparrow ( Passer 
domesticus ) 

 Adult  10  –  29.5  Schafer and Brunton ( 1979 ) 
 Adult, male  21  –  Hudson et al. ( 1984 ) 
 Adult  122  2.3  Gallagher et al. ( 1996 ) 

 Leghorn chicken ( Gallus 
domesticus ) 

 Chick, male  32  –  33.4  McCollister et al. ( 1974 ) 
 Adult  34.8  –  Miyazaki and Hodgson 

( 1972 ) 
 Canada goose ( Branta 

canadensis ) 
 Adult  40–80  –  40.0  Hudson et al. ( 1984 ) 

 Chukar ( Alectoris chukar )  Adult, female  60.7  –  60.9  Hudson et al. ( 1984 ) 
 Adult, male  61.1  – 

 Northern bobwhite 
( Colinus virginianus ) 

 Juvenile  119  3.88  61.7  Kaczor and Miller ( 2000 ) 
 Adult  32  4.6  Hill and Camardese ( 1984 ) 

 California quail 
( Callipepla 
californica ) 

 Adult, female  68.3  –  68.3  Hudson et al. ( 1984 ) 

 European starling ( Sturnus 
vulgaris ) 

 Adult  75  –  75.0  Schafer and Brunton ( 1979 ) 

 Mallard ( Anas 
platyrhynchos ) 

 Adult, female  75.6  –  92.0  Hudson et al. ( 1984 ) 
 Duckling  112  – 
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5.3      Derivation of Effects Metrics 

 The most realistic route of exposure for acute effects is the dietary exposure pathway. 
This pathway is preferred over oral gavage exposures because the latter are only 
relevant to situations where active ingredients are ingested rapidly in a single expo-
sure or gorging situation (ECOFRAM  1999 ). Most, if not all, bird species found in 
agroecosystems are much more likely to continuously forage for food during the 
daylight hours (Best  1977 ; Fautin  1941 ; Kessel  1957 ; Kluijver  1950 ; Pinkowski 
 1978 ). Birds foraging near agricultural areas are likely to ingest a mixture of con-
taminated and non-contaminated food items throughout a day. Studies in which birds 
were exposed through the diet were available for only one of the focal species, the 
northern bobwhite (Beavers et al.  2007 ). However, when dietary exposures for northern 
bobwhite were converted to dose ingested, there was little evidence of a dose-response 
relationship. In that study, birds reduced their food intake rates at higher dietary 
concentrations. Because of this issue, the results of oral gavage studies were used to 
derive the acute effects metrics in this assessment. Using results of studies that dosed 
birds by a single oral dose via oral gavage is highly conservative because:

•    Doses are administered as one large dose. In the fi eld, most birds feed continuously 
throughout the day.  

•   Chlorpyrifos is rapidly biotransformed by birds to less-toxic metabolites. 
The half-life for metabolism and elimination of CPY is approximately 1-d 
(Bauriedel  1986 ). When feeding throughout the day, birds have the opportunity to 
detoxify and/or eliminate CPY before it accumulates to internal doses that result 
in lethality.  

•   Repeated exposure to CPY in the diet leads to avoidance (Bennett  1989 ; Fink 
 1978b ; Kenaga et al.  1978 ; Stafford  2010 ). In the fi eld, birds can switch to 
sources of food that are not contaminated with CPY or avoid feeding for short 
periods of time. There can be no avoidance with large single doses administered 
by intubation during a gavage study.  

•   In oral exposures, CPY is generally administered in corn oil or gelatin capsules. 
Such carriers have been shown to result in greater toxicity with other insecticides 
than occurred when the insecticides were adsorbed to food items consumed by 
birds in the fi eld (Stafford  2007a ,  b ). Use of corn oil or gelatin carriers maximizes 
the potential for a pesticide to be absorbed rapidly, more so than would occur in 
the fi eld where the pesticide is bound to food items. When pesticides are mixed 
with food, or when consumed at a time when the gastro-intestinal (GI) tract has 
other food items present, they are absorbed less effi ciently than when dosed as a 
bolus in pure form into an empty GI tract (Lehman-McKeeman  2008 ).    

 In this assessment, the preferred effects metrics were dose-response curves for 
the focal species of interest. However, acute dose-response curves could only be 
derived for two focal species, the northern bobwhite ( C. virginianus ) and the 
red- winged blackbird ( A. phoenicieus ). For other focal species, a Species Sensitivity 
Distribution (SSD) approach was used. With this approach, the 5th, 50th and 95th 
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centiles from the fi tted species sensitivity distribution were selected to represent the 
range of sensitivities of birds to CPY. A hypothetical dose-response curve was 
derived for each of these centile species by combining the estimated LD 50  with a 
probit slope. Because of the toxicity mitigation problems noted above with dietary 
exposures, the acute effect metrics in this assessment were based upon the results of 
acceptable acute oral gavage toxicity studies (Table  4 ). 

 The following sections describe how the acute and chronic effects metrics were 
derived. A NOEL and LOEL were selected as the chronic effects metrics because 
the available chronic toxicity studies did not have a suffi cient number of treatments 
(i.e., fi ve or more) to enable derivation of dose-response curves. There were an 
insuffi cient number of tested species to permit development of a SSD for chronic 
toxicity data. 

  Acute dose-response relationships for focal species . The LD 50 , based on oral gavage, 
for the red-winged blackbird ( A. phoeniceus ) was 13.1 mg ai kg −1  bwt (Schafer and 
Brunton  1971 ), however, no probit slope was reported. To generate a dose-response 
curve for red-winged blackbird in this assessment, a geometric mean probit slope of 
3.45 was calculated from the studies listed in Table  4 . For northern bobwhite 
( C. virginianus ), two LD 50 s have been reported: 32 and 119 mg ai kg −1  bwt (Hill and 
Camardese  1984 ; Kaczor and Miller  2000 ). The corresponding probit slopes from 
these studies were 4.6 and 3.88, respectively. The resulting geometric mean LD 50  
and probit slope were 61.7 mg ai kg −1  bwt and 4.22. These values were used to gen-
erate the acute dose-response curve for northern bobwhite in this assessment. 

  SSD for acute toxicity of CPY to untested focal species . The data used in the deriva-
tion of the SSD for avian species are shown (Table  4 ). Multiple toxicity values were 
reported for several species. Variation in toxicity for a species could be the result of 
differences in experimental conditions, species strain, and/or test protocol. Using 
multiple toxicity results for the same species would disproportionately infl uence the 
SSD. In these situations, the geometric means were calculated (Table  4 ). Each bird 
species was then ranked according to sensitivity and its centralized position on the 
SSD determined using the Hazen plotting position equation ( 1 ) (Aldenberg et al. 
 2002 ):

   
PP

i

N
=

- 0.5

  
 ( 1 ) 

   

  Where: 
  PP  is the plotting position; 
  i  is the species rank based on ascending LD 50 s; and 
  N  is the total number of species included in the SSD derivation. 

 The SSD was derived using SSD Master v2.0, which includes fi ve models: nor-
mal, logistic, Weibull, extreme value (=Gompertz) and Gumbel (=Fisher-Tippett) 
(CCME  2013 ). All analyses were conducted in log space, except the Weibull model, 
which was conducted in arithmetic space because a log-Weibull model is the 
same as the Gumbel model. The log-normal model had the best fi t of the fi ve 
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models tested (Anderson-Darling A 2  = 0.301,  p > > 0.1). The model equation for the 
two- parameter log-normal cumulative distribution function (CDF) is shown below ( 2 ):

   

f x erf
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è
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ö
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æ

è
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ö

ø
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1

2
1

2

m
s   

 ( 2 ) 

   

  Where:
 x  is the LD 50  (log mg ai kg −1  bwt), and the functional response,  f ( x ), is the 

proportion of species affected. The location and scale parameters,  μ  and  σ , are the 
mean and standard deviation of the dataset, respectively, and  erf  is the error function 
(i.e., the Gauss error function). 

Graphical and statistical tests indicated that the homogeneity of variance and 
normality assumptions of the parametric regression analysis were met. The fi tted 
model parameters were:  μ  = 1.49 and  σ  = 0.391 (Fig.  6 ). The 5th, 50th and 95th cen-
tile LD 50 s from the best-fi t SSD are respectively 7.03, 30.9 and 136 mg ai kg −1  bwt. 
These values were combined with the geometric mean probit slope of 3.45 (Table  4 ) 
to generate the hypothetical dose-response curves for avian species of high (5th 
centile), median (50th centile) and low (95th centile) sensitivity (Fig.  7 ).

  Fig. 6    Species sensitivity 
distribution for bird species 
exposed to chlorpyrifos via 
oral gavage exposure       

  Fig. 7    Hypothetical acute 
dose-response curves for 
sensitive, median and tolerant 
bird species       
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5.4         Infl uence of Dietary Matrix on Acute Toxicity 

 In a standard acute LD 50  test, the test chemical is administered via gavage directly 
into the esophagus or crop of the bird, usually with a carrier such as corn oil, a solvent 
or water. Use of such carriers maximizes the potential for the chemical to be 
absorbed rapidly, more so than would occur in the fi eld where the chemical is 
bound to food items. When pesticides are mixed with food, or consumed at a time 
when the gastrointestinal (GI) tract has other food items present, they are absorbed 
less effi ciently than when dosed as a bolus in pure form into an empty GI tract 
(Lehman- McKeeman  2008 ). 

 To examine effects of excipient on toxicity, Hubbard and Beavers ( 2009 ) admin-
istered CPY to 19-wk old northern bobwhite ( C. virginianus ) using either corn oil 
or a feed slurry as the excipient. Groups of ten birds were randomly assigned to six 
treatment groups ranging from 0 (control) to 60 mg ai kg −1  bwt. The dose was mixed 
with the chosen excipient and orally intubated into the crop or proventriculus of 
each bird. For corn oil as excipient, CPY was dispersed in corn oil, and for the feed 
slurry excipient, treated food was mixed with water at a ratio of 1:2.5. Birds were 
monitored for 14-d following dosing to evaluate effects on body weight, lethality, 
consumption of food, appearance, and abnormal behavior. No signs of toxicity were 
observed in control groups. When corn oil was used as the excipient, signs of toxicity 
were fi rst observed in the 21.6 mg ai kg −1  bwt treatment group, and included a 
ruffl ed appearance and lethargy. Body weight of female birds exposed to 21.6 mg 
ai kg −1  bwt decreased as did body weights in both sexes in the greater dose groups. 
Rate of consumption of food was reduced in males fed 36 mg ai kg −1  bwt and in 
males and females fed 60 mg ai kg −1  bwt. The NOEL was 13.0 mg ai kg −1  bwt. 
Lethality only occurred in birds fed 60 mg ai kg −1  bwt. Therefore, the LD 50  was 
defi ned as >60 mg ai kg −1  bwt when corn oil was used as the excipient. When CPY 
was diluted with feed slurry as the excipient, signs of toxicity were fi rst observed in 
individuals exposed to 21.6 mg ai kg −1  bwt. The signs of toxicity included a ruffl ed 
appearance and 1 lethality. Lethality skewed the observations for both change in 
body mass and rate of consumption of food. However, a lesser body mass was 
observed in surviving birds dosed at 21.6 mg ai kg −1  bwt or greater. Reduced con-
sumption of food was observed in female birds dosed at 21.6 and 36 mg ai kg −1  bwt. 
The LD 50  was 29.0 mg ai kg −1  bwt and the NOEL was 13.0 mg ai kg −1  bwt. In this 
study, the food-based slurry did not reduce toxicity compared to the corn oil excipient. 
Therefore, the acute effects metrics derived above were not adjusted to account for 
the dietary matrix consumed by birds in treated fi elds.  

5.5     Chronic NOEL and LOEL 

 There is an insuffi cient number of studies to derive a chronic SSD for CPY. Further, 
there are no chronic studies with a suffi cient number of treatments to enable derivation 
of a dose-response curve. Given the paucity of chronic toxicity studies for birds, 
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we used a conservative approach and derived a NOEL and LOEL from the most 
sensitive species tested to date, viz., the mallard ( A. platyrhynchos ). In a 1-generation 
reproduction study (Fink  1978a ), reduced reproductive success was observed at a 
concentration of 125 mg ai kg −1  diet but no adverse effects were observed at a con-
centration of 25 mg ai kg −1  diet. The primary response observed when birds were 
exposed to 125 mg ai kg −1  diet was fewer eggs laid per hen. Therefore, rate of intake 
of food and body mass during the egg-laying phase of the study (i.e., the fi nal 8-wk) 
were used as the measurement endpoints upon which to base the dietary NOEL and 
LOEL. Mean rates of intake of food at doses equivalent to the NOEC and LOEC 
were 0.134 and 0.140 kg diet bird −1  d −1 , respectively. The corresponding average body 
masses were 1.12 and 0.934 kg bwt, respectively. The resulting dose-based NOEL 
and LOEL are 2.99 and 18.7 mg ai kg −1  bwt d −1 , respectively. The NOEL and LOEL 
were used as thresholds for chronic effects in this refi ned assessment of risk.   

6      Risk Characterization for Flowable Chlorpyrifos 

 For each acute exposure scenario, the fate of each bird was determined by con-
verting estimated maximum retained dose to a standard normal Z score from the 
appropriate dose-response curve and comparing that value to a randomly drawn 
value from a uniform distribution with a range of 0–1 (see Sect.  3.2 ). This process 
was repeated for 20 individuals of each species on each of 1,000 fi elds. Results were 
then expressed as a risk curve indicating the percentage of fi elds that had 5% 
mortality (1/20 birds died), 10% mortality (2/20 birds died), 15% mortality (3/20 
birds died), etc. The Ecological Committee on FIFRA Risk Assessment Methods 
(ECOFRAM  1999 ) referred to such plots as “joint probability curves” while others 
refer to these plots as “risk curves” (e.g., Giddings et al.  2005 ; Moore et al. 
 2010a ,  b ). For chronic exposure scenarios, risk was characterized by determining 
the probabilities that exposure exceeded the NOEL and LOEL for the most sensitive 
species tested. 

 The dose-response curve used to estimate acute risk depended on the focal 
species. If a dose-response curve was available for the focal species of interest, that 
curve was used (i.e., northern bobwhite ( C. virginianus ), red-winged blackbird 
( A. phoeniceus )). In the absence of species-specifi c dose-response curves, acute 
dose- response curves were generated for three hypothetical species representing a 
range of sensitivities (Fig.  7 ). 

6.1     Modeled Acute Risks from Flowable CPY 

 The modeling for fl owable CPY indicated that, with one exception, all bird species 
were at low or  de minimis  risk if they had median or lesser sensitivity to fl owable 
CPY applied to alfalfa, almond, apple/cherry, broccoli, corn, grape, grapefruit, 
orange, pecan, soybean or sweet corn at the maximum application rates and minimum 
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intervals specifi ed on the label (Table  5 ). Assuming high sensitivity (5th centile 
on the species sensitivity distribution) to fl owable CPY, or using actual dose-
response relationships indicated that several species, particularly those that forage 
extensively in crop fi elds such as the horned lark ( Eremophila alpestris ), blue 
grosbeak ( Passerina caerulea ), and red-winged blackbird ( A. phoeniceus ) are at 
intermediate or high risk in some crops (e.g., grape, grapefruit, orange) if treated at 
the maximum application rates and minimum treatment intervals.

6.2         Modeled Chronic Risks from Flowable CPY 

 For all patterns of use, the probability of birds having a total daily intake exceeding 
the LOEL was <2% (Table  6 ). For most patterns of use and bird species, the 
probability of exceeding the NOEL was also small (<5%). However, several species 
and crop combinations (e.g., vesper sparrow ( Pooecetes gramineus ) in alfalfa, 
red- winged blackbird ( A. phoeniceus ) in orange) had probabilities of exceeding the 
NOEL of approximately 20%. The latter scenarios generally involved bird species 
that forage frequently in treated fi elds and crops with high maximum application 
rates (orange) or number of applications (alfalfa). In general, CPY poses little risk 
to birds from chronic exposure.  

6.3     Results of Field Studies for Flowable CPY 

  Corn . Studies were performed with Lorsban 4E (a fl owable formulation) on corn 
fi elds in Warren and Madison counties, Iowa (Frey et al.  1994 ). Lorsban 4E was 
applied at 3.36 kg ha −1  (3 lb ai A −1 ) during the pre-plant stage (ground broadcast), 
and at 1.7 kg ha −1  (1.5 lb ai A −1 ) during the emergence (ground broadcast), whorl 
(aerial broadcast) and tassel (aerial broadcast) stages. Monitoring of fi elds for birds 
exhibiting signs of toxicity was done prior to each application and for 13-d following 
each application, including abundance determinations, carcass search effi ciency 
evaluations, and residue analyses. 

 Following pre-plant and at-plant applications, collection of moribund birds did not 
reveal differences among the treated and control fi elds and invertebrates collected 
during this period did not have detectable CPY residues. Applications during the 
emergence test period caused no statistically signifi cant differences in the numbers 
of dead birds found, but the casualty rate was higher in treated fi elds (0.14 casualties 
per search) than in control fi elds (0.04 casualties per search). 

 During the whorl test period, bird censuses and mortality rates were similar in 
control and treated fi elds. Following tassel stage application, bird censuses did not 
reveal any differences in mortality among fi elds. Two robins ( Turdus migratorius ) 
collected from the fi elds treated with fl owable CPY exhibited signs of toxicity con-
sistent with inhibition of cholinesterase activity. One bird died, while the other bird 
recovered and was released. 
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   Table 6    Chronic risk results for birds exposed to fl owable chlorpyrifos   

 Crop  Use pattern  Species a  

 Exceedence 
probability (%) 

 NOEL  LOEL 

 Alfalfa  Southern plains—1.05 kg ha −1  (0.94 lb 
A −1 ) applied broadcast 4× with 10-d 
interval 

 Dickcissel  0.29  0 
 Mourning dove  0  0 
 Red-winged blackbird  0.61  0 
 Vesper sparrow  18.6  0 
 Western meadowlark  0.35  0 

 Almond  California—2.11 kg ha −1  (1.88 lb A −1 ) 
applied airblast post-plant 2× (May, 
hull-split) with 10-d interval 

 Abert’s towhee  0.01  0 
 Blue grosbeak  18.7  0.09 
 Common crow  0  0 
 Mourning dove  0  0 
 Red-winged blackbird  9.71  0.01 

 Apple/
Cherry 

 Northwest—2.11 kg ha −1  (1.88 lb A −1 ) 
applied airblast during dormant season/
Michigan—2.07 kg ha −1  (1.88 lb A −1 ) 
applied broadcast post-plant 

 Blue grosbeak  7.94  0.01 
 Common crow  0  0 
 Mourning dove  0  0 
 Red-winged blackbird  1.99  0 

 Broccoli  California—2.36 kg ha −1  (2.11 lb A −1 ) 
applied band at-plant and post-plant 3× 
with 10-d interval 

 Common crow  2.15  0 
 Horned lark  1.27  0 
 Mourning dove  0.02  0 
 Red-winged blackbird  0.32  0 

 Corn  Midwest—1.12 kg ha −1  (1 lb A −1 ) applied 
broadcast at-plant and band post-plant 
3× with 10-d interval 

 American robin  1.63  0 
 Horned lark  1.89  0 
 Killdeer  0.12  0 
 Mourning dove  0  0 
 Northern bobwhite  0  0 
 Red-winged blackbird  0.25  0 
 Vesper sparrow  0.43  0 

 Grape  California—2.11 kg ha −1  (1.88 lb A −1 ) 
applied airblast prior to bud break 

 Blue grosbeak  4.86  0 
 Common crow  0.39  0 
 Mourning dove  0  0 
 Northern bobwhite  0  0 
 Red-winged blackbird  3.53  0 

 Grapefruit  Florida—2.80 kg ha −1  (2.5 lb A −1 ) applied 
airblast post-plant (Apr–Jun) 

 Blue grosbeak  10.3  0.11 
 Common crow  0  0 
 Mourning dove  0  0 
 Northern bobwhite  0  0 
 Red-winged blackbird  5.49  0 

 Orange  California—6.27 kg ha −1  (5.6 lb A −1 ) 
applied airblast post-plant (May–Aug) 

 Abert’s towhee  0.08  0 
 Blue grosbeak  28.1  1.12 
 Common crow  0  0 
 Mourning dove  0  0 
 Red-winged blackbird  21.0  0.8 

 Pecan  Georgia—1.05 kg ha −1  (0.94 lb A −1 ) 
applied airblast 3× with 10-d interval 

 Blue grosbeak  11.8  0.02 
 Common crow  0  0 
 Mourning dove  0  0 
 Northern bobwhite  0  0 
 Red-winged blackbird  4.58  0 

(continued)
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 Overall, fl owable CPY had minimal effects on birds in treated corn fi elds ( 1994 ). 
This result occurred in spite of far greater rates of application being used in the fi eld 
study (3.36 kg ha −1  (3 lb ai A −1 ) during the pre-plant stage, 1.7 kg ha −1  (1.5 lb ai A −1 ) 
applied broadcast postplant 3×) than currently allowed on the Lorsban Advanced 
label for corn (1.12 kg ha −1  (1 lb ai A −1 ) applied broadcast at-plant and band post- plant 
3× with 10-d interval) The results of the fi eld study suggest that the LiquidPARAM 
modeling exercise overestimated risks to birds, particularly for the horned lark ( E. alp-
estris ) and killdeer ( Charadrius vociferous ) (assuming high sensitivity) and the red-
winged blackbird ( A. phoeniceus ) (Table  5 ). 

