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The trouble with neonicotinoids
Chronic exposure to widely used insecticides kills bees and many other invertebrates

By Francisco Sanchez-Bayo

our decades ago, DDT and other pes-
ticides that cause environmental harm
were banned. Since then, newly devel-
oped pesticides have had to conform to
stricter environmental standards. Yet,
recent studies highlight the subtle but
deadly impacts of neonicotinoids—the most
widely used insecticides in the world—on
ecosystems (I-3). In contrast to other insec-
ticides, neonicotinoids are systemic, mean-
ing that they are highly soluble and thus
absorbed by the plant. They produce delayed
mortality in arthropods after chronic ex-
posure to sublethal doses but are not very
toxic to vertebrates. It has taken more than
a decade to unravel some of the mechanisms
through which neonicotinoids affect the
integrity of ecosystems. Although gaps in
knowledge remain, there is a strong case for
stricter regulation of these pesticides.
Neonicotinoids are mainly applied as
granules into the soil or as seed-dressings
during crop planting. Seeds are coated with
1 to 17 mg per kg, depending on crops and
compounds. As plants grow, they take up 2 to
20% of the insecticide and distribute it to all
parts of the plant, including leaves, flowers,
pollen, and nectar. The resulting concentra-
tions of 5 to 10 ug per liter [parts per billion
(ppb)] in the sap are sufficient to control
sucking and chewing insect pests (see the
figure). However, pollinators such as bees,
butterflies, moths, and hoverflies are equally
exposed; where neonicotinoids are used, 11
to 24% of pollen and 17 to 65% of nectar is
contaminated with these insecticides (3).
Soon after the neonicotinoid imidacloprid
was introduced in France in 1994, beekeep-
ers noticed that their honey bee colonies
were weakening or disappearing. The en- ,
suing investigation found that this and an- o
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other systemic insecticide (fipronil) were | Hidden killers. Neonicotinoids applied to seeds or soils spread into the environment, killing many nontarget anthropods.
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particularly toxic to bees, with acute dietary
LD,y’s (dose to kill 50% of bees) of 2.5 to 5
ng per bee (4). Forager bees do not die im-
mediately after visiting flowers in treated
crops because residue levels are below their
acute LD,, and bees only ingest part of what
they collect; the rest is taken to the hive. It
is the daily sublethal doses the pollinators
ingest that are the problem. Effects include
olfactory learning, memory, and locomotory
impairment and inhibited feeding (5). In a
laboratory study, chronic ingestion of 4 to 8
ppb imidacloprid resulted in 50% survival of
honey bee workers after 30 days (6).
Whether these observations apply to bees
in the natural environment has been a con-
tentious question, because the performance
of the hives does not change significantly.
There are several reasons for this apparent

~

Nectar, pollen +

Target pests
»Sap sucking
*Burrowing

weakens the bees’ immune system, making
them more susceptible to pathogens such as
Nosema. These confounding factors can be
blamed for the declines in honey bees but
cannot account for the parallel decline in
wild and bumble bees.

Di Prisco et al. (I) have established that
sublethal doses of two neonicotinoids (clo-
thianidin and imidacloprid) cause bee
immune deficiency that triggers viral infec-
tions. This causal link helps to explain the
time lag between initial exposure and mor-
tality: The cascade of effects prompted by
the insecticides involves irreversible biologi-
cal pathways that are not observable until
death takes place (9).

Although bees have captured most of the
attention, neonicotinoids are equally toxic
to ants, termites, parasitoids, and aquatic

Nontarget organisms
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quatic arthropods
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Fate of neonicotinoids and pathways of environmental contamination.

lack of effect. The amount of honey produced
is usually higher in contaminated hives be-
cause feeding inhibition and death of work-
ers result in excess honey stores. Also, some
undetectable sublethal effects cause mor-
tality after a time lag (Z). Finally, honey bee
colonies compensate forager losses by pro-
ducing hundreds of new workers daily; colo-
nies thus usually overcome the initial effects
during spring and summer and may survive
the winter apparently unscathed. However,
colony growth is usually hampered by queen
failure in the next season (7), indicating that
the queen suffers the effects of long-term in-
toxication. Bumble bees produce 85% fewer
queens per colony when exposed to field-
realistic concentrations of imidacloprid (8).
Concurrent with the widespread use of
neonicotinoids, honey bees have experi-
enced an increase in viral diseases, some
of which are propagated by a mite parasite
(Varroa destructor) that undermines bee
health. Pollen from monoculture crops also
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insect larvae, particularly mayflies, caddis-
flies, stoneflies, and midges. They are also
toxic to decomposer amphipods, woodlice,
and most crustaceans, but water fleas are
very tolerant (4).

Because most neonicotinoids persist in
soils for a year or more and are water solu-
ble, 80 to 98% of residues remaining in the
soil of treated crops eventually move into
surface waters or leach into groundwater.
Recent surveys from nine countries show
80% of surface waters contaminated with
neonicotinoids at levels of 0.14 to 18 ppb,
which are sublethal to aquatic arthropods
(10, 11). However, as in bees, chronic toxic-
ity in all these organisms involves delayed
and cumulative lethal effects over time (12).
Experiments in aquatic model ecosystems
treated with single or repeated dosages of
imidacloprid confirm this: midges, ostra-
cods, and mayflies disappear; their popula-
tions do not recover while residues in water
are above 1 ppb (13). After 8 years of field
monitoring, Van Dijk et al. (1I) reported that
imidacloprid concentrations as low as 0.01
ppb led to significant reduction of macro-
invertebrates in surface waters.

Published by AAAS

Feeding inhibition has been observed in
several decomposer organisms exposed to
chronic, sublethal concentrations of imida-
cloprid, but starvation alone is insufficient
to explain the lack of recovery and increased
mortality with time (74). Continuous con-
tamination of the aquatic environment with
neonicotinoids may undermine the inverte-
brate resource base of aquatic ecosystems
(11), thereby indirectly reducing populations
of fish, birds, bats, frogs, and other animals
that feed on them. Indeed, the steady decline
of five species of birds in the Netherlands
over the past two decades correlates with
imidacloprid contamination of surface wa-
ters during the same period (2).

The effects of neonicotinoid residues on
soil biota remain largely unknown, but the
extreme efficiency with which these insec-
ticides eliminate grub populations in turf
is worrisome (4). This issue requires more
study, because the ecosystem services pro-
vided by soil organisms are essential for
sustainable agricultural production (I5).
Scattered seeds coated with high concen-
trations of neonicotinoids may also pose a
risk to birds and rodents, despite the higher
tolerance of vertebrates due to their distinct
nicotinic receptor subunits (4).

Mechanisms that underpin chronic neo-
nicotinoid effects on terrestrial and aquatic
arthropods include immune suppression
and feeding inhibition. While these and
other issues are investigated further, cur-
rent knowledge calls for a reconsideration
of current prophylactic seed treatments with
neonicotinoids. Such treatments are the
main source of soil and water contamina-
tion; are often unnecessary, as they either do
not increase yields or are not profitable; and
go against the principles of integrated pest
management (15). B
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Abstract Systemic insecticides are applied to plants using a
wide variety of methods, ranging from foliar sprays to seed
treatments and soil drenches. Neonicotinoids and fipronil are
among the most widely used pesticides in the world. Their
popularity is largely due to their high toxicity to invertebrates,
the ease and flexibility with which they can be applied, their
long persistence, and their systemic nature, which ensures that
they spread to all parts of the target crop. However, these
properties also increase the probability of environmental con-
tamination and exposure of nontarget organisms.
Environmental contamination occurs via a number of routes
including dust generated during drilling of dressed seeds,
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contamination and accumulation in arable soils and soil water,
runoff into waterways, and uptake of pesticides by nontarget
plants via their roots or dust deposition on leaves. Persistence
in soils, waterways, and nontarget plants is variable but can be
prolonged; for example, the half-lives of neonicotinoids in
soils can exceed 1,000 days, so they can accumulate when
used repeatedly. Similarly, they can persist in woody plants for
periods exceeding 1 year. Breakdown results in toxic metab-
olites, though concentrations of these in the environment are
rarely measured. Overall, there is strong evidence that soils,
waterways, and plants in agricultural environments and neigh-
boring areas are contaminated with variable levels of
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neonicotinoids or fipronil mixtures and their metabolites (soil,
parts per billion (ppb)-parts per million (ppm) range; water,
parts per trillion (ppt)-ppb range; and plants, ppb-ppm range).
This provides multiple routes for chronic (and acute in some
cases) exposure of nontarget animals. For example, pollinators
are exposed through direct contact with dust during drilling;
consumption of pollen, nectar, or guttation drops from
seed-treated crops, water, and consumption of contaminat-
ed pollen and nectar from wild flowers and trees growing
near-treated crops. Studies of food stores in honeybee
colonies from across the globe demonstrate that colonies
are routinely and chronically exposed to neonicotinoids,
fipronil, and their metabolites (generally in the 1-100 ppb
range), mixed with other pesticides some of which are
known to act synergistically with neonicotinoids. Other
nontarget organisms, particularly those inhabiting soils,
aquatic habitats, or herbivorous insects feeding on noncrop
plants in farmland, will also inevitably receive exposure,
although data are generally lacking for these groups. We
summarize the current state of knowledge regarding the
environmental fate of these compounds by outlining what
is known about the chemical properties of these com-
pounds, and placing these properties in the context of
modern agricultural practices.

Keywords Neonicotinoid - Fipronil - Water - Soil - Dust -
Plant - Guttation - Pollen - Nontarget - Bee - Invertebrates -
Vertebrates

Introduction

Currently licensed for the management of insect pests in more
than 120 countries, the class of insecticides known as
neonicotinoids represent some of the most popular and widely
used insecticides in the world (Jeschke et al. 2011; Van der
Sluijs et al. 2013; Simon-Delso et al. 2014, this issue).
Neonicotinoids are an acetylcholine-interfering neurotoxic
class of insecticides (Matsuda et al. 2005) that are utilized in
a variety of venues ranging from veterinary medicine, urban
landscaping, and use in many agricultural systems as agents of
crop protection. They can be applied by multiple methods as
foliar sprays to above-ground plants, as root drenches to the
soil, or as trunk injections to trees. However, it is estimated
that approximately 60 % of all neonicotinoid applications
globally are delivered as seed/soil treatments (Jeschke et al.
2011).

A key characteristic distinguishing neonicotinoids from
other currently popular insecticide classes is their systemic
nature. Neonicotinoids are relatively small molecules and are
highly water soluble. Upon uptake by the plant, these com-
pounds and their metabolites circulate (primarily via xylem
transport) throughout plant tissues and provide a period of
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protection against a number of sap-feeding insects/arthropods
(Nauen et al. 2008; Magalhaes et al. 2009). This systemic
action is a key characteristic of the neonicotinoids and also
fipronil, a phenylpyrazole insecticide largely used for crop
protection that allows for great flexibility in methods of appli-
cation. Additionally, neonicotinoids and fipronil are highly
toxic to many classes of insects and exhibit relatively low
vertebrate toxicity when compared with other insecticide
classes currently in use (US EPA 2003). Therefore, these
compounds are able to act specifically on insect pests while
reducing impacts on some nontarget organisms (Tomizawa
and Casida 2003, 2005; Tingle et al. 2003). However, in
the last decade, concerns regarding the environmental fate
and effects of these compounds—including soil persistence,
effects on managed and wild pollinator species and other
nontarget invertebrates, and the potential for contamination
of untreated areas during sowing of treated seeds—have
highlighted some of the pitfalls associated with the wide-
spread use of these synthetic pesticides (Goulson 2013).
Most recently, acute intoxication sources for bees associated
with the use of seed-coating insecticides have been identified,
specifically via contaminated guttation droplets (Girolami
et al. 2009; Tapparo et al. 2011) and direct exposure of flying
bees to dusts emitted by the drilling machine during sowing of
treated seeds (Girolami et al. 2012; Krupke et al. 2012;
Tapparo et al. 2012). Given the increasing evidence that these
systemic insecticides pose serious risk of impacts on some
nontarget organisms (Bijleveld van Lexmond et al. 2014, this
issue), a review and synthesis of the literature describing the
environmental fate and routes of exposure for these com-
pounds is warranted.

Chemical properties
Volatility (air)

None of the systemic pesticides considered in this assessment
(the neonicotinoids and fipronil) have a high vapor pressure.
In general, values range between 2.8 x10™® and 0.002 mPa at
25 °C for these compounds. The low potential for volatiliza-
tion of these substances indicates that these pesticides will
most likely only be present in gaseous form for a short period
during spray applications.

Sorption to soil particles (soil)

Neonicotinoids and fipronil can bind to soil particles and this
reduces their potential to be leached through the soil profile.
Imidacloprid sorption was found to correlate positively to soil
organic matter and mineral clay content, while desorption was
lower at low temperature and at low pesticide concentration
(Coxetal. 1997, 1998a, b, ¢; Broznic and Milin 2012; Broznic
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et al. 2012). The comparative study of four soils of contrasted
texture and a reference sandy column revealed 27 to 69 % of
imidacloprid leaching (97 % in the sand column) (Selim et al.
2010). Lowest mobility was observed in the soil with highest
organic matter content (3.5 %), an effect attributed to the
existence of hydrophilic bonding on functional groups of the
pesticide which may bind to the phenolic hydroxyl and carbox-
ylic acidic groups of soil organic matter. Studies on the effects
of peat and tannic acid on mobility illustrate the importance of
organic matter quality on imidacloprid dynamics in soil (Flores-
Céspedes et al. 2002). Sorption coefficients differ between
fibronil and its metabolites (desulfinyl, sulfide, and sulfone)
(Ying and Kookana 2006). Neonicotinoids and fipronil and
their metabolites also bind to particles in sediments that form
the floor of freshwater and marine water bodies (e.g., Bobe et al.
1997; Baird et al. 2013). Bobe et al. (1997) observed that
fipronil residues move from water to sediment within 1 week
of application.

Solubility (water)

In general terms, the systemic activity of compounds increases
with increasing solubility due to improved uniformity in the
distribution of the active ingredient in the formulation
(Koltzenburg et al. 2010) and increased bioavailability of the
pesticide (Pierobon et al. 2008). Transport and translocation
are positively correlated with solubility (Chamberlain 1992).
The solubility of neonicotinoids in water depends on multiple
factors such as water temperature and pH as well as the
physical state of the pesticide applied. The molecular weight
of the neonicotinoids is between 250 and 300 g/mol, and
solubility ranges between 184 (moderate) and 590.000 mg/L
(high) for thiacloprid and nitenpyram, respectively, at 20 °C
and at pH 7 (Carbo et al. 2008; Jeschke et al. 2011; PPDB
2012) (Table 1). When compared to the neonicotinoids,
fipronil has a low solubility at 3.78 mg/L under the same
conditions and has a larger molecular weight (437.15 g/mol)

(Tingle et al. 2003). However, even lower solubilities ranging
between 1.90 and 2.40 mg/L at pH 5 and pH 9, respectively
were also reported.

It should be noted that commercial formulations often
contain additional substances that alter the behavior of the
active substance. For example, certain copolymers are
used to increase the solubility or systemicity of fipronil
(Dieckmann et al. 2010a, b, ¢) (US patents). In an
experiment to determine leaching behavior, Gupta et al.
(2002) consistently found commercially available formulas to
have a higher leaching potential than analytical grade
imidacloprid. This may be explained by the added surfactants,
which keep the insecticide soluble or suspended for a longer
period of time.

Environmental fate—abiotic

Air—environmental exposure by neonicotinoid
and fipronil, contaminated dust

Seed coating/dressing is the leading delivery method for
neonicotinoids in agriculture throughout the world. This
method of pesticide application was initially considered to
be a “safer” option for minimizing impacts on nontarget
organisms by reducing drift (Ahmed et al. 2001; Koch et al.
2005). While it seems counterintuitive that environmental
contamination could result from the use of treated seeds,
mounting evidence indicates that the liberation of pesticides
applied to seeds can and does arise via this widely used
application method. We review research that has focused upon
the dust generated during the sowing of neonicotinoid-treated
seeds and highlight the risk of acute toxicity posed to
honeybees that encounter dispersing dust. We further
review current efforts to mitigate the drift of these
compounds to nontarget areas.

Table 1 Leaching properties of various systemic insecticides (PPDB 2012)

Insecticide Solubility in water at GUS leaching Aqueous photolysis Water-sediment

20 °C at pH 7 (mg/L) potential index DT50 (days) at pH 7 DT50 (days)
Acetamiprid 2,950 (high) 0.94 (very low) 34 (stable) -
Clothianidin 340 (moderate) 4.91 (very high) 0.1 (fast)-Stable® 56.4 (moderately fast)
Dinotefuran 39,830 (high) 4.95 (very high) 0.2 (fast) -
Fipronil 3.78 (low) 2.45 (moderate) 0.33 (fast) 68 (moderately fast)
Imidacloprid 610 (high) 3.76 (high) 0.2 (fast) 129 (slow)
Nitenpyram 590,000 (high) 2.01 (moderate) - -
Thiacloprid 184 (moderate) 1.44 (low) Stable 28 (fast)
Thiamethoxam 4,100 (high) 3.82 (high) 2.7 (moderately fast) 40 (moderately fast)
*USEPA (2010)
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History and background

Concerns regarding pesticide-contaminated dust from
neonicotinoid- or fipronil-treated seeds originated from re-
ports of atypical levels of honeybee losses in several countries
following the planting of treated maize in spring. These inci-
dents have been reported in Italy, France, Slovenia, Germany,
USA, and Canada dating as far back as 1999 and as recently as
2013 (Greatti et al. 2003; Pistorius et al. 2009; Krupke et al.
2012; Van der Geest 2012; PMRA 2013). In all cases, a great
number of dead and dying bees were found near the hive
entrance. Many of these bees were foragers; however, in
incidents reported in the USA in 2010 and 2011, many of
the dead bees had the characteristic pubescence associated
with newly eclosed nurse bees (C. Krupke, unpublished data)
and neonicotinoids used in seed treatments were consistently
found in pollen stored in affected hives (Krupke et al. 2012).
Given that bee deaths have occurred in conjunction with the
sowing of treated seeds, much attention has focused on pos-
sible routes of exposure for honeybees, both during and
shortly after the planting period.

Contaminated dust was first implicated as a potential route
of honeybee exposure to neonicotinoid residues following a
study by Greatti et al. (2003). This work demonstrated that
high levels of neonicotinoid-active ingredients occurred in the
exhaust of modern pneumatic planters during seed sowing,
and the same active ingredients were detectable on the vege-
tation surrounding recently planted areas, although at very low
concentration levels (ng/g). Based on these findings, it was
proposed that the contamination of the air and surrounding
environment was the result of the abrasion and separation of
the insecticide coating away from seed kernels during plant-
ing, and the subsequent expulsion of insecticide particles into
the environment via the exhaust fan system of the sowing
machine. This discovery forms the basis for the now widely
accepted mechanism of pesticide drift from neonicotinoid-
treated seeds. Indeed, more recent work has further demon-
strated that the sowing of treated seeds results in the develop-
ment of a “toxic” dust cloud around the planting machine,
where concentrations of insecticide particles reach levels of up
to 30 pg/m’, a concentration sufficient to kill bees passing
through in a single flight (Girolami et al. 2012, 2013). In
contrast, water droplets (both guttations and dew) collected
from exposed vegetation adjacent to sown areas would not
present acute risk of toxicity to bees (Marzaro et al. 2011).

Developments

It is now known that the dissemination of neonicotinoid-
contaminated dust is exacerbated by the addition of seed
lubricants during planting. In North America, for instance,
talc, graphite, or a combination of these minerals in a finely
powdered form is typically mixed with seeds to minimize
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friction and ensure smooth seed flow during planting
(Krupke et al. 2012). Lubricants are added directly into the
planter with pesticide-treated seeds; inevitably some amount
of lubricant powder fails to adhere to seeds during the sowing
process. This residual lubricant remains behind in the planter
to be exhausted, either immediately (i.e., during seed sowing)
or later during routine cleaning of planting equipment.
Because this powder comes into direct contact with treated
seeds, it can act as a carrier of abraded seed coating. In fact,
residual talc lubricant has been shown to contain high con-
centrations of seed treatment compounds, including the pro-
tectant fungicides metalaxyl and trifloxystrobin, and up to
15,000 pg/g of neonicotinoid active ingredients (Krupke
et al. 2012), a concentration several orders of magnitude
above the contact lethal dose for honeybees.
Neonicotinoid-contaminated dust poses a risk to nontarget
organisms through a variety of mechanisms. For instance,
abraded insecticide particles that settle on surrounding vege-
tation can contaminate flowering plants (including insect-
pollinated crops, cover crops, and weeds), and thus provide
a means of exposure for pollinators utilizing these floral
resources (Greatti et al. 2003). In fact, residues of the
neonicotinoid clothianidin have been detected (up to 9 ng/g)
on dandelions, a key early season resource for honeybees,
following the planting of clothianidin-treated maize (Krupke
et al. 2012). Exposure to contaminated dust could pose risks
for nontarget organisms whether they are exposed to insecti-
cides by contact (dust cloud or deposition on vegetation) or
through the ingestion of contaminated plant products (pollen,
nectar, etc.). Indeed, high concentrations (above 20 ng/g) of
seed treatment pesticides (clothianidin and thiamethoxam)
have been detected in samples of stored pollen taken from
colonies experiencing losses during corn planting in the USA
(Krupke et al. 2012). It is important to note that the reported
pesticide concentrations from the flowers and nectar of seed-
treated crops are below levels that would induce acute toxicity
in honeybees foraging in recently planted areas. Therefore,
this exposure mechanism is unlikely to explain the high inci-
dence of bee deaths during the seed planting period. However,
a possibly complementary exposure route for nontarget or-
ganisms during the planting period is via direct contact with
contaminated dust in-flight (e.g., during pollinator foraging
flights that pass through areas being sown with treated seeds).
In-flight exposure could be of special consequence for organ-
isms like honeybees that possess abundant pubescence on
their body surface. This pubescence renders bees more likely
to accumulate and retain small particles dispersing in the air,
and furthermore creates electrostatic-friction with the air
which can enhance the attraction of small particles by bees
(Vaknin et al. 2000). By conditioning honeybees to fly
through planter-generated dust clouds, Girolami et al. (2012)
and Tapparo et al. (2012) unequivocally demonstrated that
honeybee foragers can acquire lethal doses of neonicotinoid
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residues in-flight, with concentrations ranging from 50—
1,200 ng/bee (Girolami et al. 2012; Tapparo et al. 2012).
The latter value of 1,200 ng/bee is 60 times the lethal dose
of 20 ng/bee (US EPA 1993). As such, exposure to pesticide
residues at the concentrations documented by Tapparo et al.
(2012) would undoubtedly elicit acute toxicity in honeybees,
and furthermore this in-flight mechanism of exposure to con-
taminated dust could explain the observations of dead and
dying bees during the planting of neonicotinoid-treated seeds
in various jurisdictions worldwide. Moreover, the sheer mag-
nitude and frequency of crop treatment with neonicotinoid
insecticides (e.g., the majority of maize, soybeans, wheat,
and rapeseed), combined with the coincidence of seed sowing
and the flush of spring blossoms may create scenarios where
the flight paths of bees are likely to overlap, both in time and
space, with planting activities in many areas. As a result, bees
may be at greater risk of in-flight exposure to lethal doses of
insecticides in planter exhaust as they forage near agricultural
areas that increasingly dominate many landscapes.

Given the widespread risks posed to pollinators, efforts
have been made to mitigate the dispersion of contaminated
dust in recent years. These include modifications to planting
equipment using a variety of devices (collectively known as
“deflectors™) that direct seed dust down into the seed furrow
before it is closed, as well as improvements to the quality of
seed treatment formulations. Although these measures have
the potential to reduce dust movement away from the planter
(Nikolakis et al. 2009; Balsari et al. 2013), field experiments
suggest that neither alterations to seed coating quality nor
modifications to drilling machines eliminate the incidence of
honeybee deaths during the sowing of treated seeds (Girolami
etal. 2012, 2013; Tapparo et al. 2012). In addition, modifying
equipment by adding deflectors can be laborious, time con-
suming, and potentially counter-productive if these changes
affect the accuracy and precision of seed placement (Pochi
etal. 2012). Taken together, these factors make this option less
appealing to growers and planter manufacturers alike.
Furthermore, because the seed lubricants used in North
American planting equipment (talc and graphite) have been
found to abrade pesticides from the seed coat during planting,
efforts have been made to transition to less abrasive lubricants.
Bayer CropSciences has recently developed a novel lubricant
powder to reduce the development of dust during the sowing
of treated seeds. This powder, known as “fluency agent” has
been tested in North American production fields, but there are
currently no published data regarding planting efficacy and/or
dust reduction. However, in acknowledging that most inci-
dents of acute honeybee poisonings in recent years were the
result of contact with planter dust, the Canadian Pest
Management Regulatory Authority (PMRA) recently speci-
fied that all treated corn and soybean seed must be sown using
“fluency agent”, beginning in 2014 (PMRA 2013). The
European Food Safety Authority (EFSA) has recently

acknowledged that bees can be directly contaminated by
poisoned dust around the drilling machine during seed sowing
(EFSA 2013a, b, ¢, d). Similarly, the United States
Environmental Protection Agency (EPA) has highlighted
planter dust as an area of concern and a relevant exposure
route in a recent white paper proposing a risk assessment for
pollinators (US EPA 2013).

Conclusions

The relative importance of contaminated planter dust contain-
ing neonicotinoids and other seed treatment pesticides and its
corresponding impacts on the health of honeybees and other
nontarget organisms has been debated since these products
were first registered for use (Schnier et al. 2003). While it is
now generally accepted that honeybees encountering contam-
inated dust will experience mortality events, recent overviews
of seed treatments and their impacts on honeybee health differ
in the degree of importance they assign to this source of
pesticide exposure (Cresswell 2011; Goulson 2013;
Nuyttens et al. 2013). While the impacts of contaminated
planter dust have been studied closely for managed pollinators
like honeybees, this area remains largely unexplored in the
case of other pollinators, particularly solitary species, and
species with small foraging radii. The degree to which the
dispersion of contaminated dust affects nontarget lands, wa-
terways, and the organisms living there in both the short- and
long-term is currently unclear; however, given the millions of
hectares of treated seed planted annually worldwide,
neonicotinoid-contaminated dust stands out as a key route of
pesticide exposure for nontarget organisms.

Soil—environmental fate and exposure of neonicotinoid
insecticides in soils

Introduction

As outlined above, the primary method for application of the
systemic neonicotinoids and fipronil for agricultural pest con-
trol is the planting of seeds that are coated with the insecticide.
For other pest control uses, insecticides can be applied directly
to soils for uptake by plants or to the plants themselves by
stem injections (Tattar et al. 1998; Kreutzweiser et al. 2009).
The subsequent breakdown of plant material containing in-
secticide residues can release concentrations back into the
soils, thereby providing a further route of soil contamination
(Horwood 2007).

Neonicotinoid and fipronil insecticides have been shown to
pose a risk of harm to earthworms and other soil invertebrates
(Pisa et al. 2014, this issue). In doing so, they have the
potential to adversely affect soil ecosystem services
(Chagnon et al. 2014, this issue). Therefore, an understanding
of the fate and dynamics of insecticide residues in soils is
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necessary for an environmental risk assessment. Below, we
review the literature on the fate of neonicotinoids in soils.

Temporal dynamics

Neonicotinoids are applied directly to the soil or are released
from seed coatings into the soil where they are available to be
taken up by plant roots and incorporated into plant tissues
(Mullins 1993). Plant uptake processes together with natural
degradation of these pesticides is believed to cause soil con-
centrations to rapidly decrease over time (Horwood 2007). For
example, in a field experiment, imidacloprid concentration
declined from 652 pg/kg 30 days after seeding to 11 ug/kg
by the time of harvest (130 days after seeding), by which time
it was not significantly higher than in untreated soils (5 ng/kg)
(Donnarumma et al. 2011). Natural degradation was also
reported for several insecticides, including imidacloprid and
fipronil used to fight termites in Australia with 95 % loss
measured after 1 year in situ at one site and 50 % at another
site (Horwood 2007).

Nevertheless, neonicotinoids can remain present in mea-
surable concentrations for long periods (months to years) in
the soil. Bonmatin et al. (2005a) analyzed the concentration of
imidacloprid in 74 soils covering a broad range of climates,
soil type, and agricultural practices in France. Imidacloprid
was detected in 91 % of the samples (>0.1 ng/kg), although
only 15 % of the sites had been planted with treated seeds
during the same year. Imidacloprid could be detected in 100 %
of the soils seeded with treated seeds in the same year.
Imidacloprid was detected in 97 % of soils seeded with treated
seed 1 or 2 years before the study. Interestingly, the concen-
trations were higher in the soils that had been treated consec-
utively during 2 years before the analysis than in those that
received treated seed only 1 year before the analysis
(Bonmatin et al. 2005a), indicating that imidacloprid can
accumulate over time in soils. These observations are in line
with others who have reported a long persistence of
neonicotinoids in the environment (Fossen 2006; Gupta and
Gajbhiye 2007). In contrast, Bonmatin et al. (2005a) found no
detectable residues of neonicotinoids in soils of agricultural
fields under organic farming practices.

Half-life—ranges (s0il)

Degradation of neonicotinoids and fipronil in soils depends on
factors such as soil type (especially texture and organic matter
content), ultraviolet radiation (for surface degradation), mois-
ture, temperature, and pH and will therefore vary from place to
place. In the mid and higher latitudes, the half-life will be
longer than in tropical regions because of fewer sun hours,
lower sun light intensity, and lower temperatures.

Calculated half-lives of imidacloprid in soil range over 1
order of magnitude from 100 to 1,230 days following
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application (Baskaran et al. 1999). The shortest recorded
half-life of imidacloprid in the field is 107 days in turf-
covered soils in the humid subtropical climate of Georgia,
USA (Cox 2001), while according to Belzunces and Tasei
(1997), the half-life of imidacloprid ranges between 188 and
249 days. However, ranges of 27 to 229 days, 997-1,136 days
(in laboratory studies) (Scorza et al. 2004; Fossen 2006), 455—
518 days (Fernandez-Bayo et al. 2009), 2846 days (in India)
(Sarkar et al. 2001), and even 1,000 days in soil and bedding
material (Baskaran et al. 1999) have been reported. The half-
life for imidacloprid in soils of seed-treated fields was about
270 days in France (Bonmatin et al. 2005a). However, no
decrease in concentration was observed over a 1-year period
following treatment in a field test in Minnesota (Cox 2001).
Half-life of imidacloprid ranged from 3 to 4 months to over
1 year in soils in the USA (US EPA 1993a) and was longer
under higher pH conditions (Sarkar et al. 2001). Based on data
in Anon (2006), Goulson (2013) calculated the half-life of
1,250 days for loam in the UK.

The calculated half-life of clothianidin in soil varies even
more than that of imidacloprid and ranges between 148 and
ca. 7,000 days (DeCant 2010). However, degradation is higher
at soil surfaces owing to UV degradation (Gupta et al. 2008a).
Goulson (2013) reviewed estimated DT50 (half-life) in soil
for the other neonicotinoids as well and reported 31-450 days
for acetamiprid, 75-82 days for dinotefuran, 8 days for
nitenpyram, 3.4—>1,000 days for thiacloprid, and 7-335 days
for thiamthoxam.

For fipronil, half-life times in soil range between 122 and
128 days in lab studies (sandy loam). In field studies, the half-
life time ranges from 3 to 7.3 months (US EPA 1996) although
a half-life 24 days was reported in a cotton field experiment
(Gunasekara et al. 2007; Chopra et al. 2011).

Effect of water content (soil)

Although these half-life ranges seem very broad, they can be
explained to some extent by environmental conditions.
Acetamiprid half-life is known to depend strongly on soil
conditions, being almost 10 times longer under dry conditions
(150.5 and 125.4 days for air-dried soils for 1 and 10 ug/g
dosage, respectively) than at field capacity moisture (17.4 and
15.7 days) and submerged conditions (19.2 and 29.8 days)
(Gupta and Gajbhiye 2007). Similar results were obtained in
lab studies for thiamethoxam, with half-life increasing from
submerged conditions to field capacity and to dry conditions
(46.3-75.3, 91.2-94.1, and 200.7-301 days, respectively)
(Gupta et al. 2008Db).

Similarly, fipronil half-life in Australian Red Earth loam
soils increased from 68 days at 60 % maximum water-holding
capacity (MWHC) to 198 days when the moisture content was
15 % MWHC. By contrast, no significant difference was
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observed between MWHC of 90 and 165 % (Ying and
Kookana 2006).

These results suggest that degradation is related to mi-
crobial activity, which is strongly reduced in dry soil con-
ditions and somewhat reduced in saturated soil conditions
as a result of low oxygen. In addition, lower concentrations
in soils of higher water content may also be due to dilution
effects. The concentrations of other chemical compounds
in the soil are known to vary in relation to soil moisture
content (Misra and Tyler 1999), and this is likely also true
for neonicotinoids, but to our knowledge not studied di-
rectly. Such changes in concentrations of solutes can in
turn affect soil organisms and the concentrations of pesti-
cides in guttation fluid from vascular plants. In support for
this view, thiamethoxam concentrations in guttation liquid
collected from corn plants were indeed shown to be higher
in low soil moisture conditions than in high soil moisture
conditions (Tapparo et al. 2011).

Dose dependency of decay

Decay of pesticides has been shown to depend on the dose
applied. We did not find any studies on this topic for
neonicotinoids, but, in the case of fipronil, dissipation was
shown to be rapid (24 days) at relatively low dose (56-112 g
active ingredient/ha) (Chopra et al. 2011). Fipronil was also
found to exhibit a dose-dependent rate of decay within a
similar range (0.15, 0.75 and 3.0 g active ingredient/m?) in
Australian Red Earth loam soils (Ying and Kookana
2006). The time for 50 % loss of active ingredients to
occur increased approximately fourfold from low to
high application rates (145-166 days at lowest rate to
514-613 days at highest rate). Although we did not find
published reports of dose-dependent decay among
neonicotinoid insecticides, we raise this as a possible further
factor affecting concentrations in soils.

Effect of temperature on decay

Imidacloprid degradation was temperature-dependent in a lab
incubation experiment (clay soil). Half-lives decreased from
547 to 153 days and finally to 85 days at incubation temper-
atures of 5, 15, and 25 °C, respectively (Scorza et al. 2004).
The same authors report results from a field experiment in
which imidacloprid concentrations declined rapidly at first
(50 % between May and September) but then no significant
change could be detected during the cold months of the year,
suggesting a temperature effect (Scorza et al. 2004). High
temperature (experimental site in Hisar, 100 km NW of new
New Deli, India) was shown to increase the degradation of
fipronil (Chopra et al. 2011).

Leaching and other causes of concentration changes

Independently from uptake by plants or microbial breakdown,
concentrations of neonicotinoids and fipronil may change
owing to movement in the soil. Two main factors determine
such movements: (1) the concentration or identity of dissolved
molecules in the soil solution and (2) the sorption on soil
particles. Neonicotinoids are mobile in the soil and thus rep-
resent a potential contamination threat to surface water and
groundwater.

