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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).

 
C

C

K fdew t

plant t

oc oc
( )

( )=
´  

(2)

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.
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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
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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
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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
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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.

Risk to Pollinators from the Use of Chlorpyrifos in the United States
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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 

G.C. Cutler et al.



257

(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. 

Risk to Pollinators from the Use of Chlorpyrifos in the United States



258

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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