  Brassica . Three cabbage fi elds in central Poland, were chosen to study the effects of 
CPY application on associated bird communities (Moosmayer and Wilkens  2008 ). 
Dursban ®  480 EC, a fl owable formulation of CPY, was applied twice at a rate of 
0.95 kg ha −1  (0.85 lb A −1 ) with an application interval of 14-d. Visual searches for 
carcasses, monitoring of nests and radio-tracking were used to estimate adverse effects 
to wildlife. No signs of toxicity were observed during the visual searches or monitoring 
of nests and no carcasses were recovered from the treated fi elds. Fifty- three birds were 
caught, radio-tagged, and tracked over the treatment period. None of the radio-tagged 
birds experienced adverse effects related to application of CPY. 

 Although there were no signifi cant effects to birds in the brassica fi eld study, it 
was not possible to determine whether predictions of LiquidPARAM of little or no 
risk to birds (Table  5 ) were reasonable because the application rates in the fi eld 
study were less than half the rate used in the modeling exercise. 

  Citrus . Effects of Lorsban 4E applied in California citrus groves to birds were deter-
mined by Gallagher et al. ( 1994 ). Two application scenarios were included in the 
study: (1) 1.65 kg ha −1  (1.5 lb ai A −1 ) Lorsban 4E applied post bloom and 6.62 kg ha −1  
(6 lb ai A −1 ) after petal-fall and (2) 3.86 kg ha −1  (3.5 lb ai A −1 ) applied post bloom 
and 4.4 kg ha −1  (4 lb ai A −1 ) post petal fall. The post-bloom applications were made 

 Crop  Use pattern  Species a  

 Exceedence 
probability (%) 

 NOEL  LOEL 

 Soybean  Louisiana—1.05 kg ha −1  (0.94 lb A −1 ) 
applied broadcast post-plant 3× with 
14-d interval (May–Aug) 

 Blue grosbeak  0.07  0 
 Dickcissel  0.07  0 
 Horned lark  4.77  0 
 Indigo bunting  5.74  0 
 Mourning dove  0  0 
 Red-winged blackbird  0.22  0 

 Sweet 
corn 

 Florida—1.12 kg ha −1  (1 lb A −1 ) applied 
broadcast at-plant and band post-plant 
3× with 10-d interval 

 Common crow  0.37  0 
 Mourning dove  0  0 
 Northern bobwhite  0  0 
 Red-winged blackbird  0.66  0 

  NA = not applicable 
  a See Table  1  for scientifi c names  

Table 6 (continued)
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in early spring and the post petal fall applications were made in late spring. The fi rst 
and second applications were 30–35-d apart. 

 Casualties among birds residing on fi elds following post-bloom application 
(1.65 kg ha −1  (1.5 lb ai A −1 )) from the fi rst application scenario could not be 
linked to CPY, because no detectable residues of the parent compound were found 
in the dead birds. There were no bird casualties from the second post-bloom appli-
cation scenario. 

 Following applications after petal fall, one dead northern mockingbird 
( Mimus polyglottos ) was found on the fi elds from the fi rst application scenario 
(6.62 kg ha −1  (6 lb ai A −1 )). The dead bird had measurable residues of CPY on its 
feathers (5.39 mg ai kg −1  bwt). In the second application scenario (4.4 kg ha −1  
(4 lb ai A −1 )), concentrations of 3.67 mg ai kg −1  bwt CPY were measured in a dead 
passerine nestling. It is not known if the deaths were treatment related. 

 In a similar study, three citrus orchards in Spain were spayed twice at a rate of 
2.32 kg ha −1  (2.1 lb ai A −1 ) of Dursban ®  75 WG with a 14-d re-treatment interval 
(Selbach and Wilkens  2008a ). Birds were captured before each spray application, 
radio-tagged and released. Birds were then tracked for 3-d before and 7-d after each 
application. Monitoring of the activities of radio-tagged birds, monitoring of nests, 
searches for carcasses, and surveys of masses of arthropod biomass were also used 
to quantify possible adverse effects to birds from application of Dursban. Of the 38 
birds tracked during the study, 6 were continuously tracked through both applica-
tion periods. The tracked birds spent approximately one third of their time in the 
treated orchards before and after application. Of the 3,751 sightings of birds made 
during the observation periods, no birds showed signs of toxicity. Three bird 
carcasses were found. Chlorpyrifos residues of 14 mg ai kg −1  bwt were found in 
the skin and feather matrix of a blackbird and 1.2 mg ai kg −1  bwt was detected in the 
core body matrix. A blackbird (unknown species name) wing was found that con-
tained 6.5 mg CPY ai kg −1  bwt in the skin and feathers. Lastly, a dead house martin 
( Delichon urbicum ) was found that contained 0.33 mg CPY ai kg −1  bwt in the skin 
and feathers. No CPY was detected in the core body matrix of the house martin or 
wing of the blackbird. No inhibition of AChE activity in the brain of the house martin 
was observed. The authors determined that none of the casualties resulted from the 
CPY application. 

 Another study was conducted in citrus orchards in Spain to determine the effects 
of CPY on bird communities and reproductive performance (Dittrich and Staedtler 
 2010 ). Observations of communities of birds were made at the end of the main 
breeding season (July 6 to August 31, 2010) on ten citrus orchards that routinely use 
CPY to control arthropods (application period: April 1 to June 30, 2010). No addi-
tional details on use patterns and application rates were provided. A large diversity 
and number of birds was observed in the study area. No losses of nests could be 
attributed to CPY. The bird species most frequently observed were serin, green fi nch 
( Carduelis chloris ), and house sparrow ( Passer domesticus ), while the juveniles 
most frequently observed were barn swallow ( Hirundo rustica ), nightingale 
( Luscinia megarhynchos ), and Sardinian warbler ( Sylvia melanocephala ). Sampling 
of arthropods following application indicated an abundance of avian food items. 

Refi ned Avian Risk Assessment for Chlorpyrifos in the United States



198

Overall, the bird community residing within the treated citrus fi elds was considered 
to be highly viable. 

 The results of the 3 fi eld studies in citrus orchards indicated that fl owable CPY 
applied at rates comparable to the maximum rate allowed by the label for Lorsban 
Advanced (i.e., 6.17 kg ha −1  (5.6 lb ai A −1 ) for use in oranges) had no signifi cant 
adverse effects on birds. As with the corn fi eld studies, the citrus fi eld studies indicate 
that LiquidPARAM may be overestimating avian risks in citrus orchards (Table  5 ). 

  Apple . Dursban 75 WG was applied to three apple orchards at a rate of 0.95 kg ha −1  
(0.86 lb ai A −1 ) (Wilkens et al.  2008 ). Three applications were made to the fi rst 
orchard with the fi rst and second applications being 14-d apart and the second and 
third being 28-d apart. Two applications were made to the other two orchards, 14-d 
apart. Telemetric surveys, visual bird observations, carcass searches, and nest obser-
vations were used to quantify the effects of CPY. Radio-tagged birds were tracked 
for 3-d prior to applications and for 7-d following applications. Birds spent approxi-
mately half of their time in the study plots. No tracked birds exhibited signs of 
toxicity. A total of 3,616 bird observations were made during the study period and 
no birds exhibited any behavioral abnormalities or signs of toxicity. Only one dead 
bird was found during the study period. The authors concluded that this death 
resulted from a collision with a power transmission line. However, the applications 
did reduce populations of foliage-dwelling pest and non-target arthropods by 
approximately 87%. There were no signifi cant effects to birds in the apple fi eld 
study, because the application rates in the fi eld study were approximately half that 
used in the modeling exercise. Therefore, it cannot be determined whether 
LiquidPARAM overestimated risks to the blue grosbeak (Table  5 ) or not. 

  Grape . Dursban 480 EC was applied twice at a rate of 0.36 kg ha −1  (0.32 lb ai A −1 ) 
with a 15-d interval to a vineyard in Puy du Maupas, near Puymeras, Vaucluse, 
Southern France (Brown et al.  2007 ). The vineyard consisted of eight adjacent 
fi elds, with grass growing between the planted rows. The property also contained 
scrub, woodland, garden, and grassy areas. The area was searched for carcasses of 
birds prior to each application of CPY and 1, 3 and 7-d following each application. 
Three to 4-d prior to each application, mist nests were placed in the vineyard and 
along the boundaries. Collected birds were banded, sexed, measured, and radio- 
tagged. Tagged birds were tracked for several days prior to treatment and for up to 
10-d following treatment. The locations of birds were used to estimate the proportion 
of time spent on the treated fi elds and to determine if the birds were alive. 

 Monitoring of the radio-tagged birds indicated that birds spent a maximum of 
20% of their time on the treated fi elds. Only Cirl buntings ( Emberiza cirlus ), black 
redstarts ( Phoenicurus ochruros ), stonechats ( Saxicola  sp.), and jays (unknown 
species name) spent more than 5% of their time there. Birds on the treated crop for 
the greatest proportion of time were alive at the end of the tracking period. Only one 
radio-tagged bird was found dead during the monitoring period and, because only a 
leg was found, it is unlikely that mortality was the result of CPY. Untagged birds 
found dead during the study had residues of CPY on skin and feather residue levels 
that were consistent with contact with the treated crop (0.27–1.3 mg ai kg −1  bwt). 
Analysis of AChE activity in the brain of a dead robin ( Erithacus rubecula ) showed 
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no decrease in activity, indicating that mortality was not likely the result of exposure 
to CPY. There were no indications of short-term negative impacts from CPY on birds 
in the vineyard during the study. There were no signifi cant effects to birds in the grape 
fi eld study, however the application rate in this fi eld study was well below that used in 
the modeling exercise. Therefore, it was not possible to determine whether 
LiquidPARAM overestimated risks to the blue grosbeak ( P. caerulea ) (Table  5 ). 

  Telemetry-based fi eld studies . Brassica, pome fruit and citrus crops were treated 
with CPY to determine potential effects on wild birds (Wolf et al.  2010 ). Brassica 
fi elds were located near Sochaczew, Poland, pome fi elds near Belfi ore, northern 
Italy, and citrus groves in Valencia, Spain. Four or fi ve sites were used for each crop 
type and fi elds averaged 4 ha (9.9 A) in size. Chlorpyrifos was applied to brassicas 
using a tractor-mounted boom sprayer at a rate of 0.95 kg ha −1  (0.86 lb ai A −1 ). 
Three brassica sites received two applications of Dursban 480 EC and two other 
sites received an application of a formulation not relevant to this assessment 
(Pyrinex ®  25 CS, a microencapsulated formulation). Chlorpyrifos was applied to 
pome and citrus fruit crops using a tractor-mounted broadcast air-assisted sprayer. 
Three citrus fi elds received two applications of Dursban 75 WG at a rate of 
2.32 kg ha −1  (2.1 lb ai A −1 ), and the remaining fi eld received two applications of 
Pyrinex 25 CS. One fi eld of pome fruit received applications of Pyrinex 25 CS and 
one pome fruit fi eld received three applications of 0.95 kg ha −1  (0.86 lb ai A −1 ) 
Dursban 75 WG, whereas the other two plots received two applications of 
0.95 kg ha −1  (0.86 lb ai A −1 ) Dursban 75 WG. All bird species regularly foraging in 
the crops were monitored during the study. 

 Birds were trapped and radio-tagged before each application and tracked for 7-d 
following each application. Those tagged for earlier applications were monitored 
during subsequent applications if the radio-tags were still functional. Of the 242 
radio-tagged birds, 194 were tracked for the full 7-d period following application. 
No signs of toxicity or lethality were observed. Un-tagged birds were also observed 
during the study period. No signs of toxicity were detected. Ten bird carcasses were 
found during the study, six of which had detectable levels of CPY. Detectable con-
centrations of CPY on skin and feathers ranged from 0.3 to 14.0 mg ai kg −1  bwt. 
CPY was only detected in the bodies of two birds (1.2 and 0.3 mg ai kg −1  bwt). 
Similarly, core body concentrations of CPY were only detected in two birds at 
levels of 0.1 and 1.2 mg ai kg −1  bwt. 

 Rates of application used in the pome (e.g., apple) and brassica plots were 
less than the maximum rates listed on the Lorsban Advanced label for those crops. 
The rate of application used in the citrus plots (2.32 kg ha −1  (2.1 lb ai A −1 )) was 
similar to the maximum rate of application for grapefruit on the Lorsban Advanced 
label (i.e., 2.76 kg ha −1  (2.5 lb ai A −1 )). LiquidPARAM predicted approximately 
34% mortality to blue grosbeaks ( P. caerulea ) in grapefruit treated at the maximum 
rate of application, assuming that this species was highly sensitive (Table  5 ). 
All other bird species were predicted to experience little to no mortality. The results 
for citrus groves indicate that LiquidPARAM might be over-estimating risk to blue 
grosbeaks (Wolf et al.  2010 ).  
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6.4     Discussion of Avian Risks for Flowable CPY 

 There are a number of bird species that frequent agroecosystems besides those 
included as focal species in this assessment (see Best and Murray  2003 ). The 
USEPA (USEPA  2005 ) used estimates of mortality for the combination of focal 
species and bird sensitivities in each modeled exposure scenario to approximate the 
cumulative distribution of outcomes for the complex of species using treated fi elds. 
The approach assumes that the focal species included in the modeling exercise are 
representative of the birds and their exposures occurring in the fi elds (USEPA 
 2005 ). This assumption is supported by the selection of focal species known to 
occur on the treated crops by actual survey (e.g., Best and Murray  2003 ). According 
to the USEPA ( 2005 ), the outcomes of the three modeled sensitivity assumptions 
(low, median and high sensitivity) “can be viewed as a stratifi ed sample from the 
population which estimates the limits and mid points of the cumulative risk distribution 
and therefore provides a reasonable approximation of the distribution.” 

 The resulting cumulative distribution of acute risk for banded application on 
corn at the maximum application rate of 1.12 kg ha −1  (1 lb ai A −1 ) is shown in Fig.  8 . 
Results of simulations using LiquidPARAM indicate that several species of birds, if 
highly sensitive, would experience up to approximately 30% mortality. Similar 
results were predicted for alfalfa, almond, apple/cherry, grape, grapefruit and 
soybean (Table  5 ). For orange, somewhat greater risk is expected in the bird com-
munity because this crop has the greatest application rate allowed on the Lorsban 
Advanced label (i.e., 6.27 kg ha −1  (5.6 lb ai A −1 )) (Fig.  9 ).

    Although the results of the LiquidPARAM modeling indicated some acute risk 
to the most sensitive species for several crops listed on the Lorsban Advanced label 
(Table  5 ), the evidence from fi eld studies that used the corresponding application 
rates (i.e., corn, grapefruit, and orange) indicate that fl owable CPY poses little risk 
to birds (Dittrich and Staedtler  2010 ; Frey et al.  1994 ; Gallagher et al.  1994 ; Selbach 
and Wilkens  2008b ; Wolf et al.  2010 ). Thus, it would appear that LiquidPARAM 

  Fig. 8    Percentage of bird 
species affected versus 
percent mortality for fl owable 
chlorpyrifos applied 
broadcast at-plant and band 
post-plant at a rate of 
1.12 kg ha −1  (1 lb ai A −1 ) 3× 
with a 10-d interval to corn 
fi elds       
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may be overestimating the risk CPY poses to birds, particularly in those crops with 
the highest application rates (i.e., grapefruit and orange). There are several potential 
reasons why LiquidPARAM may be overestimating acute risks of CPY to birds. 
For example, acute effects metrics were based on single-dose, oral gavage studies 
that likely overestimate the toxicity that birds would experience when consuming 
small amounts over the course of a day, as typically occurs in treated fields 
(see Sect.  5.3 ). In addition, the exposure model assumed that proportion time in 
treated fi elds equates to proportion diet obtained from treated fi elds. However, it 
may be that many bird species obtain a relatively higher proportion of their diet 
from higher quality edge habitats. 

 The results of fi eld studies consistently demonstrated that fl owable CPY has 
negligible effects on birds at rates well above the application rate of CPY predicted 
by Mineau ( 2002 ) (i.e., 0.19–0.26 kg ha −1  (0.17–0.23 lb ai A −1 )) to have a 1/10 
probability of an avian kill.  

6.5     Strengths of the Refi ned Risk Assessment 
for Flowable CPY 

 LiquidPARAM explicitly accounts for factors affecting exposure of birds to fl ow-
able CPY in the fi eld. These factors include: application rates, number and types of 
applications, foraging patterns, preferred diets, CPY concentrations on dietary 
items over time and space, rates of metabolism, and avoidance behavior. 

 In several instances, LiquidPARAM refi ned the approach used by EPA’s TIM 
(USEPA  2005 ). For proportion of time foraging in treated fi elds, TIM uses data that 
represent inter-fi eld variability as intra-fi eld variability. In estimating food intake 
rate, TIM uses distributions for several minor input variables (e.g., gross energy and 
assimilation effi ciency of dietary items), but treats the input variable with the greatest 
uncertainty (i.e., free metabolic rate, the amount of calories consumed by free- living 

  Fig. 9    Percentage of bird 
species affected versus 
percent mortality for fl owable 
chlorpyrifos applied airblast 
to orange orchards at a rate of 
6.28 kg ha −1  (5.6 lb A −1 )       
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birds per time step) as a point estimate. Free metabolic rate is treated as a distribution 
in LiquidPARAM. 

 LiquidPARAM has several capabilities not available in TIM. These include: 
(1) The ability to model exposure scenarios involving multiple applications of 
pesticide taking place at a user-specifi ed interval; (2) Addition of many new crops; 
(3) Addition of ten new focal bird species; and (4) The ability of users to select day 
length, time of application for fi rst, second, and third applications, and length of 
time that dew is present on treated fi elds. 

 As described in SI Appendix 3, Sect. 1.4, sensitivity analysis and evaluation of 
model performance has been undertaken for LiquidPARAM. The sensitivity analysis 
was useful in determining which variables had an important infl uence on acute and 
chronic risk for bird species in high exposure scenarios (e.g., choice of drinking 
water scenario and chronic averaging period in the chronic modeling simulations) 
and in low exposure scenarios (varying any one factor had little effect on estimated 
acute or chronic risk to birds regardless of assumed sensitivity). 

 In addition to the sensitivity analysis, the model for LiquidPARAM has been eval-
uated. Field studies involving the application of fl owable carbofuran, a carbamate 
pesticide that inhibits brain and plasma acetylcholinesterase activity, and subsequent 
determination of avian mortality were reviewed to determine those that could be used 
to evaluate LiquidPARAM performance. Each of the selected studies (Booth et al. 
 1989 ; Jorgensen et al.  1989 ) reported mortality from applications of fl owable carbo-
furan. The exposure scenarios for the selected studies were run in LiquidPARAM to 
determine how close model predictions were to fi eld observations. For the two fi eld 
studies selected, LiquidPARAM predictions and fi eld observations of mortality were 
similar, with LiquidPARAM slightly over-predicting risk. Conversely, EPA’s TIM v1 
vastly over-estimated risk of carbofuran compared to fi eld observations (Fig.  10 ). 
Although LiquidPARAM model predictions and fi eld study results were fairly close 

  Fig. 10    Percent mortality per application of Furadan ®  4F in corn and alfalfa as estimated by 
LiquidPARAM, TIM (v1), and observed in fi eld studies by Booth et al. ( 1989 ) and Jorgensen 
et al. ( 1989 )       
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for carbofuran, our analyses described herein indicate that LiquidPARAM may be 
more substantially over-predicting risk of fl owable CPY. The small number of inci-
dents (2) involving CPY reported since 2002 suggests that the current labels for CPY 
are generally protective of birds (SI Appendix 4).

6.6        Uncertainties of the Refi ned Risk Assessment 
for Flowable CPY 

 This refi ned assessment of acute and chronic risks of CPY to birds contains uncer-
tainties. Uncertainties in the problem formulation and assessment of exposure and 
effects can infl uence the characterization of risks. It is therefore important to iden-
tify the sources of uncertainty in the assessment, and specify the magnitude and 
direction of their infl uence. 