Leaching of pesticides is one of the main mechanisms
responsible for the contamination of groundwater and surface
water. The leaching process is highly variable across different
soil types, pesticide formulations, and application methods
(Gupta et al. 2002; Huseth and Groves 2014). The presence
of cracks or other macropores in the soil (earthworm burrows,
root channels, etc.), or less-structured soil can lead to prefer-
ential flows that bypass the most chemically and biologically
reactive topsoil, thus facilitating the high mobility of pesti-
cides (Scorza et al. 2004).

One way of determining the leaching potential of a sub-
stance is by calculating the Groundwater Ubiquity Score
(GUS). It is calculated from the sorption coefficient (K,)
and the soil halftime (DT50) in the following manner
(Gustafson 1989):

GUS = log,(,(DT50) x (4-log;o(Koc))

As seen in Table 1 and according to GUS, dinotefuran and
clothianidin have a very high leaching potential, imidacloprid
and thiamethoxam have a high leaching potential, while
fipronil and nitenpyram are classified as possible leachers
(PPDB 2012). Contrary to the other systemic pesticides,
acetamiprid and thiacloprid break down readily in soil, there-
by decreasing the risk of leaching. But the most commonly
used agricultural neonicotinoids (imidacloprid, clothianidin,
and thiamethoxam) each have a GUS leaching potential index
greater than 3.7.

Imidacloprid is known to leach more rapidly through soil
columns than other tested pesticides, including common water
contaminants such as the organophosphate insecticides chlor-
pyrifos and diazinon and the herbicide diuron (Vollner and
Klotz 1997; Cox 2001). Comparative modeling conducted by
the US EPA have shown that imidacloprid had the highest
leaching potential among 14 turf insecticides (US EPA
1993b). This high mobility was also confirmed in a field
experiment in which imidacloprid was shown to be very
mobile in irrigated soil (Felsot et al. 1998). This is also the
case for greenhouse soil; Gonzalez-Pradas et al. (2002) report
that imidacloprid penetrates the first 40 cm of soil within
2 years of the first application in greenhouses. Gupta et al.
(2002) investigated the leaching behavior of different
imidacloprid formulations and found that imidacloprid
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recovery in 25 cm column leachate varied between 28.7
(analytical grade) and 44.3 % (water-dispersible powder).
The heightened leaching potential in commercially available
formulations is attributed to the surfactants that were added to
the product. Indirect evidence of leaching is also shown by a
nearly 50 % drop of imidacloprid concentration (120 vs.
220 ppb) in Hemlock tissue when applied to soil in autumn
versus spring (Cowles et al. 2006). Thiamethoxam was also
shown to be highly mobile in soil. In a soil column leaching
experiment, the equivalent of 65 cm of rainfall caused
leaching of 6679 % of the applied thiamethoxam and no
residues could be detected in the soil (Gupta et al. 2008b).
These results clearly show that neonicotinoids have a high
potential to leach vertically down the soil profile or laterally
through soil flow paths and contaminate surface and
groundwater.

Mobility of fipronil and of its metabolites (desulfinyl,
sulfide, and sulfone derivatives) was observed down to
15 cm, but only traces were found at higher depths (15—
30 cm) in three Australian Red Earth loam soils (sandy, loamy,
and clay) overlain by 5 cm of quartzite sand. However, exper-
imental plots were covered by plastic liners and fiber cement
during the course of the experiment, thus limiting the leaching
due to rain (Ying and Kookana 2006). The same authors
reported an experiment on two repacked soils (sandy loamy
and clay, respectively) with alternative wet-dry weekly cycles
(7 days dry followed by 20 mm of rain). Fipronil was added at
a high concentration (3 g/m® active ingredient, which in a
parallel experiment was shown to result in longest half-life),
and bromide was used as a tracer. Mobility was minimal in
both soils and not related to the behavior of bromide (highly
leached in the sandy loamy soil but not in the clay soil) (Ying
and Kookana 2006). Limited fipronil mobility was also dem-
onstrated in Australian soils despite rather dry conditions:
although measured annual rainfall was only 432.1 mm, mostly
falling during the second half of the experiment, significant
downward movement of fipronil was measured (Ying and
Kookana 2006). Fipronil was found to bind to soil organic
matter, increasing in the range 0.1-6.5 % (Bob¢ et al. 1997;
Gunasekara et al. 2007) and this may explain the low bioac-
cumulation measured in fungi grown on compost with differ-
ent concentration of fipronil (Carvalho et al. 2014).

Conclusions

Neonicotinoid and fipronil concentrations in soils typically
decline rapidly after application, by hydrolytic, photolytic,
and microbial degradation, by plant uptake, by sorption to soil
particles, and by leaching to receiving waters. However, in
some soil conditions, neonicotinoid and fipronil concentra-
tions can persist, and possibly accumulate, for months or
years. Persistence is highest under cool, dry conditions and,
at least for neonicotinoids but possibly also for fipronil, in
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soils with high organic matter content. Given that
neonicotinoids and fipronil are widely used in agricultural
settings and can persist in drier, organic-enriched soils, which
are common in agricultural fields, their residues in agricultural
soils may pose a risk to soil organisms (Pisa et al. 2014, this
issue). The uptake of soil-borne residues by plants expands
this risk of exposure to other nontarget organisms such as
those feeding on living or decomposing plant material, and
those collecting nectar and pollen, although little is known
about biologically-relevant concentrations found in nontarget
plants and the effects of these concentrations upon other
organisms.

While the environmental fate of neonicotinoids and fipronil
in soils has been examined in several field and laboratory
studies, some uncertainties remain. It is not always clear to
what process the half-lives correspond. Half-life values are
clear for imidacloprid hydrolysis (33 to 44 days at pH 7 and
25 °C) and photolysis (under 3 h) (Fossen 2006), but the term
“half-life” is also used when discussing decreasing concentra-
tions over time in soil regardless of the mechanism. For
example, Cox writes “The shortest half-life (the amount of
time required for half of an applied pesticide to break down or
move away from the test site) was 107 days in turf-covered soil
in Georgia.” (Cox 2001). There are several possible ways by
which pesticide concentrations in soils can decrease including
uptake by plants, leaching through the soil profile (a demon-
strated important process), lateral drainage (in cases of sloping
terrain), abiotic or biotic degradation, evaporation (although
unlikely given to the low volatility of at least imidacloprid
(Fossen 2006)), and dilution (if soil moisture content increases
between measurements).

Although some of the mechanisms of dissipation or break-
down have been shown for parent compounds, little is known
about the concentrations and dynamics of neonicotinoid and
fipronil degradation products and metabolites. Progress on
characterizing and tracking metabolites in soils is impeded
by the lack of sensitive analytical methodology, and by the
fact that information on the chemical structure of metabolites
and the availability of reference materials is often proprietary
and not available to researchers. Early indications from un-
published studies on metabolites of imidacloprid suggest that
several metabolites can be found and they can be more toxic to
invertebrates than the parent compound (Suchail et al. 2001;
Simon-Delso et al. 2014, this issue).

Water—environmental fate and exposure of neonicotinoid
and fipronil insecticides in water and sediments

Introduction
The contamination of surface water with pesticides is an

ongoing concern worldwide. Innovations in pesticide compo-
sition and application methods present new solutions as well
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as challenges. The invention of neonicotinoids and fipronil
heralded a new era of pest management, with a higher versa-
tility in application methods and a high target specificity for
invertebrates (Jeschke and Nauen 2008). However, these new
pesticides present their own set of problems. There are nu-
merous ways for systemic pesticides such as neonicotinoids
and fipronil to contaminate groundwater or surface water. The
increasing use of these compounds worldwide therefore raises
concerns about higher and more widespread contamination of
aqueous environments (Overmyer et al. 2005; Tisler et al.
2009). In addition to toxicity, pesticide persistence, metabolite
characteristics, the source of contamination and level of ex-
posure are all important for determining the impact of these
compounds on aquatic organisms and ecosystems. The per-
sistence of systemic pesticides in the aqueous environment
varies with field conditions. These include exposure to sun-
light, pH, temperature, the composition of the microbial com-
munity, and also the formulation and quantity of the pesticide.

Photodegradation When studied under laboratory conditions,
photolysis plays a major role in degradation of systemic pesti-
cides in water (Table 1). Imidacloprid undergoes photolytic
degradation rapidly (CCME 2007). However, it proves difficult
to find consistent data. Tisler et al. (2009), for example, stored
analytical-grade imidacloprid in distilled water (varying con-
centrations, 8.75—140 mg/L) in the dark at cold temperatures (3
+2 °C) and in room light at 21+1 °C. The samples stored in the
cold temperature showed no variation during 22 days, while the
samples stored at room temperature showed decreasing levels
of imidacloprid during this period, dependent on the initial
concentration. The higher concentrations (105 and 140 mg/L)
decreased by up to 24 % in this period, while levels of 70 mg/L
and lower stayed the same. Although the authors hypothesize
that this can be attributed to photolytic breakdown in light, the
large temperature difference between the two methods is not
taken into account in this statement.

In the absence of light, the DT50 of neonicotinoids and
fipronil in sediments varies considerably. Thiacloprid is re-
ported to have the shortest DT50, 28 days, while imidacloprid
persists the longest at 130 days (PPDB 2012). This last finding
on imidacloprid is confirmed by Spiteller (1993) and Krohn
and Hellpointner (2002), and cited in Tisler et al. (2009), who
found DT50 values of 130 and 160 days for different types of
sediments.

Temperature The rate of hydrolysis of imidacloprid increases
with temperature (Zheng and Liu 1999; Scorza et al. 2004).
The first authors reported an effect of temperature on half-life
times of imidacloprid in soil for example (547 days at 5 °C to
89 days at 25 °C).

pH The degradation rates of neonicotinoids and fipronil in
water also vary with pH. PPDB (2012) and US EPA (2005)

reports that imidacloprid is stable at a pH between 5 and 7,
while the half-life time at pH 9 is about 1 year at 25 °C,
thereby indicating a decreasing DT50 with increasing pH.
Thuyet et al. (2013) studied degradation of imidacloprid and
fipronil at pH levels relevant for rice paddies. Kept at 18.2+
0.4 °C and in the dark, the initial concentrations of 60 and
3 ug/L, respectively, for analytical-grade imidacloprid and
fipronil, were based on field-realistic concentrations found in
paddy fields after application of these pesticides. After an
initial decrease in concentration on the first 7 days, the con-
centration of imidacloprid remained stable at pH 7, but con-
tinued to decrease at pH 10. The authors estimated a DT50 of
182 and 44.7 days for imidacloprid at pH 7 and 10. However,
Sarkar et al. (1999) found an average half-life of 36.2 days at
pH 4, which increased to 41.6 days at pH 9. It should be noted
that these results were obtained with commercial formulations
(Confidor and Gaucho) at an ambient temperature of 30+
5 °C, which is a very wide range. The relatively high temper-
ature will increase the degradation rate, making these results
difficult to translate to the majority of field conditions.

Guzsvany et al. (2006) studied the effect of pH on degra-
dation of four different neonicotinoids (at 23 °C) and found
that imidacloprid and thiamethoxam degraded more rapidly in
alkaline media, while staying relatively stable at pH 7 and 4.
Likewise, fipronil degradation is strongly pH dependant, with
hydrolysis half-life declining from >100 days at pH 5.5 and 7
to 2.4 h at pH 12 (Bobé et al. 1997). In contrast, acetamiprid
and thiacloprid degraded more rapidly in acidic conditions
while remaining stable for about 30 days in alkaline condi-
tions. In contrast, several sources indicate that imidacloprid
more readily degrades under alkaline conditions (Zheng and
Liu 1999; US EPA 2005 in CCME 2007). An experiment
determined that, while no hydrolysis products were detected at
pH 5 and 7 at any sampling intervals, imidacloprid trans-
formed slightly at pH 9, with a calculated half-life of
346.5 days (Yoshida 1989 report in CCME 2007). Based on
these results, the compound is stable to hydrolysis at environ-
mentally relevant pH (CCME 2007).

Field conditions Although most neonicotinoids and fipronil
degrade in sunlight, in field conditions, the proportion of
transmitted sunlight in water depends on water depth, turbid-
ity, and the wavelength of the incident radiation (Pefia et al.
2011). Overall, degradation under field conditions results in
variable concentrations through time. In a field experiment,
Sanchez-Bayo and Goka (2006) observed an initial decrease
of imidacloprid in rice paddies with a starting concentration of
240 png/L, but the concentration stabilized at 0.75 pg/L for the
entire 4-month duration of the experiment. Kreutzweiser et al.
(2007) report a declining rate of degradation over time for
imidacloprid (initial doses, 0.001-15.4 mg/L) in water of
laboratory microcosms, with a dissipation of about 50-60 %
after 14 days for the higher doses. The authors conclude that
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aqueous imidacloprid concentrations could therefore persist in
natural water bodies for several weeks at measurable concen-
trations. Others have reported surface water concentrations of
imidacloprid that persist under field conditions (Van Dijk et al.
2013; Main et al. 2014). However, in a study to aid registration
of imidacloprid as a potential control measure for burrowing
shrimp, imidacloprid was applied to tidal mudflats in Willapa
Bay, USA, in three application rates (0.28, 0.56, and 1.12 a.i./
ha). After 28 days, imidacloprid was still detectable in the
sediment (limits of detection (LOD) of 2.5 ng/g). However, it
dissipated very quickly from the water, being detectable only
in one of the three test blocks the day after application. This
was attributed to the fast dilution and low sorption potential of
imidacloprid (Felsot and Ruppert 2002).

In urban areas, most pesticide runoff is collected in a
sewage system and will often undergo treatment at a waste-
water plant before being returned to the surface water.
Although degradation of thiamethoxam does take place in
wastewater, with a half-life of 25 days while in the dark, this
is not the case for all neonicotinoids. For example, thiacloprid
concentrations in wastewater remained stable whether ex-
posed to sunlight or not, over a 41-day period (Pefia et al.
2011). Imidacloprid has also been detected in wastewater
treatment plants in Spain (Masia et al. 2013).

Despite laboratory studies suggesting that clothianidin is
susceptible to rapid degradation or dissipation through pho-
tolysis (aqueous photolysis DT50<1 day), the slow rate of
dissipation in field conditions indicates that photolysis in
natural systems does not play a large role in the degradation
process (US EPA 2010). Pefia et al. (2011) demonstrated the
susceptibility of thiamethoxam to direct photolysis, but found
clothianidine and thiacloprid to be stable under direct sunlight.
Clothianidin is reported to be stable under environmentally
realistic pH and temperatures (US EPA 2010).

Metabolites Degradation of neonicotinoids often produces
secondary metabolites in water, some of which have been
proven to have an equal or greater toxicity than their parent
compounds (Suchail et al. 2001). An example is clothianidin,
a metabolite of thiamethoxam, which is itself commercially
available as an insecticide. For an overview, see Simon-Delso
et al. (2014, this issue).

Sources of contamination in water

Systemic pesticides used on agricultural fields, grass, turf, or hard
surfaces such as lawns, golf courses, or concrete may contami-
nate surface and/or groundwater through (foliar) runoff, as well
as through leaching, (subsurface) drains, spillage, greenhouse
wastewater, and spray or dust drift (Gerecke et al. 2002). In
addition, water on the soil surface of treated fields, temporary
pondage, may contain high concentrations of systemic pesticides
(Main et al. 2014). In sporadic events, flooding of greenhouses
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and the subsequent emptying thereof into surface water may
result in severe contamination locally. In addition, when applied
as stem injection to trees, the falling leaves in autumn may
provide a source of contamination to water bodies
(Kreutzweiser et al. 2007). Figure 1 provides an overview.

Spray or dust drift Spray application may lead to direct con-
tamination of surface water. This may be caused by uninten-
tional overspray, careless application, or wind dispersal. In
addition, dust emission from treated seeds during planting has
the potential to drift to adjacent areas. EFSA (2013b, f) gives
the percentage of dust drift deposition on the surrounding
vegetation from 0.01 % in sugar beet to 7.0 % for maize.
Although surface water does not have the three-dimensional
catchment properties of surrounding vegetation, it still indi-
cates that measureable amounts of these pesticides may po-
tentially contaminate surface water directly through drift. For
example, Tapparo et al. (2012) carried out particulate matter
emission tests with different types of commercially available
treated maize seeds. While the exact distance that the dust
travels depends on atmospheric conditions, it is reasonable to
assume that such particulate matter can drift to nearby surface
water.

Runoff Neonicotinoids and fipronil are often used to control
insect pests in urban or residential areas. Use of these insec-
ticides on ornamental plants or near impervious surfaces cre-
ates a potential mode of contamination for aquatic ecosystems
through runoff during rainfall or irrigation (Armbrust and
Peeler 2002; Haith 2010; Thuyet et al. 2012). Runoff may
include dissolved, suspended particulate and sediment-
adsorbed pesticides (van der Werf 1996). Imidacloprid and
fipronil runoff from turf and concrete surfaces was studied by
Thuyet et al. (2012). During their experiment, they subjected
turf and concrete surfaces to simulated rainfall at different
points in time and with different treatments (turf, granular
imidacloprid; concrete, emulsifiable concentrate of
imidacloprid and suspension concentrate of fipronil). Their
findings indicate a high runoff of imidacloprid on concrete
surfaces following 1.5 h after application, with peaks up to
3,267.8 ng/L, 57.3 % of the amount applied. However, per-
centages dropped between 1.0 and 5.9 % 1 day after the
application. No imidacloprid was detected in runoff 7 days
after application. Mass losses of fipronil from concrete surface
runoff were comparable to imidacloprid with 0.9 to 5.8 %.
However, the concentration of toxic byproducts from fipronil
runoff was high in all samples. The findings on turf surfaces
for imidacloprid varied largely between repeated samples,
with between 2.4 and 6.3 % of applied mass product detected
in the runoff.

Runoff of these pesticides can also occur in agricultural
settings. Residues can occur on plant surfaces after foliar
applications or accumulation of pesticide-contaminated dust,
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Fig. 1 Important applications and major pathways for pesticide transport
into surface waters. / Field—spray and dust drift during application,
surface runoff, and leaching with subsequent transport through drainage
channels during rain events. 2 Farm and farmyard—improper operations
(e.g., filling of sprayers, washing of measuring utilities, disposing of
packing material, driving with seeping sprayers, and cleaning of spraying
equipment). These operations are done either at locations, which are

and these residues can be washed off during rain events
leading to contamination of surface waters. Climate change
is expected to play a role in altering pesticide environmental
fate in the future. The likelihood of runoff increases with
precipitation levels, with increased frequency and intensity
of storm events and with increasing pest pressure under cli-
mate change effects. As a consequence, the risk of pesticide
runoff is likely to be elevated (Kattwinkel et al. 2011).
Bloomfield et al. (2006) examined the impacts of this for
pesticide behavior in groundwater and surface water in the
UK. Pesticide mobility is expected to increase through more
frequent heavy rainfall events, increased soil erosion, and
cracking of soils leading to faster by-pass flows in winter. In
the drier periods, lower flow in rivers also has the potential to
increase pesticide concentration and accumulation in sedi-
ments (Masia et al. 2013). On the other hand, higher soil
and surface water temperatures due to climate change will
decrease some pesticide half-life times. While the overall
impact is difficult to predict, increased transport to surface
and groundwater of soluble substances such as several
neonicotinoids seems likely. For clothianidin, for example,
increased mobility is expected, but not the predicted decrease
in half-life time as clothianidin is not sensitive to temperature
changes. The future increased potential of such pesticides to
reach and accumulate in surface and groundwater is an aspect
that requires attention and warrants further research. Similarly,

drained to the sewerage, to the septic tank or into surface waters. 3 Like
2 for pesticide users in urban areas. 4 Pesticides in building material—
leaching during rain events. 5 Applications on lawns, streets, and road
embankments—runoff during rain events. 6 Protection of materials—
e.g., products containing antifouling ingredients that get into the sewerage
(e.g., detergents and cosmetics) (source, Gerecke et al. 2002)

increases in the risk of flooding, especially in greenhouses,
could result in washing out of systemic pesticides to the
environment (Blom et al. 2008).

Drainage Systemic pesticides are also used in greenhouses,
where application techniques include drenching of flower
bulbs or chemigation (adding chemicals to irrigation water).
The wastewater drainage from these greenhouses is often
released into surface water and contains high levels of
neonicotinoids. Kreuger et al. (2010) studied pesticides in
surface water next to vegetable crops and greenhouses in
different regions in Sweden. The authors found imidacloprid
present in 36 % of the samples, including all samples taken
from stream water draining areas with greenhouse cultivation.
The highest concentration of imidacloprid was 9.6 pg/L, sub-
stantially higher than in other areas with outdoor cultivation of
vegetables. Acetamiprid and thiametoxam were also detected,
in 9 and 3 % of the samples, respectively. Only a trace of
thiacloprid was found once.

Exposure
Environmental concentrations Contamination of surface wa-
ter with neonicotinoids or fipronil has been reported in various

countries as early as the 1990s. In the Netherlands,
imidacloprid was one of the top three of the substances
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exceeding the ecotoxicological limit (13 ng/L) since 2004, and
has been shown to occur in surface water at up to 25,000 times
that amount (Van Dijk et al. 2013). In 2010 and 2011, 75
surface water samples were taken from agricultural regions in
California. Imidacloprid was detected in 89 % of the samples
and the US EPA toxicity benchmark of 1.05 pug/L was
exceeded in 19 % of the samples (Starner and Goh 2012). In
a more recent study, Main et al. (2014) surveyed levels of
neonicotinoids in water and sediment in the Canadian Prairie
Pothole Region. A total of 440 samples were taken before
seeding (2012 and again in 2013), during the growing season
(2012) and after the harvest of crops in fall (2012). At least one
of the following neonicotinoids, clothianidin, thiamethoxam,
imidacloprid, or acetamiprid was found in 16 to 91 % of the
samples, depending on the time of sampling. Clothianidin was
the most commonly detected chemical of the group during
three of the four sampling periods, while thiamethoxam was
predominant in water samples during the fourth sampling
period (after harvest 2012). Maximum concentrations detect-
ed in the water were 256 ng/L for imidacloprid (mean,
15.9 ng/L; wheat crops after seeding 2012), 1,490 ng/L for
thiamethoxam (mean, 40.3 ng/L; canola after seeding 2012),
3,110 ng/L for clothianidin (mean, 142 ng/L; canola after
seeding 2012), and 54.4 ng/L for acetamiprid (mean, 1.1 ng/
L; canola after seeding 2012).

Concentrations in soil water exceeding 20 times the per-
mitted level in groundwater (EU directive at the time of the
study 1997-1999, i.e., 91/414) were measured in greenhouse
soil in Almeria, Spain (Gonzalez-Pradas et al. 2002). A large-
scale study of the Guadalquivir River Basin in Spain by Masia
et al. (2013) detected imidacloprid in 58 % (2010) and 17 %
(2011) of the samples, with concentrations in these 2 years
ranging between 2.34 and 19.20 ng/L. The situation is com-
parable in Sweden, where imidacloprid was detected in
36 % of the points sampled by Kreuger et al. (2010). The
Swedish guideline value of 13 ng/L was exceeded 21
times, with a maximum concentration of 15,000 ng/L,
which is 1,154 times over the guideline value. Acetamiprid
was also detected, exceeding the guideline value of 100 ng/L
twice, with a maximum value of 410 ng/L. Concentration of
imidacloprid at 1 pg/L was reported by Bacey (2003) in
California groundwater. Concentration reaching 6.4 pg/L
were measured from wells in potato-growing areas in
Quebec with detection of imidacloprid and three of its metab-
olites in 35 % of these wells (Giroux 2003). Detections
ranging from 0.2 to 7 pug/L were measured in New York
State (US EPA 2008).

Fipronil was detected in the Mermentau and Calcasieu
River Basins in the USA, in more than 78 % of water samples
from the study area. The metabolites fipronil sulfone and
fipronil sulfide were detected more often than the parent
compound in 81.7 and 90.0 % of the samples, respectively
(Mize et al. 2008). In an earlier report by Demcheck et al.
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(2004), the accumulation of fipronil degradates in sediment in
the same area was reported (100 % of samples). Both authors
report that higher concentrations of fipronil and its metabolites
were connected to changes in aquatic invertebrate
communities, notably a decrease in abundance and diversity.
Contamination with fipronil has also an impact on fish as
exemplified by Baird et al. (2013).

The contamination of groundwater is also a concern. With
the large-scale use of these systemic insecticides and the
increasing evidence of their presence in surface water, it
should be taken into account that the time lapse between first
application of a pesticide and its measured presence in
groundwater is, on average, 20 years. Atrazine, for example,
is only recently being discovered in groundwater despite
having been registered in 1958. Detection of contamination
of groundwater with neonicotinoids and fipronil is only a
matter of time (Kurwadkar et al. 2013) as this is also the
case for lindane (Gongalves et al. 2007). This is supported
by levels measured for thiamethoxam in 2008 and 2009
where several wells in Wisconsin had values above 1 pg/L,
with a maximum at 9 pg/L (Huseth and Groves 2013,
2014). Following these results, imidacloprid (average,
0.79; range, 0.26-3.34 ng/L), clothianidin (average, 0.62;
range, 0.21-3.34 pg/L), and thiamethoxam (average, 1.59;
range, 0.20-8.93 pg/L) were detected at 23 monitoring loca-
tions over a 5-year period.

Exposure routes Exposure of nontarget organisms in aqueous
environments can take place through different scenarios.
Baird et al. (2013) studied toxicity and exposure levels of
fipronil on fathead minnow (Pimephales promelas), and stated
that although waterborne fipronil can be toxic to larval fish,
this would only be of concern at high concentrations. The
authors conclude that it is the exposure through sediment that
presents the real threat to aquatic organisms, including bioac-
cumulation of fipronil, fipronil sulfone, and/or fipronil sulfate
in fish. The fact that systemic pesticides are more persistent in
low-light conditions draws further attention to the importance
of this exposure route.

Other exposure routes could include the use of contaminated
water as drinking water. For example, honeybees (4pis
mellifera) use water in the hive for cooling and for preparing
liquid food for the brood (Kiihnholz and Seeley 1997). In
extreme conditions (desert), water foraging bees can col-
lect water from up to 2 km from their colony (Visscher
et al. 1996). EFSA (2012a) reports 20-42 L per colony
per year, and up to 20 L a week or 2.9 L a day in
summer. They draw attention to the lack of data on the
exposure of honeybees to water through surface water,
puddles, and in leaves and/or axils, and recommends that
this should be taken into consideration when determining
the level of exposure to honeybees.
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Conclusion

The high to moderate solubility, leaching potential, and per-
sistence of most of the neonicotinoids and fipronil pose a
continuing and increasing risk to aqueous environments.
Detections of (high) concentrations in groundwater and sur-
face water are becoming more widespread around the globe.
With an ever-increasing scale of use and a relatively high
toxicity for aquatic invertebrates, severe impacts on aquatic
ecosystems can be expected, and are indeed being discovered
(Skrobialowski et al. 2004, cited by Mize et al. 2008; Goulson
2013; van Dijk et al. 2013; Pisa et al. 2014, this issue).

Environmental fate and exposure in plants
Introduction

The efficacy of neonicotinoid insecticides is due in part to the
moderate to high water solubility (PPDB 2012); a factor
which enhances the uptake and translocation of active ingre-
dients. An advantage associated with using these systemic
products is that treated plants are resistant to pests much
longer than those treated with nonsystemic products
(Dieckmann et al. 2010b).

Neonicotinoids and fipronil are taken up by plants, e.g., by
the roots or the leaves, and then transported along the phloem
or the xylem to distal tissues different from those where the
product was applied (Nauen et al. 2001; Dieckmann et al.
2010a; Aajoud et al. 2008), including the flowers (Bonmatin
et al. 2003, 2005b), their pollen (Bonmatin et al. 2007;
Krupke et al. 2012), and nectar (Stoner and Eitzer 2012;
Paradis et al. 2014). Thus, no matter where a pest or
nontarget organism attacks the treated plant it is likely
to come in contact with these chemicals. This chapter aims to
provide an overview on the environmental fate of neonicotinoids
and fipronil in plants and subsequent exposure routes for non-
target organisms.

Uptake by the roots and leaves

Prediction of translocation of pesticides in plants is difficult.
Plant morphology and physiology as well as chemical prop-
erties of the specific compounds are highly variable and the
mechanisms behind translocation processes are often
poorly known (Trapp 2004). This chapter focuses on
several physical-chemical characteristics of neonicotinoid in-
secticides and fipronil, aiming to describe the transloca-
tion of these pesticides within treated plants after their
application.

Systemicity depends on the physical-chemical parameters
of the chemicals including water solubility, the partition

coefficient octanol/water (log P,., or K,) and the coefficient
of dissociation (pK,). The values of these parameters for the
molecules of interest (neonicotinoids and fipronil) can be
found in Table 2. However, there are ways to render nonsys-
temic products, such as fipronil, systemic, by adding copoly-
mers to the pesticide formulation (e.g., Dieckmann et al.
2010a, b; Ishaque et al. 2012).

Partition coefficient octanol/water (log K,,) This parameter
indicates the lipophilicity of substances which is related to the
ability of substances to penetrate through bio-membranes
(Trapp 2004). In order to enter into the plant, chemicals need
to cross the plant cuticle. The coefficient cuticle/water is
closely linked to the log K, (Trapp 2004). However, it is
difficult to predict cuticle uptake as it depends on many other
factors such as the chemical ingredient, the contact area, the
cuticle surface, etc.

When used as root, soil, or seed applications, the sorption
of organic chemicals to plant tissues depends on the root
concentration factor (RCF) which is the ratio between the
concentration in the root (g/g) and the concentration in solu-
tion (g/mL). The dependency of the RCF on the K, has been
empirically estimated by Briggs et al. (1983). Maximal cuticle
permeability occurs with neutral lipophilic compounds (Trapp
2004), log K, being around between 1 and 2.5. Compounds
can be considered systemic when their partition coefficient
octanol/water goes from 0.1 to 5.4 (Dieckmann et al. 2010a).
Certain experts (ICPPR: International Commission for Plant-
Pollinator Relationships, http://www.uoguelph.ca/icpbr/
index.html) have proposed to consider a molecule as
systemic if the partition coefficient lays underneath 4
because of hydrosolubility. A parameter that may influence
the uptake of pesticides by the roots is the adsorption of
chemicals by the soil. However, the final determination of
the systemic character should be based on residue analyses or
fate analyses in order to reduce uncertainties.

Similarly, when applied as foliar spray, the log K, and the
concentration of the applied formulation also influence uptake
via the leaves. Buchholz and Nauen (2002) describe two
additional parameters that alter cuticle permeability of system-
ic insecticides: molecular mass and temperature. Molecules
with high molecular mass at low temperatures tend to pene-
trate less (Baur et al. 1997). However, cuticle specific charac-
teristics are determinant for pesticide uptake.

Dissociation coefficient (pK,) This parameter indicates if the
diluted form of the molecule is a weak or a strong acid. A pK,
<4 indicates a strong acid, while pK,>5 indicates a weak one.
It is important to note that the phloem pH of plants is around 8
and the xylem pH is around 5.5. Almost all systemic com-
pounds are weak electrolytes (Trapp 2004). The pK, of
neonicotinoids and fipronil (many in their undissociated form)
are shown in Table 2. Roots tend to show higher uptake rates
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Table 2 Physical-chemical pa-

rameters of neonicotinoids and Active substance Molecular Water solubility Octanol/water Dissociation
fipronil determining their translo- weight (g/mol) (glh) partition coefficient constant (pK,)
cation capacity within the plant (log Pow)
Fipronil 437.15 0.00378 3.75 No dissociation
Imidacloprid 255.7 0.61 0.57 No dissociation
Thiamethoxam 291.71 4.1 —-0.13 No dissociation
Thiacloprid 252.72 0.184 1.26 No dissociation
Clothianidin 249.7 0.34 0.905 11.1
Acetamiprid 222.67 2.95 0.8 0.7
Nitempyram 270.72 590 —0.66 3.1
Dinotefuran 20221 39.83 —0.549 12.6

at reduced pH (Rigitano et al. 1987), with uptake increasing
around pK, 3 and partition coefficients between 1 and 3.

Apart from the inherent systemic properties exhibited by
pesticide active substances, a wide variety of options have
been patented in order to increase uptake—by increasing
systemicity, solubility, etc—which are mainly based on a
co-formulation of pesticides with copolymers (e.g.,
Dieckmann et al. 2010a, b; Ishaque et al. 2012). Cell wall
permeability of pesticides might also be increased due to the
use of polymers (Chamberlain 1992). As a result, uptake by
plants, either via the roots or the leaves, is enhanced when
polymers are applied.

Imidacloprid and acetamiprid show different uptake capac-
ities by cabbage (70-80 % recovered activity at day 1) and
cotton (3040 % penetration at day 1), respectively. However,
both compounds still exhibit 100 % efficacy 12 days follow-
ing foliar application (Buchholz and Nauen 2002). Non-
absorbed active ingredients remain on the surface of the leaves
or get associated with epicuticular waxes. Eventually, given
their water solubility, these residues could be redissolved into
guttation water or morning dew water and could be available
to insects.

Imidacloprid uptake via the roots has been shown to range
from 1.6 to 20 %, for aubergine and corn, respectively (Sur
and Stork 2003). The remainder of the applied active sub-
stances is left behind in the soil and should be explored to
determine its environmental fate.

The draft assessment report (DAR) of thiamethoxam in
2001 (EFSA 2013b) includes studies of distribution and me-
tabolism of '“C-oxadiazin- and '*C-thiazol-thiamethoxam in-
vestigated in corn (seed treatment); pear and cucumber (foliar
application); lettuce, potato, tobacco, and rice (soil and foliar
treatment). All applications show high and fast uptake (e.g.,
23 % recovered activity in the plant within day 1, 27 % of the
applied amount being found after 28 h in leaves), where the
product is continuously taken up from the soil reservoir for at
least 100 days. The metabolism of thiamethoxam is very
rapid, both inside the plant and following foliar application
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(photodegradation, 30 % degradation in 12 h of sun).
Clothianidin is the main metabolite of this active ingredient.
Field experiments show that neonicotinoids tend to have
good systemic properties (Maienfisch et al. 2001; Sur and
Stork 2003). Fipronil is often described as being less systemic
than the neonicotinoids. However, uptake and translocation of
this active ingredient following granular application on sugar
beets has been confirmed (fipronil DAR from EFSA 2013d).
Following a rate application of 2,000 g a.i./ha, 10 times more
recovered activity was found in leaves (0.66 mg/kg fipronil
equivalents) than in roots 6 months after soil treatment, where
0.06 mg/kg fipronil equivalents were found. In the roots,
fipronil sulphone was the main component (64 % of total
radioactive residue (TRR), followed by fipronil (14 % TRR)
and its amide derivative (RPA200766) (5 % TRR)), while the
leaves contained fipronil sulphone (31 % TRR), followed by
RPA105320 (18 % TRR) and to a lesser extent MB45950,
MB45897, and the amide derivative (less than 0.03 pg/g and
4 % TRR) (see Simon-Delso et al. 2014 for definition of
metabolites). Fipronil was found at lower amounts in these
leaves. Experiments carried out on corn (420 g a.i./ha) have
also shown the systemic activity of fipronil with 0.16,
0.18 and 3.93 ppm of fipronil equivalents being recovered
42,98, and 106 days after treatment, respectively. Fipronil, its
sulfone derivative and its amide derivative were the main
components found (fipronil DAR from EFSA 2013d).