 The following sources of uncertainty were identifi ed in this refi ned risk assessment 
for birds (Table  7 ):

•     The refi ned risk assessment considered exposure of birds to CPY via ingestion 
of food and water. As discussed in Sect.  2.4 , dermal contact, inhalation and 
preening are unlikely to be important exposure routes for birds in fi elds treated 
with fl owable CPY. At present, refi ned models are lacking to quantify these 
exposure routes in birds.  

•   The refi ned risk assessment considered exposure to 15 focal species. Thus, 
there is a possibility that bird species not considered in this assessment are at 
risk on or near CPY-treated fi elds. The focal species were selected because of 
their affi nity for agricultural areas and the crops considered in this assessment. 
This group of species is more likely to be exposed to fl owable CPY than would 
most other bird species. Furthermore, they span a range of sizes and taxonomic 
groups, and are representative of bird species found in regions where CPY is 
used. However, it is conceivable that there are bird species at greater risk to 
fl owable CPY than those included for the 11 crops considered in this 
assessment.  

•   When there was uncertainty, these sources were quantifi ed and incorporated in 
the exposure analyses (e.g., free metabolic rate, initial dietary residue levels 
 following application). Thus, these sources of uncertainty have been explicitly 
accounted for in the risk estimates described here. Other sources of uncertainty, 
however, could not be fully accounted for in LiquidPARAM, generally because 
data were too scarce to reliably parameterize distributions. For example, acute 
dose-response curves were unavailable for all focal species except the northern 
bobwhite ( C. virginianus ) and red-winged blackbird ( A. phoeniceus ). The general 
approach for input variables for which values were uncertain was to use conser-
vative point estimates or rely on surrogate approaches (e.g., the species sensitivity 
distribution approach to estimate dose-response curves for species of differing 
sensitivities). The model evaluation exercise indicated that model predictions 
reasonably replicated patterns of mortality observed in fi eld studies conducted 
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for carbofuran in corn and alfalfa. Overall, it appears that the LiquidPARAM 
performed well for carbofuran, but may have over-predicted risk for fl owable 
CPY, based on the results of fi eld studies conducted with CPY.      

7     Risk Characterization for Granular Chlorpyrifos 

 For each exposure scenario, acute risk was determined using the same approach as 
described in Sect.  6  for fl owable chlorpyrifos. 

 As with fl owable CPY, the dose-response curve used to estimate acute risk 
depended on the focal species. If a dose-response curve was available for the focal 
species of interest, that curve was used (i.e., northern bobwhite ( C. virginianus ), 
red-winged blackbird ( A. phoeniceus )). In the absence of species-specifi c dose- 
response curves, acute dose-response curves were generated for three hypothetical 
species representing a range of sensitivities. In this section, the results from the 
GranPARAM modeling exercise are discussed. In addition, the results of avian fi eld 
studies are discussed and compared to the results from the modeling exercise. 
The section concludes with a discussion of sources of uncertainty and strengths of 
the assessment for granular CPY. 

7.1     Modeled Acute Risks from Granular CPY 

 Simulations conducted for granular CPY indicated that, with two exceptions, all 
bird species were at  de minimis  risk, even if they had high sensitivity to granular 
CPY (Table  8 ). The two exceptions were for horned lark in corn/sweet corn and 
tobacco, assuming that horned larks ( E. alpestris ) are highly sensitive to CPY. 
Horned larks forage more in row crops than do any other focal species considered 
in this assessment (SI Appendix 3, Sect. 1.2). In corn/sweet corn and tobacco, 
survival of horned larks was predicted to be >95% (Table  8 ).

7.2        Results of Field Studies for Granular CPY 

 Avian fi eld studies were performed with Lorsban 15G on corn fi elds in Iowa 
(Frey et al.  1994 ). Lorsban 15G was applied at 2.87 kg ha −1  (2.6 lb ai A −1 ) at-planting 
(ground banded), and at 1.07 kg ha −1  (0.975 lb ai A −1 ) during the whorl and tassel 
stages (aerial broadcast). Monitoring of fi eld sites for birds exhibiting signs of 
toxicity was done prior to each application and for 13-d following each application, 
including abundance determinations, carcass search effi ciency evaluations, and 
residue analyses. 

Refi ned Avian Risk Assessment for Chlorpyrifos in the United States
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 Following the at-plant and post-plant applications, there were no differences in avian 
mortality between treated and control fi elds. Remains of birds on granular treated fi elds 
were insuffi cient for residue analysis following application during the tassel stage. 

 In a similar study (Anderson et al.  1998 ), Lorsban 15G was applied in a T-band 
scenario at a rate of 1.34 kg ha −1  (1.2 lb ai A −1 ) during planting of corn crops in 
Iowa. Nest boxes were erected for starlings ( Sturnus vulgaris ) on both the experi-
mental and control sites. Occupancy of nest boxes was not affected by application of 
CPY to the experimental fi eld, nor was reproduction. Analysis of 13-d old nest-
lings showed that there was no difference in AChE activities among birds from 
nest boxes on the two sites. Wild birds were also caught on the two sites and blood 
samples taken to measure activity of AChE in plasma. No signifi cant differences 
between the treated and control sites were detected. Concentrations of CPY mea-
sured in food items for nestlings were generally undetectable, but concentrations as 
great as 10.6 mg ai kg −1  wwt were measured in a few samples. 

 Field studies to determine the potential effects of application of Lorsban 15G to 
corn corroborate the predictions from GranPARAM of very limited mortality of 
birds. Rates of application in fi eld studies (1.09–2.91 kg ha −1  (0.975–2.6 lb ai A −1 )) 
were similar to or exceeded the maximum permitted application rates on the Lorsban 
15G label for corn (i.e., 1.46 kg ha −1  (1.3 lb ai A −1 ) applied T-band or in-furrow, 
1.12 kg ha −1  (1 lb ai A −1 ) applied broadcast), broccoli (2.52 kg ha −1  (2.25 lb ai A −1 ) 
applied T-band), onion (1.12 kg ha −1  (1 lb ai A −1 ) applied in-furrow), sugarbeet 
(1.12 kg ha −1  (1 lb ai A −1 ) applied broadcast), sunfl ower (1.46 kg ha −1  (1.3 lb ai A −1 ) 
applied T-band) and tobacco (2.24 kg ha −1  (2 lb ai A −1 ) applied broadcast with 
incorporation) (Table  3 ). Only peanuts have a higher maximum application rate 
(4.48 kg ha −1  (4 lb ai A −1 ) applied in a band) than the highest application rate used 
in the Frey et al. ( 1994 ) fi eld study. 

 In a study conducted by Worley et al. ( 1994 ), Dursban 2.5G granular CPY was 
applied to plots of turf on golf courses in central Florida to monitor the effects on 
birds. Granular CPY was applied twice at a rate of 4.48 kg ha −1  (4 lb ai A −1 ) with a 
21-d interval. For 13-d following each application, the golf courses were searched 
for casualties. Two dead birds were found following the granular applications, 
which was not statistically different from total bird mortality on control sites.  

7.3     Strengths of the Refi ned Assessment for Granular CPY 

 The refi ned risk assessment for granular CPY built upon the refi ned model originally 
developed by Moore et al. ( 2010c ). The major strengths of this model include:

•    Use of an exposure model that explicitly accounted for factors affecting uptake 
of CPY granules by birds in treated fi elds. These factors included: availability of 
natural grit in the size ranges favored by birds, application technique and rate, 
granule:grit preference factor, spill attraction factor, spill size and concentration, 
and many others. The method used by EPA (USEPA  2004b ) in their screening- level 
avian assessments for granular pesticides (i.e., estimating LD 50 s ft –2 ) does not 
consider these factors in assessing exposure.  
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•   Derivation of species-specifi c dose-response curves for northern bobwhite and 
red-winged blackbird. This approach makes better use of the available toxicity 
data than does use of a benchmark based on the most sensitive response observed 
in birds. In the risk analyses, the dose-response curves enabled a determination 
of the fate of each bird (i.e., dead or alive) in the simulation. The use of the SSD 
approach permitted exploration of risks for untested bird species by assuming a 
range of sensitivities to CPY.     

7.4     Uncertainties in the Refi ned Risk Assessment 
for Granular CPY 

 The refi ned risk assessment of granular CPY to birds contains uncertainties. In this 
assessment, conservative point estimates were used when the available data were inad-
equate to defi ne an input distribution (e.g., daily grit retention). Thus, the assessment 
erred on the side of conservatism (i.e., over-estimating risk). 

 The following sources of uncertainty were identifi ed in the refi ned risk assessment 
for granular CPY (Table  9 ):

•     The refi ned risk assessment considered exposure of birds to granular CPY via inad-
vertent ingestion of grit. Exposure to granular CPY by dermal contact, inhalation or 
consumption of CPY in water, insects, and plant material were not the focus of the 
assessment. CPY from granular formulations is not expected to occur at elevated 
concentrations in the atmosphere, nor is it expected to accumulate or persist in the 
fi eld environment (Solomon et al.  2001 ). Given that granular CPY is formulated on 
clay particles, birds are unlikely to mistake pesticide granules for seeds.  

•   The refi ned risk assessment considered exposure to fi ve focal species. Thus, there 
is a possibility that bird species not considered in this assessment are at risk on or 
near CPY-treated fi elds. The focal species were selected because of their affi nity 
for grit and agricultural areas. This group of species is more likely to be exposed 
to granular CPY than would most other bird species. Furthermore, they span a 
range of sizes and taxonomic groups, and are representative of species of birds 
found in regions where granular CPY is used. Thus, there is little uncertainty 
associated with overlooking bird species at risk.  

•   GranPARAM has a number of sources of uncertainty. Where possible, these 
sources were quantifi ed and incorporated in the exposure analyses (e.g., varia-
tion in availability of natural grit particles, grit counts in bird gizzards). 
Thus, these sources of uncertainty have been explicitly accounted for in the risk 
estimates described here. Other sources of uncertainty, however, could not be 
accounted for in GranPARAM, generally because data were too scarce. Examples 
include: granule:grit preference factor, daily grit retention in bird gizzards, and 
use of the fi eld margin. The general approach for input variables with high uncer-
tainty was to use conservative point estimates. The model evaluation exercise 
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indicated that model predictions reasonably replicated numbers of pesticide 
granules ingested in by birds in fi eld studies, although this dataset is limited. 
Overall, it appears that the GranPARAM performs well, despite uncertainties 
regarding some input variables.      

   Table 9    Sources of uncertainty in avian risk assessment for granular chlorpyrifos   

 Area  Source of uncertainty  Action and infl uence on risk estimates 

 Exposure 
scenarios 

 Not possible to assess all 
scenarios. Potential to miss 
high risk scenarios. 

 Most highly-used crops were assessed at 
maximum application rates. Exposure 
scenarios included upper bound risk 
posed by granular CPY to birds. 

 Routes of 
exposure 

 Focus of assessment was on 
inadvertent ingestion of 
CPY granules for grit by 
birds. There could be other 
important routes of 
exposure. 

 Clay formulation and short half-life of 
granules in treated fi elds suggest that 
potential exposure routes such as 
inhalation, dermal exposure and 
ingestion for food are of minor 
importance. 

 Risk to non-focal 
bird species 

 The refi ned risk assessment 
considered exposure to fi ve 
focal species. Thus, there 
is a possibility that bird 
species not considered in 
this assessment are at risk 
on or near CPY-treated 
fi elds. 

 The focal species were selected because of 
their affi nity for grit and agricultural 
areas. This group of species is more 
likely to be exposed to granular CPY 
than would most other bird species. 
Furthermore, they span a range of sizes and 
taxonomic groups, and are representative 
of bird species found in regions where 
granular CPY is used. Thus, there is a 
low degree of uncertainty associated with 
overlooking bird species at risk. 

 Proportion time 
birds on fi elds 

 See Table  7 .  See Table  7 . 

 Granule:Grit 
preference 
factor (GGPF) 

 Only one study quantifi ed 
GGPF for CPY. 

  GGPF  of 0.078 from study on controlled 
study on house sparrows ( Passer 
domesticus ). The uncertainty arising 
from the limited available information on 
GGPF could lead to under- or over- 
estimation of risk. 

 Other variables in 
GranPARAM 

 Several variables (e.g., spill 
concentration factor, size 
of spills) were diffi cult to 
parameterize because of 
limited data. 

 Sensitivity analyses involving one-at-a-time 
manipulations of uncertain variables 
indicated they had little infl uence on 
predicted CPY exposure within 
parameter ranges that could be reasonably 
expected to occur in CPY-treated fi elds. 
Comparison of model predictions to 
results of fi eld studies also indicated that 
GranPARAM performed well, though the 
database for this comparison was 
limited. 

 Quality and 
quantity of 
toxicity studies 

 See Table  7 .  See Table  7 . 
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8     Summary 

 Refi ned risk assessments for birds exposed to fl owable and granular formulations of 
CPY were conducted for a range of current use patterns in the United States. Overall, 
the collective evidence from the modeling and fi eld study lines of evidence indicate 
that fl owable and granular CPY do not pose signifi cant risks to the bird communities 
foraging in agro-ecosystems in the United States. The available information indi-
cates that avian incidents resulting from the legal, registered uses of CPY have been 
very infrequent since 2002 (see SI Appendix 3). The small number of recent inci-
dents suggests that the current labels for CPY are generally protective of birds. 
However, incident data are uncertain because of the diffi culties associated with fi nding 
dead birds in the fi eld and linking any mortality observed to CPY. 

 Flowable CPY is registered for a variety of crops in the United States including 
alfalfa, brassica vegetables, citrus, corn, cotton, grape, mint, onion, peanut, pome and 
stone fruits, soybean, sugar beet, sunfl ower, sweet potato, tree nuts, and wheat under 
the trade name Lorsban Advanced. The major routes of exposure for birds to fl ow-
able CPY were consumption of treated dietary items and drinking water. The Liquid 
Pesticide Avian Risk Assessment Model (LiquidPARAM) was used to simulate 
avian ingestion of CPY by these routes of exposure. For acute exposure, 
LiquidPARAM estimated the maximum retained dose in each of 20 birds on each of 
1,000 fi elds that were treated with CPY over the 60-d period following initial appli-
cation. The model used a 1-h time step. For species lacking acceptable acute oral 
toxicity data (all focal species except northern bobwhite ( C. virginianus ) and red- 
winged blackbird ( A. phoeniceus )), a species sensitivity distribution (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 pattern 
and exposure scenario. The risk curves show the relationship between exceedence 
probability and percent mortality. The results of the LiquidPARAM modeling exer-
cise indicate that fl owable CPY poses an acute risk to some bird species, particularly 
those species that are highly sensitive and that forage extensively in crops with high 
maximum application rates (e.g., grapefruit, orange). Overall, most bird species 
would not experience signifi cant mortality as a result of exposure to fl owable CPY. 
The results of a number of fi eld studies conducted at application rates comparable to 
those on the Lorsban Advanced label indicate that fl owable CPY rarely causes 
avian mortality. The results of the fi eld studies suggest that LiquidPARAM is likely 
over-estimating acute risk to birds for fl owable CPY. 

 For chronic exposure, LiquidPARAM estimated the maximum total daily 
intake (TDI) over a user-specifi ed exposure duration (28-d in the case of CPY). 
The maximum average TDI was compared to the chronic NOEL and LOEL from 
the most sensitive species tested for CPY, the mallard. This comparison was 
done for each of the 20 birds in each of the 1000 fi elds simulated in LiquidPARAM. 
The outputs are estimates of the probabilities of exceeding the NOEL and LOEL. 
LiquidPARAM did not predict signifi cant adverse effects resulting from chronic 
exposure to fl owable CPY. The small number of incidents (2) involving CPY 
reported since 2002 suggests that the current labels for CPY are generally protective 
of birds. 
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 Granular CPY is registered for a wide variety of crops including brassica 
vegetables, corn, onion, peanut, sugar beet, sunfl ower, and tobacco under the trade 
name Lorsban 15G. Consumption of grit is required by many birds to aid in diges-
tion of hard dietary items such as seeds and insects. Because CPY granules are in 
the same size range as natural grit particles consumed by birds, there is a potential 
for birds to mistakenly ingest granular CPY instead of natural grit. We developed 
the Granular Pesticide Avian Risk Model (GranPARAM) to simulate grit ingestion 
behavior by birds. The model accounts for proportion of time that birds forage for 
grit in treated fi elds, relative proportions of natural grit versus pesticide granules on 
the surface of treated fi elds, rates of ingestion of grit, attractiveness of pesticide 
granules relative to natural grit and so on. For CPY, each model simulation included 
20 birds on each of 1,000 fi elds to capture variability in rates of ingestion of grit and 
foraging behavior between birds within a focal species, and variability in soil com-
position between fi elds for the selected use pattern. The estimated dose for each bird 
was compared with randomly chosen doses from relevant dose-response curves for 
CPY. Our analysis for a wide variety of use patterns on the Lorsban 15G label found 
that granular CPY poses little risk of causing mortality to bird species that frequent 
treated fi elds immediately after application. The predictions of the model have been 
confi rmed in several avian fi eld studies conducted with Lorsban 15G at application 
rates similar to or exceeding maximum application rates on the Lorsban 15G label.     
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1  �Introduction

Pollinators are crucial species of almost all natural and artificial terrestrial ecosys-
tems (Garibaldi et al. 2013; NAS 2007). While most of the world’s food supply, 
including important crops such as cereals, are mainly wind pollinated, more than 
three-quarters of angiosperms rely on animals for pollination and approximately 
75% of the leading global fruit-, vegetable-, and seed-crops depend at least partially 
on animal pollination (Klein et al. 2007). Most animal pollination is done by insects, 
particularly bees. In the United States (U.S.) and Canada, the production of crops 
that require or benefit from pollination by insects is large. It is estimated that the 
pollination services of the European honey bee, Apis mellifera L. (Apidae), are 
worth over $15 billion annually to U.S. agriculture, and the value of non-Apis pol-
linators to production of crops is estimated to be over $11 billion (Calderone 2012; 
Morse and Calderone 2000). In addition to helping ensure a diverse supply of food 
for humans, pollination plays a critical role in providing the basis for essential eco-
system productivity and services (Kevan et al. 1990; Kevan 1999).
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There is concern about potential adverse effects of pesticides on pollinators (EFSA 
2012; NAS 2007). Chlorpyrifos (CPY; CAS No. 2921-88-2) is an organophosphorus 
insecticide and acaricide that is widely used in agriculture and horticulture in the U.S. 
and other countries to control a wide variety of foliage- and soil-borne insect pests on 
a variety of food and feed crops (Solomon et al. 2014). Many of the agro-ecosystems 
where CPY is used contain populations of managed and wild pollinators. In some of 
these, such as almonds, citrus fruits, and cranberries, pollinators play a critical role in 
the production of the crop being protected with sprays of CPY. Other crops, such as 
soybean and corn, which are treated with CPY, do not directly rely on pollinators for 
production because they are mainly pollinated by wind, but can nonetheless serve as 
a source of forage for multiple species of pollinators during parts of the season. In 
addition to food (pollen and/or nectar), pollinators might also obtain nesting materi-
als and occupy nesting sites in habitats exposed to CPY.

In this study, the risk posed by use of CPY to insects that serve as pollinators was 
assessed. Patterns of use of CPY that are currently registered in the U.S. and Canada 
were the main focus (Solomon et al. 2014), but tests with formulations used in other 
countries were considered when relevant data from the U.S. were lacking. Because 
microencapsulated formulations are not used in the U.S., they were excluded from 
the assessment. Bees were the focal taxa but other groups of insects were also con-
sidered when data were relevant and available, particularly where they are used as 
surrogate species in regulatory risk assessments. Non-insect pollinators were not 
considered. Most studies and scenarios explored for the risk assessment were con-
cerned with agricultural systems, but patterns of use of CPY in horticulture and 
landscaping, such as turf were considered.

2  �Problem Formulation

The central question considered in the problem formulation was: Is there sufficient 
exposure of pollinators to CPY and/or its degradate, chlorpyrifos oxon (CPYO), to 
present a risk of widespread and repeated mortality or biological impairment to 
individuals or populations of pollinators? This question forms the basis for the 
detailed development of the risk assessment in the following sections.

2.1  �Use Patterns of Chlorpyrifos: Pollinator Considerations

The uses and properties of CPY are discussed in detail in a companion paper 
(Solomon et al. 2014). Chlorpyrifos is used to control a wide variety of economically 
important insect pests in a large number of agricultural and specialty application 
scenarios throughout the U.S. Several granular and sprayable formulations of CPY 
are currently marketed in the U.S. and Canada, including Lorsban Advanced® and 
Lorsban® 15G for agriculture, and Dursban® 50 W for horticultural uses on trees, 
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turf, and ornamental plants. Chlorpyrifos can be applied on foliage, tree bark or soil 
as a pre- or post-emergent spray in water to control insects or mites. It may also be 
applied to soil as a spray or as granules to control soil-dwelling insect pests. Maximum 
single application rates range from 1.12 to 4.5 kg CPY ha−1 for granular products and 
0.53–6.27 kg CPY ha−1 for spray application. Multiple applications of the granular or 
flowable formulations are allowed on many crops. There are many crops that receive 
treatment around planting time, post-harvest or during dormancy. For crops such as 
apple, applications of CPY are delayed until after bloom, and as noted previously, no 
application is permitted when bees are actively foraging (Solomon et al. 2014).

Chlorpyrifos is widely used on corn, soybeans and wheat in the corn belt that 
extends from Quebec through the Midwestern U.S. to Manitoba. In the Great Plains 
regions of North America the main uses are on alfalfa and sunflower. In California, 
Florida, and Georgia, CPY is used on vegetables, citrus, and tree nuts (Gomez 2009). 
Other crops treated with CPY include cotton, cranberries, sorghum, strawberries, 
peanuts and wheat. Some of these crops are highly or partially dependent upon 
pollinators, or are utilized as forage or nesting material for pollinators (e.g., alfalfa 
leaf cutting bees). The importance of pollinators in production of tree fruit is well 
recognized (NAS 2007). For example, it is estimated that over 60% of honey bee 
colonies in the U.S. are used each year for pollination of almonds (Carman 2011). 
Cotton and soybeans are not critically dependent on pollinators, but bees will forage 
readily on the flowers of these crops (Berger et al. 1988; Rhodes 2002) and on extra-
floral nectaries of cotton (Willmer 2011).

2.2  �Scope of the Assessment

The potential for exposure of pollinators to CPY is recognized. Since the primary 
insect pollinators are bees (superfamily Apoidea), labels for CPY products include 
warnings not to apply the product or allow it to drift to flowering crops or weeds if 
bees are visiting the treated area, and advise users to inform local beekeepers prior 
to application if hives are in or adjacent to fields to be treated. Labels describing 
restrictions on use and best application practices also include instructions to mini-
mize spray drift to reduce harmful effects on bees in habitats close to the application 
site (Solomon et  al. 2014). For this reason, adverse effects due to negligence or 
actions contrary to precautions specified on the label were not included in this 
assessment. It is assumed that applications are made by trained applicators and that 
all instructions on the label are followed. This assessment focused on incidental 
exposure during applications to crops listed on the current labels under conditions 
specified by the labels. A search for documented incidents of harm to commercial 
beehives from CPY was also conducted through the USEPA and the Health Canada 
Pest Management Regulatory Agency (PMRA).

Because bees are considered the dominant animal pollinators and are prominent 
in agricultural landscapes (NAS 2007), toxicity data used in the risk assessment 
focused mainly on bees. There are more than 17,000 species of bees worldwide 
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(Michener 2007) and it was not possible to obtain data for all species. Searches of 
databases incorporated ‘chlorpyrifos’ with the words such as ‘pollinator’, ‘bee’, 
‘Apis’, ‘Bombus’, ‘Megachile’, and ‘Osmia’. The later four are major bee genera 
that exist in the wild and are managed by humans in agricultural settings, and thus 
are most likely to have associated data on toxicity of CPY to bees. Family names of 
major bee families, such as ‘Apidae’, ‘Megachilidae’, Andrenidae’, ‘Halictidae’, 
and ‘Colletidae’ were used. Other potentially important pollinators include the dip-
teran families Bombyliidae (bee flies) and Syrphidae (hover flies), but no reports 
examining effects of CPY on these taxa were found. Other insect taxa can pollinate, 
but generally do so adventitiously, less frequently, and are generally not considered 
important pollinators of crops in the U.S. to which CPY is applied. For estimates of 
exposure, data from semi-field or field experiments with leaf-dwelling species was 
considered a potential source from which to develop point estimates of contact 
exposure for foliar-applied products (Fischer and Moriarty 2011), since these spe-
cies may be considered surrogates for bees. Because data on toxicity of CPY to 
non-Apis pollinators were rare, studies were considered that assessed effects of 
CPY on certain other arthropod taxa that have also been shown to be suitable sur-
rogate species for non-Apis bees (Candolfi et al. 2001; Miles and Alix 2012).

Data were collected from sources listing ‘chlorpyrifos’ or ‘chlorpyrifos-ethyl’ as 
the active substance; both are common names of O,O-diethyl O-3,5,6-trichloropyridin-
2-yl phosphorothioate. The insecticidal degradate chlorpyrifos-oxon (CPYO) was 
also considered. Exposure and effects data for ‘chlorpyrifos-methyl’ (O,O-dimethyl 
O-3,5,6-trichloro-2-pyridinyl phosphorothioate)—a different compound—were not 
included in the risk assessment. The assessment of risk was primarily focused on 
evaluating potential impacts of typical CPY formulations currently registered for 
crop production in North America on bee pollinators.

2.3  �Conceptual Model

Adverse effects on ecosystems result from the interaction of a stressor, in this case 
CPY and its degradation products, with receptors of concern, such as individual 
pollinators, hives, nests, or populations. The degradation product of concern for 
CPY is CPYO, which is also the activated biologically-active product of CPY 
(Solomon et al. 2014). Other degradates of CPY are of minimal risk to pollinators. 
A conceptual model can be constructed to illustrate potential routes of exposure 
during agricultural use, and the taxa and life stages potentially affected (Fig. 1). The 
conceptual model shows the scope of the risk assessment, guides its development, 
and illustrates the relationships among the potential exposure pathways. Previous 
conceptual models for assessments of effects of agricultural chemicals on pollina-
tors have noted the need to quantify exposure within and outside the treated area and 
to consider the behavioral and biological traits of pollinators (Barmaz et al. 2010).

The conceptual model was developed for foliar spray or granular soil-applied 
treatments of CPY. For pollinators, exposure is primary if it is to the initial exposed 
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individual (e.g., a foraging worker), or secondary if other adults or offspring in a 
hive or nest are subsequently exposed. Potential exposures through various com-
partments of air, water, soil, and vegetation are complex and interconnected. The 
pathway of exposure via water was divided into precipitation, surface water, rain 
and dew on leaves, and guttation. The vegetation component was comprised of foli-
age, pollen, honeydew, and nectar. 

Although other pollinators were considered to the extent possible based on avail-
able literature, honey bees were the main focus of this risk assessment. Honey bees 
are the major pollinators of crops in North America, and are the subject of well-
developed standardized methods for evaluating exposure and effects as compared to 
non-Apis bees. They are considered a useful surrogate for other pollinators, particu-
larly in regulatory risk assessment. Because they forage on a wide variety of plant 
hosts, have a tendency to focus on specific pollen or nectar sources for extended 
periods, and have a greater foraging range compared with other pollinators, expo-
sures of honey bees are widely used as a worst-case exposure scenario among pol-
linators (Porrini et al. 2003).

Non-Apis bee pollinators can be exposed to CPY in ways that are different from 
those for honey bees (Fig. 1). Most non-Apis bees are solitary nesters and use soil 
and/or vegetation in the construction of nests (e.g., Megachile, Osmia), or nest in 
soil (e.g., Andrenidae, Halictidae) (Michener 2007). The significance of these alter-
native routes of exposure should be taken into consideration when comparing the 
potential for exposure. Since most pollinators are not predators, the route of expo-
sure via prey is considered incomplete (Fig. 1). Predators such as wasps (Vespa sp.) 
were excluded from the risk assessment. They are not major pollinators, fit better 
into a conceptual model for higher trophic levels, and would be protected if the 
major pollinators are not at risk.

The major potential routes of exposure are shown in the conceptual model in 
Fig. 1. The thickness of the arrows in the model approximates the relative impor-
tance of each pathway. The conceptual model shows the pathways for distribution 
of applied material during and after application into the environmental compart-
ments that may lead to exposure of pollinators to CPY. Degradation and dissipation 
occur in all compartments and there can be some redistribution of material between 
compartments.

Primary routes of exposure. As mentioned above, labels for sprayable products con-
taining CPY caution against application on blooming crops or drift onto weeds or 
surface water when bees are actively foraging. By eliminating direct contact with 
airborne spray droplets or contact with spray liquid on surfaces before it dries, these 
restrictions represent a major reduction in potential for primary exposure of pollina-
tors, both in the treated area and in the downwind areas where spray drift might 
occur. Exposure to CPY vapor is insignificant due to the low vapor pressure 
(Solomon et al. 2014), and CPY has no appreciable vapor action. The pathways for 
direct exposure of pollinators to airborne spray droplets or vapor are therefore 
shown as minor pathways in Fig. 1.

For granular CPY products, there should be little or no exposure via drift of dust, 
or deposition on foliage, pollen, or other surfaces. Chlorpyrifos is non-systemic and 
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is not used as a seed treatment, so there is no contribution from seed dust during 
planting and there is no translocation and guttation. Volatilization of foliar residues 
constitutes the most significant source of airborne contamination. However, residues 
of CPY in air are not persistent, and maximum concentrations found in air monitor-
ing studies were less than 250 ng m−3 (Mackay et al. 2014), which, when compared 
to the toxic dose in bees of about 80 ng bee−1 suggests that risks from exposure of 
this type would be de minimis.

Thus, the main route of direct exposure for pollinators is the uptake of CPY from 
plant surfaces after application. Residues of CPY applied as a spray on vegetation 
are mostly on foliage, which includes any non-crop flowers open during application. 
For example, white clover in turf or in groundcover under an orchard or areas adja-
cent to a treated field is very attractive to pollinators and can be in bloom during 
foliar application (Barmaz et  al. 2010). Pollen in flowers that were open during 
application remains available for collection by pollinators for some time after treat-
ment, but concentrations of pesticides in pollen and on plant surfaces will decline 
and become less bioavailable with time, particularly after sprays have dried. Nectar 
and honeydew were grouped into a sub-compartment of vegetation. Direct oral tox-
icity due to exposure via nectar and honeydew are incomplete or minimal because 
CPY is not systemic and is not taken up via roots and translocated upward through 
the plant (Racke 1993). Relatively smaller amounts of CPY would be expected in 
honey for the following reasons:

•	 Nectar is more protected than pollen from exposure to spray droplets by the 
anatomy of flowers (Willmer 2011).

•	 Nectar, water, and honeydew are carried internally in the “honey stomach” by 
bees (Gary 1975; Snodgrass 1975), where residues of pesticides are more likely 
to be absorbed and metabolized, reducing the amount transferred to the hive. 
Residues of CPY have been shown to decrease 3-fold when pollen is processed 
into bee bread (DeGrandi-Hoffman et al. 2013).

•	 CPY present in nectar would be exposed to water, which would favor hydrolysis 
and detoxification pathways over oxidation, and formation of CPYO (Solomon 
et al. 2014).

•	 Forager bees are initially most exposed to residues in nectar since it is ingested 
and those individuals could be impaired or killed by greater concentrations 
before returning to a hive. This potential for toxic effects before returning to a 
hive would be exacerbated by relatively greater loads of nectar (40–90 mg bee−1) 
compared to pollen (12–29 mg bee−1) per foraging trip (Gary 1975).

•	 Residues in honey in the hive are likely the result of transfer of residues from a 
sublethal body burden of CPY in the adult bees from other sources, such as pol-
len, nectar and water.

Honey bees actively forage for water to regulate temperature of the hive through 
evaporative cooling, to prepare larval brood food, and for their own metabolism 
(Gary 1975; Winston 1987). Exposure of pollinators from large CPY contaminated 
bodies of water is probably insignificant since bees do not collect water from large 
areas of open water. The main water sources for bees are wet foliage, dew, and 
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surface water from wet soil and ephemeral pools, which are accessible to bees and 
can be contaminated with pesticides through rain, runoff, or from soil surfaces. CPY 
on vegetation and in air can contribute to residues in rainwater and dew on plant 
surfaces that can be directly toxic, or can be returned to the hive/nest by foragers 
collecting water as part of the sublethal body burden (Gary 1975). If CPY is present 
in air, it can appear briefly in rainwater before hydrolysis occurs (Tunink 2010) or 
the water dries. The release of residues from surfaces of leaves following rain after 
a spray has dried should be limited due to the high affinity of CPY for nonpolar 
media (Solomon et al. 2014). No information on collection of water by non-Apis 
pollinators or where they obtain it was found, but scenarios for exposure of honey 
bees from water should be protective of non-Apis taxa, because they provide water 
for the hive and carry larger amounts.

Foliage and flower parts other than pollen represent a potential source of contact 
exposure for foraging pollinators. Leaf cutting bees (Megachilidae) may be particu-
larly affected by dried residues of CPY on foliage since they cut and collect leaf 
discs for construction of their nest cells. Plant resin, e.g. from poplar buds, was 
included in the foliage compartment since honey bees collect small amounts of this 
material in making propolis. These materials could contain residues from off target 
drift, but propolis was considered to represent an insignificant exposure route to 
honey bee foragers (Fig. 1).

Soil and soil-water represent a potential pathway of exposure to CPY for pollina-
tors that are ground nesters, or use soil in building nest cells, such as mason bees. 
These exposures can be from sprayable formulations or granular CPY that dissolves 
into soil-water.

Secondary routes of exposure. With social pollinating insects, such as honey bees 
and bumble bees, secondary exposure to pesticides can occur in other adults or 
offspring if the pesticide is brought back to the hive or nest and deposited in food 
or other materials, or transferred to other individuals (Fig. 1). Solitary bees such as 
alfalfa leafcutting bees or mason bees would not transfer residues to other adults, 
but larvae could be exposed orally to residues in food provisions; both larvae and 
eggs could potentially be exposed by contact with nesting materials that were con-
taminated in the field. Residues can also be excreted by honey bees in wax, which 
is produced metabolically and secreted by bees for construction of honeycomb. 
Residues in wax could originate from the sublethal body burden of CPY in bees as 
they produce the wax, by partitioning of CPY from contaminated pollen or nectar, 
and possibly by partitioning of CPY vapor from the air in the hive. As noted, CPY 
is not persistent in air and the maximum concentration of CPY in air is expected 
to be less than 250 ng m−3. Thus transfer of CPY from air into wax in the hive is 
likely an insignificant pathway (Fig. 1). The potential for exposure via transfer of 
CPY from wax is low because wax is not consumed as food and because CPY is 
strongly lipophilic, with a Log KOW of 5.0 (Mackay et al. 2014). This predicts that 
partitioning from wax into eggs, larvae, royal jelly, honey, or stored pollen is unfa-
vorable. Wax is more likely a sink for CPY residues in the hive than a potential 
pathway for exposure.
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The main pathway for secondary exposure is transfer of residues in pollen or 
nectar into the hive or nest. With CPY, the amount of pesticide in pollen or nectar is 
limited to what was present on these materials in the treated area of the crop during 
application, since CPY is non-systemic and is not redistributed within the plant. 
Some plant species have flowers that provide pollen or nectar for several days after 
opening and these would present the highest potential for oral exposure. Secondary 
oral exposure from pollen is not limited to sublethal doses since foragers carry 
pollen externally and have the potential to bring back to the nest pollen containing 
lethal pesticide concentrations without being impaired. This is not likely with prop-
olis, nectar, or water, which are carried internally. Direct transfer of residues from 
propolis to larvae is highly unlikely, but some hive adults can subsequently be 
exposed when manipulating propolis in the hive.

Potential exposure to contaminated food in the hive depends on the type and 
amount of food consumed by the various life stages and castes of bees. While pollen 
likely represents the highest risk of oral exposure, there is a decline in concentration 
as pollen is processed and used as food in the hive (DeGrandi-Hoffman et al. 2013). 
Exposure via royal jelly is expected to be minimal because of the large KOW of CPY 
(Mackay et al. 2014). In field-cage enclosed colonies fed almond pollen, collected 
from foraging bees in an orchard, the mean concentrations of CPY in bee bread and 
nurse bees were 32 and 8.3% of that found in the pollen, respectively, and no resi-
dues were detected in royal jelly or developing queen bees (DeGrandi-Hoffman 
et al. 2013). The results in this study show a reduction of at least 1,000-fold between 
concentrations of CPY in pollen and those in royal jelly and queen larvae. This 
shows isolation of the queen and larvae from exposure to CPY resulting from the 
social behavior of the colony, offers significant protection against potential toxicity 
of CPY.

As mentioned, amounts of CPY in nectar returned to a hive are expected to be 
less than in pollen since nectaries are less exposed than anthers (Willmer 2011), but 
this is still a pathway for secondary exposure. Nectar is dehydrated and digested by 
honey bees to make honey, which is the main source of carbohydrate for the hive. 
Mature honey in honey comb is capped with wax for later use, alone or mixed with 
stored pollen to make “bee bread”, which is the major protein source for the colony 
(Winston 1987). Nectar can be consumed directly and is transferred between adult 
worker bees as food and when communicating forage sources (Butler 1975; Gary 
1975). Potential secondary contact exposure of eggs and oral- and contact-exposure 
of larvae during the first 3 d of development is limited to residues released into royal 
jelly by nurse bees or transfer of material from beeswax. As noted above, this route 
is minimal for CPY. Older larvae can receive nectar, but only small amounts of pol-
len, and no food is offered to pupae. Larval queen bees are fed royal jelly continu-
ally and food is left in the capped cell for consumption during the pupal stage 
(Butler 1975; Dietz 1975). Even after emergence as an adult, the queen depends on 
nurse bees for food and water. This increases the isolation of the queen from expo-
sure to toxicants in the nectar and pollen and exposure via royal jelly is considered 
to be less than for other food sources in the hive (USEPA 2012). Overall, in honey 
bees, greater amounts of pollen are consumed by nurse bees and, to a lesser extent, 
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by larvae. Larger amounts of nectar or honey are consumed by wax-producing bees, 
brood-attending bees, “winter” bees, and foragers, with foragers consuming relatively 
large amounts (Rortais et al. 2005 and references therein).

For honeybees, the potential for exposure to CPY can be greater during produc-
tion of bee bread by worker bees than in other activities in the colony. To make bee 
bread, workers break newly collected pollen balls deposited by foragers, mix the 
pollen with saliva and honey, and pack it into cells with their mandibles and tongue 
(Dietz 1975). It is possible that the appearance of dead bees in front of a hive fol-
lowing accidental overexposure to pesticides could be the result of these bees being 
exposed to a greater dose than the forager bees (Atkins 1975).

2.4  �Endpoints

Assessment endpoints are explicit measures of the actual environmental value or 
entity to be protected (USEPA 1998). They are important because they provide 
direction and boundaries in the risk assessment for addressing protection goals and 
risk management issues of concern. Assessment endpoints were selected a priori 
based on likely pathways of pollinator exposure, patterns of use of CPY, and toxic-
ity, as well as their ecological, economic, and societal value. For honey bees, rel-
evant assessment endpoints are colony strength (population size and demographics) 
and survival of the colony (persistence), both of which have ecological relevance, 
are known to be affected by pesticide use, and are directly relevant to the stated 
management goals (Fischer and Moriarty 2011; USEPA 2012). Productivity of hive 
products such as honey was also considered as an assessment endpoint and is 
reflected in hive strength. For wild pollinators, species richness and abundance 
were considered to be the principle assessment endpoints. In contrast to honey bees, 
where the loss of a single forager has little impact on a colony as a reproductive 
unit, the loss of an individual bee of a solitary species represents the loss of a 
reproductive unit.

Measures of effects are specific parameters that are quantified as indicators of 
potential effects of stress that are linked to assessment endpoints (USEPA 1998). 
These measures are obtained from multiple levels of investigations, including labo-
ratory dosing studies, modeling exercises, controlled field application studies, and 
incidents documented in the field. This approach covered all combinations of tox-
icity and exposure. In the laboratory, effects of pesticides on bees are mainly mea-
sured through survivorship after 24–96 h following acute topical or oral exposure, 
which is usually expressed as a LD50 (dose that kills 50% of the test organisms) or 
LC50 (the exposure concentration that kills 50% of test organisms). Acute exposures 
are particularly relevant for this risk assessment on pollinators since CPY exerts its 
toxic effects rapidly and has a relatively short half-life on vegetation (<1 wk) and 
soil surfaces (≈1 wk) (Mackay et al. 2014; Racke 1993; Solomon et al. 2001).