Transport of products within the plant

When systemic products are taken up by the roots, the acrop-
etal translocation of pesticides via the xylem sap follows.
Translocation into the shoots is described by the transpiration
stream concentration factor (TSCF), which is the ratio be-
tween the concentration in xylem sap (g/mL) and the concen-
tration in the solution (g/mL). Briggs et al. (1983) found that
the translocation of neutral chemicals is most effective for
compounds with intermediate lipophilicity. Pesticides with
intermediate lipophilicity tend to be xylem mobile. For this
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reason, they tend to accumulate in the stem cells and show
a decreasing acropetal gradient. However, if polarity or
lipophilicity increases, permeability tends to decrease
(Briggs et al. 1983). Woody stems retain chemicals more
effectively than younger stems due to the lignin content of
cells.

The pK, of imidacloprid (14) indicates that it remains in its
undissociated form, despite any pH variations within the
plant, diffusing freely within the plant transportation system.
As a result, a good membrane penetration and a high xylem
mobility can be predicted for imidacloprid (log K,,=0.57).
Imidacloprid is therefore expected to be found in the xylem
and not in the phloem because of the weak acidity/
nondissociation and a TSCF of 0.6 (Sur and Stork 2003).
Translocation into the xylem is mainly driven by water flow
from the roots to the upper parts of the plant. However, its
polarity and solubility in water (0.61 g/L) results in limited
retention by tissues and no accumulation in roots (Alsayeda
et al. 2008). Thiamethoxam is also likely to be translocated
(mainly acropetally) via the xylem sap (Maienfisch et al.
2001).

Theoretically, systemic products taken up by the leaves
circulate to the rest of the plants mainly via phloem transport.
However, translaminar and acropetal mobility have also been
observed, with radiolabeled imidacloprid being shown to
move toward the leaf tips and margins following foliar appli-
cation (data from DAR). Aphid mortality tests confirmed the
rapid systemic translocation of imidacloprid and acetamiprid
within 1 day of application. Following foliar application,
thiamethoxam also tends to accumulate in the leaf tips. This
might be the reason that guttation water (excreted from the
leaf margin) is so concentrated with neonicotinoid active
ingredients (Girolami et al. 2009).

Phloem mobility tends to occur with compounds of inter-
mediate lipophilicity (log K, between 1 and 3) and weak
acidity (pK, between 3 and 6) (Rigitano et al. 1987; Trapp
2004). The ion trap theory has been proposed for polar undis-
sociated molecules, which exhibit intermediate permeability
through cell walls and being translocated in the phloem im-
mediately after application.

Imidacloprid exhibits xylem translocation, meaning that it
is found mainly in the shoots and leaves. Following foliar
application of a spray formulation of imidacloprid, a maxi-
mum of 0.1 % recovered activity could be found in fruits (Sur
and Stork 2003). Imidacloprid is not translocated via the
phloem; therefore, in theory, the amount of residues found in
roots, fruits, and storage organs should be minimal
(imidacloprid DAR 2006). However, some of its metabolites
meet the physical-chemical conditions to be basipetally
translocated, as for example 6-chloronicotinic acid. As a re-
sult, this compound or others with the same characteristics can
be found in plant parts different from the site of application
(Chamberlain et al. 1995).

Soil applications to potato and cucumber confirm the sys-
temic property and acropetal mobility of thiamethoxam and
show that the degree of uptake depends upon the method of
application as well as the plant species and that this product
tends to accumulate at the leaf tips and borders (thiamethoxam
DAR). Leaf application confirms the acropetal translocation
with relatively high concentrations of thiamethoxam in leaf
tips. Small basipetal mobility can also be observed confirming
phloem mobility of this compound.

In fact, the amount of imidacloprid, thiamethoxam,
clothianidin, or their active metabolites translocated by the
phloem seems to be high enough to achieve effective aphid
mortality, considering that these insects are mainly phloem
feeders (Nauen et al. 2003).

Exposure

As shown in Simon-Delso et al. (2014, this issue), the sys-
temic properties of neonicotinoids and fipronil ensure that
these compounds are taken up in all parts of the treated plant.
There is much variability in pesticide dissipation (half-lives)
in plants, as shown in a review by Fantke and Juraske (2013).
The authors examined 811 scientific literature sources provid-
ing 4,513 dissipation times (half-lives) of 346 pesticides,
measured in 183 plant species.

Foliage

Exposure of nontarget organisms to neonicotinoids and
fipronil can occur via the ingestion of unintentionally treated
plant parts (i.e., leaves, flowers, etc.). Depending on the
application method, potential exposure by consuming con-
taminated foliage can take place after seed sowing or after
spray treatment and exposure could potentially persist up to
point of harvest or beyond. This risk of exposure will differ
with crop type and chemical application method. In agricul-
tural production, aerial part of crops is often a major by-
product or waste component following the harvest of various
crops. These products are often sold and used for varying
purposes (livestock feed, industrial products, biofuel produc-
tion, etc.) but may also be left in or next to the field where the
crop is harvested. Again, depending on the crop and
application method, this may be an exposure route for
nontarget organisms. For example, Bonmatin et al. (2005b)
evaluated imidacloprid content in the stems and leaves of
maize treated with imidacloprid (Gaucho seed treatment,
1 mg/seed). The average concentration detected in the mixture
of stems and leaves at the time of tasseling was 4.1 ug/kg,
with 76 % of the samples containing more than 1 pg/kg.
Another example is sugar beet foliage, which is separated
from the beet during harvesting and may be left on the field.
Westwood et al. (1998) found that 3 weeks after spray treat-
ment at a rate of 0.9 mg/seed of imidacloprid, leaves of sugar
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beet seedlings contained an average of 15.2 pg/kg. Rouchaud
et al. (1994) applied imidacloprid in the form of a seed
dressing at 90 g/ha. The highest concentration of 12.4 mg/kg
fresh weight was found in sugar beet leaves in the first week
after sowing and concentrations remained greater than
1 mg/kg for 80 days after sowing. However, imidacloprid
was not detected in the roots or leaves of sugar beets at harvest
(LOD, 10 pg/kg). Similarly, imidacloprid was not detected in
grape leaves at the time of harvest (Mohapatra et al. 2010).

These varying results indicate that exposure of nontarget
organisms to parent compounds via contact with treated fo-
liage will depend on the crop, application method, and also the
time period following treatment. However, the levels of
metabolites are often not taken into account. Sur and Stork
(2003) found the main metabolites of imidacloprid in a wide
variety of crops including maize, eggplant, cotton, potatoes,
and rice. These included the olefin and hydroxyl metabolites
of imidacloprid, which are known to have similar levels of
toxicity in A. mellifera as the parent compound (Suchail et al.
2001). Based on the overview of parent compounds and
metabolites found in nectar and pollen (vide supra), contact
with or ingestion of treated foliage may indeed represent a
route of exposure to nontarget organisms. This is further
substantiated in the case of fipronil-contaminated silage
(maize, dry material) which was found to contain 0.30 ng/g
of fipronil and 0.13 ng/g of the metabolite sulfone-fipronil
(sulfide-fipronil<0.025 ng/g). Furthermore, this indirectly led
to the contamination of cow milk with sulfone-fipronil, at an
average value of 0.14+0.05 pg/L (0.14+0.05 ppt) (Le
Faouder et al. 2007).

Tree treatment

Imidacloprid is currently used to protect trees against wood-
boring insects such as the emerald ash borer (Agrilus
planipennis fairmare) or the Asian longhorned beetle
(Anoplophora glabripennis motschulsky). It can be applied
either through soil injection (drenching) at the base of the tree
or through trunk injection, with the systemic action of
imidacloprid providing protection for the entire tree (Cowles
et al. 2006; Poland et al. 2006; Kreutzweiser et al. 2009).
Cowles et al. (2006) studied the concentrations of
imidacloprid in Hemlock (7Zsuga spp.) needles, twigs, and
sap using soil and trunk injection methods and found
residues after 1 month and up to 3 years after application.
The detected concentration of imidacloprid in needles and
twigs ranged from stable to increasing at times during the
3 years after application. This was more often the case when
a soil injection was used, possibly due to continued uptake
through the roots. These findings indicate the relative stability
of imidacloprid once it is absorbed by the tree. Tattar et al.
(1998) studied imidacloprid translocation in Eastern Hemlock
(Tsuga canadensis), White Pine (Pinus strobus), and Pin Oak

@ Springer

(Quercus palustris) using soil and trunk applications.
Although a continuous increase in imidacloprid concentration
was observed in Q. palustris and T. canadensis after soil
application, the restricted sample size (n=6) and sampling
period render these results inconclusive with regard to the
persistence of imidacloprid in these tree species. In addition,
the concentration of imidacloprid in P. strobus needles began
to decrease 12 weeks after treatment, indicating that the deg-
radation of imidacloprid in tree foliage may be species-
dependent. Multiple factors can be hypothesized to play a role
in this mechanism including exposure to light, temperature
differences, and the efficiency of translocation within the tree.

The efficacy of fipronil, acetamiprid, and imidacloprid as
tree treatments were studied by Grosman and Upton (2006). In
contrast to imidacloprid, fipronil appeared to take more than
1 month to disperse throughout all tree parts in Pinus taeda L.
The authors hypothesized that fipronil could protect these
trees for more than 1 year, again indicating this compound
may be quite stable once acquired by tree tissues. The use of
other neonicotinoids for tree treatment has not been docu-
mented, and therefore cannot be taken into account.

Guttation and related risk for honeybees

Guttation (Burgerstein 1887) is a natural phenomenon ob-
served in a wide range of plant species (Bugbee and Koerner
2002; Singh and Singh 2013). Guttations are water droplets
that are exuded from specific secretory tissues (hydathodes)
located along the margins and tips of leaves in response to root
pressure or excess water conditions (Goatley and Lewis 1966;
Koulman et al. 2007; Katsuhara et al. 2008; Duby and Boutry
2009). These aqueous solutions may contain a variety of both
organic and inorganic compounds (Singh et al. 2009a; Singh
etal. 2009b). This phenomenon is mainly observed during the
first hours of the morning; however, it can also occur through-
out the day depending on environmental conditions.
Guttations are also a mechanism by which plants regulate leaf
turgidity (Curtis 1944; Knipfer et al. 2011).

In a comprehensive review of guttations, Singh and Singh
(2013) reported that different secretory organs such as nectar-
ies, hydathodes, and trichomes, produce secretions with vary-
ing functions including the disposal of solutes, improvement
of hormone and nutrient acquisition, attraction (i.e., for polli-
nation) or repulsion (for defense purposes). However, these
liquid secretions are not to be confused with guttations, which
are much more prominent. In addition, adult plants do not
produce guttations regularly, while young plants tend to pro-
duce guttations frequently and at greater volumes.

As for the presence of insecticide residues in guttations,
adult plants are normally treated with spray formulations
which lead to active ingredient concentrations in the ppb range
or below (Shawki et al. 2005). Conversely, guttations pro-
duced by seedlings grown from coated seeds can reach
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insecticide concentrations of hundreds of ppm (Girolami et al.
2009; Tapparo et al. 2011). In our opinion, it is crucial to
distinguish the risk posed by contaminated guttations arising
from young versus mature plants, so as to accurately estimate
the risk of acute intoxication for bees via ingestion and/or
contact with guttations from insecticide-treated plants such as
cereals. Moreover, in regions dominated by cereal production,
the land area devoted to these crops is often greater than that of
other noncereal crops. As a consequence, cereal guttations
(i.e., maize guttations) may be produced across millions of
hectares (Girolami et al. 2009).

The production of guttations by corn plants in southern
Europe occurs during the first 3 weeks after seedling emer-
gence. The produced amount is not well quantified; a first
estimation indicates that each seedling produces 0.1-0.3 mL
per day of guttations during the initial period of high guttation
production, and less than 0.1 mL per day during the final days
in which the phenomenon occurs (Girolami et al. 2009).

These aqueous solutions have not been considered as a
potential source of contamination for insects since 2005.
Shawki et al. (2005) evaluated the guttations of adult plants
sprayed with an organophosphate insecticide and detected
sub-ppb levels of active ingredient in droplets. The transloca-
tion of neonicotinoid insecticides from coated seeds to young
plant guttations (at ppm levels) was observed for the first time
in maize seedlings in spring 2008 (Girolami et al. 2009).
Because neonicotinoids are water soluble and circulate sys-
temically, residues or high concentrations of active ingredients
can be found in guttation drops (Tapparo et al. 2011). The time
at which samples are collected for analysis can strongly influ-
ence the detection of neonicotinoids in guttations. For exam-
ple, the same authors show that 1 month after sowing, the
concentration of insecticides in guttations decreases dramati-
cally to a few ppb.

In general, neonicotinoid concentrations in guttation drops
of corn seedlings show very high variability, and are only
partially influenced by the amount of insecticide coating on
the surface of the seed (Tapparo et al. 2011). The systemic
properties and chemical stability of neonicotinoids in the soil
and also within the plant seem to have strong effects on
concentrations in guttation droplets. Values of a few ppm have
been measured in Northern Europe (Reetz et al. 2011;
Pistorius et al. 2012) while values of 101,000 ppm have been
observed for at least 2 weeks by Girolami and co-workers in
Italy (Girolami et al. 2009; Tapparo et al. 2011).

In addition, several climatic variables can affect
neonicotinoid concentration in guttation drops of corn seed-
lings. Preliminary experiments in Italy demonstrate that under
high humidity conditions (close to saturation, a situation that
often occurs during the morning in spring) insecticide con-
centrations can be 10 times lower than those observed in
guttations formed during the following sunny hours. This
difference could be relevant especially in the warmer area of

Europe. Moreover, guttation production by corn seedlings
may be dramatically reduced or ended under low humidity
conditions (RH 50-60 %). Rain can reduce the concentration
of insecticide in guttations by about 10 times with respect to
the values observed the day before a rainfall event. Sunny
conditions and a moderate wind can promote water evapora-
tion and affect the concentration of insecticide in guttation
drops. On the contrary, strong winds can dislodge droplets off
leaves, eliminating any concentration effects that would oth-
erwise occur if droplets remained on the leaves. Finally, soil
moisture and composition only moderately affect the insecti-
cide concentration of guttation droplets (APENET 2011),
suggesting that air humidity is a significant environmental
factor to consider in the case of guttations.

Guttations contaminated by high levels of neonicotinoids
can also be produced by other insecticides. For instance,
clothianidin can be applied in granular form directly to the
soil during corn sowing, giving concentration levels of the
same order of magnitude (or slightly lower) of those observed
in guttations produced from coated seeds (Pistorius et al.
2012) and with almost identical levels of acute toxicity for
bees. Another interesting case concerns the massive use of
insecticide applied directly to the soil with irrigation water
(fertigation) and inducing concentrations of neonicotinoids in
guttations of cucurbitaceae in the range of a few ppm (Stoner
and Eitzer 2012; Hoffman and Castle 2012). Thus, environ-
mental contamination is possible, but it is not comparable to
guttations from young plants obtained from coated seeds.

It is worth noting that corn guttations may show concen-
trations of insecticide higher than 1,000 ppm (mg/L); these
values match the insecticide content (about 1 %o) of the aque-
ous solutions used for foliar spray treatments. Despite the high
levels of contamination, the influence of toxic guttations on
spring losses of bees appears to be limited, as reported in
Girolami et al. (2009) and Tapparo et al. (2011). Generally,
bees collect water from spontaneous vegetation, well before
maize emergence, and they do not require guttation droplets
from maize fields. Although some individual explorer may
drink guttations from the maize field, it would die in a few
minutes (due to high pesticide concentration, lethal for bees
even by contact only) and not have the time to communicate
the presence of the water source to the colony. This does not
exclude that the large extensions of poisonous drops cannot
constitute a problem for other pollinators that nest in the
ground (Andrena spp., Halictus spp.) or have an erratic be-
havior (Bombus spp. for example), resulting from the fact that
they do not have communication ability through dance like
bees. Those species would be killed by contact with contam-
inated guttations.

Concerning other systemic insecticides, the absence of
relevant literature hinders any solid conclusion. As prelimi-
nary data, we can report that guttations of corn seedlings
obtained from seeds coated with fipronil contain lower
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concentrations of the insecticide (ppb levels) with respect to
those obtained with neonicotinoid seed coating. Nevertheless,
if administered to bees (solution with 15 % honey), these
guttations are lethal within minutes, indicating the possible
presence of metabolites with high acute toxicity (Girolami
et al. 2009).

Resin (propolis)

Resin is harvested by honeybees (4. mellifera) and used as
propolis for sealing holes and evening out surfaces within the
beehive. Sources of propolis are tree buds and exudates from
plants. Although pesticide residues have been reported in
propolis, no information is available about neonicotinoids or
fipronil.

Pareja et al. (2011) hypothesize that sunflower resin can be
used by honeybees, thereby making it a possible source of
pesticide exposure. The authors took five propolis samples
from depopulated hives located near sunflower crops, which
were also the only crops in the area to be previously treated
with imidacloprid. Imidacloprid was detected in two of the
samples at 20 and 100 ng/g, respectively, which supports the
hypothesis that sunflower resin may be a potential exposure
route for honeybees and other nontarget organisms that collect
resin.

Presence in plant reproductive organs and fruits

Intake of systemic insecticides through residues in fruits and
vegetables is a potential risk to invertebrates and vertebrates
alike. Fruit and vegetables deemed unfit for human consump-
tion may be discarded in piles that are easily accessible to
various organisms. In addition, inadequate storage methods
may provide further means of exposure to these insecticides.

The concentration of residues in the reproductive organs of
plants following treatment varies with plant species and ap-
plication method. Translocation studies show imidacloprid
residues in plant reproductive organs ranging from 0.7 to
12 % of'the originally applied soil treatments in rice and potato
plants, respectively (Sur and Stork 2003). Sunflower treated
with fipronil through soil treatment shows 0.2 % of the applied
product in flower heads and seeds (EFSA 2013d, fipronil
DAR).

Concerns regarding the contamination of fruits and vegeta-
bles with regard to human health are beyond the scope of the
present study. However, the translocation of residues of sys-
temic products into fruits can be achieved either by their trans-
port through the xylem or phloem (Alsayeda et al. 2008),
although the mechanisms of accumulation in fruits are not yet
fully understood. Juraske et al. (2009) studied the human intake
fraction of imidacloprid for unwashed tomatoes and found that
it varies between 102 and 10> (Kgingestcd’Kapplica) depending
on the time of consumption. This was the case for tomato plants
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treated with the recommended doses in spray application as
well as chemigation. Sur and Stork (2003) found that tomato
and apple exhibit 21 and 28 % recovery of applied compounds
following a foliar application. More than two thirds of this
recovery was located on the surface of the fruits. A study by
Zywitz et al. (2004), examined a range of fruit and vegetable
groups for which neonicotinoid residues could be detected
(LOD=3 ng/g) and quantified (limits of quantification
(LOQ)=5 ng/g) (Table 3). Fruiting vegetables (tomatoes, pep-
per, cucumbers, courgettes, and melon) exhibited the highest
number of positive samples (46.7 %), followed by leafy vege-
tables and fresh herbs (lettuce, cress, spinach, dill, chives, and
parsley; 10 %), stone fruits (peach, nectarine, apricot, and
cherry; 4.5 %), pome fruits (apple and pear; 2.9 %), and berries
(strawberry, raspberry, currant, blueberry, and grape; 2.2 %). No
information was provided on the method of application of
neonicotinoids or the doses used. More recently, 22 % of fruits
sampled in India showed the presence of imidacloprid and 2 %
were above the maximum residue level (MRL) (Kapoor et al.
2013). A similar situation has been described in Turkey, with
levels of acetamiprid in vegetables occurring above the allow-
able MRL (Sungur and Tunur 2012).

The contamination of nectar and pollen following treat-
ment with neonicotinoids and fipronil is well known.
Sunflowers seed-treated with imidacloprid have been shown
to contain an average of 4.6 ng/g in the stems and leaves, 8 ng/
g in flowers, and 3 ng/g in pollen (Bonmatin et al. 2003). In
maize, Bonmatin et al. (2005b), showed a mean recovery of
4.1 ng/g in stems and leaves (max 10 ppb), 6.6 ng/g in male
flowers (panicles, max 33.6 ng/g), and 2.1 ng/g in pollen (max
18 ng/g) following seed dressing at a rate of 1 mg/seed.
Monitoring studies in Austria reported thiacloprid levels in
nectar or honey to be between 11.1 and 81.2 ng/g (Tanner
2010). An extensive review of the contamination of pollen
and nectar is given below.

Pollen and nectar

Pollen and nectar from flowers are collected by bees and form
an integral component of their diet. Pollen and nectar also
constitute the feeding resources of many nontarget insects of
less economic importance. The contamination of pollen and
nectar has been measured mainly for honeybees and bumble
bees. However, these measurements also represent valuable
starting points for assessing exposure risks of other nontarget
species.

Pollen can be sampled in different forms—it can be obtain-
ed directly from flowers, by trapping from bee hives (bee-
collected pollen pellets), or from bee bread (bee-mixed pollen
and nectar). Nectar is converted by bees into raw/fresh honey
and it is also a component of bee bread. Obviously, contam-
ination of these matrices depends heavily on the presence of
residues in flowers (Bonmatin et al. 2003; Aajoud et al. 2008)
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Table 3 Quantity of positive samples of neonicotinoids in multiple fruit groups
Group Commodities analyzed Nb. of Nb. positive Nb.
samples samples samples>MRL
Citrus fruits Lemon, orange, mandarin, grape fruit 177 2 0
Stone fruits Peach, nectarine, apricot, cherry 111 5.5 %) 0
Pome fruits Apple, pear 175 5(2.9 %) 0
Berries Strawberry, raspberry, currant, blueberry, grape 556 12 (2.2 %) 3 (0.5 %)
Tropical and subtropical fruits Pineapple, kiwi, kaki, mango, kumquat 101 1 1
Leafy vegetables and fresh herbs Lettuce, cress, spinach, dill, chives, parsley 231 24 (10.4 %) 3(1.3 %)
Fruiting vegetables Tomato, pepper, aubergine, courgette, melon, 540 252 (46.7 %) 104 (19.3 %)
cucumber, chili pepper
Brassica vegetables Cauliflower, Chinese cabbage, Brussels sprout, 47 1 0
kohlrabi, white cabbage
Root and tuber vegetables Carrot, radish, swede 39
Dietary foods, cereals and cereal Maize, wheat, commeal, maize semolina, bran, 50
products rice and other
Legume and stem vegetables Asparagus, bean, pea, celery 33
Miscellaneous Rape, tea, dried fruit, leek, must mash, potato, 64

(concentrated) fruit juice and other

Source, Zywitz et al. (2004)

but also upon the presence of residues found and collected
directly in the environment of the bees (water, dust, etc.).
Residues are defined as active ingredients used in crops and/
or their active metabolites (Simon-Delso et al. 2014, this
issue), although other compounds may be present (adjuvants
or synergistic compounds). These other compounds are gen-
erally not considered for analysis or assessment, but could be
of importance for toxicity toward nontarget species (Mesnage
et al. 2014). However, it is often only the active ingredient
which is measured in the majority of cases. Residues
contained in pollen and nectar can be transformed or metab-
olized by bees, inside and outside the hive. Such complex
processes are not well understood. Furthermore, these resi-
dues can cross-contaminate other matrices (bees, pollen, bee
bread, nectar, honey, wax, propolis, royal jelly, etc.) (Rortais
etal. 2005; Chauzat et al. 2006; Mullin et al. 2010). The routes
of exposure for honeybees, bumble bees, and solitary bees
were identified by the European Food Safety Authority
(EFSA 2012a) and ranked from 0 (no route of exposure) to
4 (highly relevant route of exposure). Although some of these
routes will need to be re-evaluated as new evidence comes to
light, nectar and honey, pollen, and bee bread all share the
highest scores and are therefore the most likely routes of
exposure for bees.

Assessment The ecological risks of active ingredients are
assessed using the hazard quotient (HQ) calculation. This
approach estimates whether harmful effects of the contami-
nate in question may occur in the environment by comparing
the Predicted Environmental Concentrations (PEC) to the
Predicted No Effect Concentration (PNEC). HQ calculations

do not consider the mode of insecticide application, the sys-
temic properties, routes of exposure, or the persistence or
metabolism of pesticides. Historically, these calculations have
been inaccurate due to a lack of adequate analytical techniques
for the quantification of residues in matrices like pollen and/or
nectar. This was the case for imidacloprid and fipronil in the
1990s—the initial risk assessment assumed that flowers were
not significantly contaminated with respect to the LDs, values
for bees and so the PEC was underestimated at the time of
registration (Maxim and van der Sluijs 2007). However, with
the improvement of analytical techniques, the detection of
residues in pollen/beebread and nectar/honey have become
more accurate (Bonmatin et al. 2005a; Dively and Kamel
2012; Paradis et al. 2014), and show that the PEC values are
actually significantly higher. Meanwhile, new understanding
of the sublethal and chronic exposure effects on bees has
improved the PNEC value, and demonstrates that this value
was clearly overestimated during the registration of these
products (Suchail et al. 2001; Whitehorn et al. 2012). It was
only in the early 2000s that assessments were conducted for
imidacloprid using accurate data (Rortais et al. 2005; Halm
et al. 2006). This work considered both (1) different exposure
pathways and (2) relative needs in food among various castes
of honeybees (foragers, nurses, larvae, winter bees, etc.).

The risk assessment of pesticides on bees has recently been
completed in the EU. Currently, the risk of pesticides to
bumble bees and solitary bees is taken into account (EFSA
2012a; EFSA 2013f) and different exposure forms are con-
sidered: (a) ingestion, (b) contact, and (c) inhalation.
Additionally, bees are now assessed for (1) exposure inside
the hive including food (mainly honey and bee bread), nest
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(including wax and propolis), and other bee products and (2)
exposure outside the hive including water, plants (considering
several matrices such as nectar and pollen as a food supply),
guttation, air, dust, soil, etc. The same approach could be used
for any other species feeding on pollen and/or nectar.

Variability One of the main difficulties is the variability of
measured data in these relevant matrices which depends sig-
nificantly on the dose and mode of treatment, the studied crop,
season, location, soil, weather, time, bees, etc. Even different
crop varieties can induce significant variability in the residue
content of pollen and nectar (Bonmatin et al. 2007).
Additional sources of variability include variations in the
amount of contaminated versus uncontaminated food harvest-
ed by bees (e.g., the proportion of treated pollen/total pollen
and the proportion of treated nectar/total nectar); differences in
metabolism between foragers and in-hive bees; the availability
of alternative plant resources; the “filter” effects made by bees
(e.g., trapped pollen is only brought back by nonlost foragers);
the distance between treated crops and hives; effects of mix-
ture (e.g., mixing nectar and pollen to produce bee bread) and
the effects of concentration (e.g., reducing water content to
produce honey from nectar); this list being non-exhaustive.
Furthermore, measurements are not always performed on the
same matrices or are influenced by the choice of samples and
their location (experimental area) by the experimenters, which
make comparisons of risk difficult. This is particularly rele-
vant for water contamination, as water resources can differ
significantly in their composition (surface water, ephemeral
pooling, guttation etc.; EFSA 2013f) and because the concen-
tration of contaminates in surface water can vary within the
same area of foraging, from a few nanogram per liter (ppt) to a
few nanogram per milliliter (ppb) (Starner and Goh 2012; Van
Dijk et al. 2013; Goulson 2013; Main et al. 2014; Bonmatin,
personal communication).

The contamination of fresh and stored honey originates
from the presence of residues in nectar. Honey in bechives
can be less contaminated than nectar. This situation was
reported from sunflowers treated by seed dressing (Schmuck
et al. 2001), but could have been due to a dilution effect,
whereby mixture of treated and untreated nectar yields lower
levels of contamination, as in the case of mixing pollen (vide
supra). The opposite situation has also been described for
citrus trees treated with soil applications (Byrne et al. 2014).
Although the sum of processes remains poorly understood, it
is known that there is an initial metabolism during transport
and diverse chemical reactions and processing are conducted
by workers—where the concentration factor is affected by the
amount of water in the nectar (Winterlin et al. 1973) and by
degradation over time leading to metabolites (Simon-Delso
et al. 2014, this issue). Because foragers and in-hive bees
participate in these metabolic processes, it can be assumed
that in cases of high contamination of nectar, honey would not
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be stored in the hive so efficiently, due to deleterious effects on
the global functioning of the beehive (Bogdanov 2006; EFSA
2012a).

In pollen, differences have been reported between samples
directly taken from crops and pollen pellets brought back by
bees to the bechive. These differences in contamination are
mainly due to significant dilution effects when bees mix
pollen from treated crops with that of untreated crops
(Bonmatin et al. 2003, 2005b). Furthermore, when pollen is
stored in the beehive to constitute bee bread, a range of
chemical and biochemical processes occur which can contrib-
ute to the differences in residue levels between pollen types.

Another important source of variability comes directly
from sampling protocols and analytical methods. It is clear
that the latter are not harmonized, as evidenced earlier by the
calculation of the HQ values. In the early 1990s, analytical
techniques had not been improved sufficiently to measure
contamination levels in the range of nanograms per gram
(ppb). LOD and LOQ were higher than at the present time,
by 2 orders of magnitude. Chromatography was generally
coupled to a less sensitive detection system than those used
currently (e.g., UV/Vis spectroscopy versus mass-tandem
spectrometry) and the ambiguous statement “nd” (not detect-
ed) often suggested the absence of residues. Additionally, it
was usually the stems and leaves which were analyzed,
flowers being analyzed to a lesser extent. Nectar and pollen
were rarely analyzed because extraction methods and detec-
tion methods were not efficient or sensitive enough for these
particular matrices. More sensitive methods should have been
set up more quickly by stakeholders.

The use of improved extraction methods and high-
performance chromatography coupled with tandem-mass
spectrometry allowed LOQ values to reach the range of
1 ng/g in the early 2000s. These methods were fully validated
for the matrices of interest, with an LOD of a few tenths of ppb
(Schmuck et al. 2001; Laurent and Rathahao 2003; Bonmatin
et al. 2003; Chauzat et al. 2006; Mullin et al. 2010; Wiest et al.
2011; Paradis et al. 2014). Analysis can be further refined by
focusing on one compound or a very limited number of
compounds within a chemical class. This results in a signifi-
cantly lower LOD and LOQ than normal screening methods,
which are designed for numerous active ingredients.
Moreover, extraction yields can be relatively low for some
compounds in screening methods, and results are often
underestimated because published data are generally not
corrected with respect to the yield for each compound. Also,
general screening methods are not relevant for risk assessment
because this strategy aims to identify and quantify as many
active ingredients as possible regardless of whether the active
ingredients are pertinent to agricultural practices or not. For
these reasons, risk assessment should always use specific
targeted methods, whereas screening methods are more ap-
propriate for gaining initial evidence of contamination (e.g., in
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unspecific monitoring studies). Recently, intermediate
multiresidue methods (analyzing about 10 to 100 active ma-
terials) were published and present the advantage of being
sensitive over a relatively wide range of residues in matrices
such as nectar or honey (Wiest et al. 2011; Paradis et al. 2014).
These methods are far better designed for detecting multiple
exposures of bees than for risk assessment of one pesticide
and are very useful in determining the presence of several
pesticides within the same class of chemicals (e.g.,
neonicotinoids) or between various chemical classes
(nicotinoids, phenylpyrazoles, and pyrethroids for instance).
This is of particular interest when considering the possibility
of additive toxicity or, in some cases, potential synergies.

For all the reasons listed above, it is not surprising that such
high variability exists in the measurement of residues in the
relevant matrices and this justifies the need for assessments to
be based on the worst case scenario when data are lacking.
However, there now exists for pollen/beebread and
nectar/honey a body of data which allows for defining
ranges of contamination of these matrices by the
neonicotinoids and fipronil. Because this description is
not limited to honeybees, this review focuses on the
common food supply that can induce oral and contact
toxicity to various types of pollinators.

Pollen and bee bread Data reported by recent scientific re-
views, scientific literature, some relevant Draft Assessment
Reports (DAR) and other relevant reports, are presented in
Table 4 (Johnson et al. 2010; EFSA 2012a; Thompson 2012;
EFSA 2013a, c, e; Sanchez-Bayo and Goka 2014). These
recent reviews were undertaken to assess pesticide residue
levels including neonicotinoids and fipronil. To avoid repeti-
tion in the data (e.g., data issuing from citations in cascade),
we indicate the original sources in Tables 4 and 5.

According to a global analysis by Sanchez-Bayo and Goka
(2014), which does not distinguish between the routes of
exposure, crop species, or the mode of insecticide application,
the detection rate of various agrochemicals in pollen/beebread
were as follows: acetamiprid at 24 %, thiacloprid at 18 %,
imidacloprid at 16 %, thiamethoxam at 13 %, clothianidin at
11 %, fipronil at 3 %, and dinotefuran at 1 % (although Dively
and Kamel (2012) reported 100 % for dinotefuran). While the
active ingredients were not detected or quantified in most of
the samples analyzed, the results also show that the oldest
measurements often had the lowest occurrence rate,
confirming the influence of the sensitivity of analytical tech-
niques on this parameter.

Interestingly, the maximum residue levels in Table 4 are
thiacloprid (1,002 ng/g), imidacloprid (912 ng/g), dinotefuran
(168 ng/g), acetamiprid (134 ng/g), thiamethoxam (127 ng/g),
clothianidin (41 ng/g), and fipronil (29 ng/g). For each of
these compounds, these values must be interpreted with re-
spect to the corresponding data for toxicity. However, these

values represent the worst case scenarios. Further examination
of exposure data shows that average levels in pollen/beebread
are lower than these maximums, due to some data issuing
from various types of application techniques (soil treatment,
injection, spray, seed dressing, etc.). For example, it has been
reported that aerial treatments represent a significantly higher
source of contamination than seed-dressing treatments
(Thompson 2012; EFSA 2012a). This explains the high var-
iability of results when concentrations are ranked by decades.
However, when imidacloprid was used as a seed dressing,
mean residue levels were mostly found to be in the range of 1—
10 ng/g and variability among crops was not so high (sun-
flower, maize, and canola), whereas spray or soil application
led to higher values, by 1 order of magnitude. To a lesser
extent, this was also observed for clothianidin and
thiamethoxam. Therefore, averaged data must also be consid-
ered to gain a better idea of the average contamination of
pollen/beebread: thiacloprid (75 ng/g), dinotefuran (45 ng/g),
thiamethoxam (29 ng/g), imidacloprid (20 ng/g), clothianidin
(9 ng/g), acetamiprid (3 ng/g), and fipronil (1.6 ng/g)
(Sanchez-Bayo and Goka 2014). As a consequence, the latter
values are the most relevant for toxicity studies for nontarget
species.

Nectar and honey The work conducted by the EFSA (2012b)
generally reported lower neonicotinoid concentrations in nec-
tar than in pollen (see also Goulson 2013). Data reported by
scientific reviews, scientific literature, and some relevant
DARs are presented in Table 5 (Thompson 2012; EFSA
2012a, 2013a, b, d, e; Sanchez-Bayo and Goka 2014).
Relatively recent reviews were done for the purpose of
assessing neonicotinoids and fipronil. According to a global
analysis by Sanchez-Bayo and Goka (2014), thiamethoxam
was detected in 65 % of nectar/honey samples, followed by
thiacloprid at 64 %, acetamiprid at 51 %, imidacloprid at
21 %, clothianidin at 17 %, and fipronil at 6.5 %. Note that
the study of Dively and Kamel (2012) showed that
dinotefuran was always detected (100 %) in pumpkin nectar
samples in 2009. Contrary to the pollen/beebread case, three
neonicotinoids were found in most of the nectar/honey from
treated crops (Sanchez-Bayo and Goka 2014). However, the
higher proportion of neonicotinoids in nectar/honey than in
pollen/beebread could be linked to the higher sensitivity of the
analytical techniques used. Validation of analytical methods
for nectar/honey generally lead to LOD and LOQ values
which are lower than in the case of pollen/beebread (Mullin
et al. 2010; Lambert et al. 2013; Thompson et al. 2013), the
latter being a difficult matrix to analyze due to the encapsu-
lated nature of pollen and other interferences.

The values of Sanchez-Bayo and Goka (2014) for maxi-
mum levels in nectar/honey are thiacloprid (209 ng/g),
imidacloprid (73 ng/g), dinotefuran (22 ng/g), thiamethoxam
(17 ng/g), acetamiprid (13 ng/g), and clothianidin (10 ng/g).
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Table 4 Residues (neonicotinoids and fipronil) in pollen or in pollen-derived matrices (pollen/beebread)

Insecticide® Detection Range® Mean® or magnitude®™® Maximum? Reference®
rate® (%) (ng/g) (ng/g) (ng/g)
Acetamiprid 24.1 1-1,000 3 134 Sanchez-Bayo and Goka (2014)
45 0.1-100 4.1 26.1 Pohorecka et al. (2012)
3.1 10-1,000 59.3 134 Mullin et al. (2010)
Clothianidin 11 1-100 94 41.2 Sanchez-Bayo and Goka (2014)
0.1-100 0.1"to 17.1 211" Dively and Kamel (2012)
1-10 1'to 4! 7 Pilling et al. (2014)
11 1-10 1.8 3.7 Pohorecka et al. (2012)
1-100 3.9 10.7 Krupke et al. (2012)
1-100 In EFSA (2013a):
7.38- 36.88 See estimate for maize
5.95- 19.04 See estimate for rape
3.29 See estimate for sunflower
15 See Schoning 2005 (DAR)
1-10 2.59 Cutler and Scott-Dupree (2007)
1-10 2.8 Scott-Dupree and Spivak (2001)
1-10 In EFSA (2012a):
10.4 See Nikolakis et al. (2009) (DAR)
2.6- 29 See Maus and Schéening (2001) (DAR)
4.1 See Schmuck and Schéening (2001a) (DAR)
33 See Schmuck and Schéening (2000b) (DAR)
2.5 See Maus and Schéening (2001¢) (DAR)
3.1 See Schmuck and Schoening (2001d) (DAR)
54 See Maus and Schéening (2001¢) (DAR)
3.3- 6.2 See Maus and Schéening (20011, g) (DAR)
Dinotefuran 1 10-1,000 453 168.1 Sanchez-Bayo and Goka (2014)
100 10-1,000 11.2 to 88.3+17.10 147+21.1 Dively and Kamel (2012)
1 1-10 4 7.6 Stoner and Eitzer (2013)
Imidacloprid 16.2 1-1,000 19.7 912 Sanchez-Bayo and Goka (2014)
0.1-1,000 0.1 to 80.2+19.1% 101+27.5% Dively and Kamel (2012)
9.1 1-1,000 30.8 216 Rennich et al. (2012)
29 1-1,000 39 206+554'+152! Mullin et al. 2010)
40.5 0.1-10 0.9 5.7 Chauzat et al. (2011)
1-100 14 28 Stoner and Eitzer (2012)
12.1 1-100 52+5.6' 70+5.6' Stoner and Eitzer (2013)
10-100 13 36 Laurent and Rathahao (2003)
872 0.1-100 2.1 18 Bonmatin et al. (2005)
1-100 9.39 10.2 Byrme et al. (2014)
1-100 2.6 12 Wiest et al. (2011)
83 0.1-100 3 11 Bonmatin et al. (2003)
1-100 In EFSA (2013c):
3- 15 See Stork (1999) (Germany 2005, DAR)
3.45- 4.6 See Germany 2005 (DAR)
1-10 In EFSA (2012a):
1.56- 8.19 See Schmuck et al. (2001) (DAR)
33 See Stork (1999) (Germany 2005, DAR)
1-10 4.4- 7.6 Scott-Dupree and Spivak (2001)
494 1-10 12 Chauzat et al. (2006)
1-10 3.3- 39 Schmuck et al. (2001)
0.8 1-10 1.35 <12 Lambert et al. (2013)
0.1-1 <0.5 Thompson et al. (2013)
Thiacloprid 17.7 100-1,000 75.1 1,002.2 Sanchez-Bayo and Goka (2014)
62 1-1,000 89.1 1,002.2 Pohorecka et al. (2012)
2 1-1,000 187.6 326 Rennich et al. (2012)
54 1-1,000 23.8 115 Mullin et al. (2010)
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Table 4 (continued)

Insecticide® Detection Range® Mean® or magnitude®" Maximum® Reference®
rate” (%) (ng/g) (ng/g) ()
1.3 1-100 223 68 Stoner and Eitzer (2013)
1-1,000 In EFSA (2012a):
150- 277 See Von der Ohe (DAR)
9- 36 See Schatz and Wallner (2009) (DAR)
1-100 10 to 30 90 Skerl et al. (2009)
Thiamethoxam 12.8 10-1,000 28.9 127 Sanchez-Bayo and Goka (2014)
0.1-1,000 0.1 to 95.2+26.8" 127+35.1" Dively and Kamel (2012)
0.3 % 10-100 533 533 Mullin et al. (2010)
1-100 12 35 Stoner and Eitzer (2012)
37 1-10 38 9.9 Pohorecka et al. (2012)
1 1-10 2.8 4.1 Stoner and Eitzer (2013)
1-100 3o 7' 12 Pilling et al. (2014)
1-100 1.7 6.2t020.4 Krupke et al. (2012)
1-100 In EFSA (2013b):
13.41- 21.51 See estimate for maize
2.37- 3.02 See estimate for sunflower
4.59- 19.29 See estimate for rape
4- 12 See Hecht-Rost (2007); Hargreaves
(2007) (DAR)
1-10 231027 Thompson et al. (2013)
0.1-10 In EFSA (2012a):
2.5- 42 See Schuld (2001a) (DAR)
4.6 See Schuld (2001b) (DAR)
36 See Barth (2001) (DAR)
1.1 See Balluf (2001) (DAR)
32 See Schur (2001c) (DAR)
6-CNA 33 0.1-10 1.2 9.3 Chauzat et al. (2011)
573 0.1-10 1.2 Chauzat et al. (2009)
444 0.1-10 1.2 Chauzat et al. (2006)
Fipronil 2.8 and 3.7™ 1-100 1.6 29 Sanchez-Bayo and Goka (2014)
0.3 1-100 28.5 28.5 Mullin et al. (2010)
6.5 0.1-10 1.2+1.0+1.7™ 0.3+1.5+3.7™ Chauzat et al. (2011)
0.6 1-10 2.8 35 Stoner and Eitzer (2013)
37" 1-10 2t02.3™ 4 Bernal et al. (2010)
49™ 0.1-10 0.8™ 8.3™ Bonmatin et al. (2007)
12.4 0.1-10 1.2 1.2+1.7+1™ Chauzat et al. (2009)
1-10 1.9 and 6.4 In EFSA (2013d): see Kerl (2005) (DAR)

6-CNA (6-chloro-nicotinic acid)

# Active ingredient

® Proportion of positive analyses (see text)

¢ Classified by decade

9Mean value from positive analyses

°The lowest value of quantified data is followed by a hyphen, the highest value is in the next column
"The highest value of quantified data

€ The sources are related to the original works for avoiding data duplications, and data from DARs (draft assessment report) are available in the cited
EFSA reviews

" Clothianidin issuing from thiamethoxam

Median values

I When data include the UF (1-methyl-3-(tetrahydro-3-furylmethyl)urea) derivative

XWhen data include the derivatives of imidacloprid (olefin, 5-OH, urea, desnitro olefin, desnitro HCI, and 6-CNA)
"When data include the derivatives of imidacloprid (5-OH, olefin, or 6-CNA)

"™ Data include some fipronil derivatives (sulfone-, sufide-, or desulfynyl-fipronil)
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Table 5 Residues (neonicotinoids and fipronil) in nectar or in nectar-derived matrices (nectar/honey)

Insecticide® Detection Range® Mean® or Maximum' Reference®
rate” (%) (ng/g) magnitude®’ (ng/g) (ng/g)
Acetamiprid 51 0.1-100 24 13.3 Sanchez-Bayo and Goka (2014); Pohorecka et al. (2012)
0.1-1,000 112.8 Paradis et al. (2014)
Clothianidin 17 0.1-10 1.9 10.1 Sanchez-Bayo and Goka (2014)
0.1-100 0.1"to 4" 12.2" Dively and Kamel (2012)
17 1-10 23 10.1 Pohorecka et al. (2012)
0.1-10 0.9- 22 Cutler and Scott-Dupree (2007); Johnson
et al. (2010)
0.1-1 1 1 Pilling et al. (2014)
100 10-1,000 89- 319 Larson et al. (2013)
0.1-100 5 16 Thompson et al. (2013)
0.1-10 1- 3 Wallner (2009)
0.1-10 In EFSA (2012a):
1.2- 8.6 See Schmuk and Shéening (2000a) (DAR)
0.3- 1 See Maus and Schéening (2002a) (DAR)
2.8- 3 See Maus and Schoening (2001b) (DAR)
5.4 See Maus and Schoening (2001¢) (DAR)
0.1-10 0.9- 3.7 Scott-Dupree and Spivak (2001)
0.1-10 0.32 EFSA (2013a) (estimate)
Dinotefuran 1-100 13.7 21.6 Sanchez-Bayo and Goka (2014)
100 1-100 2.1+0.1 to 9.2+4.13 10.8+10.8 Dively and kamel (2012)
Imidacloprid 21.4 1-100 6 72.8 Sanchez-Bayo and Goka (2014)
10-100 13.37 to 72.81 95.2 Byrne et al. (2014)
0.1-100 0.1 to 11.2+6.4% 13.7+9.4 Dively and Kamel (2012)
21.8 0.1-10 0.7 1.8 Chauzat et al. (2011)
100-1,000 660’ Paine et al. (2011)
100-1,000 171 Larson et al. (2013)
1-100 6.6+1.1+0.2' 16+2.4+0.5" Krischik et al. (2007)
0.1-100 0.1 to 11.2+6.4¢ 13.7+9.4 Dively and Kamel (2012)
1-100 10.3 14 Stoner and Eitzer (2012)
1-10 In EFSA (2012a):
3.45- 4.6 See Stork (1999) (DAR)
1.59- 8.35 See Germany (2005) (DAR)
29.7 0.1-10 0.7+1.2' Chauzat et al. (2009)
0.1-10 1.9 Schmuck et al. (2001)
21 0.1-10 0.6 2 Pohorecka et al. (2012)
0.1-10 0.2- 3.9 Wiest et al. (2011)
2.1 0.1-10 0.14' <3.9! Lambert et al. (2013)
0.1-1 0.6- 0.8 Scott-Dupree and Spivak (2001)
0.1-1 0.45 0.5 Thompson et al. (2013)
Thiacloprid 64 1-1,000 6.5 208.8 Sanchez-Bayo and Goka (2014); Pohorecka et al. (2012)
1-100 1.8 36 Schatz and Wallner (2009)
1-100 33 Johnson et al. (2010)
1-100 11.6 Paradis et al. (2014)
Thiamethoxam 65 0.1-100 6.4 17 Sanchez-Bayo and Goka (2014)
0.1-100 0.1 to 9.5+4" 12.2+6.4" Dively and Kamel (2012)
65 0.1-100 42 12.9 Pohorecka et al. (2012)
0.1-10 0.7 to 2.4+11 4,7+1 Pilling et al. (2014)
1-100 11 20 Stoner and Eitzer (2012)
0.1-10 0.59 4 EFSA (2013b): see Hecht-Rost (2007) (DAR)
0.1-10 1.5and 3.9 Thompson et al. (2013)
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Table 5 (continued)

Insecticide® Detection Range® Mean* or Maximum'® Reference®
rate” (%) (ng/g) magnitude®’ (ng/g) (ng/g)
0.1-10 0.65 2.72 EFSA (2013e) (estimate)
0.1-10 2 Paradis et al. (2014)
0.1-10 In EFSA (2012a):
1.0 2.1 See Shuld (2001a) (DAR)
0.9 See Purdy (2000) (DAR)
1 See Balluf (2001) (DAR)
6-CNA 17.6 0.1-10 1.2 10.2 Chauzat et al. (2011)
Fipronil 6.5 10-100 70 100 Pareja et al. (2011)
0.3 10-100 28.5 Mullin et al. (2010)
0.1-10 In EFSA (2013d):
23 6.4 See Kerl (2005) (DAR)
33 See Bocksch (2009) (DAR)

6-CNA (6-chloro-nicotinic acid)

# Active ingredient

® Proportion of positive analyses (see text)
¢ Classified by decade

9Mean value from positive analyses

° The lowest value of quantified data is followed by a hyphen, the highest value is in the next column

“The highest value of quantified data

€ The sources are related to the original works for avoiding data duplications, and data from DARs (draft assessment report) are available in the cited

EFSA reviews
" Clothianidin issuing from thiamethoxam

{Median values

I When data include the UF (1-methyl-3-(tetrahydro-3-furylmethyl)urea) derivative
XWhen data include the derivatives of imidacloprid (olefin, 5-OH, urea, desnitro olefin, desnitro HCI, and 6-CNA)
"When data include the derivatives of imidacloprid (5-OH, olefin, or 6-CNA)

From these data, it appears that nectar/honey is significantly
less contaminated than pollen/beebread, by a factor of 4
(clothianidin) to 12 (imidacloprid). Note that very recently,
Paradis et al. (2014) reported a maximum of 112.8 ng/g in
nectar for acetamiprid, Larson et al. (2013) reported 319 ng/g
for clothianidin, Paine et al. (2011) reported 660 ng/g for
imidacloprid, and Pareja et al. (2011) measured 100 ng/g for
fipronil. The maximum level of fipronil in nectar/honey is
three times higher than that in pollen/beebread, despite the fact
that fipronil is less water soluble than the neonicotinoids.
Obviously, these levels must be interpreted with respect to
the corresponding toxicity data for each of these compounds.
Another study by Kasiotis et al. (2014) measured a maximum
residue level of imidacloprid of 73.9 ng/g, this value being
similar to the 95.2 ng/g value detected by Byrne et al. (2014).
The maximum for imidacloprid was found to be 41,273 ng/g
by Kasiotis et al. (2014); however, it should be noted that
some sampling was conducted directly by beekeepers after
bee collapse incidents, so it is possible that external contam-
ination may have occurred (data not included in Table 5). As
with the residue levels in pollen and bee bread, these values

represent a worst case situation and do not give a general
measure of contamination.

Table 5 shows that average residue levels in nectar/honey
are significantly lower than the above maximums, again due
to the data issuing from various types of application tech-
niques (soil drench, injection, spray, seed dressing, etc.).
Again, aerial treatments represent a significantly higher source
of contamination in nectar/honey than when used as a seed
dressing (Thompson 2012; EFSA 2012a). This explains the
high variability of results when concentrations are ranked by
decades, as observed for imidacloprid for instance. Similar to
the case of pollen/beebread, imidacloprid used as seed dress-
ing led to levels mainly in the range of 1-10 ng/g (sunflower,
cotton, and canola; EFSA 2013c), but soil application on
eucalyptus led to higher values by 2 orders of magnitude
(Paine et al. 2011). That is why averaged data are also to be
considered: dinotefuran (13.7 ng/g), thiacloprid (6.5 ng/g),
thiamethoxam (6.4 ng/g), imidacloprid (6 ng/g), acetamiprid
(2.4 ng/g), and clothianidin (1.9 ng/g). As with the maximum
levels, it appears that nectar/honey is less contaminated than
pollen/beebread by a factor of 1.2 (acetamiprid) to 11.5
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(thiacloprid). This further confirms that the first matrix is less
contaminated by neonicotinoids than the second one. In the
particular case of the study by Kasiotis et al. (2014), mean
levels were found to be 48.7 ng/g for imidacloprid and
3,285 ng/g for clothianidin. It is difficult to investigate the
particular case of fipronil because data are still lacking and
published data are rather heterogeneous. Higher levels of
fipronil were measured in nectar/honey than in pollen/
beebread.

Conclusions Pollen/beebread and nectar/honey appear to be
very relevant routes of exposure to neonicotinoids and fipronil
in terms of occurrence, average level, and maximum residue
level. The few studies of fipronil provide very heterogeneous
results. Pollen/beebread revealed average residue levels be-
tween 0.8 and 28.5 ng/g. Nectar/honey revealed average res-
idue levels between 2.3 and 70 ng/g. For neonicotinoids,
average residue levels from Sanchez-Bayo and Goka (2014)
are in the range of 1.9-13.7 ng/g for nectar/honey, and in the
range of 3—75.1 ng/g for pollen/beebread. However, higher
values of average residue levels have been obtained in several
studies (Tables 4 and 5). Maximum levels of these systemic
insecticides were found in the range of 10.1-208.8 ng/g for
nectar/honey, and in the range of 29-1,002 ng/g for pollen/
beebread (Sanchez-Bayo and Goka 2014). In terms of maxi-
mum levels, the variability clearly shows that contamination
of pollen and nectar is not predictable and controlled, and that
very high residue levels can be found in both pollen and
nectar. It is important to note that nontarget species are ex-
posed to more than just one pesticide via pollen or nectar. This
was recently exemplified by the detection of mixtures of three
to four insecticides (from a pool of 22 insecticides analyzed)
in the nectar collected by honey bees, including acetamiprid,
thiacloprid, thiamethoxam, tau-fluvalinate, and deltamethin
(Paradis et al. 2014). Note that for the latter study, the agri-
cultural uses of fipronil in France had been suspended several
years prior, as well as the uses of imidacloprid for sunflower
and maize.

Finally, nontarget species are very likely to be exposed to
multiple pesticides (insecticides, herbicides, and several fun-
gicides) simultaneously or at different points in time, and via
multiple routes including pollen and nectar. This is especially
relevant for treated fruit trees. In the cases of neonicotinoids
and fipronil, variability of exposure data remains high be-
tween and within studies, due to variability of (1) pesticide
applications, (2) the crops considered, (3) the samples ana-
lyzed, and (4) measurement methods. Variability will be dif-
ficult to improve and assess because field trials demand robust
protocols that are difficult to manage, and also the required
sensitive analytical techniques are costly to utilize. Therefore,
despite the large methodological progress that has been made
in the last decade, the question of exposure inherently leads to
heterogeneous results and remains the object of discussion.

@ Springer

Despite this variability, which does not imply inaccuracy of
measurements in real situations, studies worldwide demon-
strate the exposure of nontarget species to these pesticides.
This exposure, specifically through nectar and pollen, has
proved harmful for bees and other pollinators (Pisa et al.
2014, this issue).

Honeydew

Honeydew is produced mainly by aphids (Aphididae) and
other heteropteran insects and consists of a sticky, sugary
liquid. Among others, insects such as ants (Formicidae) feed
directly on honeydew while insects such as honeybees
(4. mellifera) and wasps collect honeydew. It may be argued
that honeydew production on treated crops is negligible, as the
aphids that produce it would not be present on such crops. Van
der Sluijs et al. (2013) argue that given the longer life span of
bees, concentrations in plant sap that are too low to kill aphids
could eventually prove harmful to bees through repeated
exposure. However, there is no data available to verify this
hypothesis. EFSA (2013d) therefore concludes that honeydew
should be taken into account as a potential exposure route for
honeybees in the case of fipronil.

Conclusion

The chemical properties of neonicotinoids and fipronil mean
that they have the potential to accumulate in the environment
at field-realistic levels of use (Bonmatin et al. 2007). This
combination of persistence (over months or years) and solu-
bility in water leads to contamination of, and the potential for
accumulation in, soils and sediments (ppb-ppm range), water-
ways (groundwater and surface water in the ppt-ppb range),
and treated and nontreated vegetation (ppb-ppm range)
(Goulson 2013).

Screening of these matrices for pesticides is very patchy,
and even where it has been conducted, the toxic metabolites
are often not included. However, where environmental sam-
ples have been screened they are commonly found to contain
mixtures of neonicotinoids or fipronil, along with their toxic
metabolites and other pesticides. In addition, measurements
taken from water have been found to exceed ecotoxicological
limits on a regular basis around the globe (e.g., Gonzalez-
Pradas et al. 2002; Kreuger et al. 2010; Starner and Goh 2012;
Masia et al. 2013; Van Dijk et al. 2013).

The presence of these compounds in the environment
suggests that all kinds of nontarget organisms will be exposed
to them. The case of honeybees is very illustrative, as they are
exposed from the sowing period until flowering. In spring, the
use of seed-coating insecticides for crops poses a risk of acute
intoxication for bees (and other pollinators) by direct exposure
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of flying bees to dusts emitted by the drilling machine
(Girolami et al. 2013). The use of spray also exposes nontarget
organisms when foraging on flowers, especially on fruit trees.
Regardless of the mode of application, bees bring contami-
nated pollen, nectar, and probably also contaminated water
back to the hive. Analysis of residues in food stores of hon-
eybee colonies from across the globe reveal exactly what we
might predict, based on the physical and chemical properties
of these compounds. These food stores routinely contain
mixtures of neonicotinoids and fipronil, generally in the 1—
100 ppb range, demonstrating chronic exposure of honeybees
throughout their lives (Sanchez-Bayo and Goka 2014).
Similar exposure can be expected for other less-studied polli-
nators and invertebrates. Such widespread contamination has
an impact on both aquatic and terrestrial invertebrates (Pisa
et al. 2014, this issue) and vertebrates (Gibbons et al. 2014,
this issue) living in or near farmland, or in streams which may
occur in proximity to farmed areas.

This environmental contamination will undoubtedly have
impacts on the functioning of various ecosystems and their
services (Chagnon et al. 2014, this issue) unless alternatives
are developed (Furlan and Kreutzweiser 2014, this issue; Van
der Shuijs et al. 2014, this issue).
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In less than 20 years, neonicotinoids have become the most
widely used class of insecticides with a global market share
of more than 25%. For pollinators, this has transformed the
agrochemical landscape. These chemicals mimic the
acetylcholine neurotransmitter and are highly neurotoxic to
insects. Their systemic mode of action inside plants means
phloemic and xylemic transport that results in translocation
to pollen and nectar. Their wide application, persistence in
soil and water and potential for uptake by succeeding crops
and wild plants make neonicotinoids bioavailable to
pollinators at sublethal concentrations for most of the year.
This results in the frequent presence of neonicotinoids in
honeybee hives. At field realistic doses, neonicotinoids cause
a wide range of adverse sublethal effects in honeybee and
bumblebee colonies, affecting colony performance through
impairment of foraging success, brood and larval
development, memory and learning, damage to the central
nervous system, susceptibility to diseases, hive hygiene etc.
Neonicotinoids exhibit a toxicity that can be amplified by
various other agrochemicals and they synergistically
reinforce infectious agents such as Nosema ceranae which
together can produce colony collapse. The limited available
data suggest that they are likely to exhibit similar toxicity to
virtually all other wild insect pollinators. The worldwide
production of neonicotinoids is still increasing. Therefore a
transition to pollinator-friendly alternatives to neonicotinoids
is urgently needed for the sake of the sustainability of
pollinator ecosystem services.
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Introduction

The introduction to the market in the early 1990s of
imidacloprid and thiacloprid opened the neonicotinoid
era of insect pest control [1]. Acting systemically, this new
class of neurotoxic insecticides is taken up by plants,
primarily through the roots, and translocates to all parts of
the plant through xylemic and phloemic transport [2].
"This systemic property combined with very high toxicity
to insects enabled formulating neonicotinoids for soil
treatment and seed coating with typical doses from 10
to 200 g ha' high enough to provide long lasting protec-
tion of the whole plant from pest insects.

Neonicotinoids interact with the nicotinic acetylcholine
receptors (nAChRs) of the insect central nervous system.
They act mainly agonistically on nAChRs on the post-
synaptic membrane, mimicking the natural neurotrans-
mitter acetylcholine by binding with high affinity [3—
5,6°°,7°,8°°]. This induces a neuronal hyper-excitation,
which can lead to the insect’s death within minutes [6,9].
Some of the major metabolites of neonicotinoids are
equally neurotoxic, acting on the same receptors [10-
12] thereby prolonging the effectiveness as systemic
insecticide. The nAChR binding sites in the vertebrate
nervous system are different from those in insects, and in
general they have lower numbers of nicotinic receptors
with high affinity to neonicotinoids, which are the reasons
that neonicotinoids show selective toxicity for insects
over vertebrates [9,13].

The main neonicotinoids presently on the market are
imidacloprid, thiamethoxam, clothianidin, thiacloprid,
dinotefuran, acetamiprid, nitenpyram and sulfoxaflor
[12,14,15]. Since their introduction, neonicotinoids have
grown to become the most widely used and fastest
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growing class of insecticides with a 2010 global market
share of 26% of the insecticide market [16] and imida-
cloprid the second most widely used (2008) agrochemical
in the world [17]. The worldwide production of neoni-
cotinoids is still increasing [18]. Large-scale use in Europe
and US started around 2004. Neonicotinoids are nowa-
days authorised in more than 120 countries for more than
1000 uses [19] for the treatments of a wide range of plants
including potato, rice, maize, sugar beets, cereals, oil
rapeseed, sunflower, fruit, vegetables, soy, ornamental
plants, tree nursery, seeds for export, and cotton.

When used as a seed coating, only 1.6-20% of the amount
of active substance applied actually enters the crop to
protect it [20], and the remaining 80-98.4% pollutes the
environment without any intended action to plant
pests. Diffusion and transformation of pesticides in the
environment lead to various environmental concen-
trations and bioavailability, all strongly dependent on
the properties of the substance [21]. Because of their high
leaching potential, neonicotinoids tend to contaminate
surface water and ground water [22-25]. Owing to sorp-
tion to organic matter in soil and sediments [24,26], the
equilibrium partitioning over soil and water varies with
soil type and is typically 1:3 (log P =0.57) [25]. In
countries where monitoring data are available, high
levels of neonicotinoid pollution in surface water have
been reported [27-30]. In the Netherlands, 45% of 9037
water samples taken from 801 different locations in a
nation-wide routine water quality monitoring scheme,
over the period 1998 and 2003-2009, exceeded the
13ngl ! imidacloprid water quality standard, the
median concentration being 80 ng 17! and the maximum
concentration found being 320 wg 17!, which is acutely
toxic to honeybees [27]. In the US, neonicotinoids were
also found in surface water. In 108 water samples col-
lected in 2005 from playa wetlands on the Southern High
Plains, thiamethoxam was found at an average concen-
tration of 3.6 wg 17! and acetamiprid at 2.2 pg 17" [30].

Neonicotinoids and their metabolites are highly persist-
ent in soil, aquatic sediments and water. To give an
example: Six years after a single soil drench application
of imidacloprid, residue levels up to 19 pg kg™ could be
recovered in Rhododendron shrub blossoms [31]. Clothia-
nidin has a half-life in soil between 148-6900 days [32],
and imidacloprid 40-997 days [33]. Consequently, neo-
nicotinoids exhibit a potential for accumulation in soil
following repeated applications [23] and can be taken up
by succeeding crops up to at least two years after appli-
cation [34]. Imidacloprid has been detected in 97% of 33
soil samples from untreated fields on which treated corn
seeds were used 1 or 2 years before the sampling [34].
Concentrations in these soil samples ranged from 1.2 to
22 wg kg~ ' [34]. Several studies recovered neonicotinoids
in wild flowers near treated fields [35,36°°]. However, it
remains a knowledge gap to what extent the presence in

wild flowers results from systemic uptake from polluted
soil and water or from direct contamination of the flowers
by contaminated dust from seed drilling.

At their introduction, neonicotinoids were assumed to be
more efficient than the organophosphates and carbamates
that they replaced [37]. As a seed treatment, they could be
used in much lower quantities and they promised to be
less polluting to the environment. It is however not the
quantity that is relevant but the potency to cause harm,
which results from toxicity, persistence and bioavailabil-
ity to non-target species. Indeed, soon after the introduc-
tion of neonicotinoids, exposure to its residues in pollen,
nectar, sowing dust etc., of non-target pollinating insects
became clear. This led to various harmful effects
[10,37,38,39°°,40,41,42°°,43°°].

Ecosystem services of pollinators

Amongst the wide diversity of pollinating species [44],
bees are the most important. Although bee research
mostly focuses on the domesticated Apis mellifera, over
25,000 different bee species have been identified (FAO:
Pollination; URL: http://www.fao.org/agriculture/crops/
core-themes/theme/biodiversity/pollination/en/). Bees
provide a vital ecosystem service, playing a key role in
the maintenance of biodiversity and in food and fibre
production [45-47,48°°,49-51]. Pollination comprises an
integrated system of interactions that links earth’s veg-
etation, wildlife and human welfare [52]. Of all flowering
plants on earth, 87.5% benefits from animal pollination
[53]. Globally, 87 of the leading food crops (accounting for
35% of the world food production volume) depend on
animal pollination [45]. Pollinator mediated crops are of
key importance in providing essential nutrients in the
human food supply [54°]. The history of apiculture goes
back to pre-agricultural times [55,56] and later co-devel-
oped with agriculture [57,58]. In addition, wild bees
deliver a substantial and often unappreciated portion of
pollination services to agriculture and wildflowers [59,60].
Bees and apiary products have a pharmacological [61,62],
scientific and technological [63], poetic [64], aesthetic
(springs filled with buzzing bumblebees) culinary (e.g.,
keeping alive traditional cuisine of patisseries with hon-
ey) and cultural value.

Global pollinator decline and emerging bee
disorders

Long-term declines have been observed in wild bee
populations around the world [47,65-70]. Over the past
decades, a global trend of increasing honeybee disorders
and colony losses has emerged [71-77]. Winter mortality
of entire honeybee colonies has risen in many parts of the
world [72°,73,74,75°]. When neonicotinoids were first
used, beekeepers started describing different disorders
and signs ranging from: bees not returning to the hive,
disoriented bees, bees gathered close together in small
groups on the ground, abnormal foraging behaviour, the
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occurrence of massive bee losses in spring, queen losses,
increased sensitivity to diseases and colony disappearance
[38,40-43,77]. None of these individual signs is a unique
effect of neonicotinoids, other causal factors or other
agrochemicals could produce similar signs, which com-
plicates the establishment of a causal link.

Scientific research appears to indicate no single cause
explaining the increase in winter colony losses. All viruses
and other pathogens that have been linked to colony
collapse have been found to be present year-round also
in healthy colonies [78]. That colonies remain healthy
despite the presence of these infectious agents, supports
the theory that colony collapse may be caused by factors
working in combination. Farooqui [79°] has analysed the
different hypotheses provided by science when searching
for an explanation of Colony Collapse Disorder (CCD).
Research points in the direction of a combination of
reciprocally enhancing causes. Among those, the advance
of neonicotinoid insecticides has gained more weight
in light of the latest independent scientific results
[80,81°°,82°°]. In the present article, we synthesise the
state of knowledge on the role of neonicotinoids in
pollinator decline and emerging bee disorders.

Multiple ways of exposure

Neonicotinoids are authorised for a wide range of agricul-
tural and horticultural plants that flower at different times
of the year. The systemic properties of neonicotinoids
imply translocation to pollen, nectar, and guttation
droplets [34,37,83,84]. The persistency and potential
contamination of wild plants and trees surrounding the
treated crops [36] and the possibility for travelling far
outside the fields via surface and ground water [27] and
the potential to contaminate wild plants and crops that
take up polluted water, means that pollinating insects are
likely to be exposed for much of the year to multiple
sources of multiple neonicotinoids in their foraging area,
but often at very low doses.

Honeybees’ exposure to neonicotinoids can occur
through ingestion, contact and inhalation (aerosols).
Many possible exposure pathways can exist [85°]. Here,
we aggregate exposure pathways into: first, intake of food
that contain residues; second, nesting material (resin, wax
etc.); third, direct contact with spray drift and dust drift
during application; fourth, contact with contaminated
plants, soil, water; fifth, use of cooling water in the hive;
and sixth, inhalation of contaminated air. For bumble
bees and other wild bees that nest in soil, contact with
contaminated soil is an additional pathway of concern.
Leafcutter bees use cut leaf fragments to form nest cells
and can thus be exposed to residues in leaves. There are
many other conceivable exposure routes, for instance, a
bee hive could have been made from timber from trees
treated with neonicotinoids and may thus contain resi-
dues. However, the best researched exposure pathway is

via intake of food. Food with residues can be subdivided
into self-collected raw food (nectar, pollen, water, hon-
eydew, extrafloral nectar, guttation droplets, various other
edible substances available in the foraging area etc.), in-
hive processed food (honey, beebread, royal jelly, wax
etc.), and food supplied by bee keepers (high fructose
corn syrup, sugar water, sugar dough, bee candy, pollen,
pollen substitutes based on soybean flower and other
vegetable protein supplements etc.).

Given the large numbers of crops in which neonicotinoids
are used and the large scale of use, there is a huge
variability in space and time for each possible exposure
pathway as well as in their relative importance for the
overall exposure at a given place and time. This is further
complicated by the fact that the foraging area of a hon-
eybee colony can extend to a radius of up to 9 km around
the hive which is never a homogenous landscape [86].
Additionally, suburban areas have become a stronghold
for some wild bee species due to the abundance of floral
resources in gardens and parks [87]. Thus, bees may be
exposed to systemic insecticides which are widely used
on garden flowers, vegetables, ornamental trees, and
lawns. The relative importance of exposure pathways
will also vary according to bee species as they have
different foraging ranges, phenologies, and flight times
in a day. This can be exemplified by Osmia bees in corn
growing areas for which intake of guttation droplets may
be more important than for honeybees.

Different categories of honeybees could be exposed in
different ways and to varying extents [42]. For example,
pollen foragers (which differ from nectar foragers) do not
consume pollen, merely bringing it to the hive. The
pollen is consumed by nurse bees and to a lesser extent
by larvae which are thus the ones that are exposed to
residues of neonicotinoids and their metabolites [88].
The exposure of nectar foragers to residues of neonico-
tinoids and metabolites in the nectar they gather can vary
depending on the resources available in the hive environ-
ment. In addition, foragers take some honey from the hive
before they leave for foraging. Depending on the distance
from the hive where they forage, the honeybees are
obliged to consume more or less of the nectar/honey
taken from the hive and/or of the nectar collected, for
energy for flying and foraging. They can therefore ingest
more or less neonicotinoid residues, depending on the
foraging environment [42]. Oral uptake is estimated to be
highest for forager honeybees, winter honeybees and
larvae [85].

Little is known about the real exposure to contaminated
food for different categories of honeybees in a colony,
either in terms of contact with pollen or contact with, and
possible consumption of, nectar if needed. For wild bees
very few data exist on exposure in the field. The amount
that wild bees actually consume in the field has not been
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measured. EFSA estimated that worker bees, queens and
larvae of bumblebees and adult females and larvae of
solitary bees are likely to have the highest oral uptake of
residues [85].