Chronic and sublethal tests can be conducted in the laboratory but there are no 
formal guidelines for conducting and interpreting these toxicity tests with pollinators 
(Desneux et  al. 2007; Fischer and Moriarty 2011; USEPA 2012), and consistent 
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linkages to assessment endpoints are lacking (Alix and Lewis 2010; Fischer and 
Moriarty 2011). Given the limited number of such studies that were found and the 
high degree of variability in methods among these studies, chronic laboratory 
studies were not used in this risk assessment. Since the focus of this risk assessment 
was on endpoints and assessment measures related to survival, development, repro-
duction, and colony strength, studies that examined effects of CPY on pollinators 
using endpoints such as oxidative stress (Shafiq ur 2009) and localized cell death 
(Gregoric and Ellis 2011) were not included.

Available higher-tier semi-field and field-tests provide data on mortality, foraging 
behavior, brood development, and overall vigor. These should receive greater weight 
than the results of sublethal testing because the net effect of multiple stressors and 
modes of action are integrated into these higher-tier tests (Thompson and Maus 2007). 
Semi-field and field tests were an important line of evidence in this risk assessment.

The analysis conducted here consisted of four parts recommended by the USEPA 
Risk Assessment Framework (Fischer and Moriarty 2011; USEPA 1998, 2012): (1) 
characterization of the stressor; (2) characterization of potential exposures by 
various pathways; (3) characterization of effects in pollinator or surrogate species; 
and (4) risk characterization.

2.5  �Sources of Information

Data on exposure and toxicity were mainly obtained from reports in the peer-
reviewed literature, the USEPA ECOTOX database (http://cfpub.epa.gov/ecotox/
quick_query.htm), and internal reports obtained from Dow AgroSciences. Peer-
reviewed articles were searched mainly through the ISI Web of Knowledge and 
SciVerse Scopus databases. Incident reports for the years 1990 to present were 
obtained from the Environmental Fate and Effects Division, USEPA Office of 
Pesticide Programs (USEPA 2013). Additional incident reports were obtained from 
the Health Canada PMRA.

2.6  �Risk Assessment Approach

The risk characterization scheme applied was that used by the USEPA Office of 
Chemical Safety and Pollution Prevention for assessing risks of foliar sprayed 
pesticides to pollinators (USEPA 2012). The process is iterative, relying on multiple 
lines of evidence to refine and characterize risk. The scheme incorporates Tier-1 
(worst case) screening-level assessments that calculate risk quotients (RQ) based on 
ratios of estimated exposure by contact exposure and oral uptake of CPY-
contaminated nectar and pollen, and effects determined by corresponding toxicity 
tests. Strictly speaking, a RQ should refer to a value calculated on the basis of prob-
abilities. European terminology favors “hazard quotient” (HQ) to represent this as a 
deterministic ratio. The OCSPP convention RQ was used in this document.
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If the RQ exceeded the level of concern (LOC of 0.4 for acute tests), higher-tier 
assessments were needed to obtain a more realistic measure of the risk of CPY to 
pollinators. The Tier-2 process involved more elaborate semi-field or field studies 
with whole colonies, quantification of residues in pollen and nectar, and modeling. 
Risks of exposure to CPY through water on wet soil, such as puddles, and wet foli-
age from rain and dew was assessed by use of simulation models. Tier-3 tests stud-
ies were used to resolve important uncertainties identified in Tier-1 and Tier-2 
assessments. Incident reports were also considered in the Tier-3 assessment.

Honey bees have long been included in regulatory test requirements as a surro-
gate for pollinators as well as for terrestrial invertebrates in general (USEPA 1988), 
and most data on CPY in this risk assessment relate to honey bees. In studies on 21 
species of non-Apis bees, LD50 values for several species are within an order of 
magnitude of that of the honey bee (Fischer and Moriarty 2011), suggesting A. mel-
lifera can be a good surrogate species for other bees (Porrini et al. 2003). Toxicity 
data for CPY in non-Apis pollinators were used when available.

In addition, certain non-target arthropods (NTA) such as Aphidius spp. 
(Hymenoptera: Braconidae), Typhlodromus spp. (Mesostigmata: Phytoseiidae), and 
Aleochara bilineata (Coleoptera: Staphylinidae) can be useful in assessing risks to 
non-Apis pollinators (Miles and Alix 2012). Therefore, an attempt was made to find 
useful toxicity data for CPY with these non-target arthropods and their usefulness 
as surrogates for non-Apis bees was evaluated.

3  �Characterization of Exposures

3.1  �General Physical and Chemical Properties and Fate

The chemical, physical, and environmental profile of CPY (Giesy et al. 1999; Racke 
1993; Solomon et al. 2001, 2014), and its environmental fate on plants, in water and 
in soil (Mackay et al. 2014; Racke 1993; Solomon et al. 2001), have been well-
described by others and is not repeated here.

3.2  �General Fate in Insects

The metabolism of CPY in animals consists of transformation and conjugation 
processes. When not exposed to lethally toxic doses, CPY is readily metabolized 
and eliminated by most insects (Racke 1993). Activation to CPYO, which is the 
toxic form of CPY, and deactivation to form trichloropyridinol (TCP) occur simul-
taneously. Conjugation of the intermediates is a precursor to excretion (Racke 
1993). In cockroaches (Leucophaea maderea), imported fire ants (Solenopsis 
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richteri), and European corn borer (Ostrinia nubilalis) larvae, 5.5, 25, and 30.7% 
of CPY was excreted, respectively (Chambers et al. 1983; Tetreault 1985; Wass and 
Branson 1970).

3.3  �Tier-1 Characterizations of Exposure

Estimates of contact exposure during spray application. CPY is applied as an insec-
ticide and mitigation measures are required to protect pollinators. Such measures 
are described on product labels. Bee-kill incidents in the U.S. involving direct expo-
sure to CPY are rare (see section on Incident Reports below), indicating that the 
effectiveness and level of compliance with these measures are high. Therefore, the 
direct contact route of exposure was not considered in the higher tier refinements of 
the risk assessment.

Estimates of dietary exposure. The USEPA has proposed that doses of pesticide 
received by bees via food can be calculated from rates of consumption of nectar and 
pollen estimated for larval and adult worker bees (USEPA 2012). Because toxicity 
data are expressed as doses (μg CPY bee−1), it is necessary to convert estimated 
concentrations of CPY in food (mg CPY kg−1) into doses. For honey bee larvae, the 
proposed total food consumption rate is 120 mg d−1. For adult workers, a median 
food consumption rate of 292 mg d−1 is proposed, based on nectar consumption 
rates of nectar-foraging bees, which are expected to receive the greatest dietary 
exposures among different types of worker bees (USEPA 2012). These values are 
conservative estimates of dietary consumption and are expected to be protective of 
drones and queens as well. These methods are additionally conservative in that they 
assume that the pesticides do not degrade in the hive. The USEPA recommends that 
this Tier-1 exposure assessment covers both honey bees and other non-Apis bees 
(USEPA 2012).

Estimates of pesticide levels in nectar and pollen calculated by the T-REX model 
have been proposed (USEPA 2012). Based on upper-bound residue values for tall 
grass, 110 mg CPY kg−1 nectar for an application rate of 1.12 kg CPY ha−1 is pro-
posed as a conservative (high-end) estimate of dose received by bees consuming 
nectar. An identical screening value of 110 mg CPY kg−1 pollen for an application 
rate of 1.12 kg CPY ha−1 is proposed for pollen. These values assume that concen-
trations are distributed uniformly in the plant tissues. They are converted to an esti-
mated dietary dose that is based on larval and adult worker bees consuming 
aforementioned rates of pollen and nectar (120 and 292  mg d−1, respectively). 
Therefore, the proposed dietary exposure values for larvae and adults are 12 μg 
CPY bee−1 kg CPY ha−1, and 29 μg CPY bee−1 kg CPY ha−1, respectively (USEPA 
2012). Using these high-end proposed dietary exposure rates with maximum (1.05–
6.31  kg CPY ha−1) and minimum (0.26–2.10  kg CPY ha−1) application rates for 
Lorsban 4E and Lorsban Advanced, gives estimated CPY dietary exposure esti-
mates ranging from 3 to 183 μg CPY bee−1, depending on application rate and life 
stage (Table 1).
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Estimates of post-application residual contact exposure. Post-application contact 
exposure for bees is mainly from exposure to residues on the surface of flowers that 
were open during application and remain attractive to bees after application, since 
they are attracted to flowers and do not typically land on leaves or other plant sur-
faces (Willmer 2011) (Fig. 1). An estimate of the concentration of CPY on the sur-
faces of plants in units of mass per unit area (e.g., μg cm2) is required for comparison 
to the measured endpoint from standard contact toxicity tests. The USEPA guideline 
does not provide a Tier-1 estimate for this scenario (USEPA 2012). The Kenaga 
nomogram, as revised by Fletcher et al. (1994), was developed to provide an estimate 
of exposure on vegetation after application of a pesticide. However, the estimate is 
in mg AI kg−1 fresh weight, making it unsuitable for estimates of post-application 
contact exposure.

3.4  �Tier-2 Characterization of Exposure

Estimates of dietary exposure from field data. Applications of CPY outside the flow-
ering period would not be expected to result in exposure of bees through nectar and 
pollen, but some flowers, including those on weeds that were open during spray 
application, may remain available to foraging pollinators after application, leading 
to both contact and dietary exposure of adult foragers.

No data on concentrations of CPY in pollen and nectar manually collected in the 
field were found. However, several studies screened pollen or honey collected from 
honey bee hives for pesticides, including CPY. A broad survey of concentrations of 
pesticide in samples collected from honey bee hives across 23 states in the U.S., one 
Canadian province, and several agricultural cropping systems during the 2007–2008 
growing season was conducted by Mullin et al. (2010). The survey included both 
migratory hives moved to multiple crops for pollination and non-migratory hives. 
Of the 118 pesticides and metabolites surveyed, CPY was the most frequently found 
insecticide other than those used in the hive as acaricides for mite control, and the 
third-most detected compound in trapped pollen or beebread samples (153 of 350 
samples). The mean concentration was 53.3 ± 10.6 (SEM) μg kg−1 in those samples 
that had positive detects (Table 2). Median and 95th centile CPY pollen concentra-
tions reported by Mullin et  al. (2010) were based on calculations that included 
non-detections.

Table 1  Tier-1 estimates of chlorpyrifos (CPY) dietary exposure in honey bees (aggregate nectar 
and/or honey and pollen consumption) during foliar applications of Lorsban 4E or Lorsban 
Advanced at minimum and maximum application rates based on T-REX estimates of concentrations 
in pollen and nectar

Life stage Minimum dose (μg CPY bee−1) Maximum dose (μg CPY bee−1)

Adult 7.5–61 30.5–183
Larvae 3.1–25 12.6–75
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The mean concentration of CPY in almond pollen, collected from pollen traps on 
honey bee hives in an orchard in California that had been treated 2 wk earlier with 
Lorsban Advanced at 0.85 kg AI ha−1 (0.5 U.S. gal A−1) as a mixture with crop oil, 
was 955 μg CPY kg−1 wet weight (wwt) (DeGrandi-Hoffman et al. 2013). In con-
trast to the analyses conducted by Mullin et al. (2010), the QuEChERS multiresidue 
analytical method used by DeGrandi-Hoffman et al. (2013) used external calibra-
tion standards, which could not account for matrix effects. This method can give 
results with large “peak enhancement” errors that may exceed 20% (Kwon et al. 
2012). As a result, the concentrations reported can be considered as upper limit 
values but should be interpreted with caution. This value is 15% greater than the 
maximum concentration of CPY of 830 μg kg−1 and 3.7-fold greater than the 95th 
centile of 227 μg kg−1 (wwt) reported by Mullin et al. (2010). This study also char-
acterized concentrations of CPY in other food components in the hive when the 
only pollen available to be bees contained residues of CPY. Mean concentrations of 
CPY in pollen used in the two experiments were 967 and 942 μg kg−1 (wwt), and the 
corresponding concentrations in bee bread were 310 and 293 μg kg−1 (wwt), which 
suggests degradation had occurred (Table 2). No residues were detected in royal 
jelly or in queen larvae.

In a study examining in-hive concentrations of pesticides in various matrices col-
lected from 24 apiaries in France, 2002–2005, CPY was detected only in one of 198 
samples of trapped pollen (Chauzat et al. 2011) (Table 2). In western Uruguay, vari-
ous honey bee hive matrices were collected from depopulated and healthy honey bee 
hives (Pareja et al. 2011). Approximately 4,800 samples were obtained from eight 
depopulated apiaries and approximately 10,000 hive samples were obtained from 29 
healthy apiaries. Each set of samples was randomly sub-sampled. CPY was detected 

Table 2  Concentrations of chlorpyrifos (CPY) detected in pollen and honey from honey bee 
colonies

Concentration (μg kg−1)

Matrix Meana Medianb Maximumb

95th  
centileb LODc % of samples Reference

Pollen 53.3 4.4 830.0 226.5 0.1 43.7 (153/350) Mullin et al. (2010)
35 – 35 – 10.0   0.5 (1/198) Chauzat et al. (2011)
955 – 967 – NA – DeGrandi-Hoffman 

et al. (2013)
302 – 310 – NA – DeGrandi-Hoffman 

et al. (2013)
Honey 46 – 80 – 4.0 41.9 (13/31) Pareja et al. (2011)

– – 15 – 0.8 – Rissato et al. (2007)
NDd – ND – 3.5 0 (0/239) Chauzat et al. (2011)
ND ND ND – 5.0 0 (0/51) Choudhary and 

Sharma (2008)
aBased on positive detections
bBased on calculations that included 0 μg kg−1 for non-detections
cLimit of detection
dND = CPY was included in residue analysis but was not detected
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in honey from just under half of analyzed samples, at a mean concentration similar 
to that found in pollen in the U.S. by Mullin et al. (2010) (Table 2). CPY was detected 
in honey in Brazil (Rissato et al. 2007) (Table 2), but the authors did not provide 
details on the frequency of detection. CPY was not among the many pesticides 
detected in honey collected from hives in France (Chauzat et al. 2011). Similarly, 
CPY was not detected in honey samples collected from beekeepers in India, although 
concentrations of organochlorine, cyclodiene, synthetic pyrethroids, and other 
organophosphorus insecticides were found (Choudhary and Sharma 2008) (Table 2).

The Tier-1 estimates of exposures of 110 mg CPY kg−1 in nectar or pollen (per 
1.12 kg−1 CPY ha−1) appear to be overly conservative (protective). From the data 
reported by Mullin et al. (2010), CPY was not detected in most samples and, when 
detected, it was at concentrations several orders of magnitude below the modeled 
estimates from T-REX. Based on the data of Mullin et al. (2010) and the aggregate 
pollen and nectar (honey) consumption rates for larvae (120  mg d–1) and adult 
worker bees (292 mg d–1), the estimated dose of CPY received by honey bees would 
be several orders of magnitude below the Tier-1 modeled estimates of 110  mg 
CPY kg–1 from T-REX (Table 3).

The above estimates of oral exposure were based on daily consumption rates of 
honey bees. There is greater uncertainty regarding rates of nectar and pollen con-
sumption for non-Apis bees. However, an analysis of data recently compiled by 
EFSA (2012) suggests that adult honey bee workers and adult bumble bees have 
similar consumption rates, while that of adult female European mason bees and 
alfalfa leaf cutting bees is less. The same trends hold for larvae of these bees. Thus, 
exposures estimated from consumption of pollen and nectar by adult honey bees 
should be representative or protective of these non-Apis pollinators.

Estimates of post-application residual contact exposure on vegetation. Pollinators 
can come in contact with residues of CPY on flowers or inflorescences, or in some 
cases with extrafloral nectaries, following a spray application if flowers that were 
open during application remain attractive to pollinators after application. This is 
potentially a major route of exposure (Fig. 1). Residues on flowers are expected to be 
similar to or less than those found in or on foliage. These will be greatest immedi-
ately after spraying of foliage and thereafter dissipate rapidly through volatilization, 
photolysis, and dilution by growth of the plant. Residual contact exposure will also 
decline with time as visits of pollinators to older flowers decrease and visits to newer 
unsprayed flowers increase. This usually occurs within 1–3 d (Willmer 2011).

Table 3  Tier-2 estimates of chlorpyrifos (CPY) exposure through daily consumption of pollen 
and nectar by adult and larval honey bees

Life stage  
(consumption mg) Median dose (μg CPY bee−1)a 95th centile dose (μg CPY bee−1)b

Adult (292) 1.28 × 10−3 6.61 × 10−2

Larva (120) 5.26 × 10−4 2.72 × 10−2

aBased on median CPY detection in pollen of 4.4 μg kg−1 (Mullin et al. 2010)
bBased on 95th centile CPY detection in pollen of 226.6 μg kg−1 (Mullin et al. 2010)
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An estimate of the upper-bound concentration of CPY likely to be on flowers can 
be obtained from the results of dislodgeable foliar residue studies (USEPA 2012). 
These studies show that CPY does not persist on plant surfaces. In some studies, 
dissipation was too rapid to produce meaningful dissipation curves (Iwata et  al. 
1983), but the average half-life was 1.5 d (Racke 1993; Solomon et al. 2001). The 
upper 90% confidence limit on the mean foliar half-life was 3.28 d (Williams et al. 
2014). CPY that drifts onto non-target plants should dissipate at a similar rate, but 
initial concentrations would be less. Initial concentrations recorded for most crops 
were <4 μg cm2, but were considerably larger for cranberry (Table 4). In a field 

Table 4  Dissipation and concentration of dislodgeable foliar residues following application of 
chlorpyrifos (CPY) to different plants

Plant
Application  
rate (kg ha−1)

Half-life 
(d)

Time  
(d)

Residue 
(μg cm−2)

Adjusted to 
1.12 kg ha−1 Reference

Cotton   1.12 – 0 3.64 3.64 Buck et al. 
(1980)1 0.13 0.13

2 0.071 0.071
3 0.055 0.055
4 0.034 0.034

Cotton   1.12 <1 0 3.62 3.62 Ware et al. 
(1980)1 0.3 0.3

2 0.191 0.191
3 0.069 0.069
4 0.068 0.068

Orange   5.6 – 4 0.013 0.003 Iwata et al. 
(1983)10 0.005 0.001

11.21 – 4 0.031 0.003
10 0.012 0.001
17 0.006 0.0006

11.21 (ULV) – 4 0.08 0.008
10 0.021 0.002
17 0.015 0.001
31 0.008 0.0008

Grape fruit   5.6 2.4 3 0.035 0.007
11.21 3.4 3 0.061 0.006

Cranberry   2.0 3.8 0 (2 h) 52.5 28.9 Putnam 
et al. 
(2003)

3 23.95 13.2

15 6.14 3.4
Kentucky 

bluegrass
  2.2 0.1–0.3 0 0.14 0.07 Goh et al. 

(1986)
1 0.04 0.02
2 0.03 0.015
3 0.018 0.009
4 0.013 0.007

Kentucky 
bluegrass

2 <1 0.456 0.251 Sears et al. 
(1987)
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study on cotton, the concentration of CPY declined to 3.6% of its initial value at 
24 h and probably would not be efficacious for pest control (Buck et al. 1980). This 
suggests that exposure to pollinators would also be below toxic doses within a day 
after application. From reported values in Table 4, geometric means for concentra-
tions of dislodgeable CPY at 0 and 3–4 d after spraying were 1.46 and 0.019 μg cm−2, 
respectively (adjusted for a 1.12 kg ha−1 application rate).

Reported effects of irrigation on the concentration of dislodgeable residues on 
foliar surfaces have been variable (Table 4). Whereas immediate post-application 
irrigation did not affect the concentration of dislodgeable CPY from leaves of turf 
grass (Hurto and Prinster 1993), significant reductions in concentrations of CPY on 
grass foliage were found (4-fold difference after 6 h) following post-spray irrigating 
with water, as recommended by the product label instructions for most turf insect 
control situations (Goh et al. 1986).

At least two studies have also examined dislodgeable concentrations of CPYO. 
After applications at 11.2 kg CPY ha−1, no CYPO was detected with a detection 
limit of 0.01 μg cm−2. The results also showed very rapid disappearance of the par-
ent insecticide (Iwata et  al. 1983). On grapefruit leaves, trace amounts (0.013–
0.028 μg cm−2) of CPYO were detected in samples collected 3 d after application. 
When applied to cranberry at 2  kg  ha−1, small amounts of CPYO were initially 
detected (<7 μg kg−1), but did not accumulate (Putnam et al. 2003). These results 
indicate that any CYPO formed on foliage is rapidly dissipated and does not accu-
mulate. Given the demonstrated lack of potential exposure, higher Tier-refinement 
of the potential exposure to CPYO is not required.