In 2002, 69% of pollen samples collected by honeybees at
various places in France contained residues of imidacloprid
and its metabolites [89]. In a systematic sampling scheme
covering 5 locations over 3 years, imidacloprid was found in
40.5% of the pollen samples and in 21.8% of the honey
samples [90,91]. On the basis of data from authorisation
authorities, neonicotinoid residues in nectar and pollen of
treated crop plants are estimated to be in the range of below
analytical detection limit (0.3 pgkg ") to 5.4 pgkg ' in
nectar, the highest value corresponding to clothianidin in
oilseed rape nectar, and a range of below detection limit
(0.3 pg kg™ to 51 pg kg™ " in pollen, the highest value
corresponding to thiamethoxam in alfalfa pollen [85]. A
recent review reports wider ranges for pollen: 0.2-
912 pg kg ' forimidacloprid and 1.0-115 pg kg™ ! for thia-
cloprid [92]. Residues of imidacloprid, dinotefuran, and
thiamethoxam plus metabolites in pumpkin treated with
United States label rates reach average levels up to
122 wg kg in pollen and 17.6 wg kg ' in nectar [93].
Up to 346 mg 1" for imidacloprid and 146 mgl~" for
thiamethoxam and 102 mg 1" clothianidin and have been
found in guttation drops from leaves of plants germinated
from neonicotinoid-coated seeds [84,94]. In melon, gutta-
tion levels up to 4.1 mg 1" imidacloprid were found 3 days
aftera top (US) label rate soil application [95]. Ina US wide
survey of pesticide residues in beeswax, pollen and hon-
eybees during the 2007-2008 growing seasons, high levels
of neonicotinoids were found in pollen (included in [92])
but imidacloprid was also found up to 13.6 wg kg™ in wax
[96]. In Spain, neonicotinoids were found in beeswax
samples from apiaries near fruit orchards: 11 out of 30
samples tested positive in ranges from 11 pg kg™' (acet-
amiprid) to 153 wg kg~ ' (thiacloprid) [97].

Little is known on the presence of neonicotinoids in
honeydew. Given differences in life span of aphids and
bees, concentrations in plant sap too low to kill aphids
could translocate to honeydew and could still produce
sublethal effects and chronic toxicity mortality in bees
and bee colonies.

Acute and chronic effects of lethal and
sublethal exposure

Pesticides can produce four types of effects on honey-
bees: lethal effects and sublethal effects from acute or
chronic exposures.

Acute toxicity is expressed as the lethal dose (LD) at
which 50% of the exposed honeybees die within 48 hours:
abbreviated to ‘LID50 (48 hours)’. Neonicotinoids are
highly toxic (in the range of ng/bee) to honeybees [98],
both when administered orally and by contact. They also

have high acute toxicity to all other bee species so far
tested, including various Bombus species, Osmia lignaria
and Megachile rotundata [99-102]. O. lignaria is more
sensitive to both clothianidin and imidacloprid than is
B. impatiens, with M. rotundata more sensitive still [100].
In an acute toxicity test under semi field conditions on the
Indian honeybee Apis cerana indica, clothianidin showed
the highest toxicity, followed by imidacloprid and thia-
methoxam [103].

For mass-dying of bees in spring nearby and during
sowing of corn seeds coated with neonicotinoids there
now is a one to one proven causal link with acute intoxi-
cation though contact with the dust cloud around the
pneumatic sowing machines during foraging flights to
adjacent forests (providing honeydew) or nearby flower-
ing fields [104°°,105-109]. Such mass colony losses
during corn sowing have also been documented in
Italy, Germany, Austria and Slovenia [110,111,104°°].
In response to the incidents, the adherence of the seed
coating has been improved owing to better regulations,
and an improved sowing-technique has recently become
compulsory throughout Europe, [112]. Despite the
deployment of air deflectors in the drilling machines or
improved seed coating techniques, emissions are still
substantial and the dust cloud is still acutely toxic to
bees [105,109,111,113-115]. Acute lethal effects of neo-
nicotinoids dispersed as particulate matter in the air seem
to be promoted by high environmental humidity which
accelerates mortality [105]. Honeybees also bring the
toxic dust particles they gather on their body into the
hive [106]. Sunny and warm days also seem to favour the
dispersal of active substances [35].

Lethal effects from chronic exposure refer to honeybee
mortality that occurs after prolonged exposure. In contrast
to acute lethal effects, there are no standardised protocols
for measuring chronic lethal effects. Therefore, in
traditional risk assessment of pesticides they are usually
expressed in three ways: LD50: the dose at which 50% of
the exposed honeybees die (often, but not always, within
10 days); NOEC (No Observed Effect Concentration):
the highest concentration of imidacloprid producing no
observed effect; and LOEC (Lowest Observed Effect
Concentration): the lowest concentration of imidacloprid
producing an observed effect. However, for neonicoti-
noids and its neurotoxic metabolites, lethal toxicity can
increase up to 100,000 times compared to acute toxicity
when the exposure is extended in time [10]. There has
been some controversy on the findings of that study,
which is discussed in detail by Maxim and Van der Sluijs
[40,42]. However, the key finding that exposure time
amplifies the toxicity of neonicotinoids is consistent with
later findings. Micro-colonies of bumblebees fed with
imidacloprid showed the same phenomenon [102]: at
one tenth of the concentration of the toxin in feed,
it took twice as long to produce 100% mortality in a
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bumblebee microcolony. At a 100 times lower dose, it
took ca. four times longer to produce 100% mortality. The
measurable shortening of the life span ceases to occur
only when a dose was administered, for which the
(extrapolated) chronic intoxication time would be longer
than the natural life span of a worker bumblebee. This
implies that the standard 10 day chronic toxicity test for
bees is far too short for testing neonicotinoids. Indeed,
honeybees fed with one tenth of the LLC50 of thia-
methoxam showed a 41.2% reduction of life span [116].
Recent studies have shown that chronic toxicity of neo-
nicotinoids can more adequately be expressed by time to
50% mortality instead of by the 10 day LD50 [117-
120,121°,122]. There is a linear relation between log daily
dose and log time to 50% mortality [118,120,121°]. In
experiments with honeybee colonies, similar long term
chronic effects have indeed been found with typical
times of 14-23 weeks to collapse 25-100% of the
colonies exposed to imidacloprid-contaminated food at
20 wg kg ™' [123] and 80-120 days for 1 mg kg~ ' dinote-
furan and 400 pg kg~ clothianidin [76]. Note that these
studies used concentrations that are on the high end of
the currently reported ranges of concentrations found in
the field. However, such data are sparse and limited to a
few crops, so it cannot yet be concluded whether such
concentrations are rare or common in the field.

At low concentrations of neonicotinoids, sublethal effects
can occur. Sublethal effects involve modifications of hon-
eybee behaviour and physiology (e.g., immune system).
They do not directly cause the death of the individual or
the collapse of the colony but may become lethal in time
and/or may make the colony more sensitive (e.g., more
prone to diseases), which may contribute to its collapse. For
instance, an individual with memory, orientation or phys-
iological impairments might fail to return to its hive, dying
from hunger or cold. This would not be detected in
standard pesticide tests, which focus on acute mortality.
A distinction can be made between acute and chronic
sublethal effects. Acute sublethal effects are assessed by
exposing bees only once to the substance (by ingestion or
by contact), and observing them for some time (variable
from one laboratory to another, from several minutes to
four days). Chronic sublethal effects are assessed by expos-
ing honeybees more than once to neonicotinoids during an
extended period of time (e.g., every 24 hours, for 10 days).
Both acute and chronic sublethal effects are expressed as
NOEC and/or LOEC (No or Lowest Observable Effect
Concentration, respectively) [42].

In an extensive review Desneux ¢ a/. found that sub-
lethal effects of neonicotinoids exist on neurophysiology,
larval development, moulting, adult longevity, immu-
nology, fecundity, sex ratio, mobility, navigation and
orientation, feeding behaviour, oviposition behaviour,
and learning [124]. All these effects have been reported
for pollinators and all have the potential to produce colony

level, population level and community level impacts on
pollinators.

At field realistic concentrations (1 pgl™') imidacloprid
repels pollinating beetles while at concentrations well
below the analytical detection limit (0.01 wg 17" it repels
pollinating flies [125]. This implies that imidacloprid
pollution may disrupt pollination both in polluted nature
and in agricultural lands. On honeybees, imidacloprid has
no repelling effect at field realistic concentrations: it starts
being repellent at 500 pg 17! [126]. In some plant protec-
tion formulations, neonicotinoids are mixed with bee
repellents. However, the persistence of neonicotinoids
exceeds that of the repellence and their systemic proper-
ties differ. Besides, if bees are effectively repelled and
avoid the contaminated flowers, pollination is disrupted
because plants are not visited by bees.

Sublethal doses of neonicotinoids impair the olfactory
memory and learning capacity of honeybees [127,128,
129°,130] and the orientation and foraging activity
[131]. The impact of sublethal exposure on the flying
behaviour and navigation capacity has been shown
through homing flight tests [82,126,132,133]. Exposed
to a very low concentration (0.05 wg kg™") imidacloprid
honeybees show an initial slight increase in travel dis-
tance. However, with increasing concentration, starting at
0.5 wg kg~ ' imidacloprid decreases distance travelled and
interaction time between bees, while time in the food
zone increases with concentration [134°]. Imidacloprid
disrupts honeybee waggle dancing and sucrose respon-
siveness at doses of 0.21 and 2.16 ng bee ™! [135].

If honeybee brood is reared at suboptimal temperatures
(the number of adult bees is not sufficient to maintain the
optimal temperature level), the new workers will be
characterised by reduced longevity and increased
susceptibility to pesticides (bee-level effect) [136]. This
will again result in a number of adult bees insufficient to
maintain the brood at the optimal temperature, which
may then lead to chronic colony weakening until collapse
(colony-level effect).

Sublethal effects seem to be detected more frequently
and at lower concentrations when bumblebees (Bombus
terrestris) have to travel to gather food, even when the
distances are tiny. No observable impacts of imidacloprid
at field realistic concentrations on micro-colonies of B.
terrestris provided with food in the nest were found, but
when workers had to walk just 20 cm down a tube to
gather food, they exhibited significant sublethal effects
on foraging activity, with a median sublethal effect con-
centration (ECso) of 3.7 pgkg™' [102]. In queenright
bumblebee colonies foraging in a glasshouse where food
was 3 m away from their nest, 20 wg kg™ of imidacloprid
caused significant worker mortality, with bees dying at
the feeder. Significant mortality was also observed at
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10 pgkg™!, but not at 2 pgkg ' [102]. Bumblebees
exhibit concentration-dependent sublethal responses
(declining feeding rate) to imidacloprid starting at
1 wg 1! in syrup, while honeybees seemed unaffected
[137].

Field-relevant concentrations of imidacloprid, used alone
or in mixture with N-cyhalothrin, were shown to impair
pollen foraging efficiency in bumblebee colonies [138°].
In an attempt to fulfill colony needs for pollen, more
workers were recruited to forage instead of taking care of
brood. This seemed to affect brood development result-
ing in reduced worker production [138°]. Bumblebee
colonies have been exposed to field realistic levels of
imidacloprid (0.7 wg kg™ " in nectar, 6 wg kg~" in pollen)
for two weeks in the laboratory. When subsequently
placed back in the field and allowed to develop naturally
for the following six weeks, treated colonies showed an
85% reduction in queen production and a significantly
reduced growth rate [81°°]. Effects on bumblebee repro-
duction occur at imidacloprid concentrations as low as
1 wg 17! [139°] which is highly field-realistic.

It has also been shown that pesticides like imidacloprid act
on the hypopharyngeal glands of honeybee nurses by
degenerating the tissues [140,141,142°°], which induces
a shift from nest to field activities. In the native stingless
bee Melipona quadrifasciata anthidioides, imidacloprid
causes impairment of the mushroom bodies which are
involved in learning [143]. Imidacloprid and clothianidin
have been shown to be potent neuromodulators of the
honeybee brain, causing mushroom body neuronal inacti-
vation in honeybees, which affect honeybee cognition and
behaviour at concentrations that are encountered by fora-
ging honeybees and within the hive [8]. Sublethal doses of
imidacloprid were also found to have cytotoxic activity in
the Malpighian tubules in honeybees that make up the
excretory and osmoregulatory system [144]. Exposure to
thiamethoxam has also been shown to result in morpho-
logical impairment of the bee brain and bee midgut [116].

Exposure to neonicotinoid residues leads to a delayed
development of honeybee larvae, notably in the early
stages (day 4 to day 8) [145]. This can favour the de-
velopment of the Varroa destructor parasitic mite within
the colony. Likewise, the life span of adult bees emerging
from the exposed brood proved to be shorter.

Short-term and mid-term sublethal effects on individuals
orage groups result in long-term effects at the colony level,
which follow weeks to months after the exposure, such as
honeybee colony depopulation and bumblebee colony
queen production [76,81°°,123,138°]. As it has recently
been acknowledged, the field tests on which the marketing
authorisation of the use of neonicotinoids is essentially
based were not developed to detect sublethal nor long-
term effects on the colony level, and the observation of the

performances of colonies after experimental exposure do
not last long enough [85]. Major weaknesses of existing
field studies are the small size of the colonies, the very
small distance between the hives and the treated field and
the very low surface of the test field. As a consequence of
these weaknesses, the real exposures of the honey bees
during these field tests are highly uncertain and may in
reality be much smaller than what has been assumed in
these field studies. [85]

In addition, the meta-analysis [146°] demonstrates that
field tests published until now on which European and
North American authorizations are based, lack the sta-
tistical power required to detect the reduction in colony
performance predicted from the dose—response relation-
ship derived from that meta-analysis. For this purpose,
the tests were wrongly designed, there were too few
colonies in each test group, and the follow up time
monitoring the long term colony level impacts were too
short to detect many of the effects described above.
Nonetheless, these field studies have been the basis
for granting the present market authorizations by national
and European safety agencies. The meta-analyses com-
bined data from 14 previous studies, and subsequently
demonstrated that, at exposure to field realistic doses,
imidacloprid does have significant sublethal effects, even
at authorised levels of use, impairs performance and thus
weakens honeybee colonies [146°].

A further limitation of field studies is their limited repro-
ducibility due to the high variability in environmental
conditions in the foraging area of honeybees, which
extends up to a 9 km radius around the hive. Observations
made in a particular field experiment might not be
representative of the range of effects that could occur
in real conditions. Owing to the large variability of factors
that cannot be controlled (e.g. other stressors, soil struc-
ture, climate, combination of plants attractive to bees
etc.), current field experiments only give information
about the particular situation in which they were done.

The challenges of field studies became also clear in the
debates over the highly contested field study recently
conducted by the Food and Environment Research Agen-
cy (FERA) which resorts under the UK Department for
Environment, Food and Rural Affairs (DEFRA). This
study was set up in response to the Sczence publication that
showed that a short term exposure of bumblebees to field
realistic imidacloprid concentrations causes a long term
85% reduction in queen production [81°°]. At three sites
20 bumblebee colonies were exposed to crops grown from
untreated, clothianidin-treated or imidacloprid-treated
seeds. The agency concluded that ‘no clear consistent
relationships’ between pesticide levels and harm to the
insects could be found [FERA: URL: http://www.fera.
defra.gov.uk/scienceResearch/scienceCapabilities/che-
micalsEnvironment/documents/reportPS2371V4a.pdf].
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However, it turned out that the control colonies them-
selves were contaminated with the pesticides tested
[147]. Further, thiamethoxam was detected in two out
of the three bee groups tested, even though it was not
used in the experiment. The major studies that have
measured neonicotinoid residues in pollen collected by
honeybees clearly show that neonicotinoids are found in
pollen all over the year and in all studied regions, not only
after the sowing or during the flowering period [89,91,96].
With the present scale of use, it will be very difficult to
find a control site where bees cannot come into contact
with neonicotinoids.

Given all the major limitations to the reliability of out-
comes of field studies, it is recommendable to give more
weight in the risk assessment to reproducible results from
controlled lab studies and use the ratio between the
environmental concentration and the no effect concen-
tration as the main risk indicator [40,42]. It could perhaps
be linked to modelling to explore how, and to what the
degree, the various well-known sublethal effects on indi-
vidual bees can weaken the colony [148].

A key aspect in honeybee biology is that the colony
behaves as a ‘superorganism’ [149]. In a colony, sufficient
membership, so that the number of organisms involved in
the various tasks to maintain that colony, is critical, not
the individual quality of a task performed by an individual
bee. Varying between winter and summer, the 10,000-
60,000 honeybees that typically form a colony function as
a cooperative unit, maintaining intraorganismic homeo-
stasis as well as food storage, nest hygienic, defence of the
hive, rearing of brood etc. Hence, sublethal effects affect-
ing the number of individuals that perform specific func-
tions, can influence the functioning of the whole colony.
In a simplified theoretical modelling approach, colony
failure can be understood in terms of observed principles
of honeybee population dynamics [150]. A colony simu-
lation model predicts a critical threshold forager death
rate above which rapid population decline is predicted
and colony failure is inevitable. High forager death rates
draw hive bees towards the foraging population at much
younger ages than normal, which acts to accelerate colony
failure [150].

Synergistic effects: pesticide-pesticide and
pesticide-infectious agents

A synergy occurs when the effect of a combination of
stressors is higher than the sum of the effect of each
stressor alone. When neonicotinoids are combined with
certain fungicides (azoles, such as prochloraz, or anilides,
such as metalaxyl) or other agrochemicals that block
cytochrome P450 detoxification enzymes, their toxicity
increases by factor from 1.52 to 1141 depending on the
combination [151,152]. The strongest synergism has been
found for trilumizole making thiacloprid 1141 times more
acutely toxic to honeybees [151]. This synergistic effect is

the subject of patents by agrochemical companies
[152,153].

Synergy has also been demonstrated for neonicotinoids
and infectious agents. Prolonged exposure to a non-lethal
dose of neonicotinoids renders beehives more susceptible
to parasites such as Nosema ceranae infections [39°°,154°°,
155°,156]. This can be explained either by an alteration of
the immune system or by an impairment of grooming and
allogrooming that leads to reduced hygiene at the indi-
vidual level and in the nest, which gives the pathogens
more chances to infect the bees. The same mechanism,
where the balance between an insect and its natural
enemies is disturbed by sublethal exposures to neonico-
tinoids that impairs grooming, is well known and often
used in pest management of target insects [157-161].

Conclusion and prospects

In less than 20 years, neonicotinoids have become the
most widely used class of insecticides. Being used in more
than 120 countries in more than 1000 different crops and
applications, they now account for at least one quarter of
the world insecticide market. For pollinators, this has
transformed the agrochemical landscape to one in which
most flowering crops and an unknown proportion of wild
flowers contain varying concentrations of neonicotinoids
in their pollen and nectar. Most neonicotinoids are highly
persistent in soil, water and sediments and they accumu-
late in soil after repeated uses. Severe surface water
pollution with neonicotinoids is common. Their systemic
mode of action inside plants means phloemic and xylemic
transport that results in translocation to pollen and nectar.
Their wide application, persistence in soil and water and
potential for uptake by succeeding crops and wild plants
make neonicotinoids bioavailable to pollinators in sub-
lethal concentrations for most of the year. This results in
the frequent presence of neonicotinoids in honeybee
hives. Neonicotinoids are highly neurotoxic to honeybees
and wild pollinators. Their capacity to cross the ion-
impermeable barrier surrounding the central nervous
system (BBB, blood—brain barrier) [7°] and their strong
binding to nAChR in the bee’s central nervous system are
responsible for a unique chronic and sublethal toxicity
profile. Neonicotinoid toxicity is reinforced by exposure
time. Some studies indicate a non-monotonic [162°]
dose-response curve at doses far below the LLD50. Mass
bee dying events in spring from acute intoxication have
occurred in Germany, Italy, Slovenia and France during
pneumatic sowing of corn seeds coated with neonicoti-
noids. Bees that forage near corn fields during sowing get
exposed to acute lethal doses when crossing the toxic dust
cloud created by the sowing machine.

At field realistic exposure levels, neonicotinoids produce
a wide range of adverse sublethal effects in honeybee
colonies and bumblebee colonies, affecting colony per-
formance through impairment of foraging success, brood
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and larval development, memory and learning, damage to
the central nervous system, susceptibility to diseases,
hive hygiene etc. Neonicotinoids synergistically reinforce
infectious agents such as V. ceranae and exhibit synergistic
toxicity with other agrochemicals. The large impact of
short term field realistic exposure of bumblebee colonies
on long term bumblebee queen production (85%
reduction) could be a key factor contributing to the global
trends of bumblebee decline. Only a few studies assessed
the toxicity to other wild pollinators, but the available
data suggest that they are likely to exhibit similar toxicity
to all wild insect pollinators. The worldwide production of
neonicotinoids is still increasing. In view of the vital
importance of the service insect pollinators provide to
both natural ecosystems and farming, they require a high
level of protection. Therefore a transition to pollinator-
friendly alternatives to neonicotinoids is urgently needed
for the sake of the sustainability of pollinator ecosystem
services. The recent decision by the European Commis-
sion to temporary ban the use of imidacloprid, thia-
methoxam and clothianidin in crops attractive to bees
is a first step in that direction [163].
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Abstract The widespread use of pesticides in modern
agriculture is of increasing concern due to environmental
contamination and subsequent biodiversity loss. Chlor-
pyrifos is a toxic organophosphate pesticide. Repeated
applications of chlorpyrifos modify the soil microbial
community structure and pose potential health risks to the
other nontargets. Chlorpyrifos has been reported as the
second most commonly detected pesticide in food and
water. Extensive use of chlorpyrifos in agriculture and
persistence in the environment have raised public concern
and demand for safe technologies to overcome the pollu-
tion and toxicity problems. Here, we review pollution and
toxicity issues associated with chlorpyrifos use and discuss
strategies to solve pesticide contamination. Chlorpyrifos,
previously shown to be resistant to enhanced degradation,
has now been proved to undergo enhanced microbe-me-
diated decay. Here, special emphasis is given to degrada-
tion methods such as ozonation, Fenton treatment,
photodegradation, and advanced oxidation processes along
with microbial degradation. Finally, we focus on degra-
dation process at enzyme and molecular levels which will
enable us to elucidate the exact degradative pathway
involved in biodegradation.

Keywords Chlorpyrifos - Pesticide pollution -
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D4 Jisha Manakulam Shaike
jishams@mgu.ac.in

School of Biosciences, Mahatma Gandhi University,
Kottayam 685 560, Kerala, India

Introduction

Pesticides indeed have become an inevitable part of modern
agricultural practices. Organophosphates (OP), a group of
synthetic pesticides developed during the Second World
War, are being used as insecticides and nerve agents. Since
the removal of organochlorine insecticides from use,
organophosphates have become the most widely used pes-
ticides (Cortina-Puig et al. 2010) and are used in most
countries. Chlorpyrifos is a broad-spectrum chlorinated
organophosphate insecticide, nematicide, and acaricide used
for pest control on various crops as well as lawns and
ornamental plants. It is a degradable compound, and hence
despite its high toxicity, it is being increasingly used
worldwide since its introduction in 1965. Today, chlor-
pyrifos is registered in most of the countries worldwide.
Although its use in certain applications has been restricted in
several countries, producers easily find market in most of the
developing and non-developing countries. Low economic
price and easy access make public choose chlorpyrifos over
the other pesticides (Panuwet et al. 2009; Lu 2011; Munoz-
Quezada et al. 2012; Murphy et al. 2012; Phung et al. 2012).
It was reported as one among the most commonly used
organophosphate pesticide in the USA in 2007, with an
estimated 7-9 million pounds applied (Grube et al. 2011).
According to China’s market review, an annual growth of
10 % in the global demand for chlorpyrifos is expected, and
by 2015, this will exceed 200,000 tonnes (AgroNews 2013).
Even after withdrawing chlorpyrifos products from indoor/
outdoor domestic, garden, and industrial uses because of
toxicity concerns in children, pets, wildlife, and the envi-
ronment (Dow AgroSciences 2013), its production and
consumption are drastically increasing every year.

A single application may not have any long-lasting
impact on environmental health, but in practice pesticides
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are usually applied repeatedly leading to its environ-
mental accumulation. This in turn has already led to the
contamination of a wide range of environmental com-
partments, ultimately posing threats to the sustainability
of agricultural soils (Johnsen et al. 2001; Singh et al.
2002; Hua et al. 2009). The extent of toxicity increases
for degradation products such as chlorpyrifos oxon, 3,5,6-
trichloro-2-pyridinol, and the secondary metabolite 3,5,6-
trichloro-2-pyridinol (TCP) which are more hazardous
pollutants than the parent. The environmental fate of
chlorpyrifos and biodegradation are the subject of an
extensive review (Racke 1993). Hence, the environmental
persistence, toxicity, and remediation of chlorpyrifos are
detailed in this review, with special emphasis given to
physical, chemical, and biological remediation strategies
rather than microbial decay. Information available on
biodegradation mechanism at molecular and enzyme
levels is also discussed. Thus, this review is an attempt to
summarize the current status of research in remediation of
chlorpyrifos.

Chemistry of chlorpyrifos

Chlorpyrifos was first registered for use in the USA in 1965
by Dow Chemical Company for the control of foliage and
soil-borne insect pests. It is formulated and marketed as
liquid, gel, granular, soluble, emulsifiable and flowable
concentrates, microencapsulated material, pellets, tablets,
impregnated materials, baits, wettable powders, dusts, and
ready-to-use formulations. Owing to its structure and
physicochemical properties (Table 1), chlorpyrifos persists
for relatively long period. Because of its nonpolar nature,
chlorpyrifos has low solubility in water and great partition
from aqueous into organic solvents. Its hydrolytic stability
decreases with increasing pH. Relatively low volatilization
and degradation under aerobic conditions also make it
more persistent in environment (NFMS 2008).

Environmental persistence

Chlorpyrifos enters the soil environment by direct pesticide
application, through spray drift or foliar wash off (Fig. 1).
Adsorption, desorption, and mobility of chlorpyrifos in soil
and water are greatly dependent on the nature of the
adsorbents and water solubility (Sharom et al. 1980a).
Adsorption tends to reduce chlorpyrifos mobility and
increases persistence in the soil by reducing its availability
to degradative forces. Chlorpyrifos adsorbs to soil (with a
soil adsorption coefficient (K,.) of greater than 5000), soil
particles, organic matter, clay minerals, and sediments to
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differing degrees, and the extent of soil adsorption is
greater with organic soils than sandy loams (Gebremariam
et al. 2012). The half life of chlorpyrifos in soil varies
ranging from a few days to 4 years, greatly depending on
application rate, the ecosystem type, soil microorganisms,
and climatic conditions. Application level is important that
chlorpyrifos shows a greater persistence at higher con-
centrations. The typical 1-2 months aerobic soil degrada-
tion half lives at normal agricultural rates seem to increase
to 6 months to 4 years at higher application rates. Both
biotic degradation (microbial) and abiotic degradation
(hydrolysis and photolysis) bring its dissipation in soil. The
dissipative half life is significantly equal to or slightly
faster under tropical conditions than temperate conditions
(Chai et al. 2009) and longer in organic soils than mineral
soils (Gebremariam et al. 2012). Soil moisture content and
pH play major role, and dissipation is especially predom-
inant under higher moisture content (Wang et al. 2013a)
and alkalinity (Singh et al. 2003b). Shading appears to
reduce photodegradation (Chai et al. 2009), and hence,
persistence will be greater in dark conditions. Prevailing
environmental conditions alter the rate of decay where
lower the temperature lower the loss of chlorpyrifos from
the soil by vaporization and photodegradation (Mugni et al.
2012; Watts 2012).

Generally, adsorption prevents leaching of chlorpyrifos
but constitutes a major off-site migration route to water
bodies when bound to suspended sediments and particu-
lates (Gebremariam et al. 2012). Though chlorpyrifos is
reported to undergo dissipation quickly by hydrolytic and
photolytic dissipation under neutral pH, its persistence has
been observed in natural water even after 8 weeks, indi-
cating the importance of microbial action to occur (Sharom
et al. 1980b). It binds to aquatic sediments, and the dissi-
pation rates in sediment are similar to those observed in
soil. However, a slow microbial action is expected to occur
under lower temperature, anaerobic condition (Bondarenko
and Gan 2004), and salinity (Bondarenko et al. 2004). Like
in the case of soil, alkalinity reduces the half life in water
bodies to around two weeks. The average DT50 for
chlorpyrifos in sediment under wetland and anaerobic
ponds varies between 100 and 200 days (NRA 2000; Budd
et al. 2011).

Measureable levels of chlorpyrifos have been reported
in air (Hill 2006; Mills and Kegley 2006). Residues
reported in Arctic media indicate that chlorpyrifos is
expected to undergo long-range transport (Watts 2012). It
is considered to be degraded more quickly in air with a
shorter atmospheric residence time (Hayward et al. 2009).
The degradation half life of chlorpyrifos in air due to
photolysis is 6.34 h (Howard 1991) and that due to
volatilization is 72 h (Lyman et al. 1990).
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Table 1 Identity, structure, and physicochemical characteristics of chlorpyrifos

Identity
ISO common name Chlorpyrifos
Chemical class Organophosphate

Chemical names

IUPAC name 0,0-diethyl 0-3,5,6-trichloro-2-pyridyl phosphorothioate
CA 0,0-diethyl O-(3,5,6-trichloro-2-pyridinyl) phosphorothioate
CAS no. 2921-88-2

Molecular formula
Relative molecular mass 350.6

Trade names include

CoH, ,C1;NOPS

Lorsban, Dursban, Suscon Green, Empire, Whitmire PT 270, Brdan, Chlorpyrifos-ethyl,

Detmol UA, Dowco 179, Eradex, Pageant, Piridane, Scout, Stipend, Tricel, etc.

Structure
Cl_~ Cl
N | 1]
ClI” "N” "O-P-0O

O “—CHy

)
CHs

Physicochemical properties

State Crystalline solid
Color Colorless to white
Odor

Vapor pressure
Melting point 41.5-42.5 °C
Solubility (water)

Partition coefficient (octanol/water)

Mild mercaptan (thiol) odor
3.35 x 1072 Pa at 25 °C*

0.0014 g L' at 25 °C®
Log Kow = 4.96-5.11°

Log Koy, = 5.2-5.267

Henry’s law constant
Soil sorption coefficient, K, 360-31000¢

Aquatic sediment sorption, K.

0.478 Pa x m°> x mol™'?

3000-25,565 L kg~'‘; Mean = 13,439 L kg™

Median = 15,500 L kg™’

Half life
Regulatory status

7 and 120 days

Identity tests

Restricted use for liquid formulations (agricultural crops)
HPLC retention time, GC retention time, mass spectrum (from GC-MS)

@ EFSA (2005)

® Tomlin (2009)

¢ Gebremariam et al. (2012)
9 Smegal (2000)

Toxicity concerns
Toxicity on microorganisms

Soil microbes have different responses to different types of
pesticides. The effect is dependent on many factors including
the mechanism of action of the pesticide, bioavailability and
physicochemical properties of the pesticide in the soil, envi-
ronmental factors and concentration, dose, and frequency at
which they are being applied. In general, microbial population
in soil often remains unaffected by pesticide applications at
recommended filed dose. Low amount of pesticides applied to

soil is unlikely to have detrimental effects on soil microbes and
the enzymes important to soil fertility (Tu 1981). However,
concentrations greater than recommended levels exert delete-
rious effect on total microbial population and their biological
activity (Moorman 1989). Also, repeated application of pes-
ticides over many years can have increased impacts on soil
microbial populations. Though the null effect of chlorpyrifos
on soil microbial biomass had been reported (Adesodun et al.
2005), impacts of chlorpyrifos on soil microbial characteristics
including microbial biomass, microbial populations, microbial
respiration, enzymatic activities, and mineral cycling have
been frequently studied. Findings indicated statistically
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Fig. 1 Pollution problems and toxicity concerns associated with different trophic levels due to indiscriminate use of chlorpyrifos

significant reduction in soil microbial biomass (Vischetti et al.
2007), and soil enzyme activities (Singh et al. 2003a) resulted
from repeated application of chlorpyrifos and accumulation of
3,5,6-trichloro-2-pyridinol. There are contradictory evidences
on changes in microbial population due to chlorpyrifos appli-
cation. Researchers have reported the non-inhibitory effect on
total viable count of any kind of bacteria (Sarnaik et al. 2006) or
fungal populations, nitrifying bacteria, and denitrifying bac-
teria (Pozo et al. 1995) as well as the short term inhibitory
effect on the total bacterial population (Pandey and Singh
2004; Ahmed and Ahmad 2006; Hindumathy and Gayathri
2013), fungal and actinomycete populations (Shan et al. 2006).
On the other hand, some studies showed significant increase in
the same after chlorpyrifos treatment (Sivasithamparam 1970;
Pozo et al. 1995; Pandey and Singh 2004; Pankhurst 2006).
Chlorpyrifos at recommended field dose is not likely to
be detrimental, but at higher than that poses a significant
inhibitory effect on the soil microbial metabolic activities
also (Dutta et al. 2010). There exist reports on inhibitory
effect of chlorpyrifos on dinitrogen fixing bacteria and
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dinitrogen fixation, and N, P, and K mineralization (Mar-
tinez-Toledo et al. 1992; Pozo et al. 1995; Sardar and Kole
2005). The arginine ammonification activity of rhizo-
spheric microbes was also inhibited after chlorpyrifos
treatment (Menon et al. 2004). However, this inhibitory
effect on available N, P, K and ammonification was
attributed to  3,5,6-trichloro-2-pyridinol, the major
metabolite of chlorpyrifos rather than chlorpyrifos itself
(Racke et al. 1990).

Time dependent increased activity, followed by pro-
gressive decrease in soil, gave statistically significant evi-
dence for the influence of chlorpyrifos on soil phosphatase
enzyme (Pozo et al. 1995; Madhuri and Rangaswamy
2002). An overall inhibition (Menon et al. 2005) and
reduced activity of dehydrogenase, urease, and alkaline
phosphatase to a greater extent (Jastrzebska 2011) proves
the detrimental effect of chlorpyrifos on microorganisms.
Madhaiyan et al. (2006) have shown the potential of
chlorpyrifos to alter cell morphology of Gluconacetobacter
diazotrophicus resulting in large number of pleomorphic
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cells. United States Environmental Protection Agency (US
EPA 2009) stated that chlorpyrifos is not mutagenic in
bacteria but did cause slight genetic alterations in yeast and
DNA damage to bacteria.