3.5  �Other Potential Routes of Exposure

Exposure via beeswax. Although wax is not consumed as food, there is direct 
contact between wax cell surfaces and food or individuals. Residues initially present 
in the wax could come from sublethal concentrations of CPY inside the body of 
bees that secrete the wax. After it is secreted, it may accumulate from contact with 
bees, pollen, nectar or other materials. The transfer of residues into or from wax is 
reversible and given the nonpolar nature of CPY it is likely that the partition of CPY 
between wax and bees or food substances tends toward equilibrium with higher 
concentrations in the wax. The net effect of absorption into wax is to reduce the 
potential for exposure of bees to CPY.

Several of the North American and European studies mentioned above examined 
concentrations of pesticides in beeswax collected from honey bee hives. Mullin 
et al. (2010) found CPY more often in foundation wax than in comb, but at similar 
concentrations (Table 5). Excluding pesticides that are used by beekeepers within 
hives to control Varroa mite parasites (fluvalinate, coumaphos, and its degradate 
coumaphos oxon), CPY was the most frequently detected pesticide in beeswax of 
the 118 pesticides and metabolites analyzed (Mullin et al. 2010). CPY was detected 
less often in beeswax collected from hives in France (Chauzat et al. 2011) and Spain 
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(Serra-Bonvehí and Orantes-Bermejo 2010) (Table  5). In 31 pooled samples of 
beeswax (samples from hives from a single site were pooled) collected from the 
Canadian provinces of Nova Scotia, Prince Edward Island, and New Brunswick, 
CPY was not detected (Cutler 2013).

In an assessment of effects on bees when exposed to pesticide-contaminated 
wax, samples of brood comb were taken from hives that were suspected to have 
died from Colony Collapse Disorder (Wu et al. 2011). Residue analyses were per-
formed on brood comb samples. Of 13 frames of brood comb that contained large 
concentrations of pesticides, CPY was detected in approximately two-thirds of 
samples (Table 5).

Concentrations of CPY in beeswax reported by Mullin et al. (2010) were similar 
to those that were found in pollen and greater than those reported in bees or honey 
(Johnson et al. 2010; Mullin et al. 2010). Since wax is produced and exuded by bees 
in the hive, and concentrations are similar to those in pollen, it can be concluded that 
the concentrations in wax enter the hive mainly on pollen or as the sublethal body 
burden on forager bees. If wax is indeed a sink for CPY, the presence of CPY in 
beeswax may not result in exposure (see discussion in Sect. 2.3).

Exposures via soil. Many bees live in or utilize soil for construction of nests. For 
example, mason bees (Osmia spp.: Megachilidae) make compartments of mud in 
their nests, while mining bees (Andrenidae), digger bees (Anthophorinae), and 
sweat bees (Halictidae) are solitary underground nesters (Michener 2007). 
Pollinators that live in or use soil subject to application of pesticides can be exposed 
to CPY after application of either sprayable or granular formulations (Fig.  1). 

Table 5  Concentrations of chlorpyrifos (CPY) detected in comb and foundation beeswax from 
honey bee colonies

Concentration (μg kg−1)

Matrix Meana Medianb Maximumb

95th 
centileb LODc % of samples Reference

Comb  
beeswax

24.5 4.3 890.0 55.7 0.1 63.2  
(163/258)

Mullin et al. 
(2010)

14.9 – 19.0 – – 3.5 (3/87) Chauzat et al. 
(2011)

172 – – – 6.0 5.6 (1/18) Serra-Bonvehí 
and Orantes-
Bermejo 
(2010)

8 – 15 – 1.0 62 (8/13) Wu et al. (2011)
NDd ND ND – 1.0 0 (0/31) Cutler (2013)

Foundation 
beeswax

22.2 10.0 110.0 76.4 0.1 80.9 (17/21) Mullin et al. 
(2010)

aBased on positive detections
bBased on calculations that included 0 μg kg for non-detections
cLimit of detection
dND = CPY was included in residue analysis but was not detected
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Although much has been written on communities of pollinators in agricultural land-
scapes and factors that influence diversity and abundance of bee populations in these 
habitats (Williams et al. 2010; Winfree et al. 2009), there is limited information on 
nesting habits of ground nesting bees within cropping systems (Julier and Roulston 
2009; Kim et al. 2006; Williams et al. 2010; Wuellner 1999), and on exposure of 
ground nesting bees to pesticides. The potential use of data from surrogate species 
was therefore considered.

The exposure of arthropods to CPY in soil following application of spray or 
granular formulations on the soil surface has been studied, mainly for characterizing 
exposure in birds that consume insects (Moore et al. 2014; Solomon et al. 2001). 
Fewer studies have examined exposure of arthropods to CPY in soil, and these were 
done to evaluate the efficacy of CPY against pest insects (Clements and Bale 1988; 
Tashiro and Kuhr 1978; Tashiro 1987). None of these studies included pollinators. 
Exposures are different for ground-burrowing insect pests that ingest contaminated 
vegetation or soil, making these data unsuitable for estimating exposures of ground-
nesting pollinators. Thus, exposures of soil-dwelling pollinators via this route were 
not estimated and it remains an area of uncertainty.

Exposure via drinking-water. Water is potentially a significant route of exposure 
(Fig. 1). In obtaining water for a large number of individuals in a colony, honey bees 
collect much more water than other bees, and therefore serve as a conservative rep-
resentative species for this route of exposure. Typical sources include wet foliage, 
puddles, soil saturated with water, or other sources where they can get access to 
water without drowning (Gary 1975; Winston 1987). Because CPY is not systemic, 
exposure to CPY through guttation water is not significant (Fig. 1).

Only a small proportion of the honey bees in a hive are dedicated to foraging for 
water and recruiting other bees to forage for water (Winston 1987). Water contain-
ing CPY brought back to the hive is limited to sublethal levels low enough that the 
ability of the forager to return to the hive is not affected. When demand for water is 
large, foraging can continue through the day. Individual loads of water average 
approximately 25 mg although some loads can be larger, and each load can take 
approximately 10–12 min to obtain and deliver into the hive. If foraging continues 
for 10 h, the forager would carry 50 loads or 1,250 mg of water to the hive (Gary 
1975) from a source such as a puddle. Honey bees do not forage during rain and the 
overlap of foraging time with the time when soil is wet enough for bees to collect 
soil pore water is short. Exposure from puddles is recommended to represent the 
worst case for collection of water from the soil surface (USEPA 2012).

The time when water can be obtained from wet foliage is also short. It takes 
approximately 1 h for wet foliage to dry. Foraging after the dew point is reached in 
the evening is unlikely, but more than one rain event is possible. If water is collected 
from wet foliage for 2 h each day the forager can carry as much as 250 mg of water 
from that source. Temperature is lower and humidity is greater when the foliage is 
wet, and this reduces demand for water in the hive, making this an upper-limit 
estimate.

The amount of water a honey bee will actually drink is unknown (USEPA 2012) 
and likely variable. An estimated rate of intake of 47 μL  d−1 based on direct 
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measurements of water flux rates of the brown paper wasp (a similar species) is 
considered reliable by the USEPA for regulatory purposes (USEPA 2012). To sim-
plify the risk assessment, it was assumed that bees collect their full daily require-
ment from the source with the highest concentration of CPY.

To estimate potential exposure of pollinators to CPY in water, it is also necessary 
to know or estimate the concentration of CPY in different water sources, which are 
expected to vary, and the amount of water pollinators derive from each potential 
source. The main potential sources are evaluated below:

Puddles and soil pore water. Several estimates of the concentration in puddles in the 
field are available. The USEPA recommends that concentrations of pesticides in 
puddles located on pesticide-treated fields be estimated using a modified version of 
the Tier-1 rice model (v. 1.0) (USEPA 2012). The model uses equilibrium partition-
ing to provide conservative estimates of environmental concentrations and assumes 
that puddles can be directly sprayed with pesticide and the pesticide will instanta-
neously partition between a water phase and a sediment phase, independent of the 
size of the puddle. With this model, the concentration is determined by partition 
equilibrium and does not increase as the puddle dries out; residues are deposited on 
the soil during drying to maintain the equilibrium. A sensitivity analysis was done 
to identify parameters that would give high-end estimates of exposure, and peak 
estimated concentrations are based on an application rate of 1.12 kg ha−1. The model 
is represented in equation 1 (USEPA 2012).

	
C

m

d d kw
CPY

w sed sed b d

=
+ +( )q r 	

(1)

Where: Cw is the concentration in water (μg L−1), mCPY is mass applied per unit 
area (kg ha−1), kd is water-soil partition coefficient (L kg−1) (equivalent to KOC *0.01), 
dsed is sediment depth, dw is water depth, ρb is bulk density (kg m−3), and θsed is 
porosity.

Using the mean KOC value of 8216 for CPY (Solomon et al. 2014), the estimated 
concentration in puddle-water in a field following a spray application of 1.12 kg 
CPY ha−1 is 0.0051 μg CPY L−1. Assuming that the intake rate of water is 47 μL d−1 
and that bees obtain 100% of their drinking water from such puddles on treated 
fields, the Tier-1 estimate for CPY dose was 2.40 × 10−7 μg CPY bee−1. For honey 
bees collecting 1,250 μL d−1 the estimated dose was 6.38 × 10−6 μg CPY bee−1 d−1.

The maximum concentration of CPY in puddles after application of both the 
granular formulations and the sprayable formulations was also modeled using 
PRZM/EXAMS, which provides both puddle and soil pore water concentrations 
(Williams et al. 2014). The maximum 95th centile of the peak pore water concentra-
tions from the PRZM/EXAMS model among registered uses in the U.S. of the gran-
ular and the spray formulations were 571 and 566 μg L−1, respectively, based on a 
1.12 kg CPY ha−1 application rate and the maximum number of applications per year. 
These values were obtained from the North Carolina tobacco and California broc-
coli standard use scenarios for PRZM/EXAMS, respectively (Williams et al. 2014). 
The greatest peak concentrations predicted for puddle water were 285 μg L−1 for 
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granular and 529 μg  L−1 for spray applications. Given the similarity of the pore 
water and puddle water values, only the highest value, 571 μg L−1 was selected for 
use in the risk assessment. With a daily intake of 47 μL−1, the predicted 95th centile 
of the maximum daily dose was 0.027 μg bee−1 d−1. The corresponding value for 
honey bees collecting 1,250 μL of water d−1 for the hive is 0.71 μg bee−1 d−1. These 
estimates include peak values after storm events and are much greater than the 
equilibrium-based values in the Tier-1 Rice model. Exposure to these values is pos-
sible but depends on a combination of probabilities, limited to only a few use sce-
narios. In many use scenarios that were run in the PRZM/EXAMS model, the 
median predicted puddle concentrations were zero due to the large time interval 
between application and isolated heavy storm events during the 30-yr simulation 
interval.

Dew and wet foliage. The USEPA recommends a conservative (protective) equi-
librium partition model based on pesticide KOC and plant carbon content to estimate 
pesticide concentrations in dew (USEPA 2012) (Equation 2).
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Where: Cdew(t) is the concentration of dissolved pesticide in dew (mg L−1); Cplant(t) 
is the concentration of pesticide on and in plant leaves (mg kg−1 (fresh weight)) at 
time t and was set at 240 mg CPY kg−1 foliage, corresponding to T-REX concentra-
tions on short grass; and fOC is the fraction of organic carbon in leaves, set at 0.04 
(4% of fresh wt) based on estimates of carbon in plants (Donahue et al. 1983) and 
water content (Raven et al. 1992). As with the puddle model, this is an equilibrium 
equation and the concentration does not increase as the water dries on the surface. 
Partition into rainwater that remains on foliage after a rainfall is expected to be simi-
lar without runoff, or less if runoff occurs and reduces the amount of residue left on 
the leaf surface. Using the mean KOC of 8,216 (Solomon et al. 2014), Cdew(0) for a 
spray application at 1.12 kg CPY ha−1 is 730 μg L−1. If a bee consumed 100% of its 
daily drinking water from contaminated dew and has an intake of 47 μL d−1, this 
model predicts a point estimate dose of 0.034 μg CPY bee−1 d−1. If the intake was 
250 μL d−1, the dose would be 0.18 μg CPY bee−1 d−1.

A second estimate of exposure for dew and/or wet foliage was obtained using the 
LiquiPARAM model, which gives both a mean and an estimate of variability (Moore 
et al. 2014). Using the same data as USEPA (2005), with the KOC for CPY and the 
fOC value of 0.40 derived for alfalfa, clover, bluegrass, corn stalk, and small grain 
straw this model predicts a worst-case mean CPY dew concentration (at 09:00 h, 
immediately after application) of 102 μg CPY L−1 and a 95th centile concentration 
of 210 μg CPY L−1. If a bee consumed 100% of its daily drinking water from 
contaminated dew and has an intake 47 μL d−1, this model predicts mean and 95th 
centile daily doses of 0.0048 and 0.0099 μg CPY bee−1, respectively. The corre-
sponding values for collection of 1,250 μL d−1 are 0.03 and 0.05 μg CPY bee−1.

A variety of uses of CPY involve application by mixing the product in irrigation 
water or chemigation. These applications result in wet foliage with water that 
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contains a high concentration of CPY and is available for extended intervals of time 
during the day. For example at the rate for peppermint, a 1 cm ha−1 irrigation with 
an application at 2.12 kg ha−1 (1.88 lb A−1) would give a dose of over 600 ng bee−1 
for a typical uptake of 30 μL of water by a foraging bee in a single trip. This amount 
would be lethal, and foraging honey bees would not make it back to the hive to 
recruit more foragers to the wet foliage as a water source.

Other routes of exposure. Davis and Williams (1990) extended the typical approach 
of calculating intrinsic toxicity levels and field application rates to consider buffer 
zones downwind of sprayed areas and provide an estimates of the distance at which 
bees would encounter an LD50 dose from spray drift. These distances were deter-
mined using published data on spray depositions under various weather conditions 
for ground and aerial sprays of crops in Britain. They concluded that ground spray-
ing of CPY at typical application rates would result in exposures of honey bees at 
the LD50 within 36–46  m of the application site at a wind speed of 4  m  sec−1 
(14.4 km h−1). Labels for products containing CPY state that sprays are not to be 
applied when wind speed exceeds 16 km h−1.

Only one reference on potential toxicity of CPY vapor to pollinators was found, 
indicating that vapor of Lorsban WP (50% CPY) applied at 0.56 kg product ha−1 
should not have effects on honey bees (Clinch 1972). There are no fumigant prod-
ucts based on CPY. While the lipophilicity of CPY (log KOW = 5.0) (Solomon et al. 
2014) is high enough to make accumulation of CPY in honey bee wax from air 
plausible, the concentrations in air are very small and ephemeral. A maximum of 
250 ng m−3 has been reported (Mackay et al. 2014). There is little evidence to sup-
port the possibility of accumulation of concentrations in wax in the hive from trace 
concentrations in the air.

4  �Toxicity of CPY to Pollinators

4.1  �Tier-1 Tests of Effects

Acute toxicity to A. mellifera. Acute toxicity of CPY to A. mellifera has been deter-
mined, and acute topical LD50 values ranged from 0.024 μg bee−1 to 0.55 μg bee−1 
(Table 6). A. mellifera appears to be slightly less sensitive to CPY by the dietary 
route, with oral LD50 values ranging from 0.114 μg bee−1 with technical product, to 
2.15 μg bee−1 of formulated product (18.7% CPY) (Table 7).

One study was found that reported the acute toxicity of CPY to honey bee larvae. 
Atkins and Kellum (1986) carried out studies to determine the potential hazard to 
honey bee brood of pesticide contaminated food in the hive. Pesticides were added 
to individual brood cells followed by monitoring of effects throughout the brood 
cycle and into the adult stage. This resulted in a combined oral and cuticular exposure. 
For CPY (Lorsban 4E), 5–6 day-old larvae were the most susceptible age-group, 
whereas 1–2 day-old larvae were the least susceptible. The recorded LD50 values for 
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1–2, 3–4, and 5–6 day-old larvae and adults were 0.209, 0.302, 0.066, and 0.11 μg 
bee−1, respectively (Atkins and Kellum 1986). Based on these data, the LD50 geo-
metric mean for all larval stages was 0.146 μg CPY larvae−1 (the authors report a 
mean of 0.051 μg larvae−1, although it is unclear how this value was derived), which 
is approximately twice the topical LD50 for adult bees. Therefore, LD50 values for 
adult bees are protective of the larval life stages.

Effects on non-target arthropods (NTA) as a surrogate for non-Apis bees. It has 
been recommended that Tier-1data for NTA be generated by exposing Aphidius 

Table 6  Acute topical toxicity (48  h unless indicated otherwise) of technical and formulated 
chlorpyrifos (CPY) to the honey bee

Formulation % Purity
Topical LD50  
(μg CPY bee−1) Reference

Technical ≥ 95 0.059a Stevenson (1978)
Technical 99% 0.115b Mansour and Al-Jalili (1985)
Technical product  

geometric mean
0.082

Lorsban 48E 48 0.024 Carrasco-Letelier et al. (2012)
Dursban F 97.4 0.070 Chen (1994)
Lorsban Advanced 41.1 0.14c Schmitzer (2008)
Dursban 480 48 0.22 Bell (1993)
Dursban WG 75 0.54 Bell (1996)
Formulated product  

geometric mean
0.123

aTest duration not reported
b25 h test duration
cReported as 0.35 μg product bee−1, formulation code GF-2153

Table 7  Acute oral toxicity (48  h unless indicated otherwise) of technical and formulated 
chlorpyrifos (CPY) to the honey bee

Formulation % Purity
Oral LD50  
(μg CPY bee−1) Reference

Technical ≥95% 0.114a Stevenson (1978)
Lorsban 4E – 0.11b Atkins and Kellum (1986)
Dursban 4 48 0.29 Anonymous (1986)
Dursban 480 48 0.33 Bell (1993)
Dursban F 97.4 0.36 Chen (1994)
Lorsban Advanced 41.1 0.39c Schmitzer (2008)
Lorsban 50 WP 50 0.4b Clinch (1972)
Lorsban 50 W 50.2 0.46d Hahne (2000)
Dursban WG 75 1.1 Bell (1996)
Formulated product 

geometric mean
0.36

aTest duration not reported
b24 h test duration
cReported as 0.94 μg product bee−1, formulation code GF-2153
dReported as 0.91 μg product bee−1
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rhopalosiphi and Aphidius pyri to fresh dried residues of product applied on glass 
plates to generate LR50 values (rate of application of the pesticide causing 50% 
mortality of the test organisms) (Candolfi et al. 2001). This test is meant to represent 
a case worse than that experienced on a natural substrate such as a leaf. No reports 
of toxicity data for CPY to A. rhopalosiphi and T. pyri using the glass plate tech-
nique were found, but data for Bracon hebetor (Braconidae) and A. ervi, which are 
related species of wasps were found. The LR50 value for B. hebetor was 62 g CPY 
ha−1 (Ahmed and Ahmad 2006) and that for adult female A. ervi was 0.047 g CPY 
ha−1 (Desneux et al. 2004). These results were obtained with the active ingredient 
coated on the inside of a 2.3 cm diameter by 9.3 cm glass vial in which the wasp was 
contained, leading to a greater potential uptake of the dose from the surface than 
would occur under field conditions. Thus, the results may be useful for comparison 
of toxicity but are not an indication of toxicity in the field. At present, too few data 
obtained using this method are available to permit comparisons to be made among 
species. In addition, the small size (and large surface area to volume ratio) of these 
wasps suggests that they may experience greater exposures via contact with treated 
surfaces than the larger pollinators and thus would be poor surrogates.

4.2  �Tier-2 Tests of Effects

Semi-field studies. The following semi-field (tunnel tests) studies were conducted in 
Europe and with formulations not currently registered in the U.S. Nonetheless, 
these studies were conducted using standard methods with formulations containing 
amounts of active ingredient similar to that in current US formulations and therefore 
provide data that are relevant in the assessment of risk of CPY to pollinators.

A semi-field experiment with mini-beehives (approximately 2,000 individuals) 
in field cages large enough to allow foraging behavior to be assessed in a contained 
colony was conducted to test effects of exposure of honey bees to CPY and other 
pesticides at a series of times after application (Bakker and Calis 2003). When pot-
ted Phacelia plants treated with Dursban 75WG (76.3% CPY) at 1 kg CPY ha−1 
were added to the cages at night, the number of dead bees collected outside hives 
was significantly greater compared to control hives on the first day of exposure, but 
not on subsequent days. Foraging activity of bees was also reduced for up to 4 d 
following the exposure phase (Bakker and Calis 2003).