Toxicity on plants

According to Worthing (1979), chlorpyrifos has no sys-
temic action, and at insecticidal concentrations, it is not
phytotoxic. However, literature is rich in information
referring to the phytotoxic and inhibitory effects of chlor-
pyrifos. Data indicate that chlorpyrifos and its metabolites
can accumulate in various terrestrial and aquatic plants,
and the extent of toxicity depends on chlorpyrifos con-
centration. The effects were assessed based on changes in
germination pattern, morphological traits (root and shoot
length, fresh and dry weight of roots and shoots), bio-
chemical functions, and metabolism. Chlorpyrifos was
found to have inhibitory effect on germination in Pinus
halepensis seeds and seedlings (Olofinboba and Kozlowski
1982), annual grass and annual forb (Gange et al. 1992),
ryegrass (Lolium multiflorum) (Korade and Fulekar 2009),
different vegetables (Zhang et al. 2013), Cenchrus seti-
gerus and Pennisetum pedicellatum (Dubey and Fulekar
2011), white mustard (Sinapis alba L.), maize (Zea mays
L.) (Gvozdenac et al. 2013), and soybean (Glycine max)
(Bassey et al. 2015). The intensity of toxicity on seed
germination energy, seed germination, survival, and sub-
sequent growth increases with chlorpyrifos concentration
(Dubey and Fulekar 2011; Gvozdenac et al. 2013). It has
also been reported to exert detrimental effect on the root
biomass, root appearance and disappearance, and root
density (Dawson et al. 2003; Singh et al. 2003a). Even
though it did not affect the in vitro growth of Rhizobium,
reduced nodulation (Bassey et al. 2015) and nitrogen fix-
ation (C,H, reduction) were observed in alfalfa sweet
clover and red clover associated with the application of
chlorpyrifos (Smith et al. 1978; Parween et al. 2011). The
Pesticide Action Network (PAN) toxicity study data give a
clear picture of severity of accumulation and population,
biochemical, and physiological effects of chlorpyrifos in
various aquatic plants (Kegley et al. 2014).

In contrast to these reports, chlorpyrifos is being sug-
gested as useful tool at lower concentration regardless of its
insecticidal properties, to increase the seed quality and
quantity as all the growth parameters and yield parameters
tested were found to be increased in seedling exposed to
chlorpyrifos (Kashyap and Kumar 2013). And one sur-
prising finding to be noted is lower dose of chlorpyrifos
proved as stimulant for root and shoot length, activities of
nitrate reductase (NR), content of nitrate, and sugar soluble
protein, whereas at higher concentration it proved detri-
mental for the same (Parween et al. 2011).

Toxicity on aquatic system

The acute and chronic toxicities of pesticides to aquatic
fauna have been well studied. Organophosphates are found
to be more toxic to fishes such as blue gill sunfish Lepomis
macrochiru, rainbow trout, channel -catfish, Ictalurus
punctatus, fathead minnow Pimephales promelas, golden
shiner (Barron and Woodburn 1995), and juvenile and
adult of Oreochromis niloticus (Oruc 2010). A number of
previous works have confirmed the toxicity of chlorpyrifos
to freshwater, estuarine, and marine vertebrates and
invertebrates. It is known to cause acetylcholinesterase
(AChE) and aliesterases (AliE) (Carr et al. 1997) inhibition
and several prominent developmental, behavioral, neuro-
logical, oxidative, histopathological (Fig. 2), and endocrine
effects in aquatic fauna. Chlorpyrifos toxicity data were
available for several fish species (Table 2). Freshwater
LC5q values were found to be similar between most of the
species ranging from 1.8 to 280 pg L™ chlorpyrifos. The
lowest LCs reported for fish was 1.8 pg L™ chlorpyrifos
for bluegill sunfish, where highest was reported in channel
catfish (280 pg L™'). Extent of toxicity increases in the
presence of atrazine (Wacksman et al. 2006) and for
chlorpyrifos oxon, one major by-product, 10-100 times
more than the parent chlorpyrifos (Sparling and Fellers
2007).

The primary visualized changes include exhibition of
unusual swimming behavior (Sharbidre et al. 2011), mor-
tality, paralysis, and histological abnormalities including
loss and shortening of secondary lamellae (De Silva and
Samayawardhena 2002). Long lasting neurobehavioral
deficits during early development, persistent hatching,
larval morphological deformities, decrease in whole brain
activity (Levin et al. 2003, 2004; Eddins et al. 2009;
Richendrfer et al. 2012; Sledge et al. 2011), reduced sur-
vival, adult length and body weight, and reproductive
failure are the other primary effects likely to result from
chronic chlorpyrifos exposures. Moreover, life cycle study
has provided enough data to show that second generations
are more sensitive than the first generation (Corbin et al.
2009). It is found highly effective in inducing structural
alteration and biochemical changes such as depletion in
protein content and decrease in different metabolic enzyme
levels (Kavitha and Rao 2008), altering the ion transport
mechanism and lipid peroxidation, and causing hormonal
changes (Oruc 2010). Data show that chlorpyrifos is
mutagenic and genotoxic to fishes. For example, significant
micronucleus induction and DNA damage were observed
in freshwater fish Channa punctatus upon exposure to
chlorpyrifos (Porichha et al. 1998; Ali et al. 2009).

Chlorpyrifos is highly toxic to amphibians with larval
stages appeared to be more sensitive than older life stages
(Howard et al. 2003). The high acute toxicity and
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Fig. 2 Histopathologic analysis
of Oreochromis mossambicus
gills exposed to chlorpyrifos
(96 h). a Control. b,

¢ Degenerated gill lamellae.

d Lamellar edema (unpublished
data from our laboratory)

persistence in soil sediments represent a hazard to the sea
bottom dwellers (Schimmel et al. 1983), marine and
freshwater crustaceans (Key and Fulton 1993; Palma et al.
2008; Eamkamon et al. 2012), water flea (Caceres et al.
2007), marine infaunal copepod (Green et al. 1996), mid-
ges (Jin-Clark et al. 2002), and phytoplankton (DeLorenzo
and Serrano 2003). Acute and chronic effects of chlor-
pyrifos on various amphibians as well as aquatic verte-
brates and invertebrates have been well reviewed by
Corbin et al. (2009). Ephyra stage of the Scyphozoan jel-
lyfish Aurelia aurita was recently reported susceptible to
dose dependent effect of chlorpyrifos (Costa et al. 2015).
All these together indicate apprehension about the potential
hazards of chlorpyrifos to aquatic life.

Toxicity on higher vertebrates

Age and sex (Levin et al. 2001) related differences in
sensitivity to chlorpyrifos can vary both quantitatively and
qualitatively with exposure conditions, doses, and fre-
quency of exposure. Like in lower vertebrates in all higher
vertebrates also chlorpyrifos target mainly AChE activity
(Schuh et al. 2002; Srebocan et al. 2003; Reiss et al. 2012).
Previous studies have shown that subtoxic doses of chlor-
pyrifos are capable of affecting brain development by
inhibiting mitosis, inducing apoptosis, and altering neu-
ronal activity and reactivity. Its ability to exert reproduc-
tive toxicity is evident from fetotoxic (Farag et al. 2003)
and teratogenic effects (Tian et al. 2005)). Chlorpyrifos is a
potent developmental neurotoxin (Slotkin 2004; Flaskos
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2012) and an endocrine disruptor also (Slotkin et al. 2005;
De Angelis et al. 2009; Haviland et al. 2010). Apart from
that, the genotoxicity, mutagenicity, carcinogenicity, and
immune toxicity are under investigation. Laboratory stud-
ies showed that both acute and chronic exposures result in
genotoxicity and mutagenicity in human (Sobti et al. 1982;
Sandal and Yilmaz 2011), rat (Ojha et al. 2013) and mouse
(Rahman et al. 2002; Tian et al. 2005; Cui et al. 2011). It is
considered moderately to extremely toxic to birds, and no
such toxicity studies are available on reptiles (Watts 2012).

In humans, chlorpyrifos is proved to be anti-androgenic
(Usmani et al. 2003; Viswanath et al. 2010) and estrogenic
(Meeker et al. 2008; Ventura et al. 2012). It induces
alterations in thyroid (Fortenberry et al. 2012) and adrenal
glands, thereby reducing serum levels of respective hor-
mones. Children exposed to higher chlorpyrifos levels are
significantly more likely to experience psychomotor
development index and mental development index delays,
attention problems, attention deficit or hyperactivity dis-
order, and pervasive developmental disorder problems
(Rauh et al. 2006). The carcinogenicity of chlorpyrifos is
not confirmed in human; yet, there are a considerable
number of epidemiological studies indicating increased
risk of various cancers in pesticide applicators, especially
colorectal (Lee et al. 2007), prostate (Alavanja et al. 2003),
breast (Engel et al. 2005), lymphoma (Karunanayake et al.
2012), hematopoietic, leukemia, and brain cancers (Lee
et al. 2004). There is evidence of immune toxicity,
including the effects on lymphocytes (Blakley et al. 1999),
thymocytes (Prakash et al. 2009), T cells (Thrasher et al.
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Table 2 Acute toxicities of chlorpyrifos to several species of fishes (LCsg)

Fish LCsg Concentration Remarks-chlorpyrifos Reference
(ppb)
Bluegill sun fish (Lepomis 2-10* Tomlin (2009)
macrochirus)
Rainbow trout, Oncorhynchus 7-51* Technical grade Tomlin (2009)
mykiss Freshwater, static 15¢ 97 % WISER
Juvenile 11.4¢ 99.9 % WISER
Freshwater, flow 8.0°
through
Channel catfish, Ictalurus Freshwater, flow 806" 98.7 % WISER
punctatus through
Lake trout 98 97.0 % Johnson and Finley (1980)
Salvelinus namaycush
Cutthroat trout pH 7.5 18.4% 97.0 % Barron and Woodburn (1995)
Salmo clarki pH 9.9 5.4%
Fathead minnow Larva 122 Technical grade Jarvinen et al. (1988)
Pimephales promelas Mature 120-540* Tomlin (2009)
542° Phipps and Holcombe (1985)
Golden shiner Notemigonus 35% 99.0 % Barron and Woodburn (1995)
crysoleucas
Mosquito fish Gambusia affinis 3409 Karim et al. (1985)
297% Technical grade Kavitha and Rao (2008)
Adult female 150¢ 95 % WISER
Freshwater, static
Gravid female 1400¢ Formulated product WISER
Freshwater, static 440¢
Adult 520¢ 93.99 % WISER
Saltwater 540°
Oreochromis niloticus Juvenile 98.67* Dursban (480 g L™! Oruc (2010)
Adult 154.01° chlorpyrifos)
Guppy 176* Sharbidre et al. (2011)
Poecila reticulata
Gulf toadfish 5207 Clark et al. (1985)
Opsanus beta
Carp 580% Xing et al. (2012)
Oreochromis mossambicus Juveniles 26* Analytical grade Rao et al. (2003)
82° Technical grade Aniladevi Kunjamma et al.
(2008)
16.812% Pesticide formulation 20 %  (Unpublished data from our
EC laboratory)
Gold fish 806 Technical (98.7 %) Phipps and Holcombe (1985)

Carasslus auratus

Values are in pg chlorpyrifos per liter (ppb) of medium fatal to 50 percent (LCsq) in * 96 h, ® 72 h, ©48 h, “ 24 h

2002), tumor necrosis factor (Rowsey and Gordon 1999),
and autoimmunity. In humans, chlorpyrifos exposure is
associated with reproductive issues such as birth weight
and length problems, DNA damage in sperm and decreased
sperm fluid, sperm concentration, sperm motility, cervical

fluid, cord blood, meconium, and breast milk (Watts 2012).
However, ultimate evaluation of the toxicity and behav-
ioral effects due to chlorpyrifos would require long term
assessments during discrete developmental and age periods
(Dam et al. 2000).
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Solutions to chlorpyrifos toxicity

The first priority for any waste management strategies should
be practices that prevent or at least minimize the generation of
waste and promote recycling (Felsot et al. 2003). Solutions to
chlorpyrifos pollution also begin with avoiding and reducing
its use as alternatives are available for all or most of its pur-
poses. These include cultural practices, mechanical tech-
niques, biological controls, and use of other chemicals. Reuse
and recycle are other options for minimizing the generation of
waste. However, the present scenario of excessive use of
chlorpyrifos for domestic and agriculture purposes and
resulted environment contamination demand special treat-
ment technologies. Though a variety of remediation tech-
nologies are practiced for pesticide contaminated materials,
soil and water, the selection of the most appropriate is often a
quiet tough task. As a single technology may found inap-
propriate, sometimes number of technologies should be
combined together to accomplish satisfactory results.

Physical and chemical remediation strategies

For the treatment of water, sediments, and soils polluted with
pesticides, many physicochemical technologies have been
investigated. When exposed directly to UV or sunlight,
chlorpyrifos undergoes fission of the phosphate esters with
the preferential liberation of trichloropyridinol, which
undergoes further photodehalogenation and oxidative ring
cleavage (Walia et al. 1988). Most of the researchers use
artificial solar sources of irradiation (xenon arc lamps or low-
or medium-pressure mercury lamps) or ultraviolet (UV) light
(Kralj et al. 2007). During photodegradation on soil surfaces
with UV light (254 nm), three different photochemical pro-
cesses—hydrolysis, dechlorination, and oxidation—take
place simultaneously, and the oxidative and dehalogenated
products formed undergo further photolysis to form
chloropyridinols and O, O-diethyl phosphorothioic acid
which are unstable and hydrolyze more rapidly without any
accumulation in the soil (Walia et al. 1988). The UV lysis
appears to be less effective compared to other processes
where it can be accelerated by the combined use of hydrogen
peroxide, ozone or homogeneous or heterogeneous photo-
catalyst. Among the chemical methods, ozonation is consid-
ered as the most promising since a relatively fast reaction of
ozone occurs with chlorpyrifos. Ozone mediated oxidation of
thiophosphoryl bond of chlorpyrifos as well as that of
chlorpyrifos-methyl has been reported (Ohashi et al. 1993).
Other chemical oxidation methods including chlorine (Duirk
and Collette 2005), chlorine dioxide, potassium perman-
ganate, and hydrogen peroxide (H,0,) used are not effective
enough to degrade highly refractory synthetic organic
chemicals such as pesticides (Ikehata and El-Din 2006).
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Moreover, such methods seem to be expensive and lead to the
contamination of medium with other toxic pollutants.

On the other hand, combinations of the same chemical
oxidants (e.g., O3 and H,O,) with iron salts, semiconduc-
tors (e.g., titanium dioxide, TiO,), and/or ultraviolet—visi-
ble light (UV-Vis) irradiation yield better results. For
example, the Fenton reagent (H,0,/Fe*") has been proven
to be effective in degradation and mineralization of
chlorpyrifos (Ikehata and El-Din 2006). These physico-
chemical approaches were collectively referred as
advanced oxidation processes (AOPs). These are consid-
ered high efficiency physical-chemical processes due to
their thermodynamic viability and capability to produce
deep changes in the chemical structure of the contaminants
(Domenech et al. 2004) and hence gain much attention
nowadays. The basic mechanism underlying advanced
oxidation processes is the formation of strong oxidizing
intermediates (mainly OH® radicals), and the reaction of
these with organic contaminants not only leads to their
destruction, but also gives sufficient conditions for their
complete mineralization (Salama and Osman 2013). These
are short lived, powerful oxidizing agents, which follow
second-order kinetics with low selectivity (Esplugas et al.
2002). OH® can be produced in situ by chemical, electro-
chemical, and/or photochemical reactions in advanced
oxidation process systems. Most of the AOPs use a com-
bination of strong oxidizing agents (e.g., hydroxyl radicals,
ozone, fluorine, atomic oxygen, hydrogen peroxide perhy-
droxyl radical, permanganate, hupobromous acid,
hypochlorous acid, and chlorine dioxide) with catalysts
(e.g., transition metal ions) and irradiation (e.g., ultraviolet,
visible).

Photocatalytic degradation is considered as a promising
technology for the elimination of pesticides from aqueous
media as it is one of the most effective methods for
wastewater treatment. It is a rapidly growing field of
research and has been studied in different types of natural
waters such as lake, river, and groundwater as well as in
distilled and drinking water under natural sun light and
simulated irradiation sources (Muhamad 2010). It simply
denotes the acceleration of photoreaction with the help of a
catalyst (Table 3). These advanced oxidation processes can
be classified either as homogeneous or as heterogeneous.

Homogeneous photocatalysis refers to those photocat-
alytic processes where the reactants and the photocatalysts
exist in the same phase during the reaction (Quiroz et al.
2011). The most commonly used homogeneous photocat-
alysts include ozone and photo-Fenton systems (Fe*" and
Fe?T/H,0,).

H,0,/UV The combination of UV radiation and hydro-
gen peroxide seems a promising option as it has proved to
be a simple and effective method that can totally
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Table 3 Reactions underlying the physicochemical methods used for chlorpyrifos degradation

Method Reaction

Reference

Direct UV lysis

R + hv — Intermediates

Sharma (2015)

Intermediates + hv — CO, + H,O + R™

Fenton
Homogeneous photocatalysis (general C+hv - C,
reaction) C,+R >R, +C
R, - P
H,0,/UV

Photocatalytic ozonation
ZOH. i H202
Photo-Fenton

Fe?t + H,O, — Fe** + OH™ + OH" acidic aqueous solution

H,0, + hv (A = 250-254 nm) — 20H"

H,0 +0; + hv — 20H" + O,

Fe’* + H,0, - Fe** + OH™ + OH"

Samet et al. (2012)
Domenech et al. (2004)

Ikehata and El-Din
(2006)

Sharma (2015)

Samet et al. (2012)

Fe(OH)*™ + hv - Fe** + OH® (A < 450 nm)
Fe(RCO,)*" 4+ hv — Fe*™ 4+ R” + CO, (A < 500 nm)

Heterogeneous photocatalysis

TiO, + hv » e~ + ht

Pelizzetti et al. (1993)

TiO, 0, (ads) + e~ — O3 ° (ads)
Ti(IV)-OH~ + h* — Ti(IV)-OH*/Ti(IV)-H,0 + h* —Ti(IV)-

OH® + H*

R + OHY/05 * - R* + H,0

mineralize chlorpyrifos in water (Ikehata and El-Din 2006).
This technique where hydrogen peroxide molecule is
cleaved into two hydroxyl radicals by UV photolysis
requires a relatively high dose of H,O, and/or a much
longer UV exposure time. The process is greatly pH
dependent, the rate of photolysis of hydrogen peroxide
increases with alkaline conditions (de Oliveira et al. 2014).
93 % conversions of chlorpyrifos have been achieved in
20 min with H,O, initial concentration of 450 mg L!
(0.16 mg of chlorpyrifos degraded per mg of H,0,
consumed) (Femia et al. 2013).

Fenton’s oxidation The degradation velocity of Fenton
oxidation can be enhanced when ultraviolet radiation and
visible light (UV-Vis) or solar radiation were added to the
reaction, and this modified Fenton is called photo-Fenton
treatment processes (combination of H,O,, Fe?", and UV-
Vis irradiation) (Oppenlander 2003). The solar photo-
Fenton process is found to be 50 % more efficient than the
Fenton process (Samet et al. 2012). The degradation rate in
both methods is strongly dependent on pH, temperature,
H,0, dosing rate, and initial concentrations of the insec-
ticide and Fe®". The acidification of the medium is must
for photo-Fenton, and the pH range between 2.6 and 3
gives the best performance of the system. Yu (2002) has
reported the treatment of concentrated solution of chlor-
pyrifos along with many other organophosphates via a
Fenton process at pH 2.8 and was able to show more than
95 % reduction in COD with no degradation products
detected. A comparative study on different effective

remediation technologies for chlorpyrifos reveals nano
photo-Fenton-like reagent (Fe,O3(nano)/H,0,/UV) as the
most effective treatment for chlorpyrifos removal in
drinking water followed by ZnO(nano)/H,O,/UV, Fe*t/
H,0,/UV, and ZnO/H,0,/UV, respectively (Derbalah et al.
2013). According to Yu (2002), a combination of super-
critical carbon dioxide extraction (SC-CQ,) and subse-
quent degradation by Fenton’s reagent may provide an
alternative water purification strategy for treating
organophosphate pesticides in agro-wastewater.

Ultrasound energy/ozone (US/O3) Apart from the use of
UV energy, ultrasound energy (US) is also used coupled
with oxidants. Oxidative degradation of standard chlor-
pyrifos by individual and combined effects of ultrasonic
irradiation and ozone showed that US/O; combined treat-
ment had a synergistic effect that significantly lowered the
toxicity of chlorpyrifos with increased production of
chloride, nitrate, and sulfate. However, decrease in pH
(from 7.46 to 4.49) observed during the degradation pro-
cess points towards the release of HCl which is unaccept-
able (Pengphol et al. 2012).

Heterogeneous photocatalysis degradation concept
involves the use of a solid semiconductor (e.g., metallic
oxides and sulfur such as TiO,, ZnO, CdS, ZnS) to generate a
colloidal suspension stable under radiation to stimulate a
reaction in the solid-liquid (or solid—gas) interface, and
charge transference occurs along the interface to balance
chemical potentials between the two faces (Quiroz et al.
2011). The term heterogeneous refers to the fact that the
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contaminants are present in the aqueous phase, while the
catalystis in the solid phase. Titanium dioxide (TiO,) coupled
with UV radiation of photon wavelength less than 400 nm is
the most frequently used semiconductor for chlorpyrifos
treatment (Devipriya and Yesodharan 2005; Schulman 2013).
TiO, photocatalytic degradation of chlorpyrifos in aqueous
phase in the presence of artificial UV light and sunlight was
reported by Verma and Dixit (2012). The authors suggest
treatment under natural solar conditions will give better
results as compared to UV treatment. Similar photocatalytic
degradation of chlorpyrifos in aqueous suspensions under
solar light using nanocrystals of ZnO has also been demon-
strated (Kanmoni et al. 2012). However, many investigators
reported the ability of TiO, to exhibit a better photocatalytic
activity on the degradation of chlorpyrifos than that of ZnO
under same photocatalytic reaction conditions (Kanmoni
et al. 2012; Fadaei and Kargar 2013). Enhancement of
degradation and improvement in biodegradability index of
TiO, by the addition of H,O, has been evaluated and found
UV/Ti0,/H,0, photocatalysis is very effective in degrada-
tion of chlorpyrifos in aqueous solution (Miguel et al. 2012;
Affam and Chaudhuri 2013). UV/Ti0,/H,0, photocatalysis
may be applied as pre-treatment of a chlorpyrifos, cyperme-
thrin, and chlorothalonil pesticide contaminated wastewater
at pH 6, for biological treatment. Photocatalysis with FeCls
also reported to enhance chlorpyrifos degradation (Penuela
and Barcelo 1997). Similarly, the application of Os/H,O,/
TiO, process found to give better chlorpyrifos degradation at
an average degradation yield of 36 % than that of ozone, O5/
H,0, and O5/TiO, (Ormad et al. 2010). However, doping
with transition metal ions such as V>F, Mo®*, and Th** was
found to decrease the photocatalytic activity of TiO, (Devi
et al. 2009).

Radiation process with a beam of accelerated electrons
or gamma radiation is considered one of the most powerful
advanced oxidation processes for decomposition of various
pollutants. Gamma irradiation is reported to have the
potential to degrade chlorpyrifos and could be utilized in
combination with the conventional method sunlight to
clean up environmental samples contaminated with
chlorpyrifos (Hossain et al. 2013). A dose dependent
pseudo-first-order (decay) radiolysis of chlorpyrifos by
0Co vy-ray in aqueous solution was observed in a labora-
tory study, and the results depicted 100 % degradation of
500 pug L™ solution at an absorbed dose of 575 Gy (the
dose rate was 300 Gy hfl) (Ismail et al. 2013). An
advanced oxidation process system that combines micro-
wave radiation, ultraviolet radiation, TiO,, and H,O,
solutions (MO/UV/TiO,/H,0,) was reported as the most
efficient to remove chlorpyrifos from aqueous media, with
100 % removal reached within 6 min reaction time in
diluted concentrations of the oxidizing agents (Barros et al.
2013).
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Degradation of chlorpyrifos by a combination of
immobilized hemoglobin and in situ generated hydrogen
peroxide is reported for the first time by Tang et al. (2011).
This electrochemical-enzyme system under the optimal
conditions could give more than 98 % of the chlorpyrifos
degradation with low power and high efficiency and hence
suggested as a possible alternative for expensive natural
enzymes used for chlorpyrifos contaminated wastewater
treatment.

Biodegradation

Biotic degradation is a common process for the removal of
any organic pollutants. Several species of bacteria and
fungi have been demonstrated to exhibit considerable
capacity for the metabolism of chlorpyrifos in soil and
liquid media (Table 4). Microbes can degrade chlorpyrifos
either catabolically (John et al. 2014; Singh et al. 2004) or
co-metabolically (Anwar et al. 2009), former refers to
mineralization by direct use as a source of carbon and
energy, while latter is the incidental metabolism where the
compound is transformed without any benefit to the
microbe. A reasonably good number of bacteria were
reported to mineralize chlorpyrifos including Flavobac-
terium sp. ATCC 27551, Arthrobacter sp. (Mallick et al.
1999), and Enterobacter (Singh et al. 2004). Chlorpyrifos
and 3,5,6-trichloro-2-pyridinol degrading Alcaligenes fae-
calis strain have been reported (Yang et al. 2005) but was
not efficient enough for chlorpyrifos removal. Klebsiella
sp. obtained from activated sludge sample of wastewater
treatment plant in Damascus was reported to degrade 92 %
chlorpyrifos in 4 days (Ghanem et al. 2007). 100 %
degradation of 100 mg L™ chlorpyrifos has been observed
using different bacteria including Sphingomonas, Steno-
trophomonas, Bacillus sp., Brevundimonas, and Pseu-
domonas sp. isolated from polluted water samples of
chlorpyrifos manufacturing industry, China, and enriched
in mineral salts medium (Li et al. 2008). Similarly, a
Paracoccus sp. isolated from activated sludge sample from
pesticide manufacturers and enriched in TYC medium
found to be degrading 100 % of chlorpyrifos (50 mg L™
and 3,5,6-trichloro-2-pyridinol in four days (Xu et al.
2008). Growth studies revealed that a soil bacterium des-
ignated MS09, capable of utilizing chlorpyrifos as the sole
carbon source isolated by selective enrichment, which later
identified as a strain of Providencia stuartii is able to uti-
lize different concentrations of chlorpyrifos varying from
50 to 700 mg L' (Rani et al. 2008). A Pseudomonas sp.
(ChID), isolated from agricultural soil by enrichment cul-
ture technique, was capable of producing biosurfactant
(rhamnolipids) and degrading chlorpyrifos (Singh et al.
2009). Many Bacillus sp. including Bacillus pumilus (An-
war et al. 2009), Bacillus licheniformis (Zhu et al. 2010),
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Table 4 Organisms capable of

. . Organisms
degrading or removing

Reference

chlorpyrifos Bacteria

Acinetobacter calcoaceticus

Agrobacterium

Alcaligenes faecalis

Arthrobacter sp.

Bacillus cereus

Bacillus firmus

Bacillus licheniformis

Bacillus pumilus

Bacillus subtilis

Brucella melitensis

Brevundimonas sp.

Cupriavidus sp.
Cupriavidus taiwanensis

Enterobacter sp.

Escherichia coli

Flavobacterium sp.

Micrococcus sp.

Klebsiella sp.

Paracoccus sp.
Plesiomonas sp.
Providencia stuartii
Pseudomonas sp.
Pseudomonas fluorescence

Pseudomonas aeruginosa

Pseudomonas desmolyticum
Pseudomonas nitroreducens
Pseudomonas putida
Pseudomonas stutzeri
Pseudomonas pseudoalcaligenes
Serratia sp.
Sphyngomonas
Stenotrophomonas sp.
Cyanobacterium
Anabaena sp.
Phormidium valderianum
Spirulina platensis
Synechocystis sp.
Actinomycetes
Streptomyces sp
Streptomyces thermocarboxydus
Fungus
Acremonium sp.
Aspergillus
Aspergillus niger
Cladosporium cladosporioides

Emericella sp.

Zhao et al. (2014)

Maya et al. (2011), Chishti and Arshad (2012)
Yang et al. (2005)

Mallick et al. (1999)

Lakshmi et al. (2009), Liu et al. (2012)
Sabdono (2013)

Zhu et al. (2010)

Anwar et al. (2009)

Lakshmi et al. (2008), El-Helow et al. (2013)
Lakshmi et al. (2008)

Li et al. (2008)

Lu et al. (2013)

Zhu et al. (2013)

Singh et al. (2004), Chishti and Arshad (2012)
Wang et al. (2002)

Mulbry et al. (1986) Mallick et al. (1999)
Guha et al. (1997)

Ghanem et al. (2007), Lakshmi et al. (2009),
Gilani et al. (2010), John et al. (2014)

Xu et al. (2008)
Yang et al. (2006)
Rani et al. (2008)

Lakshmi et al. (2008)

Sasikala et al. (2012), Latifi et al. (2012),
John et al. (2014)

Rokade and Mali (2013)

Latifi et al. (2012)

Ajaz et al. (2009), Sasikala et al. (2012)
Sasikala et al. (2012)

Wu et al. (2004)

Xu et al. (2008), Lakshmi et al. (2009)
Li et al. (2007)

Yang et al. (2006), Li et al. (2008)

Park (2010)

Palanisami et al. (2009)
Thengodkar and Sivakami (2010)
Singh et al. (2011)

Briceno et al. (2012)
Eissa et al. (2014)

Kulshrestha and Kumari (2011)

Liu et al. (2002), Maya et al. (2012)
Mukherjee and Gopal (1996)

Gao et al. (2012)

Maya et al. (2012)
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Table 4 continued B
Organisms

Reference

Eurotium sp.
Fusarium
Ganoderma sp.
Mucor sp.
Penicillium
Penicillium vermiculatum
Phanerochaete chrysosporium
Saccharomyces cerevisiae
Trichoderma
Trichoderma harzianum
Trichoderma viride
Verticillium sp.
Algae

Chlorella vulgaris

Maya et al. (2012)

Wang et al. (2005)

Silambarasan and Abraham (2013)
Hastings and Coster 1981)

Maya et al. (2012)

Hastings and Coster (1981)
Bumpus et al. (1993)

Lal and Lal (1987)

Hastings and Coster (1981)
Mukherjee and Gopal (1996)
Yu et al. (2006), Fang et al. (2008)

Mukherjee et al. (2004)

Phytoremediation (remove chlorpyrifos)

Chenopodium amaranticolor
Lemna minor L.
Plantago major L.

Pistia stratiotes L.

Garg et al. (2010)

Prasertsup and Ariyakanon (2011)
Romeh and Hendawi (2013)
Prasertsup and Ariyakanon (2011)

and Bacillus subtilis strain Y242 (El-Helow et al. 2013)
were also demonstrated to show almost complete degra-
dation in soil contaminated with chlorpyrifos. Biodegra-
dation of chlorpyrifos by Pseudomonas sp. was
investigated in batch as well as continuous bioreactors
(Yadav et al. 2014). Though chlorpyrifos removal effi-
ciency of more than 91 % was observed up to
300 mg L™" day~!, accumulation of 3,5,6-trichloro-2-
pyridinol and flow fluctuations were found to affect the
reactor performance.

There are many fungal species known to cause miner-
alization of chlorpyrifos in liquid medium, including Sac-
charomyces cerevisiae (Lal and Lal 1987). In earlier
studies, biodegradation of chlorpyrifos has been investi-
gated using Aspergillus sp. (Liu et al. 2002), Trichoderma
(Mukherjee and Gopal 1996), and Fusarium (Wang et al.
2005) fungal communities with varying degrees of success.
Chlorpyrifos degradation by fungi, such as Phanerochaete
chrysosporium, Aspergillus terreus, and Verticillium sp.
DSP, has also been studied (Bumpus et al. 1993; Omar
1998; Yu et al. 2006). Kulshrestha and Kumari (2011) have
reported that pure fungal strain Acremonium sp. could
utilize chlorpyrifos (83.9 %) as a source of C and N. Apart
from bacteria and fungi, a few cyanobacteria (Singh et al.
2011; Thengodkar and Sivakami 2010), actinomycetes, and
algae have also been exploited for their potential to
degrade chlorpyrifos. And the results of Eissa et al. (2014)
using Bacillus sp. SMFS, Penicillium sp. F09-T10-1, and
Streptomyces thermocarboxydus strain A-B depict that
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bacteria show the maximum degradation followed by fungi
and actinomycetes respectively.

Studies have shown the efficacy of microbial consortium
to co-metabolize chlorpyrifos which can be explained by
taking into account the compatibility and the physiological
relationship between individual members of the consor-
tium. Three aerobic bacterial consortia developed from
pesticide contaminated soils of Punjab comprising Pseu-
domonas aeruginosa, Bacillus cereus, Klebsiella sp., and
Serratia marscecens were able to degrade chlorpyrifos
(50 mg L™") in soil after 30 days by 50, 56, and 64 %.
(Lakshmi et al. 2009). A consortium consisting of Kleb-
siella sp., Pseudomonas aeruginosa, Pseudomonas stutzeri,
and Pseudomonas putida isolated from chlorpyrifos con-
taminated agricultural soil, which could degrade chlor-
pyrifos even at 500 mg L™, highlights the potential use of
consortia to clean up contaminated sites (Sasikala et al.
2012). Degradation efficiency and optimal conditions for
efficient chlorpyrifos degradation by co-culture of chlor-
pyrifos degrading bacterium Serratia sp. and 3,5,6-tri-
chloro-2-pyridinol mineralizing Trichosporon sp. in liquid
medium have also been investigated (Xu et al. 2007).
Complete mineralization by co-culture of Cellulomonas
fimi that could transform chlorpyrifos to 3,5,6-trichloro-2-
pyridinol and a 3,5,6-trichloro-2-pyridinol utilizing fungal
strain Phanerochaete chrysosporium within 16 h showed
not only the potential to clean up contaminated environ-
ment, but also the advantage of consortia over single cul-
tures (Barathidasan et al. 2014).
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Degradation of chlorpyrifos using a biomix and biobed
system has been studied in detail. Tortella et al. (2010)
have recommended biobeds constructed with biomix pre-
pared with Andisol soil and biostimulated with NPK
nutrient as a viable alternative of chlorpyrifos dissipation
avoiding soil and water contamination. Recently, our
study using microbial consortium consisting of Klebsiella
sp. and two different strains of Pseudomona aeruginosa
also has reported the enhanced degradation of chlorpyrifos
when amended with NPK nutrients (John et al. 2014).
Study to evaluate the efficacy of different selected organic
amendments for improving the microbial activity has
showed that the biostimulating potential was higher for
mushroom spent followed by vermicompost, biogas slurry,
soil spiked with 10 ppm chlorpyrifos and farmyard man-
ure, and vermicompost (37 %), mushroom spent (24 %)
and farmyard manure (1.9 %), respectively (Kadian et al.
2012).

Evidences from soil and laboratory degradation studies
clearly indicate the cleavage and mineralization of the
heterocyclic ring due to the activities of microorganisms
resulting in the production of 3,5,6-trichloro-2-pyrinidinol
and 3,5,6-trichloro-2-methoxypyridine as the major
metabolites. The crucial step in the complete degradation
of chlorpyrifos is the metabolism and mineralization of
3,5,6-trichloro-2-pyridinol and 3,5,6-trichloro-2-methoxy-
pyridine. Some studies have noted that the metabolites are
also degraded and mineralized by soil microorganisms. For
example, in a study using seven selected bacteria for
chlorpyrifos and 3,5,6-trichloro-2-pyridinol, degradation
potential has been found to be higher in Pseudomonas
followed by Agrobacterium and Bacillus with all the seven
isolates more efficient in degrading 3,5,6-trichloro-2-
pyridinol compared to chlorpyrifos (Maya et al. 2011).
Inoculation of chlorpyrifos contaminated soil with Cupri-
avidus sp. DT-1 strain has resulted in a degradation rate of
100 and 94.3 %, for chlorpyrifos and 3,5,6-trichloro-2-
pyridinol, respectively (Lu et al. 2013). A new fungal strain
Cladosporium cladosporioides Hu-01 was reported for
possessing the metabolic pathway for the complete detox-
ification of chlorpyrifos and its hydrolysis product 3,5,6-
trichloro-2-pyridinol by significantly reducing the half life
of both compounds.

Most of the studies primarily focus on microorganisms
and their use in bioremediation of contaminated sites. In
addition to microorganisms, some plants also can either
stimulate degradation or remove chlorpyrifos by the pro-
cess referred as phytoremediation (Table 4). Plant roots in
rhizosphere soil significantly influence soil microbial
population, thereby facilitating degradation of chlorpyrifos
by microorganisms. For example, in pot culture experiment
study, chlorpyrifos was found to undergo rapid degradation

under the influence of ryegrass mycorrhizosphere. The
authors also observed 100 % degradation of all the tested
concentrations in the inoculated rhizospheric soil compared
to the non-inoculated soil during bioaugmentation with the
bacterium Pseudomonas nitroreducens PS-2 which sur-
vived in spiked soil (Korade and Fulekar 2009). Rhizo-
sphere associated chlorpyrifos degradation was also
reported by Dubey and Fulekar (2012) who observed better
survival of a novel strain Stenotrophomonas maltophilia
MHF ENV20 in remediated rhizosphere soil of Pennisetum
pedicellatum. During time course pot experiments con-
ducted in greenhouse, 100, 50, and 33.3 % degradation at
50, 100, and 150 mg kg~' concentrations of chlorpyrifos
within 48, 72, and 120 h, respectively, were recorded by
this strain in remediated rhizosphere soil. Hence, the
authors suggest that high chlorpyrifos tolerance and rhi-
zospheric degradation capability of Pennisetum pedicella-
tum make this plant suitable for decontamination and
remediation of contaminated sites. Though relative inhi-
bition in the growth rate has been reported, Wang et al.
(2013b) recommended the use of aquatic plant Iris pseu-
dacorus against chlorpyrifos in natural water body.

Biodegradation at enzyme and molecular levels

Pesticide biodegradation process is a series of complex
reactions that involves three phases, each carried out by dif-
ferent enzymes (Hatzios 1991). Phase I process involves
oxidation, reduction, or hydrolysis, which solubilizes the
compound in water and increases bioavailability. Oxygena-
tion in the metabolism of pesticides and other organic xeno-
biotics are manifested by oxidative enzymes, including
cytochrome P450s, peroxidases, and polyphenol oxidases.
During the second phase conjugation, the pesticide or pesti-
cide metabolites are conjugated to sugar, amino acid, or
glutathione, and the products formed with increased water
solubility and reduced toxicity compared to parent compound
can be stored in cellular organelles. Glutathione S-transferase
is the major enzyme responsible for phase II which catalyzes
the nucleophilic attack of the sulfur atom of GSH by the
electrophilic center of the substrate (Marrs 1996). The last
phase involves conversion of phase II metabolites into non-
toxic secondary conjugates. Organophosphate hydrolyzing
enzymes are collectively known as aryldialkylphosphatase/
organophosphorus hydrolase/phosphotriesterase. Chlorpyri-
fos degrading microorganisms are capable of producing
either of these enzymes such as organophosphorus hydrolase
(OPH) (Gao et al. 2012), phosphotriesterase (PTE) methyl
parathion hydrolase (MPH) (Chino-Flores et al., 2012), and
organophosphorus acid anhydrolase (OPAA) (Cheng et al.
1993; Theriot and Grunden 2011). These enzymes differ in
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protein sequence, 3D structure, and catalytic mechanism, but
they also share several common features. All these enzymes
are metal dependent hydrolases that contain a hydrophobic
active site with three discrete binding pockets to accommo-
date the substrate ester groups. Activation of the substrate
phosphorus center is achieved by a direct interaction between
the phosphoryl oxygen and a divalent metal in the active site
(Bigley and Raushel 2013). Biodegradation by organophos-
phorus hydrolase or phosphotriesterase that catalyzes the first
step of the degradation (Singh and Walker 2006) has been
studied extensively. Microbial organophosphorus hydrolase
effectively cleaves P-O in the phosphotriesters bond, P-S
linkage in the phosphothiolesters, P-CN or P-F of
organophosphate pesticides (Ang et al. 2005), the former two
being the case of chlorpyrifos and yields two major metabo-
lites such as 3,5,6-trichloro-2-pyridinol and diethylphosphate
(DETP) (Singh et al. 2004) (Fig. 3). Some other metabolites
such as desethyl chlorpyrifos, chlorpyrifos oxon, desethyl
chlorpyrifos oxon, and 3,5,6-trichloro-2 methoxypyrimidine
are also produced during the degradation in very minute
quantities. Chlorpyrifos oxon, the oxidized form of chlor-
pyrifos, is further hydrolyzed either enzymatically or spon-
taneously to form diethylphosphate and 3,5,6-trichloro-2-
pyridinol. The 3,5,6-trichloro-2-pyridinol can be further
degraded to 3,5,6-trichloro-2-methoxy-pyridine and carbon

dioxide (Racke 1993). For example, Cladosporium
s T cl
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Fig. 3 Proposed degradation pathway of chlorpyrifos
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3,5, 6 Trichloro-2-pyridinol

cladosporioides Hu-01 was reported to mineralize 3,5,6-tri-
chloro-2-pyridinol in a liquid medium (Chen et al. 2012) and
an Enterobacter sp. that could mineralize chlorpyrifos to
diethylphosphate which was further utilized for its growth
and energy (Singh etal. 2004). A Paracoccus sp. was reported
to be able to completely mineralize chlorpyrifos with no
accumulation of 3,5,6-trichloro-2-pyridinol or diethylphos-
phate (Xu et al. 2008).

The organophosphorus hydrolase is a zinc containing
homo-dimeric enzyme that can degrade a broad spectrum of
organophosphorus pesticides such as paraoxon, parathion,
and diazinon and is believed to be the enzyme produced in
chlorpyrifos degrading microbes. Organophosphorus
hydrolase activity has been reported in cytoplasm of many
microorganisms (Latifi et al. 2012; Mulbry 2000). On the
other hand, membrane bound organophosphorus hydrolase
was observed in Flavobacterium sp. strain ATCC 27551 and
Brevundimonas diminuta MG (Brown 1980; Dumas et al.
1989). Organophosphorus hydrolase catalyzes hydrolysis of
most of phosphorus ester bonds in organophosphates via the
addition of an activated water molecule at the phosphorus
center (Lewis et al. 1988). This enzyme mediated cleavage
of bonds occurs with different efficiencies, where the
hydrolytic efficiency of organophosphorus hydrolase
towards the P-S bond class of organophosphates is very
poor. For example, organophosphorus hydrolase catalyzes
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the P-O bond of paraoxon with a k., of 2280 s~1, but the
reaction is very slow in the case of P—S bonds of demeton-S,
malathion, phosalone, and acephate, with k. of
0.63-13.16 s~ (Di Sioudi et al. 1999). Similar is the case of
chlorpyrifos also, where it is hydrolyzed almost 1000 fold
slower than the preferred substrate, paraoxon (Cho et al.
2004). The authors have demonstrated that wild type
organophosphorus hydrolase had minimal degradatory
activity for chlorpyrifos, and directed evolution can be used
to improve a 725 fold increase in the k.,/K,, value for this
very poorly hydrolyzed compound. A novel organophos-
phorus hydrolase hydrolyzing methyl parathion, parathion,
paraoxon, coumaphos, demeton-S, phosmet, and malathion
has been purified and characterized in Penicillium lilacinum
BP303. This amonomeric enzyme had a molecular mass of
60,000 Da, a pl of 4.8, and optimum enzyme activity at
45 °C, and pH 7.5. Its activity was strongly inhibited by
Hg”", Fe**, p-chloromercuribenzoate, iodoacetic acid, and
N-ethylmaleimide, while Cu2+, mercaptoethanol, dithio-
threitol, dithioerythritol, glutathione, and detergents slightly
activated the enzyme (Liu et al. 2004). A novel chlorpyrifos
hydrolase from cell extract of Cladosporium cladospori-
oides Hu-01 having a monomeric structure with a molecular
mass of 38.3 kDa was purified 35.6 fold to apparent
homogeneity. This enzyme which shared no similarity with
any reported organophosphorus hydrolase had a pl value
estimated to be 5.2 and showed optimal pH and temperature
of 6.5 and 40 °C, respectively. Chlorpyrifos was the pre-
ferred substrate with K,,, and V., values of 6.7974 uM and
2.6473 pmol min~', respectively. No cofactors were
required for the hydrolysis activity and was able to hydro-
lyze various organophosphorus insecticides with P-O and
P-S bond (Gao et al. 2012).

Methyl parathion hydrolase (MPH), the enzyme that
catalyzes the turnover of methyl parathion to p-nitrophenol
(pNP), also shares the broad substrate range like
organophosphorus hydrolase. Many microbial esterases
have also been studied for pesticide hydrolysis. For exam-
ple, esterase activity involved in malathion degradation was
determined in culture filtrate of Bacillus thuringiensis MOS-
5 (Zeinat Kamal et al. 2008). Increase in activity of pesticide
metabolizing enzymes such as polyphenol oxidase, catalase,
superoxide dismutase, esterase, and glutathione S-trans-
ferase, and metabolization of chlorpyrifos by the use of
esterase A has been observed in marine cyanobacterium
Phormidium valderianum BDU 20041 upon exposure to
chlorpyrifos (Palanisami et al. 2009). Interaction of bacterial
phosphotriesterase with organophosphates has long been
accepted as a useful biosensor system for decontamination
of real samples of pesticides with concentrations up to
20 pg L' (Istamboulie et al. 2010). Chlorpyrifos induced
organophosphorous phosphatase (OPP) production and
degradation of chlorpyrifos was reported by Harishankar

et al. (2013) in the intestinal bacteria Lactobacillus lactis, L.
fermentum, and Escherichia coli which were able to grow
even at higher concentration of chlorpyrifos (greater than
1400 pg mL™h.

The molecular basis of degradation of organophosphates
has been extensively studied. The organophosphorus
hydrolase enzymes are encoded by the opd (organophos-
phate degradation) and mpd (methyl parathion hydrolase)
genes. opd genes have been isolated from different
microorganisms from different geographical regions, and
some of them have been shown to hydrolyze chlorpyrifos.
Most of the opd genes were found to be plasmid based
(Serdar et al. 1982) with similar sequences. For example,
Flavobacterium sp. strain ATCC 27551 and B. diminuta
MG contain identical opd genes that are on very different
plasmids (Brown 1980; Dumas et al. 1989). In contrast to
this, Horne et al. (2002) isolated chromosome located opd
gene from Agrobacterium radiobacter, which had a similar
sequence to the opd gene from other bacteria. However,
study conducted by Ajaz et al. (2009) demonstrated
chlorpyrifos degradation in Pseudomonas putida MAS-1 as
a function of combined action of plasmid and chromosomal
genes. A gene (ophB) encoding a protein involved in
chlorpyrifos degradation was isolated from an endophytic
bacterial strain, Pseudomonas sp. BF1-3 and cloned into
Escherichia coli DH5a for confirming its enzyme activity.
This 1024 bp nucleotide sequence ophB encodes OphB
protein with an estimated molecular weight of 31.4 kDa
having optimal activity at pH 8 and temperature around 35°
(Barman et al. 2014).

The mpd gene, which is completely different from the
opd gene, codes for methyl parathion hydrolase enzyme
following a separate organophosphate degrading pathway
to mineralize methyl parathion, methyl paraoxon, etc.
Since chlorpyrifos has a similar chemical structure to
parathion-methyl, it is likely to be acted upon by the
enzymes coded by mpd gene family. The mpd gene was
first isolated from Plesiomonas sp. M6 (Zhongli et al.
2001) which could be effectively expressed in Escherichia
coli. Researchers reported that the mpd gene is chromo-
some based, as no plasmids were detected in isolates (Li
et al. 2007; Yang et al. 2006). However, an exception to
this is the plasmid location of mpd in Pseudomonas sp. WB
C-3 (Liu et al. 2005). The mpd gene encoding the
organophosphorus  hydrolase cloned from Steno-
trophomonas YCI1 strain was successfully expressed in
Escherichia coli DH5a cells, and the results showed this
996 bp mpd gene encoded a protein with high similarity to
the hydrolase from Plesiomonas sp. M6 (Yang et al. 2006).
Similarly, the gene encoding the chlorpyrifos hydrolytic
enzyme from Sphingomonas sp. strain Dsp-2 cloned using
a PCR based technique showed 99 % sequence similarity
to the mpd genes of Plesiomonas sp. M6, Pseudomonas sp.
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WBC-3, and Ochrobactrum sp. mp-6. However, at the
amino acid level, it had only 92 % similarity to methyl
parathion hydrolase from Plesiomonas sp. strain M6 with
26 amino acid substitutions, including an insertion which
enhanced its hydrolytic efficiency for chlorpyrifos signifi-
cantly than the wild type mpd from strain M6 (Li et al.
2007). Information elucidating the relationships between
function and structure of organophosphorus hydrolase and
polymorphism in the mpd gene has been provided by Li
et al. (2008). During the gene amplicon study, they
observed several key amino acid substitutions in highly
conserved mpd genes of chlorpyrifos degrading two
Pseudomonas sp. (Dsp 1 and Dsp 3), Sphingomonas sp.
(Dsp 2), and Stenotrophomonas sp. (Dsp 4). Three groups
of hydrolases were resulted from these substitutions at
seven sites where hydrolases of strains Dsp-1 and Dsp-3
were identical. Such variations attributed to the increased
hydrolytic efficiency and hydrolysis rate for chlorpyrifos
compared to other tested substrates such as profenofos.
Zhang et al. (2006) have noticed mpd gene cluster that
constituted catabolic transposon, which contribute to the
dispersion and expression of this gene among a variety of
indigenous bacteria in a polluted environment.

There have been reports of organophosphate degrada-
tion genes which differed in sequences from the opd gene.
For example, studies on chlorpyrifos degrading Enter-
obacter strain possessing a novel phosphotriesterase
enzyme system revealed a gene system with different
sequence from the widely studied opd gene. The authors
suggested polygenic and chromosome based degradation of
chlorpyrifos by microorganisms (Singh et al. 2004).
Unique organophosphorus hydrolase activity and the
responsible gene distinct from other known genes were
reported in Nocardiodes simplex NRRL B-24074 (Latifi
et al. 2012). A gene called opdE (organophosphate degra-
dation from Enterobacter) consisting of 753 bp and
encoding a protein of 25 kDa was isolated from an En-
terobacter sp. This gene had no similarity to any genes
reported to degrade organophosphates (Chino-Flores et al.).

Conclusion

The global demand for agrochemicals is rapidly increasing.
The constant expanding of pesticide industry to a highly
competitive sector that resulted from indiscriminate wide
spread use makes pesticides the top players of the agro-
chemical industry. The consumption of organophosphate
pesticides including chlorpyrifos is increasing day by day
leading to the environmental accumulation and contamina-
tion. Statistical data show the presence of pesticides in
various environmental compartments to unacceptable
levels. The drastic environmental problems and toxicity

@ Springer

issues originated from pesticide use have thus resulted in
greater public pressure to assess, monitor, and minimize the
impacts. Efforts are currently taken to develop safe, con-
venient, environmental friendly, and economically feasible
methods for pesticides detoxification. Physicochemical
treatment methods used to detoxify organophosphate are
expensive and lead to the contamination of medium.
Advanced methods are in demand for the effective treatment
of pesticides polluted environment to achieve complete
mineralization without the formation of toxic end products.
In this scenario, microbiological catabolism and metabolism
gains much attention as a route of mineralization of pesti-
cides. Bioaugmentation and biostimulation are considered
as reliable treatment methods to achieve the goal. Studies at
enzyme and molecular levels provide greater understanding
and valuable information of the mechanisms underlying the
degradation process. Recombinant expression of these genes
and enzymes will be a low-cost technology that enables
better degradation and environmental protection.
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Chlorpyrifos (CPF) is the single largest selling agrochemical that has been widely detected in surface
waters in India. The studies on long-term genotoxic effects of CPF in different tissues of fish using geno-
toxic biomarkers are limited. Therefore, in the present study DNA damage by CPF in freshwater fish Chan-
na punctatus using micronucleus (MN) and comet assays was investigated. The LCso — 96 h of CPF was
estimated for the fish in a semi-static system. On this basis of LCsq value sublethal and nonlethal concen-
trations were determined. The DNA damage was measured in lymphocytes and gill cells as the percent-
age of DNA in comet tails and micronuclei were scored in erythrocytes of fishes exposed to above
concentrations of CPF. In general, significant effects for both the concentrations and time of exposure
were observed in treated fish. It was found that MN induction in the blood was highest on day 14 at
203.0 pg/l of CPF. The highest DNA damage was observed on day 5, followed by a gradual non-linear
decline in the lymphocytes and gill cells. The study indicated MN and comet assays to be sensitive and
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rapid methods to detect mutagenicity and genotoxicity of CPF and other pollutants in fishes.
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1. Introduction

Occupational exposure to pesticides is a common and alarming
worldwide phenomenon. Approximately, 3 million cases of acute
poisoning and 0.22 million deaths from pesticide exposure have
been reported annually (Marrs, 1993; USDA, 1994; Yasmashita
et al., 1997). Chlorpyrifos (0,0-diethylO-3,5,6-trichloro-2-pyridyl
phosphorothioate) is a broad-spectrum organophosphate pesticide
used heavily throughout the world for agriculture and domestic
purposes. The main target of the pesticides is acetylcholinesterase,
which hydrolyses acetylcholine in cholinergic synapses at neuro-
muscular junctions (Ecobichon, 1991; Amitai et al., 1998). Chlor-
pyrifos (CPF) elicits a number of other effects including hepatic
dysfunction, immunological abnormalities, embryo toxicity, geno-
toxicity, teratogenicity, neurochemical, and neurobehavioral
changes (Muscarella et al., 1984; Muto et al., 1992; Thrasher
et al., 1993; Bagchi et al., 1995; Song et al.,, 1998; Dam et al.,
1999; Gomes et al., 1999). It is a widely used against fire ants, or-
namental plant insects, cockroaches, mosquitoes, termites, horn
flies, lice and fleas (EPA, 1986). Its persistence in sediments is
hazardous to sea bottom dwellers (Schimmel et al., 1983). The high

* Corresponding author. Tel.: +91 522 2442440/2442441; fax: +91 522 2442403.
E-mail address: nagpurens@yahoo.co.in (N.S. Nagpure).
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concentration of CPF immediately inhibits both DNA and protein
syntheses without regional selectivity in 1-day old rats (Whitney
et al., 1995).

In India, CPF is classified as an extremely hazardous pesticide
(ITRC, 1989); its residue has been found in scented roses and their
products (Kumar et al., 2004). Its maximum concentration has
been reported to be 88.6 pg/g in tissues of fishes Channa striata
and Catla catla from Kolleru Lake, India (Amaraneni and Pillai,
2001) and 198.5 nug/g in sediment, prawn and water samples from
prawn ponds near Kolleru Lake wetland (Amaraneni, 2006).

Surprisingly, the soft drinks also contain CPF in a concentration
of 4.8 ppb, which is 47 times higher than permissible limit (CSE,
2006). It has been reported to be genotoxic in C. punctatus and mice
leukocytes (Porichha et al., 1998; Rahman et al., 2002) and root
meristem cells of Crepis capillaris (Dimitrov and Gadeva, 1997).
The exposure to 0.08 pg/l of CPF caused reproductive impairment
in Daphnia magna (EPA, 1985).

Since there is growing a concern over the presence of genotox-
ins in the aquatic environment, the development of sensitive bio-
markers for detection of genotoxic effects in aquatic organisms
has gained importance (Hayashi et al., 1998). The micronucleus
(MN) and comet assays are two sensitive, rapid and extensively
used tools for detecting the mutagenic and genotoxic effects of
chemicals in the environment (Tucker and Preston, 1996; Kassie
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et al., 2000). The genotoxic effects of environmental pollutants can
be monitored using a broad range of both the in vitro and in vivo
biomarker assays but the comet assay is gaining popularity over
others since its advantages include sensitivity for detecting low
levels of DNA damage (0.1 DNA break/10° Da) (Gedic et al., 1992)
and the short time needed to complete a study. The micronucleus
(MN) assay is another useful and popular technique for showing
clastogenic and aneugenic effect (Norppa and Falck, 2003) and
has been extensively used in situ (Al-Sabti and Metcalfe, 1995).

Although the toxic effects of CPF on fish have been studied ear-
lier (Johnson and Finley, 1980), the information regarding the
genotoxic and mutagenic nature of CPF in aquatic organisms is
rare, especially the data pertaining to the long-term genotoxic ef-
fect of CPF in fishes. Therefore, the present study investigates the
mutagenic and genotoxic effects of CPF using MN assay in erythro-
cytes and comet assay in lymphocytes and gill cells of C. punctatus
exposed in vivo.

2. Materials and methods
2.1. Experimental fish specimens and chemicals

Healthy specimens of freshwater fish C. punctatus (Bloch, Family: Channidae
and Order: Channiformes) were procured from the local outlets. The specimens
had an average wet weight and length of 30 £+ 2.0 g and 14 + 3.0 cm, respectively.
The specimens were given prophylactic treatment by bathing them twice in
0.05% potassium permanganate (KMnO,) solution for 2 min to avoid any dermal
infections. The fishes were then acclimatized for one month under laboratory con-
dition before CPF exposure. The fishes were fed boiled eggs; goat liver and poultry
waste material. The faecal matter and other waste materials were siphoned off daily
to reduce ammonia content in water. Every effort as suggested by Bennett and Doo-
ley (1982) was made to maintain optimal conditions during acclimatization.

For the present study, technical-grade CPF (20% EC) with trade name Tricel
(manufactured by Excel crop care Ltd. Mumbai) was purchased from market.

2.2. Determination of sub lethal concentrations

The acute toxicity bioassays to determine the LCso - 96 h value of CPF were con-
ducted in the semi-static system. A facility for oxygenation of the test solution was
provided with the help of showers fixed above the test chambers. The acute bioas-
say procedure was based on standard methods (APHA et al., 2005). The stock solu-
tion of CPF was prepared by dissolving it in acetone.

A set of 10 acclimatized fish specimens was randomly exposed to each of the six
CPF target concentrations (0.3, 0.6, 0.8, 1.0, 1.2 and 1.5 mg/l) and the experiment
was repeated twice to obtain the LCso — 96 h value of the test chemical for the
species.

The LCso — 96 h value of CPF was determined as 811.98 pg/l for C. punctauts
following the probit analysis method as described by Finney (1971). Based on the
LCso - 96 h value, the three test concentrations of CPF viz., sublethal 1 (1/4th
of LCso=~203.0 pg/l), sublethal 2 (1/8th of LCso=~102.0 ug/l) and nonlethal
(1/12th of LCso = ~68.0 pg/l) were estimated.

2.3. In vivo exposure experiment

The fish specimens were exposed to the three aforementioned test concentra-
tions of CPF in a semi-static system with the change of test water on every 96 h.
The exposure was continued up to 35 days and tissue sampling was done at inter-
vals of 1, 3, 5, 7, 14, 21, 28 and 35 days at the rate of five fishes per duration. The
fishes maintained in tap water were considered as negative control. The concentra-
tion of acetone was 0.1% in all test solutions and solvent control. An additional set
for positive control (cyclophosphamide 20 mg/kg of body weight) was separately
maintained.

On each sampling day, the blood and gills were collected and immediately pro-
cessed for MN and comet assays. The blood samples were collected from the fish by
caudal vein puncture technique using heparinized syringe. The physicochemical
properties of test water, namely temperature, pH, conductivity, dissolved oxygen,
chloride, total hardness and total alkalinity were analyzed by standard methods
(APHA et al., 2005).

2.4. Micronucleus assay

Immediately after collection a drop of blood was smeared on a clean micro-
scopic slide. After drying, the smears were fixed in methanol for 10 min and left
to air-dry at room temperature and finally stained with 6% Giemsa in Sorenson buf-
fer (pH 6.9) for 20 min. A total of 2000 erythrocytes were examined for each spec-

imen under the light microscope (Leitz Wetzlar Germany, Type 307-083.103; oil
immersion lens, 100/1.25). The following criteria for the identification of micronu-
clei (MNi) were used no connection with the main nucleus, same color and intensity
as the main nucleus and an area smaller than one-third of the main nucleus (Sch-
mid, 1975; Das and Nanda, 1986; Fenech, 2000). MN frequency was calculated using
the formula:

Number of cells containing micronucleus

MN7% = Total number of cells counted

x 100.

2.5. Alkaline single-cell gel electrophoresis

The alkaline single-cell gel electrophoresis was performed as a three-layer pro-
cedure (Singh et al., 1988) with slight modifications (Klaude et al., 1996). The gill
tissue (~50 mg) was homogenized in ice-cold homogenization buffer (1X Hanks’
balanced salt solution, 20 mM EDTA, 10% di methyl sulphoxide (DMSO), pH 7.0-
7.5) followed by centrifugation at 3000 rpm at 4 °C for 5 min. The cell pellet was
then suspended in chilled phosphate buffered saline for comet assay.

The lymphocytes were separated from blood using histopaque density gradient
centrifugation and the cells were diluted 20-fold for the comet assay. Viability of
both the lymphocytes and gill cells was evaluated by the trypan blue exclusion test
method (Anderson et al., 1994). The tissue samples showing cell viability higher
than 84% were further processed for comet assay. In brief, about 15 pl of cell sus-
pension (approx. 20,000 cells) was mixed with 85 pl of 0.5% low melting-point aga-
rose and layered on one end of a frosted glass slide, coated with a layer of 200 pul of
1% normal agarose. It was covered with a third layer of 100 pl low melting-point
agarose. After solidification of the gel, the slides were immersed in lysing solution
(2.5 M NaCl, 100 mM Na, EDTA, 10 mM Tris, pH 10 with 10% DMSO and 1% Triton X-
100 added fresh) overnight at 4 °C. The slides were then placed in a horizontal gel
electrophoresis unit, immersed in fresh cold alkaline electrophoresis buffer
(300 mM NaOH, 1 mM Na, EDTA and 0.2% DMSO, pH > 13.5), and left in solution
for 20 min at 4 °C for the DNA unwinding and conversion of alkali-labile sites to
single strand breaks. Electrophoresis was carried out using the same solution at
4 °C for 20 min, using 15V (0.8 V/cm) and 300 mA. The slides were neutralized
gently with 0.4 M Tris buffer at pH 7.5 and stained with 75 pl ethidium bromide
(20 pg/ml). For positive control, the lymphocytes and gill cells were treated with
100 uM H,0, for 10 min at 4 °C. Two slides per specimen were prepared and 25
cells per slide (250 cells per concentration) were scored randomly and analyzed
using an image analysis system (Komet-5.5, Kinetic Imaging) attached to a fluores-
cent microscope (Leica) equipped with appropriate filters. The parameter selected
for quantification of DNA damage was percent tail DNA as determined by the
software.

2.6. Statistical analysis

The one-way analysis of variance (ANOVA) was applied to compare the mean
differences in the% tail DNA between tissues within concentration, between con-
centrations within tissue and between durations within concentration and tissue.
The% MN frequencies were compared between durations within concentration
and between concentrations within duration using Mann-Whitney test. The P val-
ues less than 0.01 were considered statistically significant.

3. Results
3.1. Physicochemical properties of the test water

The test water temperature varied from 26.7 to 28.4 °C and the
pH ranged from 7.2 to 8.1. The dissolved oxygen concentration
was normal, varied from 6.0 to 8.05 mg/l, during experimental
period. The conductivity of the water ranged from 248 to
296 uM/cm and the chloride, total hardness and total alkalinity
ranged from 45-54 mg/l, 160-180 mg/l and 260-290 mg/l, as
CaCOs, respectively.

3.2. DNA damage

The fish specimens exposed to different concentrations of CPF
exhibited significantly higher DNA damage in their tissues than
the control sample and solvent control (Table 1, Figs. 1a and b,
2a and b, 3a-c). A significant effect of the duration of exposure
on DNA damage was observed in specimens exposed to CPF. The
highest DNA damage in the tissues was observed on day 5 for all
treatment groups. Afterwards, there was a gradual non-linear de-
crease as the experiment the advanced. The decline in DNA damage
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Table 1

Mean percentage tail DNA in gill cells and lymphocytes of C. punctatus exposed to chlorpyrifos.

Exposure time Gill (ng/1) Lymphocytes (ng/1)
203.0 102.0 68.0 203.0 102.0 68.0

Control 4.34+0.28" 4.34+0.28" 4.34+0.28" 3.92+0.19% 3.92+0.19" 3.92+0.19*
Solvent control 6.32 + 0.40" 6.32 + 0.40" 6.32 + 0.40" 6.28 + 0.41% 6.28 + 0.41% 6.28 + 0.41%

1 day 10.70 + 0.45%'® 9.78 +0.36%'%% 9.61 +0.20°%8 9.10 +0.59°'8 11.25 + 0.53%28 7.04 +0.37°38
3 days 17.91 + 0.64%'€ 12.39 + 0.48%%C 11.84 + 0.45%%C 13.72 £ 0.61°1€ 11.63 £ 0.57%%8 9.38 £0.593¢
5 days 24.10 + 0.89%'P 18.44 + 0.48%20 15.35 + 0.40%3P 22.67 +0.51°1P 16.39 + 0.94%¢ 14.17 £ 0.65"3P
7 days 20.34 + 0.50*'F 15.27 + 0.413%F 13.52 + 0.47%%F 17.64 + 0.42"'F 11.97 + 0.48°28 9.35 +0.61"3¢
14 days 19.03 £ 0.50%'F 13.80 + 0.39%%F 10.54 £ 0.53%F 15.92 + 0.50°'F 11.08 % 0.80°28 8.87 £0.61€
21 days 13.17 £ 0.40'F 11.68 + 0.573%F 10.18 +0.473%8 12.10 £ 0.41%¢ 10.30 + 0.5231BP 8.22 +0.60"2C
28 days 10.12 £ 0.27%'8 10.46 + 0.2731F¢ 9.87 +0.42%%° 10.67 + 0.39'® 9.47 +0.63%'PF 7.35 +0.36°28
35 days 9.95 +0.25'8 9.52 +0.58%!¢ 9.05 + 0.46%'® 10.04 + 0.37%'8 8.12 + 0.46"%F 7.16 +0.37°28

Values with different alphabet superscripts differ significantly (P < 0.01) between tissues within concentration. Values with different numeric superscripts differ significantly
(P <0.01) between concentrations within tissue. Values with different capital alphabet superscripts differ significantly (P < 0.01) between durations within concentration and

tissue.

Fig. 1. (a) Control gill cells and (b) gill cells after exposure to chlorpyrifos.

Fig. 2. (a) Control lymphocytes and (b) lymphocytes after exposure to chlorpyrifos.

after day 5 to day 21 was significantly evident for sublethal 1 con-
centration of CPF in all tissues except between day 7 and day 14 in
gill cells. With sublethal 2 concentration, the decline of DNA dam-
age was significant up to day 21 in gill cells (Table 1, Fig. 3a and b).
At nonlethal concentrations the decrease in DNA damage from day
5 to day 7 was significantly evident for lymphocytes and from day
5 to day 14 for gill cells (Fig. 3c).

The study also showed a significant effect of CPF on the induc-
tion of DNA damage especially in the gill cells (Table 1, Fig. 3a-c).
In general, the DNA damage was found to be concentrations depen-
dent in both the tissues, with the highest DNA damage at the sub-
lethal 1, followed by sublethal 2 and nonlethal concentrations.

With regard to the variation in DNA damage between the tis-
sues, the gill cells exhibited comparatively higher DNA damage
than lymphocytes at most of the concentrations and durations

(Fig. 3a-c). At day 5, the highest DNA damage was (24.10%) in gill
cells followed by lymphocytes (22.67%) at the sublethal 1 (Table 1).

3.3. Induction of MNi

The erythrocytes of C. punctatus were elliptical with a centrally
located oblong nucleus. The frequency of MNi induced in the
peripheral blood erythrocytes was determined at different concen-
trations of CPF and the results are summarized in Table 2. The ob-
served MNi (Fig. 4a and b) showed similar features as described by
Schmid (1975). Time response graphs at each concentration level
are presented in Fig. 5. The induction of MNi at sublethal 1 concen-
tration of CPF, all exposure times, was significantly higher than
nonlethal and control groups, whereas they were not induced sig-
nificantly on days 1, 21, 28 and 35 as compared to sublethal 2.
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Fig. 3. DNA damage in lymphocytes and gill cells by (a) 203.0 pg/l, (b) 102.0 pg/l and (c) 68.0 pg/!l of chlorpyrifos.

Further, a significant effect of durations on induction of MNi has
been observed for all the concentrations of CPF. We have observed
the highest MNi frequency of 1.62% on day 14 at sublethal 1 con-
centration and 1.53% on day 21 for sublethal 2 and 1.16% for non-
lethal concentrations. The solvent control (acetone) was unable to
induce any significant MNi frequency in comparison to negative
control.

4. Discussion

The comet assay under alkaline conditions (pH > 13) is able to
detect DNA damage, i.e. single strand breakage or other lesions,
such as alkali-labile sites, DNA cross-links (Tice, 1995) and incom-
plete excision repair events (Gedic et al., 1992). It offers consider-
able advantages over other cytogenetic methods like chromosome
aberrations, sister chromatid exchanges and micronucleus test
used to detect DNA damage, because for comet assay the cells need
not to be mitotically active (Buschini et al., 2003). Therefore, it has
been widely used in the fields of genetic toxicology and environ-
mental biomonitoring (Tice et al., 2000), including aquatic organ-
isms (Mitchelmore and Chipman, 1998; Lee and Steinert, 2003),
as powerful tool for measuring the relationship between DNA
damage and the exposure of aquatic organisms to genotoxic
pollutants.

Long-term genotoxicity studies can be important approach for
achieving greater insight into the organism’s DNA repair ability
and other protective mechanisms for excreting the toxic chemicals.
The significant induction of MNi in erythrocytes and DNA damage
in gill cells and lymphocytes of C. punctatus due to CPF exposure at
different concentrations as well as exposure durations has indi-
cated its potential genotoxic and mutagenic properties. Further, a
differential tissue response for DNA damage induced by CPF expo-
sure was evident. The variation in DNA damage between tissues
could be explained by the number of the alkali-labile sites, being
variable in DNA from different tissues and by the different cell
types having different background levels of DNA single strand
breaks due to variation in excision repair activity, metabolic activ-
ity, antioxidant concentrations and other factors (Lee and Steinert,
2003). The results obtained in the present study are in agreement
with the findings of Blasiak et al. (1999) for the human lympho-
cytes exposed to malathion and its two analogues and Masauda
et al,, 2004 in the gill cells of gold fish (Carassius auratus) for
PBTA-6 and ADDB. The DNA damage detected in this study could
have originated from DNA single strand breaks, DNA double
strands break, DNA adducts formations, DNA-DNA and DNA-pro-
tein cross-links (Mitchelmore and Chipman, 1998) resulting from
the interaction of pesticides or their metabolites with DNA (Fairb-
airn et al., 1995). Anitha et al. (2000) carried out genotoxicity eval-
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Table 2
Incidence of MNi in peripheral erythrocytes of C. punctatus exposed to different
concentrations of chlorpyrifos.