In another tunnel test, the effects of aged Dursban 75WG foliar residues on 
behavior and mortality of foragers, and brood development of A. mellifera was 
examined (Bakker 2000). Dursban 75WG was applied at 1 kg CPY ha−1 to potted 
Phacelia tanacetifolia under outdoor conditions at 14, 7, 5, and 3 d before exposure, 
and the evening before exposure. During the aging process, plants were placed 
under UV-transparent synthetic foil to protect them from rain. Exposure to aged 
CPY did not result in a statistically significant increase in the number of dead bees. 
However, reduced foraging activity was observed in all treatments. Exposure to 1 or 
3 d-old CPY residues resulted in an immediate reduction of foraging activity that 
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lasted the duration of the 4-d post-exposure assessment period. Exposure to older 
residues of Dursban resulted in a delayed reduction in forager activity. Since the 
effect persisted longer than in any other study, there could have been a repellent 
effect from a component of the formulation other than the active ingredient, or the 
memory by bees of CPY on foliage might have been a retained behavioral influence 
on foraging, possibly involving the level of demand for food in the hives. No effects 
on brood development were seen in any treatment (Bakker 2000).

In conditions such as those presented in these studies, where bees are confined to 
experimental plots with a lack of choice of forage, it appears that CPY is toxic for 
the first 24 h post-application but only has sublethal effects such as repellency after 
24 h. Repellency is considered a sublethal effect but it may be beneficial and is only 
an indirect adverse effect in that it may result in a reduced food supply to the hive. 
Avoidance of a pollinator to potentially harmful CPY residues is beneficial.

Toxicity studies with non-Apis pollinators. Acute toxicity data for pesticides and 
non-Apis pollinators is far less common than for A. mellifera. No reports of contact 
and oral LD50 values for CPY to Bombus spp. were found. However, a semi-field 
study with B. impatiens Cresson was conducted (Gels et  al. 2002). Colonies of 
B.  impatiens confined in field cages were exposed to dried residues of CPY on 
weedy turf 24 h after application of Dursban 50 W at 1.12 kg CPY ha−1. Effects on 
colonies were evaluated at 14 d. Adverse effects on vitality of bumble bee colonies 
were observed, including fewer worker bees, honey pots (stored food), and brood 
chambers in hives from treated plots relative to control plots (Table 8). Biomass of 
workers and weights of colonies were also reduced, and two of the four colonies had 
no live brood or adults. Reduced foraging activity was also recorded when bumble 
bee colonies were confined to CPY-treated plots, although endemic bumble bees did 
not avoid foraging on CPY-treated flowering white clover intermixed with turf (Gels 
et al. 2002).

Some species of non-Apis bees can be exposed to residues of CPY on nesting 
materials such as foliage or soil collected in or near treated crops. Adults can be 

Table 8  Vitality of bumble bee, B. impatiens, colonies following 2-wk 
exposure to dry chlorpyrifos (CPY) on mixed stands of turf and flowering 
white clover (adapted from Gels et al. 2002)

Colony measure Control CPY

Weight (g)
Colony (without hive) 193.4 ± 26.3 107.8 ± 7.2a

Workers   23.1 ± 4.9     7.5 ± 1.1a

Queen     0.78 ± 0.05     0.78 ± 0.08

No. in colony
Workers 132.8 ± 19.6   56.8 ± 6.5a

Honey pots   41.8 ± 12.9     5.5 ± 3.6a

Brood chambers   56.0 ± 5.1     3.5 ± 1.3a

aIndicates statistically significant (α = 0.05) based on analysis with four 
treatments: control, CPY, carbaryl (not shown) and cyfluthrin (not shown)
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exposed when collecting these materials and building nest cells, and immature stages 
developing in these cells may also be exposed. When caged adult alfalfa leafcutting 
bees, M. rotundata, were exposed to alfalfa plants sprayed with CPY (Lorsban 4E, 
2.5  kg  ha−1), significant mortality was observed. The population of males was 
reduced by approximately 90% after only 2 d, and the population of females was 
reduced by 30% relative to the controls. No significant additional mortality of 
female M. rotundata was observed after the first 4–5 d of exposure (Gregory et al. 
1992). It was suggested that male M. rotundata were more sensitive to CPY due to 
their reduced metabolic capacity and smaller surface area to volume ratio compared 
to females.

Studies to evaluate the toxicity of CPY to three species of bees have been con-
ducted (Lunden et al. 1986). Field applications of 1.12 kg ha−1, followed by 24-h 
continuous exposure to the treated foliage in small cages was lethally toxic to adult 
honey bees, alfalfa leafcutting bees (M. rotundata), and alkali bees (Nomia melande-
ria Cock.) for 5–7 d, whereas a rate of 0.56 kg ha−1 was toxic for 4–6 d. In field tests 
on several crops, mortality was observed with application of CPY and reduced for-
aging was observed for 1–7 d (Lunden et al. 1986).

Effects on NTA as a surrogate for non-Apis bees. Tier-2 tests with surrogate NTA 
species on a natural substrate such as foliage are more realistic than Tier-1 tests that 
utilize glass plates (Candolfi et al. 2001), but are still conservative because the test 
organisms are constrained on or near the treated surface. As with the Tier-1 assess-
ment, no contact toxicity data were found for the recommended wasp species 
A. rhopalosiphi. There were data for B. hebetor (Ahmed and Ahmad 2006) exposed 
to CPY via leaves of cotton, but unfortunately the method of treatment, dipping the 
leaves in an aqueous solution, did not allow the deposition on the surface of the leaf 
to be calculated, making the data unusable in this risk assessment.

4.3  �Tier-3 Field Tests

Several field studies have been conducted to examine the effects on honey bees of 
applications of CYP to agricultural crops. These effects are summarized in Table 9 
and are described in more detail below. The applications made in these field studies 
did not follow current label restrictions, which prohibit application when bees are 
actively foraging. The results from application during bloom in a number of crops 
under various exposure scenarios suggests that CPY remains lethal to honey bees 
for 1–2 d after application on open flowers and may reduce foraging for several 
days thereafter.

Dursban was sprayed by helicopter on unreplicated 16-A (approx. 6.5 ha) blooming 
alfalfa fields that contained 1–3 honey bee colonies A−1 (Atkins et al. 1973). When 
applied at night at the highest rate of 1.12 kg ha−1, Dursban killed an average of 365 
bees per colony for 1 d and depressed bee visitation for approximately 3 d. Because 
honeybee colonies typically contain 30–60 thousand bees in midsummer when 
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alfalfa is in bloom, the loss of this many bees is not likely to be significant for the 
health of the colony. It is unclear whether reduced visitation was due to mortality of 
bees, a repellent effect of the treated foliage, or, if the lack of bees returning to the 
hive to communicate the location of the food resource in the treated area lead to a 
shift in foraging to areas from which bees did return. Laboratory bioassays with this 
field-treated foliage killed 100% of exposed bees for 3 d. Unfortunately the concen-
tration of CPY per unit of surface area was not determined. Results were similar but 
less severe at lesser concentrations of Dursban. No dead bees were found at the 
colonies when Dursban was applied at 0.28 kg ha−1 in the morning, although visita-
tions on the field were moderately depressed for 2 d. Bioassays of foliage aged for 
12 h from this treatment killed 100% of bees, and showed 0–31% kill on foliage 
aged 48–96 h (Atkins et al. 1973).

A number of field trials examining mortality and visitation to flowers in alfalfa, 
raspberry, dandelion, carrot, and corn were reported by Lunden et al. (1986). In field 
tests on alfalfa in Washington State, Lorsban 4E was applied by aircraft at 1.12 kg 
CPY ha−1 to several 0.4–0.8 ha plots in the evening (19:00–21:00 h). Each location 
contained two honey bee colonies and three nesting boards with alfalfa leafcutting 
bees adjacent to the crop. Mortality of honey bees in the treated plots was five-to 
eight-fold higher than in controls. A 56–67% reduction in nesting along with reduc-
tions in visits to flowers of up to 100% was reported for alfalfa leafcutting bees. The 
authors concluded that “low-range” honey bee kills occurred (100–200 dead bees 
per day on an apron in front of a hive), but colonies did not die. Leafcutting bees, 
which do not have multiple generations per year, would suffer more. It was also 
suggested that application of CPY to blooming alfalfa would seriously reduce seed 
set in crops grown for seed. Lorsban 4E applied to single 0.004 ha plots of dandeli-
ons in pear and apple orchards at 1.12 kg CPY ha−1 caused no reductions in the 
number of honey bees foraging and no effects on behavior (Lunden et al. 1986).

When Lorsban 50 WP (1.68 kg CPY ha−1) was applied by ground-sprayer to 
raspberry plots in the evening (Lunden et al. 1986), bees behaved erratically after 
foraging on blossoms 1 d after treatment, in that they would “mill around, land on 
leaves and walk in a wobbly fashion”. Visitation to flowers was 40% of that observed 
in the control on d-1 and remained reduced for 7 d. Bioassays conducted in cages 
with 3-d-old foliage resulted in 70% mortality of honey bees after 24 h. Chlorpyrifos 
is no longer registered for use on raspberries.

Lorsban 50 W applied to a single, blooming carrot field (8.1 ha) at 1.12 kg CPY 
ha−1 containing adjacent honey bee hives resulted in over 12-fold more dead bees 
and reduced foraging on the crop the day after application, and threefold more dead 
bees 2 d after application. The actual number of bees lost was considered to be only 
a moderate honey bee kill (250–500 dead bees per hive from an Apron type dead 
bee trap or 500–950 from a Todd type dead bee trap) based on criteria of Mayer and 
Johansen (1983), and the long-term viability of the hive was not affected (Lunden 
et al. 1986). In an unreplicated corn field with adjacent honey bee hives, application 
of CPY resulted in four-fold more dead bees and 95% reduced foraging on corn 
pollen compared to pre-application counts (Lunden et al. 1986). It is unclear whether 
there was an overall reduction in foraging, or whether bees simply avoided the CPY-
treated plots. Impacts on long-term survival of the hives were not reported.

Risk to Pollinators from the Use of Chlorpyrifos in the United States
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Several field trials have been done to assess effects of CPY on citrus on honey 
bees (Atkins and Kellum 1993). Lorsban 4E was sprayed on unreplicated blooming 
1.2 A citrus plots at 2.2 kg ha−1 in the morning or in the evening. Colonies in plots 
treated with Lorsban in the morning had “moderate to light” mortality (274 dead 
bees over 4 d), with 33% fewer dead bees than colonies in plots treated in the eve-
ning (395 dead bees over 4 d), which was classified as “moderately hazardous”. 
This rate of bee deaths is not expected to affect the long-term colony survival and 
the authors concluded that Lorsban could be applied to citrus as an evening or early 
morning treatment without causing serious honey bee kills.

In a second trial in citrus, honey bee colonies were placed in 10-A plots of 
blooming citrus and sprayed in the evening with Lorsban 4E at 1.7 kg ha−1 (Atkins 
and Kellum 1993). Treatment suppressed visitation by 64% for approximately 2 d 
and killed an average of 904 bees colony−1 over 1.5 d, suggesting a moderate to high 
overall hazard, based on the expert opinion of the authors. In another trial, unrepli-
cated 2-A (0.81 ha) plots of citrus in full bloom were aerially treated with Lorsban 
at 1.7 kg ha−1 in the morning or evening using a helicopter. In contrast to what might 
be predicted, the night treatment of CPY was moderately hazardous to bees, whereas 
the morning application of CPY was rated as having a low hazard (Atkins and 
Kellum 1993).

Despite short-term lethal effects on honey bees, colonies should be able to sur-
vive such exposure with few long-term effects. The risk is reduced or eliminated if 
application is not made when flowers are open, since CPY is not systemic and is not 
translocated to newly opened flowers. Non-Apis pollinators with females that annu-
ally establish nests that are much smaller than that of the honey bee, are likely to be 
more sensitive to CPY exposure.

4.4  �Other Studies on the Effects of CPY

Toxicity from exposures via beeswax. The potential effect of exposure to CPY 
contaminated beeswax on honey bees has not been studied extensively. One 
study reported concentrations of 39 pesticides found in frames of brood comb 
from hives from the Pacific Northwest, and from colonies provided by the 
USDA-ARS honey bee laboratory that were suspected to have died from Colony 
Collapse Disorder (Wu et  al. 2011). Worker bees were reared in brood comb 
containing concentrations of known pesticides that were considered to be high, 
and in relatively uncontaminated brood comb used as the control. CPY was detected 
in some comb samples, but no effects were reported where CPY was present  
(Wu et al. 2011).

Effects on virus titres. In a study with bee colonies placed in field cages large enough 
to allow foraging in a controlled area but still contain the bees, the frequency of 
occurrence and titer of viruses in nurse bees, royal jelly, and various life stages of 
queen bees reared in colonies fed only almond pollen from trees previously treated 
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with 955 μg CPY kg−1 was compared to that in colonies with free access to flora of 
the southwestern US desert (DeGrandi-Hoffman et al. 2013). The experiment was 
repeated using the same pollen to which Pristine® (boscalid + pyraclostrobin) fungi-
cide was added. The authors reported that deformed wing virus (DWV) was not 
detected in emerged queens grafted from or reared in the reference colonies but was 
found in all emerged queens grafted from or reared in colonies where pollen con-
tained CPY (DeGrandi-Hoffman et al. 2013). Titres of DWV in queen larvae and 
emerged queens were less than two-fold those in nurse bees in some treatments.

This study had a number of weaknesses. Treatments were not matched to appro-
priate controls. Bees exposed to CPY were restricted to almond pollen alone with 
no reserves of other pollen in the hive. Pollen from almond trees might not have 
been nutritionally sufficient (Somerville 2005) and contains the natural toxin amyg-
dalin at concentrations that are sublethal for honey bees (Somerville 2005). In con-
trast, control bees were free to forage on plants of the southwestern desert, which 
are known to provide the complete nutritional requirement for bees (Ayers and 
Harman 1992); the correct control should have been almond pollen without CPY. 
Thus, potential nutritional effects from different pollen sources were confounded 
with the potential effects of CPY and the applied fungicides. It was not clear whether 
the uncaged, reference colonies had reserves of pollen or bee bread. Also, there was 
no evidence of exposure of the queens. CPY was not detected in royal jelly or in 
queens so exposures, if any, were less the limit of detection (0.1 μg kg−1 wwt) and 
much less than a toxic dose (Table 7). CPY was detected in nurse bees but no symp-
toms of toxicity were described and they had lower titres of virus, which is the 
opposite of what would be expected if there were a relationship between CPY expo-
sure and titer of virus. Another weakness of the study was exposure to only one 
concentration of CPY, which precluded the characterization of a concentration-
response, a key factor in the determination of causality.

Concentrations of CPY found in honey bees. Pollinators can be exposed to CPY by 
contact with spray droplets or residues on surfaces such as pollen, foliage or blos-
soms. The extent of transfer of these residues to pollinators can be estimated from 
published residue data for CPY in bees (Table 10). CPY was detected in a small 

Table 10  Concentrations of chlorpyrifos (CPY) detected in honey bees

Concentration (μg kg−1)

% of samples ReferenceMeana Medianb Maximumb

95th 
centileb LODc

3.4 2.2 10.7 9.7 0.1 8.6 (12/140) Mullin et al. (2010)
NDd – ND – 10.0 0 (0/307) Chauzat et al. (2011)
43 – 57 – 30.0e 3.2 (3/92) Ghini et al. (2004)
77 – 80.6 NA NA NA DeGrandi-Hoffman 

et al. (2013)
aBased on positive detections
bBased on calculations that included 0 μg kg−1 for non-detections
cLimit of detection
dND = CPY was included in residue analysis but was not detected
eLimit of quantification

Risk to Pollinators from the Use of Chlorpyrifos in the United States
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portion of bee samples collected from hives throughout the U.S., at concentrations 
up to 10.7 μg CPY kg−1. Samples consisted of live adult nurse bees removed from 
brood nests (Mullin et al. 2010). Live worker bees were collected several times dur-
ing the season from hives in France, but CPY was not detected in any samples 
(Chauzat et al. 2011). In Italy, CPY in bees was detected in only a small portion of 
samples (Ghini et al. 2004) (Table 10). Thus, detection of CPY in honey bees col-
lected in the field was infrequent. Assuming an adult worker honey bee weighs 
93 mg (Winston 1987), a honey bee worker is estimated to contain up to 9 × 10−4 μg 
CPY, based on the 95th centile estimate of 9.7 μg CPY kg−1 reported by Mullin et al. 
(2010). The median concentration of 2.2 μg CPY kg−1 reported by Mullin et  al. 
(2010) provides an estimate of 2 × 10−4 μg CPY bee−1.

In an experiment where nucleus colonies (five frames with 3000 adults, a queen, 
larvae) of honey bees were held in cages and fed almond pollen from trees previously 
sprayed with CPY, or CPY and boscalid + pyraclostrobin, concentrations in bodies of 
nurse bees were 80.6 and 72.7 μg CPY kg−1 (wwt), respectively (DeGrandi-Hoffman 
et al. 2013). Because bees were held in cages and only had access to trays of pollen 
from almond trees intentionally treated with CPY, it is not surprising that these values 
are higher than concentrations reported from field monitoring surveys (Table 10).

Incident Reports. Considering the widespread use of CPY in agriculture in the U.S., 
data obtained from the USEPA Office of Pesticide Programs show that the number 
of honey bee incidents reported is very low, and has decreased over the past two 
decades (USEPA 2013). Reported incidents range from those involving a few to 
hundreds of honey bee colonies, and involve exposure following registered uses and 
misuse of CPY. As well, the level of certainty as to whether or not CPY caused the 
reported incidents was variable, ranging from “unlikely” to “highly probable”. The 
reported incidents since 1990 are listed in Table 11.

Table 11  Reported chlorpyrifos (CPY) incidents with honey bees in the U.S., 1990-present 
(USEPA 2013)

Reported CPY Incidents with Honey Bees

Crop 1990–1999 2000–2009 2010-present No date Specified

Agricultural area  
(not specified)

4 0 0 2

Alfalfa 1 1 0
Apple 1 0 0
Bean 1 0 0
Carrot 2 0 0
Carrot seed 1 0 0
Cherry 0 0 0 2
Corn 0 1 0
Cotton 0 0 1
Orchard 4 0 0
Orchard (unspecified) 5 0 0
Soybean 0 1 0
Not reported 7 1 0
TOTALS 26 4 1 4

G.C. Cutler et al.
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Incident report data were also obtained from the Pest Management Regulatory 
Agency (PMRA) of Health Canada. Since 2007, when reporting of honey bee pes-
ticide incidents was officially initiated, there have been only nine reports potentially 
implicating CPY as the cause of the incident. All reports were from the province of 
Saskatchewan in 2012. Four of these incidents were classified as “minor” by PMRA 
(≤10% of bees suffering lethal or sublethal effects), three were classified as “mod-
erate” (10–30% of bee affected), and two incidents were classified as “major” 
(≤30% affected).

5  �Characterization of Risk of CPY to Pollinators

Hazards and risks were calculated using the margin of exposure method to generate 
RQ values. For CPY, the hazard to honey bees and other pollinators from direct 
exposure during spray is well known. This has been dealt with through mitigation 
measures to protect pollinators through restricted use patterns that minimize direct 
exposure to spray or spray drift during application (see discussion of Tier-1 expo-
sure above). The following paragraphs cover the calculation of RQ values and 
assessment of the potential risk to pollinators from post-application exposure.

5.1  �Estimates of Risk to Honey Bees

Estimated risk to honey bees through dietary exposure. The geometric mean of LD50 
values from dietary tests using technical CPY was less than that derived from tests 
with formulated product (Table 7). The geometric mean of the oral LD50 for technical 
CPY (0.114 μg CPY bee−1) was used as a worst case in calculating RQs.

The upper limit dietary intake of CPY per day can be estimated for different life 
stages of honey bees based on surrogate T-REX screening values for pollen and 
nectar (USEPA 2012), or empirical data collected from pollen and honey and/or 
nectar in the field. The proposed Tier-1 scheme includes an acute oral LOC of 0.4 
for adult and larval honey bees that is compared to estimates of RQs for exposure 
and effects. Using the maximum screening values suggested in the USEPA’s pro-
posed risk assessment scheme for pollinators (Table 1), RQ values for oral exposure 
of adult and larval honey bees following sprays of CPY exceeded the LOC by over 
three orders of magnitude.

Tier-1 estimates of oral exposures based on T-REX are intended to be conserva-
tive, when compared to data for concentrations of CPY collected in the field. Tier-2 
estimates are based on measured values of CPY in honey bee food and reflect actual 
use conditions. Using the monitoring data for concentrations in pollen collected 
from commercial beehives in the U.S. by Mullin et al. (2010) and food consumption 
rates established by the USEPA (USEPA 2012), the upper 95th centile dietary expo-
sures were 0.066  μg CPY d−1 for adult bees and 0.027  μg CPY d−1 for larvae 
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(Table  3). The estimates of oral exposure and the oral LD50 values of 0.114 μg 
adult−1 bee and 0.146 μg larva−1 (Atkins and Kellum 1986) provided RQ values 
below the LOC of 0.4 for median acute exposures. The 95th centile exposure and 
larval LD50 give an RQ below the LOC, but a RQ slightly above the LOC when the 
adult LD50 was used (Table 12). Based on analysis of CPY in nurse bees (Table 10) 
fed exclusively a diet of pollen containing CPY at a concentration of 955 μg kg−1 
(DeGrandi-Hoffman et  al. 2013), doses were 7.5 × 10−3 and 6.8 × 10−3  μg bee−1 
(93 mg) for the two parallel experiments, which would be equivalent of approxi-
mately 7% of the LD50 for technical grade CPY (Table  7). The authors did not 
describe symptoms of toxicity in nurse bees so they were apparently unaffected.

The RQ for adults, based on the 90th centile concentration of 140.4 μg  kg−1 
reported by Mullin et al. (2010), is 0.36. Therefore, dietary exposure of adult honey 
bees to CPY is expected to be below the LOC >90% of the time, while exposures 
for larvae should be below the LOC >95% of the time. Considering that most pollen 
samples (56%) collected by Mullin et al. (2010) did not contain CPY, oral exposure 
to CPY should be of low risk to honey bees, particularly in terms of the protection 
goals of overall fitness of the colony.

Mullin et al. (2010) did not measure concentrations of pesticides in honey and no 
studies were found which examined concentrations of CPY in nectar. Only one 
study was from Uruguay reported detection of CPY in honey. The mean and maxi-
mum concentrations of CPY in honey samples that were positive for CPY (42%) 
were 46 and 80 μg kg−1, respectively (Pareja et al. 2011). Using the recommended 
consumption rates of 120 mg honey d−1 for larvae and 292 mg honey d−1 for adults, 
honey bee larvae exposed to a concentration of 80 μg CPY kg−1 honey would con-
sume 0.0096 μg CPY d−1, whereas adults would be expected to consume 0.023 μg 
d−1. At an LD50 of 0.114 μg bee−1, corresponding RQ values for larvae and adults 
would be 0.08 for larvae and 0.2 for adults. These values are below the LOC of 0.4 
and suggest little risk to honey bees from acute exposure to CPY via honey.

Exposure estimates through consumption of nectar and pollen are assumed to be 
conservative representations of potential exposures through honey and bee bread, 
respectively (USEPA 2012). The estimates assume that pesticides do not degrade 
while honey and bee bread are stored in the hive. They also assume that rates of 
consumption of pollen and nectar and resulting exposures are protective of 

Table 12  Tier-2 risk quotients (RQs) for oral exposure of honey bees to chlorpyrifos (CPY) via 
pollen

Variable

Larvae (120 mg) Adults (292 mg)

Median 95th centile Median 95th centile

Dose (μg CPY  
bee−1)a

5.26 × 10−4 2.72 × 10−2 1.28 × 10−3 6.61 × 10−2

LD50
b 0.146 0.146 0.114 0.114

RQc 0.004 0.19 0.011 0.580
aReported in Table 3
bTechnical CPY reported in Table 7 and larvae LD50 derived from Atkins and Kellum (1986)
cRisk Quotient = Dose/LD50 where LD50 = 0.146 or 0.114 μg bee−1

G.C. Cutler et al.
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exposures through consumption of royal jelly and brood food, since concentrations 
of pesticides in food consumed by nurse bees are 2–4 orders of magnitude greater 
than concentrations measured in royal jelly (Davis and Shuel 1988).

Estimated risk through consumption of water. Pollinators can be exposed to CPY in 
drinking water from small ponds, puddles, or on foliage wet from rain or dew. 
Exposure from wet foliage occurs with sprayable formulations only, while exposure 
from puddles or small ponds occurs with both sprayable and granular formulations 
of CPY. Using the modified rice paddy model recommended by USEPA to provide 
estimates of pesticide exposure to bees through puddles in treated fields, estimated 
worst-case daily doses of CPY in puddles were <2.4 × 10−7 μg CPY bee−1. With the 
oral LD50 value of 0.114 μg CPY bee−1, this provides a RQ of 2.1 × 10−6 (Table 13), 
which is well below the LOC of 0.4, indicating a de minimis risk to pollinators rela-
tive to other potential exposure routes.

Using the PRZM/EXAMS puddle 95th centile concentrations, which apply to 
both sprayable and granular applications of CPY, the predicted peak concentrations 
were much higher than the values obtained using the Tier-1 rice paddy model, since 
they include storm runoff events within hours after application. It is unlikely that 
bees would be exposed to these concentrations as storm events are rare, and such 
events within hours after application are even less common. Bees are not likely to 
go into fields to collect water, given the high humidity and availability of water 
around a hive after such a storm.

The model recommended by the USEPA to predict concentrations of pesticide in 
dew estimated a worst-case dose of 0.034 μg CPY bee−1 (USEPA 2012). This model 
and dose also provides a RQ less than the LOC (Table 13) and suggests low risk to 
pollinators through consumption of contaminated dew. This scenario also applies to 
wet foliage from rain or irrigation as well as from dew. Residues of CPY in dew 
come from the leaf surface, and the concentration is determined by partition between 
the leaf surface and the water. The maximum potential concentration occurs when 
there is no runoff of rain or dew to carry material away from the leaf. As water dries, 
the residues partition back onto the leaf surface. Summation of exposures via food 
and water from Tables 12 and 13 also suggests that the risks from the combined 
sources would be small for most bees.

As described in the exposure section, honey bees may collect water for direct 
consumption, to prepare food, or to control temperature in the colony. Assuming 
transport of 1,250 mg d−1 of water to the colony from a source such as a puddle or 
250 mg d−1 from a more temporary source such as dew, with 100% uptake of CPY 
from the water being carried, the modified USEPA puddle model gave an RQ well 
below the LOC (Table 13), but the dew model gave an RQ of 1.6. The RQ values 
calculated from puddle concentrations obtained using the PRZM/EXAMS model 
also exceeded the LOC (Table 13). These values are based on conservative approx-
imations, and in the case of the PRZM/EXAMS predictions, have low probability 
of occurrence. Using the refinements in the Liqui-PARAM model, the 95th per-
centile RQ for collection of water from wet foliage was reduced to a level essen-
tially the same as the LOC. The median RQ for both the OCSPP model and the 
Liqui-PARAM model estimates of exposure were well below the LOC (Table 13). 
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There are other reasons to expect contaminated dew or wet foliage exposure will 
be insignificant to honey bees. All the models used are conservative, since they are 
based on the assumption that honey bees will consume 100% of the water they 
need from a given water source, whereas in reality they can obtain 7–100% of their 
required water from food (USEPA 2012). Given the short foliar half-life of CPY 
(Williams et al. 2014), the peak concentrations associated with the higher RQ val-
ues are present for a short time.

Assessment of aggregate risks to honey bees through semi-field and field tests. 
Several studies have investigated the concentrations of CPY on foliage of treated 
plants and this material was used in laboratory bioassays with bees (Atkins et al. 
1973; Lunden et al. 1986). Their data generally showed that foliage treated with 
CPY at the label rate can remain lethal to honey bees, alfalfa leaf cutting bees, and 
alkali bees for several days after application. Residual toxicity was determined by 
calculating a RT25 value, which is the residue-degradation time required to bring 
bee mortality down to 25% or less (Lunden et al. 1986). For CPY, the RT25 was 
longer than 72 h. For comparison, an RT25 of 8 h that was suggested as indicative 
of a product that poses little risk to bees (Lunden et al. 1986). Although this result 
from caged bioassays is expected to overestimate uptake of material from the sur-
face and the duration of effects, it corresponds with results of multiple semi-field 
and field studies that indicate residual CPY on plant foliage poses a risk to honey 
bee survival 1–2 d after application.

With one exception, there are no guidelines for pollinator-safe post-spray periods 
for CPY. The exception is citrus crops in California, for which CPY must be applied 
from 1 h after sunset until 2 h before sunrise (see Atkins and Kellum 1993), giving 
a 2-h minimum post-spray interval. Assessments of effects after field applications 
indicate that some mortality may occur 1–2 d after application on flowering crops, 
and reduced foraging may persist for up to a week, but residues remaining after 7 d 
have no impact. Rapid, normal turnover of foragers in honey bees colonies and 
availability of alternate foraging sites should buffer out these short-term effects. 
There were no reports of adverse effects of CPY on honey bee brood development.

The field tests of Lunden et al. (1986) indicate that concentrations of CPY on 
alfalfa during flowering remain lethal to alfalfa leafcutting bees for at least 1 d after 
application, with reduced nesting observed. Because leafcutting bees are univoltine, 
Lunden et al. (1986) suggested applications to blooming alfalfa could have a “sub-
stantial” effect on this pollinator. Current label precautions preclude application 
when bees are foraging and are intended to mitigate this risk.

Assessment of risk through exposure to contaminated beeswax. A few studies have 
reported contamination of beeswax with CPY. Concentrations in beeswax reported 
by Mullin et al. (2010) were similar to amounts found in pollen. Although there can 
be a risk of sublethal effects through this route of exposure for some pesticides, one 
study found this was not the case for CPY (Wu et al. 2011). No data were available 
on the uptake of pesticides into larvae from contaminated wax and this is an area of 
uncertainty.
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5.2  �Estimates of Risk to Non-Apis Pollinators

Studies with non-Apis pollinators. No acute direct contact or oral toxicity data 
(LD50) based on laboratory tests were reported for non-Apis pollinators. In a green-
house experiment, Gregory et al. (1992) exposed alfalfa leafcutter bees (M. rotun-
data) to CPY-treated alfalfa and found that mortality only occurred during the first 
3 d after treatment. This is in agreement with semi-field and field studies with honey 
bees (see discussion above). Because females can only construct nests if doses of 
CPY on foliage are sublethal, and because the bioavailability of CPY on foliage 
drops rapidly, it is expected that few eggs and larvae will be exposed to hazardous 
amounts of CPY from nesting materials.

The only semi-field or field study with a non-Apis pollinator was performed by 
Gels et al. (2002). Detrimental effects were seen in bumble bee (B. impatiens) colo-
nies exposed for 2 wk to CPY-treated clover. However, bumble bees were confined 
within tunnels for the duration of the entire experiment (a worst-case scenario). In 
an open system, effects would likely be less severe. Following label precautions to 
avoid application when bees are present, mowing flower heads before treatment, 
and weed management with herbicides are useful tactics to alleviate such hazards 
from applications of CPY (Gels et al. 2002).

No studies on the exposure of bee flies, Bombyliidae, and hover flies, Syrphidae, 
to CPY were found. Their potential for exposure is dominated by foraging at flow-
ers since they are nonsocial insects that do not build nests, and feed only them-
selves. Honey bee foragers must visit more flowers, and bee behavior while on the 
flower leads to a much higher potential for transfer of material. Therefore, the honey 
bee may be considered a conservative surrogate for these taxa. Measures that are 
taken to protect honey bees are expected to be protective of these pollinators.

Estimated risk to non-Apis pollinators using NTAs as surrogates. Since toxicity data 
for CPY in NTAs is limited and the suitability of these small wasps as surrogates for 
wild pollinators is questionable (see above), this risk assessment was not conducted. 
However, Addison and Barker (2006) found that although Microctonus hyperodae, 
another parasitic wasp, was initially (1 h post-treatment) highly susceptible to foli-
age treated with CPY, no 24-h mortality was observed with 2-d old foliage at rates 
up to 100 g CPY ha−1. Bioassays such as these, where insects are confined to cages 
are conservative, because most flying insect pollinators do not spend much time on 
foliage. The risk posed by CPY is still an area of uncertainty because of the lack of 
data for non-Apis pollinators.

Estimated risks through exposure to contaminated soil. Although honey bees can be 
a good surrogate for many flying insect pollinators, ground nesting bees and mason 
bees can experience exposure via soil (Fig. 1), which is not encountered by honey 
bees. Mason bees collect soil and use it for the construction of nests, and ground-
nesting bees nest below the soil surface. They might dig their own burrows or they 
may use existing cavities built by other animals such as mice (Michener 2007). CPY 
is toxic to soil dwelling insects and is used in the management of soil dwelling pests. 
European chafer grubs (Amphimallon majalis) and leatherjackets (Tipula spp.) are 
known to have suffered significant mortality at field-relevant CPY soil concentrations 
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(Clements and Bale 1988; Tashiro and Kuhr 1978). However, the potential for use 
of these data to provide a worst-case estimate of CPY exposure to ground nesting 
bees through soil is limited, because it is unclear how much of this mortality was 
due to contact with soil, versus ingestion of CPY on plant roots. Different behav-
ioral and physiological differences between soil pests and ground nesting pollina-
tors might influence uptake of CPY from soil.

Several factors would likely reduce the risk of CPY to ground nesting bees. The 
tendency of CPY to adsorb to soil surfaces reduces bioavailability of CPY in most 
soil environments (Racke 1993), but the time for toxicity to drop below levels that 
cause mortality or sublethal effects on ground nesting pollinators is unknown. The 
dearth of studies on nesting of bees within agriculture fields (Julier and Roulston 
2009; Kim et al. 2006; Williams et al. 2010; Wuellner 1999) suggests that most spe-
cies nest outside cultivated fields where the risk of exposure is low. Many of these 
are solitary bees that forage specifically on non-agricultural plants and nest in non-
agricultural soil (Willmer 2011). Nonetheless there are some important pollinators 
including squash bees (Peponapis sp.) that nest within crops (Julier and Roulston 
2009), where the potential for exposure to CPY is much higher. Although CPY is 
not registered for use on squash or cucurbit crops pollinated by squash bees, there 
may be other bees that do nest in crops treated with CPY.

Exposure might also vary depending on the architecture of cells within the nest. 
Although cells of some nests are unlined excavations into the soil, those of other 
species are lined with a cellulose- or wax-like material (Michener 2007) that possi-
bly provides a barrier from direct contact with soil. Even without a lining, the poten-
tial for transfer of residues from soil to the insect during entry and exit from a nest is 
much lower than when the insect is digging through the soil. Immature life stages are 
expected to be less exposed than adults. For example, bumble bees usually nest 
underground, but larvae develop within their own cocoons. Eggs and larvae cannot 
actually contact the soil at all until late development and adult emergence (Michener 
2007), and their dietary exposure is limited to the levels that can be successfully 
brought to the hive by adult foragers. Contact with freshly contaminated soil is not 
likely to be a major contribution to aggregate CPY exposure for ground-nesting bees, 
but it has not been characterized or quantified and remains an area of uncertainty.

No studies were found, in which soil was collected from mason bee (Osmia spp.) 
nests from within areas exposed to CPY. Exposure via soil in this group is limited 
by the rapid degradation and limited bioavailability of CYP on soil. As with other 
nesting bees, CPY exposure of immature life stages is limited to concentrations that 
are collected by adults, and because larvae do not emerge until long after the nest is 
built, CPY residues on this soil would be negligible.

5.3  �Strengths and Uncertainties

The current assessment delineated potential exposure pathways of CPY to pollina-
tors in detail. Sufficient exposure and effects data relevant to honey bees were avail-
able and permitted a satisfactory characterization of the risk of CPY to them. 
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Data  on non-Apis bees was scant, and data available for NTA as surrogates for 
non-Apis pollinators was not usable in the risk assessment. However, in many cases 
the honey bee is a suitable surrogate for exposure and effects in other pollinating 
insects. Since all insect pollinators have in common certain aspects of their behav-
ior, biology, and ecology, worst-case exposures for honey bees should generally be 
protective of non-Apis bees. However, there are a number of biological and ecologi-
cal characteristics of these taxa that can influence risk. Some of these have been 
described previously and relate to: the role of the queen in founding nests in the 
spring; increased susceptibility due to smaller colony nest size (i.e., less redun-
dancy); the smaller size of some of non-Apis bees that leads to greater potential for 
exposure (i.e., greater surface area:volume ratio); the smaller foraging range; and 
the location and construction of nests (EFSA 2012; Thompson and Hunt 1999).

We identified several data gaps and areas of uncertainty in our assessment of 
CPY on pollinators. Below, we summarize key research topics that deserve more 
research attention, many of which are relevant to other insecticides:

•	 Given the increasing recognition of the significant role that wild bees have in 
agricultural and natural ecosystems (Garibaldi et al. 2013), more data are needed 
on non-Apis species to accurately evaluate the risk of CPY to these taxa as part 
of higher tier testing.

•	 More information on sublethal effects of CPY on pollinators is needed, in view 
of the recent increased focus on behavioral effects such as navigation to and from 
the hive. However, accepted guidelines for sublethal tests are also required.

•	 The stability and rate of degradation of CPY residues in nectar, pollen, and bees 
wax should be determined. Area-wide concentrations have been reported in 
monitoring studies, but the concentrations of CPY in nectar and pollen over time, 
following a defined field application, have not been quantified. Concentrations 
are expected to be lower on pollen and nectar than foliage for non-systemic 
insecticides like CPY, but the Tier-1 assessment models assume the same levels 
are present in all parts of the plant. In addition, depending on floral phenology, 
pollen present at the time of application will likely be available or attractive to 
foraging pollinators for only a few days after application. Quantification of con-
centrations of CPY in pollen and nectar over time after application would help to 
refine the risk assessment and facilitate testing in the laboratory with environ-
mentally relevant concentrations and routes of exposure.

•	 How CPY partitions and transfers between wax and bee brood or the food stored 
in wax cells is unknown. It is possible that wax represents a sink for CPY in the 
colony and that the residues are not bio-available when present at the concentra-
tions that have been reported in wax. Although there can be a risk of sublethal 
effects from residue in wax for some pesticides, this was not the case for CPY 
(Wu et al. 2011).

•	 Partitioning of CPY from wax, in the range of concentrations that have been 
reported, into the airspace of a colony should be quantified. The physical proper-
ties of CPY and its strong propensity to partition into nonpolar substances makes 
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it unlikely that volatility from wax in a honey bee hive is a significant exposure 
pathway. Partitioning of vapor from air into wax is more likely.

•	 The transfer of CPY from soil or foliage during nest construction is expected to 
be minor or insignificant, except in the first few hours after application. However, 
tests on the transfer of CPY from nesting materials on a variety of species is 
needed to confirm that this route of exposure is negligible, and it may be that the 
exposure is so low that differences in species sensitivity are unimportant. As this 
route of exposure is one of the key differences between the exposure pathways 
encountered by foraging honey bees and many solitary pollinators, new research 
results would clarify the usefulness of honey bees as a surrogate for other 
species.

•	 The significance of extra-floral nectaries as a food source and potential route of 
exposure appears to be minor, but has not been quantified.

6  �Summary

CPY is an organophosphorus insecticide that is widely used in North American 
agriculture. It is non-systemic, comes in several sprayable and granular formula-
tions, and is used on a number of high-acreage crops on which pollinators can for-
age, including tree fruits, alfalfa, corn, sunflower, and almonds. Bees (Apoidea) are 
the most important pollinators of agricultural crops in North America and were the 
main pollinators of interest in this risk assessment.

The conceptual model identified a number of potential exposure pathways for 
pollinators, some more significant than others. CPY is classified as being 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 main 
hazards for primary exposure for honey bees are dietary and contact exposure from 
flowers that were sprayed during application and remain available to bees after 
application. The main pathways for potential secondary exposure to CPY is through 
pollen and nectar 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, does not appear to be an important exposure route. Since adult forager 
honey bees are most exposed, their protection from exposure via pollen, honey, and 
contact with plant surfaces is expected to be protective of other life stages and castes 
of honey bees.

Tier-1 approaches to estimate oral exposure to CPY through pollen and nectar/
honey, the principle food sources for honey bees, suggested that CPY poses a risk to 
honey bees through consumption of pollen and nectar. However, a Tier-2 assess-
ment of concentrations reported in pollen and honey from monitoring work in North 
America indicated there is little risk of acute toxicity from CPY through consump-
tion of these food sources.
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Several models were also used to estimate upper-limit exposure of honey bees to 
CPY through consumption of water from puddles or dew. All models suggest that 
the risk of CPY is below the LOC for this pathway. Laboratory experiments with 
field-treated foliage, and semi-field and field tests with honey bees, bumble bees, 
and alfalfa leafcutting bees indicate that exposure 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.

Several data gaps and areas of uncertainty were identified, which apply to CPY 
and other foliar insecticides. These primarily concern the lack of exposure and toxi-
cological data on non-Apis pollinators. Overall, the rarity of reported bee kill inci-
dents involving CPY indicates that compliance with the label precautions and good 
agricultural practice with the product is the norm in North American agriculture. 
Overall, we concluded that, provided label directions and good agricultural prac-
tices are followed, the use of CPY in agriculture in North America does not present 
an unacceptable risk to honeybees.
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