Exposure Dosage No. of fishes No. of cells MN frequencies
time observed observed (%)£SE
1day Control 5 10,057 0.028 + 0.09*
Solvent control 5 10,140 0.040 +0.10?
Positive control 5 10,316 0.058 +£0.10™
203.0 pg/l 5 10,127 0.070 +0.15'°
102.0 pg/l 5 10,120 0.064 +0.10'°
68.0 pg/l 5 10,155 0.050 + 0.0712
3 days Control 5 10,015 0.029 + 0.09*
Solvent control 5 10,160 0.04 +0.10°
Positive control 5 10,363 0.16 +0.312°
203.0 pg/l 5 10,182 0.24 +0.30%¢
102.0 pg/l 5 10,273 0.13 £0.10%
68.0 pg/l 5 10,241 0.11 +0.08%
5 days Control 5 10,035 0.044 +0.10°
Solvent control 5 10,210 0.047 £0.11°
Positive control 5 10,338 0.19 + 0.09%>
203.0 pg/l 5 10,007 0.91 +0.18%
102.0 pg/l 5 10,046 0.61 +0.08%¢
68.0 ng/l 5 10,305 0.39 + 0.06%¢
7 days Control 5 10,014 0.042 £ 0.10°
Solvent control 5 10,210 0.048 £0.11°
Positive control 5 10,287 1.17 £0.12%°
203.0 pg/l 5 10,273 1.20 £ 0.14%°
102.0 pg/l 5 10,246 0.86 + 0.10%
68.0 pg/l 5 10,179 0.64 + 0.08%
14 days Control 5 10,000 0.039 + 0.09°
Solvent control 5 10,210 0.042 +0.10°
Positive control 5 10,150 1.09+0.11°°
203.0 pg/l 5 10,182 1.62 +0.26°°
102.0 pg/l 5 10,529 1.38 +0.20°¢
68.0 pg/l 5 10,291 1.12£0.11%°
21days Control 5 10,030 0.040 +0.10*
Solvent control 5 10,210 0.042 +0.10*
Positive control 5 10,268 1.10£0.11°°
203.0 pg/l 5 10,250 1.56 + 0.24°¢
102.0 pg/l 5 10,146 1.53 £0.23%
68.0 pg/l 5 10,318 1.16 £ 0.13°°
28days Control 5 10,010 0.039 + 0.09*
Solvent control 5 10,210 0.040+0.10?
Positive control 5 10,276 0.97 £0.10°°
203.0 pg/l 5 10,089 1.50 £ 0.24°%¢
102.0 pg/l 5 10,176 1.44 % 0.23%
68.0 pg/l 5 10,015 1.04 £0.11°
35days Control 5 10,000 0.037 £0.07°
Solvent control 5 10,210 0.041 £ 0.09°
Positive control 5 10,210 0.81+0.167°
203.0 g/l 5 10,306 1.31£0.217¢
102.0 pg/l 5 10,186 1.26+0.177¢
68.0 pg/l 5 10,272 0.89 +0.097

Values with different numeric superscripts differ significantly (P <0.01) between
durations within concentration. Values with different alphabet superscripts differ
significantly (P < 0.01) between concentrations within duration.
a
LR

P 9%

¥ |

& l"
e &
® 9

uation of heat shock in the gold fish C. auratus using both micronu-
cleus and comet assays. However, the clastogenic effects of pollu-
tants can be measured in different target tissues such as
erythrocytes, gills, kidney, liver etc. (Hayashi et al., 1998) but the
erythrocyte MNi test has been used with different fish species to
monitor aquatic pollution displaying mutagenic features.

The higher DNA damage in gill cells could be explained by the
gill being appropriate organ that is directly and constantly exposed
to the DNA damaging chemicals dissolved in the water (Dzwon-
kowska and Hubner, 1986), where as lymphocytes receive chemi-
cals when they enter the circulatory system. In the present study,
in general, gill cells showed significantly higher DNA damage than
the lymphocytes when over all comparisons are made. The suit-
ability of gill tissues for genotoxicity studies has also been demon-
strated earlier using shellfish (Sasaki et al., 1997). The observed
tissue-specific response may also be due to physiochemical activi-
ties distinctive to these organs, with respect to either the activation
or detoxification of pollutants or the repair of different types of
strand breaks.

In the present study, CPF induced significantly higher number of
MNi formation that increased with concentrations and durations.
Cyclophosphamide (20 mg/kg body weight) has widely been used
as a positive control because of its alkylating activity. Cyclophos-
phamide itself is not genotoxic but undergoes complex metabolic
activation by mixed function oxidases, which result in genotoxic
metabolites (Colvin and Chabner, 1990). Al-Sabti and Metcalfe
(1995) demonstrated that maximal micronucleus induction nor-
mally occurred one to five days post-exposure, which agrees with
our results. Based on two samplings time, Hooftman and de Raat
(1982) and Das and Nanda (1986) reported a concentration and
time-dependent increase in MNi induction in the fish erythrocytes,
an effect corroborated by the present work. Time-dependent re-
sponses have also been observed in amphibians exposed to radia-
tion (Siboulet et al., 1984; Fernanadez et al., 1993). The results of
this study emphasize the importance of the MN assay as an early
biological marker of exposure of fish to clastogenic pollutants in
the aquatic environment. In present study, the general comparison
between comet and MN assays showed that both concentrations
and durations are effective in induction of MNi and DNA damage
due to CPF exposure.

The mechanism of DNA strand breaks due to CPF exposure is
poorly understood and little is known about CPF or its metabolites
that are responsible for production of DNA strand breaks. Wild
(1975) observed that the phosphorus moiety in organophosphates
appears to be a good substrate for nucleophilic attack. This may
cause phosphorylation of the DNA, which is an instance of DNA
damage. Thus, it is probable that CPF could cause alterations in
DNA of C. punctatus resulting in formation of comets. The toxic ac-
tion of xenobiotics like CPF is counteracted by glutathione (GSH)
and glutathione dependent enzymes systems. Depletion of cellular

b

s

-
N
f -

Fig. 4. (a) Micronuclei formation in the erythrocytes after exposure to cyclophasphamide and (b) micronuclei formation in the erythrocytes after exposure to chlorpyrifos.
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Fig. 5. Variation in MN frequency for each concentration of chlorpyrifos in relation to different exposure time.

GSH content below the critical level prevents the conjugation of
xenobiotics to GSH and enables them to freely combine covalently
with DNA, RNA or cell proteins and thus lead to cell damage (Mei-
ster and Andersen, 1983). DNA damage could also be due to forma-
tion of GSH conjugates, which might deplete the cellular GSH,
content and induce oxidative stress (Yamano and Morita, 1995).

Reduction of GSH by xenobiotics below a certain level allows
the enhancement of lipid peroxidation evoked by endogenous sub-
stances. This can lead to induction of reactive oxygen species,
which could also contribute to formation of DNA single, and/or
double strand breaks (Banu et al., 2001). The observed the DNA
damage in our study also may have been caused for the same rea-
son. The genotoxic properties of pesticide also depend on chemical
structures. Since there is no direct evidence, it is difficult to deter-
mine the actual cause for the observed DNA strand breaks in the
present study and this will be addressed in further studies.

In our experiments, it was observed that CPF produced a con-
centration-dependent increase in DNA single-strand breaks in the
form of comet induction and a time-dependent decrease in the
damage, due to the DNA repair. The genotoxic properties of CPF
have been studied in a variety of assays in the past, but the results
were contradictory (Isidate, 1987; Patnaik and Tripathy, 1992;
Gollapudi et al., 1995). Hence, hazardous effects of this pesticide
are a matter of concern due to human exposure consequent to
the heavy use of CPF in India. Therefore, in an attempt to resolve
the ambiguities, we investigated the in vivo genotoxic and muta-
genic effects of CPF in C. punctatus erythrocytes lymphocytes and
gill cells.

The decrease in DNA damage has been observed in the tissues of
fishes exposed to different concentrations of CPF, although the de-
crease was non-linear, which may indicate repair of damaged DNA,
loss of heavily damaged cells, or both (Miyamae et al., 1997; Banu
et al., 2001). This inverse relationship between time of exposure
and DNA damage may be due to toxicity of contaminants that
could disturb the enzymatic processes in the formation of DNA
damage (Rank and Jensen, 2003). Another possible explanation
could be the gene activation of metabolizing enzymes such as cyto-
chrome P450 in various tissues that provides a defensive mecha-
nism against the persistent organic pollutants (Wong et al,,
2001). Similar repair mechanism was observed with malathion
analogues in isolated human lymphocytes (Blasiak et al., 1999)
and with monocrotophos in fish (Banu et al., 2001), using comet
assay.

One of the advantages of comet and MN assays are that both can
be used for the simultaneous assessment of DNA damage in many
tissues from the same animal, the comparison of their responses
under identical treatment conditions. Thus these techniques can
be used in combination for screening genotoxic effect of chemicals
and for investigating the implications of DNA damage and its

recovery in the sentinel fish species. These biomarkers have also
opened a broad perspective in aquatic toxicology, as fish erythro-
cytes and gills are constantly being exposed to environmental
pollutants.

The results of this investigation may help in guarding against
the genetic hazard to human population and the environment
through judicious and careful use of this pesticide in agricultural
and non-agricultural areas.

5. Conclusion

The technical-grade CPF was found to be mutagenic and geno-
toxic to fishes even at nonlethal concentration (i.e. 1/12th of
LCs0 = ~68.0 pg/l), which indicates apprehension about the poten-
tial hazards of CPF to aquatic organisms. The present investigations
indicated that the comet and MN assays are sensitive tools for
demonstration of genotoxic effects of CPF in different fish tissues.
Further, the comparison of DNA damage between the tissues
showed that gill cells were more sensitive than lymphocytes. Thus,
the combined approach using both the assays opened a broad per-
spective in aquatic toxicology, as fish erythrocytes and gills are
constantly being exposed to environmental pollutants.
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March 5, 2021
OPP Docket # EPA-HQ-OPP-2008-0850-0750
Environmental Protection Agency Docket Center (EPA/DC)
1200 Pennsylvania Ave. NW
Washington, DC 20460-0001

Subject: Letter Urging Expeditious Action to Ban Chlorpyrifos

The undersigned 101 farmworker, public health, environmental, labor, and faith organizations urge
the EPA to immediately revoke all food tolerances for chlorpyrifos and initiate the cancellation
process to end all uses of this neurotoxic pesticide.

Chlorpyrifos, which belongs to a nerve-agent class of pesticides called organophosphates (OPs), is used
on an extensive variety of crops and is acutely toxic and associated with neurodevelopmental harms in
children. Yet, in its proposed interim registration review decision, the EPA is proposing to allow 11 food
uses of chlorpyrifos to continue at the urging of industry.

Peer-reviewed studies and EPA’s own Scientific Advisory Panel have demonstrated that chlorpyrifos
damages children’s brains; prenatal exposure to very low levels of chlorpyrifos — levels far lower than
what EPA used to set regulatory limits — harms babies permanently. Studies show that exposure to
chlorpyrifos, and other OP pesticides during pregnancy, is associated with lower birth weight, attention
deficit disorders, autism spectrum disorder, reduced 1Q, and loss of working memory.! It is also unsafe
for workers even with the most protective equipment.

In 2014, EPA released a risk assessment finding unsafe drinking water contamination from chlorpyrifos
and it proposed to ban chlorpyrifos from food in 2015. In 2016, EPA released a revised human health
risk assessment, which confirmed that exposures to chlorpyrifos are unsafe whether in food, pesticide
drift, or drinking water; toddlers were being exposed to levels 140 times what is considered safe in food
and all drinking water exposures were found to be unsafe. But in 2020, EPA released a new risk
assessment, which abandoned attempts to protect children from the low-level exposures that damage
their brains.

Under the law, EPA must find reasonable certainty of no harm to children from pesticides. It cannot
make this finding for any use of chlorpyrifos on food. The only outcome that protects our children and
complies with the law is to revoke all food tolerances and end all food uses as soon as possible. The
2015 proposed tolerance revocation would have prohibited chlorpyrifos on food six months after the
rule became final. EPA should adhere to that timetable.

1 See: “Brain anomalies in children exposed prenatally to a common organophosphate pesticide,” Rauh et. al.,
Proceedings of the National Academy of Sciences of the United States of America, reviewed for review February 27,
2012. Viewable: https://www.pnas.org/content/pnas/109/20/7871.full.pdf (last visited 1/29/21)

“Prenatal exposure to organophosphate pesticides and functional neuroimaging in adolescents living in proximity
to pesticide application,” Sagiv et. al., Proceedings of the National Academy of Sciences of the United States of
America, received for review March 6, 2019. Viewable: https://www.pnas.org/content/116/37/18347 (last visited
1/29/21)




Ending use of chlorpyrifos on food will protect the farmworkers who grow that food. However,
chlorpyrifos is also used in other ways that expose workers to extremely dangerous amounts of the
pesticide. For example, chlorpyrifos is used in greenhouses on ornamental plants. The greenhouse
workers face unconscionable risks. And under EPA’s 2020 risk assessment and proposed decision, the
agency finds that the workers who mix and apply chlorpyrifos will face unsafe exposures from more
than 100 tasks; workers who re-enter fields sprayed with chlorpyrifos will be at risk as well.

The EPA is proposing to allow these risks to continue because of the economic benefits of using
chlorpyrifos compared to other currently available chemical pesticide alternatives. In making this
proposal, EPA is ignoring non-chemical methods of pest control as well as the economic costs and
hardships caused by pesticide poisonings, learning disabilities, reduced IQ in children, and
environmental harm from chlorpyrifos use; this pesticide also contaminates surface water and harms
threatened and endangered species, including birds, Pacific salmon, Southern Resident Killer Whales,
and other mammals.

For the workers, the EPA is considering requiring more protective clothing and gear, but those measures
can cause heat stress in many regions where workers toil in hot temperatures. And the agency is
proposing to afford farmworkers less protection than industrial workers where personal protective
equipment is the last resort, employed only if the exposures cannot be prevented.

When the Trump EPA derailed the proposed tolerance revocation, states like Hawaii, California, Oregon,
and New York stepped in. In California, 99% of chlorpyrifos uses are now banned. While states can end
use of chlorpyrifos, they cannot prevent residues of chlorpyrifos on their food. Only the EPA can do that.
All Americans need the EPA to do its job and ensure our food is safe for children.

We, therefore, urge the EPA to immediately:

Revoke the 2019 final order? that denied the 2007 petition to ban food uses of chlorpyrifos;3
Grant the 2007 petition;

Finalize the 2015 proposed order revoking all chlorpyrifos food tolerances;* and

Initiate the cancellation process for all uses of chlorpyrifos.

il A

The proposed interim decision on chlorpyrifos fails to protect the health of workers and children from a
pesticide that is widely recognized as unsafe. Only banning the pesticide can truly protect children,
workers, and the environment.

Signed,

ActionAid USA

American Bird Conservancy

American Public Health Association

Association of Farmworker Opportunity Programs
Beyond Pesticides

284 Fed. Reg. 35555 (Jul. 24, 2019)
372 Fed. Reg. 58845 (Oct. 17, 2007)
480 Fed. Reg. 69079 (Nov. 6, 2015)



Center for an Ecology-Based Economy

Center for Biological Diversity

Center for Energy & Environmental Education
Center for Food Safety

Child Labor Coalition

Citizens Campaign for the Environment

Clean Water Action/Clean Water Fund
Community Action Works

Conservation Law Foundation

CREA: Center for Reflection, Education and Action
CRLA Foundation

Defend Our Health

Earth Action, Inc.

Earth Ethics, Inc.

Earthjustice

East Yard Communities for Environmental Justice
Endangered Species Coalition

Environment Maine

Environmental Advocates NY

Experimental Farm Network

Farmworker and Landscaper Advocacy Project
Farmworker Association of Florida

Farmworker Justice

Fayetteville PACT

Fertile Acres

First Focus on Children

Food & Water Watch

Food Empowerment Project

Four Harbors Audubon Society

FreshWater Accountability Project

Friends of the Earth

Genesee Valley Audubon Society

Georgia STAND-UP

Global Labor Justice - International Labor Rights Forum
Green America

Green Inside and Out

Human Rights Watch

Huntington Breast Cancer Action Coalition
International Corporate Accountability Roundtable (ICAR)
International Initiative to End Child Labor

Justice for Migrant Women

Labor Council for Latin American Advancement
LEAD for Pollinators., Inc.

League of Conservation Voters

League of United Latin American Citizens (LULAC)
Learning Disabilities Association of America
Learning Disabilities Association of Arkansas
Learning Disabilities Association of Connecticut



Learning Disabilities Association of Georgia
Learning Disabilities Association of lllinois
Learning Disabilities Association of Maine
Learning Disabilities Association of Minnesota
Learning Disabilities Association of New Jersey
Learning Disabilities Association of Pennsylvania
Learning Disabilities Association of South Carolina
Learning Disabilities Association of Tennessee
Learning Disabilities Association of Texas

Learning disabilities association of Utah

Learning Disabilities Association of Wisconsin
Maine Audubon

Maine Conservation Voters

Maine Organic Farmers and Gardeners Association
Maine Unitarian Universalist State Advocacy Network
maine*taine

Maryland Pesticide Education Network

Media Voices for Children

Mighty Earth

Migrant Clinicians Network

MOM's Organic Market

National Consumers League

National Nurses United

Natural Resources Defense Council

NC Farmworkers' Project

New Mexico Center on Law and Poverty
Northeast Organic Farming Association -- New York (NOFA-NY)
Northwest Center for Alternatives to Pesticides
Northwest Workers' Justice Project

NYC Audubon

Operation Splash

Oregon Physicians for Social Responsibility
Pesticide Action Network

Physicians for Social Responsibility

Physicians for Social Responsibility Maine Chapter
Pineros y Campesinos Unidos del Noroeste (PCUN)
Public Citizen

Rachel Carson Council

RESTORE: The North Woods

Santa Cruz Climate Action Network

Sierra Club

Student Action with Farmworkers

The Oakland Institute

The Xerces Society for Invertebrate Conservation
Toxic Free North Carolina

Union of Concerned Scientists

UFW Foundation

Virginia Association for Biological Farming
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This statement presents the position of the American Academy of Pe-
diatrics on pesticides. Pesticides are a collective term for chemicals
intended to kill unwanted insects, plants, molds, and rodents. Children
encounter pesticides daily and have unique susceptibilities to their po-
tential toxicity. Acute poisoning risks are clear, and understanding of
chronic health implications from both acute and chronic exposure are
emerging. Epidemiologic evidence demonstrates associations between
early life exposure to pesticides and pediatric cancers, decreased cog-
nitive function, and behavioral problems. Related animal toxicology
studies provide supportive hiological plausibility for these findings.
Recognizing and reducing problematic exposures will require attention
to current inadequacies in medical training, public health tracking, and
regulatory action on pesticides. Ongoing research describing toxico-
logic vulnerabilities and exposure factors across the life span are
needed to inform regulatory needs and appropriate interventions. Pol-
icies that promote integrated pest management, comprehensive pes-
ticide labeling, and marketing practices that incorporate child health
considerations will enhance safe use. Pediatrics 2012;130:e1757—€1763

INTRODUCTION

Pesticides represent a large group of products designed to kill or harm
living organisms from insects to rodents to unwanted plants or ani-
mals (eg, rodents), making them inherently toxic (Table 1). Beyond
acute poisoning, the influences of low-level exposures on child health
are of increasing concern. This policy statement presents the position
of the American Academy of Pediatrics on exposure to these products.
It was developed in conjunction with a technical report that provides
a thorough review of topics presented here: steps that pediatricians
should take to identify pesticide poisoning, evaluate patients for
pesticide-related illness, provide appropriate treatment, and prevent
unnecessary exposure and poisoning.! Recommendations for a regula-
tory agenda are provided as well, recognizing the role of federal agen-
cies in ensuring the safety of children while balancing the positive
attributes of pesticides. Repellents reviewed previously (eg, N,N-diethyl-
meta-toluamide, commonly known as DEET; picaridin) are not discussed.2

SOURCES AND MECHANISMS OF EXPOSURE

Children encounter pesticides daily in air, food, dust, and soil and on
surfaces through home and public lawn or garden application,
household insecticide use, application to pets, and agricultural product

e1757
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TABLE 1 Categories of Pesticides and Major Classes

Pesticide category Major Classes

Examples

Insecticides Organophosphates
Carbamates
Pyrethroids/pyrethrins
Organochlorines
Neonicotinoids
N-phenylpyrazoles
Phosphonates
Chlorophenoxy herbicides
Dipyridyl herbicides
Nonselective
Anticoagulants
Convulsants
Metabolic poison
Inorganic compounds
Thiocarbamates
Triazoles

Strobilurins
Halogenated organic
Organic

Inorganic

Arsenicals

Herbicides

Rodenticides

Fungicides

Fumigants

Miscellaneous

Pyridine

Malathion, methyl parathion, acephate

Aldicarb, carbaryl, methomyl, propoxur

Cypermethrin, fenvalerate, permethrin

Lindane

Imidacloprid

Fipronil

Glyphosate

2,4-D, mecoprop

Diquat, paraquat

Sodium chlorate

Warfarin, brodifacoum

Strychnine

Sodium fluoroacetate

Aluminum phosphide

Metam-sodium

Fluconazole, myclobutanil, triadimefon

Pyraclostrobin, picoxystrobin

Methyl bromide, Chloropicrin

Carbon disulfide, Hydrogen cyanide, Naphthalene

Phosphine

Lead arsenate, chromated copper arsenate,
arsenic trioxide

4-aminopyridine

residues.>® For many children, diet
may be the most influential source, as
illustrated by an intervention study
that placed children on an organic
diet (produced without pesticide) and
observed drastic and immediate de-
crease in urinary excretion of pesticide
metabolites.’0 In agricultural settings,
pesticide spray drift is important for
residences near treated crops or by
take-home exposure on clothing and
footwear of agricultural workers211.12
Teen workers may have occupational
exposures on the farm or in lawn
care.'>15 Heavy use of pesticides may
also occur in urban pest control.

Most serious acute poisoning occurs
after unintentional ingestion, although
poisoning may also follow inhalational
exposure (particularly from fumigants)
or significant dermal exposure.'”

ACUTE PESTICIDE TOXICITY
Clinical Signs and Symptoms

High-dose pesticide exposure may re-
sult in immediate, devastating, even
lethal consequences. Table 2 summa-
rizes features of clinical toxicity for

e1758

the major pesticides classes. It high-
lights the similarities of common clas-
ses of pesticides (eg, organophosphates,
carbamates, and pyrethroids) and
underscores the importance of dis-
criminating among them because treat-
ment modalities differ. Having an index
of suspicion based on familiarity with
toxic mechanisms and taking an envi-
ronmental history provides the oppor-
tunity for discerning a pesticide’s role in
clinical decision-making.'8 Pediatric care
providers have a poor track record for
recognition of acute pesticide poison-
ing.'%2! This reflects their self-reported
lack of medical education and self-
efficacy on the topic.22% More in-depth
review of acute toxicity and manage-
ment can be found in the accompanying
technical report or recommended
resources in Table 3.

The local or regional poison control center
plays an important role as a resource for
any suspected pesticide poisoning.

There is no current reliable way to de-
termine the incidence of pesticide ex-
posure and illness in US children. Existing
data systems, such as the American
Association of Poison Control Centers’

FROM THE AMERICAN ACADEMY OF PEDIATRICS

National Poison Data System or the Na-
tional Institute for Occupational Safety
and Health's Sentinel Event Notifica-
tion System for Occupational Risks2728
capture limited information about acute
poisoning and trends over time.

There is also no national systematic
reporting on the use of pesticides by
consumers or licensed professionals. The
last national survey of consumer pesti-
cide use in homes and gardens was in
1993 (Research Triangle Institute study) 2

Improved physician education, accessi-
ble and reliable biomarkers, and better
diagnostic testing methods to readily
identify suspected pesticide illness
would significantly improve reporting
and surveillance. Such tools would be
equally important in improving clinical
decision-making and reassuring fami-
lies if pesticides can be eliminated from
the differential diagnosis.

The Pesticide Label

The pesticide label contains informa-
tion for understanding and preventing
acute health consequences: the active
ingredient; signal words identifying
acute toxicity potential; US Environ-
mental Protection Agency (EPA) regis-
tration number; directions for use,
including protective equipment rec-
ommendations, storage, and disposal;
and manufacturer’s contact informa-
tion.30 Basic first aid advice is pro-
vided, and some labels contain a “note
for physicians” with specific relevant
medical information. The label does
not specify the pesticide class or
“other”/“inert” ingredients that may
have significant toxicity and can ac-
count for up to 99% of the product.

Chronic toxicity information is not in-
cluded, and labels are predominantly
available in English. There is significant
use of illegal pesticides (especially in
immigrant communities), off-label use,
and overuse, underscoring the impor-
tance of education, monitoring, and
enforcement.3
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TABLE 2 Common Pesticides: Signs, Symptoms, and Management Considerations?

Class

Acute Signs and Symptoms

Clinical Considerations

Organophosphate and N-methyl carbamate
insecticides

Pyrethroid insecticides

Neonicotinoid insecticides

Fipronil (N-phenylpyrazole insecticides)

Lindane (organochlorine insecticide)

Glyphosate (phosphonate herbicides)

Chlorophenoxy herbicides

Rodenticides (long-acting anticoagulants)

e Headache, nausea, vomiting, abdominal pain, and
dizziness

e Hypersecretion: sweating, salivation, lacrimation,

rhinorrhea, diarrhea, and bronchorrhea

Muscle fasciculation and weakness, and respiratory

symptoms (bronchospasm, cough, wheezing, and

respiratory depression)

Bradycardia, although early on, tachycardia may be

present

Miosis

Central nervous system: respiratory depression,
lethargy, coma, and seizures

Similar findings found in organophosphates
including the hypersecretion, muscle fasciculation,
respiratory symptoms, and seizures

Dermal: skin irritation and paresthesia

Disorientation, severe agitation, drowsiness,
dizziness, weakness, and in some situations,
loss of consciousness

Vomiting, sore throat, abdominal pain
Ulcerations in upper gastrointestinal tract

Nausea and vomiting

Aphthous ulcers

Altered mental status and coma

Seizures

Central nervous system: mental status changes
and seizures

Paresthesia, tremor, ataxia and hyperreflexia

e Nausea and vomiting

Aspiration pneumonia type syndrome

Hypotension, altered mental status, and oliguria in
severe cases

Pulmonary effects may in fact be secondary to
organic solvent

Skin and mucous membrane irritation
Vomiting, diarrhea, headache, confusion
Metabolic acidosis is the hallmark

Renal failure, hyperkalemia, and hypocalcemia
Probable carcinogen

Bleeding: gums, nose, and other mucous
membrane sites

® Bruising

Headache, fatigue, vomiting, diarrhea, and irritability

Obtain red blood cell and plasma cholinesterase
levels
Atropine is primary antidote

Pralidoxime is also an antidote for organophosphate
and acts as a cholinesterase reactivator

Because carbamates generally produce a reversible
cholinesterase inhibition, pralidoxime is not
indicated in these poisonings

At times have been mistaken for acute
organophosphate or carbamate poisoning

Symptomatic treatment

Treatment with high doses of atropine may yield
significant adverse results

Vitamin E oil for dermal symptoms

Supportive care

Consider sedation for severe agitation
No available antidote

No available diagnostic test
Supportive care

No available antidote

No available diagnostic test

Control acute seizures with lorazepam

Lindane blood level available as send out
Supportive care

Pulmonary effects may be secondary to organic
solvent

Consider urine alkalinization with sodium
bicarbonate in IV fluids

Consider PT (international normalized ratio)

Observation may be appropriate for some clinical
scenarios in which it is not clear a child even
ingested the agent

Vitamin K indicated for active bleeding (IV vitamin K)
or for elevated PT (oral vitamin K)

IV, intravenous; PT, prothrombin time.

@ Expanded version of this table is available in the accompanying technical report.!

CHRONIC EFFECTS past decade has seen an expansion

of the epidemiologic evidence base
supporting adverse effects after
acute and chronic pesticide exposure
in children. This includes increasingly
sophisticated studies addressing

combined exposures and genetic

—
Dosing experiments in animals clearly susceptibility.

demonstrate the acute and chronic
toxicity potential of multiple pesticides.
Many pesticide chemicals are classi-
fied by the US EPA as carcinogens. The

Chronic toxicity end points identified in
epidemiologic studies include adverse
birth outcomes including preterm
birth, low birth weight, and congenital

PEDIATRICS Volume 130, Number 6, December 2012 o
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in the
with

Prospective con-

is most robust for
insecticides

leukemia.
temporary birth cohort studies in the

associations to pediatric cancer and
adverse neurodevelopment. Multiple
case-control studies and evidence re-
reductions in 1Q and abnormal behav-
iors associated with attention-deficit/

United States link early-life exposure to
hyperactivity disorder and autism. The

views support a role for insecticides in
risk of brain tumors and acute lym-
organophosphate

accompanying technical report. The

behavioral and cognitive deficits, and
evidence base

anomalies, pediatric cancers, neuro-
asthma. These are reviewed

phocytic
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the use of pesticide chemicals while

and

IPM  programs

achieving acceptable control of pest
knowledge have been implemented in
agriculture and to address weeds and
pest control in residential settings
and schools, commercial structures,
lawn and turf, and community gar-
dens. Reliable resources are available
from the US EPA and University of
California—Davis (Table 3). Other local
policy approaches in use are posting
warning signs of pesticide use, restrict-
ing spray zone buffers at schools, or
restricting specific types of pesticide
products in schools. Pediatricians can
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play a role in promotion of develop-
ment of model programs and practices
in the communities and schools of
their patients.

RECOMMENDATIONS

Three overarching principles can be
identified: (1) pesticide exposures are
common and cause both acute and
chronic effects; (2) pediatricians need
to be knowledgeable in pesticide iden-
tification, counseling, and management;
and (3) governmental actions to improve
pesticide safety are needed. Whenever
new public policy is developed or ex-
isting policy is revised, the wide range of
consequences of pesticide use on chil-
dren and their families should be con-
sidered. The American Academy of
Pediatrics, through its chapters, com-
mittees, councils, sections, and staff, can
provide information and support for
public policy advocacy efforts. See http://
www.aap.org/advocacy.html for addi-
tional information or contact chapter
leadership.

Recommendations to Pediatricians

1. Acute exposures: become familiar
with the clinical signs and symp-
toms of acute intoxication from
the major types of pesticides. Be
able to translate clinical knowledge
about pesticide hazards into an
appropriate exposure history for
pesticide poisoning.

2. Chronic exposures: become familiar
with the subclinical effects of chronic
exposures and routes of exposures
from the major types of pesticides.

3. Resource identification: know lo-
cally available resources for acute
toxicity management and chronic
low-dose exposure (see Table 3).

4. Pesticide labeling knowledge: Under-
stand the usefulness and limitations
of pesticide chemical information on
pesticide product labels.

5. Counseling: Ask parents about pes-
ticide use in or around the home to
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help determine the need for provid-
ing targeted anticipatory guidance.
Recommend use of minimal-risk
products, safe storage practices,
and application of IPM (least toxic
methods), whenever possible.

6. Advocacy: work with schools and
governmental agencies to advocate
for application of least toxic pesti-
cides by using IPM principles. Pro-
mote community right-to-know
procedures when pesticide spray-
ing occurs in public areas.

Recommendations to Government

1. Marketing: ensure that pesticide
products as marketed are not at-
tractive to children.

2. Labeling: include chemical ingredi-
ent identity on the label and/or the
manufacturer’s Web site for all
product constituents, including inert
ingredients, carriers, and solvents.
Include a label section specific to
“Risks to children,” which informs
users whether there is evidence
that the active or inert ingredients
have any known chronic or develop-
mental health concerns for children.
Enforce labeling practices that en-
sure users have adequate informa-
tion on product contents, acute and
chronic toxicity potential, and emer-
gency information. Consider printing
or making available labels in Span-
ish in addition to English.

3. Exposure reduction: set goal to re-
duce exposure overall. Promote appli-
cation methods and practices that
minimize children’s exposure, such
as using bait stations and gels, advis-
ing against overuse of pediculicides.
Promote education regarding proper
storage of product.

4. Reporting: make pesticide-related
suspected poisoning universally re-
portable and support a systematic
central repository of such inci-
dents to optimize national surveil-
lance.

9. Exportation: aid in identification of
least toxic alternatives to pesticide
use internationally, and unless
safer alternatives are not available
or are impossible to implement,
ban export of products that are
banned or restricted for toxicity
concerns in the United States.

6. Safety: continue to evaluate pesti-
cide safety. Enforce community
right-to-know procedures when pes-
ticide spraying occurs in public
areas. Develop, strengthen, and en-
force standards of removal of con-
cerning products for home or child
product use. Require development
of a human biomarker, such as
a urinary or blood measure, that
can be used to identify exposure
and/or early health implications
with new pesticide chemical regis-
tration or reregistration of existing
products. Developmental toxicity,
including endocrine disruption,
should be a priority when evaluat-
ing new chemicals for licensing or
reregistration of existing products.

7. Advance less toxic pesticide alter-
natives: increase economic incen-
tives for growers who adopt IPM,
including less toxic pesticides. Sup-
port research to expand and im-
prove IPM in agriculture and
nonagricultural pest control.

8. Research: support toxicologic and
epidemiologic research to better
identify and understand health risks
associated with children’s exposure
to pesticides. Consider supporting
another national study of pesticide
use in the home and garden setting
of US households as a targeted ini-
tiative or through cooperation with
existing research opportunities (eg,
National Children’s Study, NHANES).

9. Health provider education and sup-
port: support educational efforts
to increase the capacity of pediatric
health care providers to diag-
nose and manage acute pesticide
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poisoning and reduce pesticide ex-
posure and potential chronic pesti-
cide effects in children. Provide
support to systems such as Poison
Control Centers to provide timely,
expert advice on exposures. Require
the development of diagnostic tests
to assist providers with diagnosing
(and ruling out) pesticide poisoning.

LEAD AUTHORS
James R. Roberts, MD, MPH
Catherine J. Karr, MD, PhD

REFERENGES

1.

e1762

. Katz TM, Miller JH, Hebert AA

. Lewis RG,

Roberts JR, Karr CK; American Academy of
Pediatrics, Council on Environmental
Health. Technical report—pesticide expo-
sure in children. Pediatrics. 2012:130(6)
Insect
repellents: historical perspectives and new
developments. J Am Acad Dermatol. 2008;
58(5):865—-871

Fortune CR, Blanchard FT,
Camann DE. Movement and deposition of
two organophosphorus pesticides within
a residence after interior and exterior
applications. J Air Waste Manag Assoc.
2001;51(3):339-351

. Hore P, Robson M, Freeman N, et al

Chlorpyrifos accumulation patterns for
child-accessible surfaces and objects and
urinary metabolite excretion by children
for 2 weeks after crack-and-crevice appli-
cation. Environ Health Perspect. 2005;113
(2):211-219

. Gurunathan S, Robson M, Freeman N, et al.

Accumulation of chlorpyrifos on residential
surfaces and toys accessible to children.
Environ Health Perspect. 1998;106(1):9—16

. Fenske RA, Black KG, Elkner KP, Lee CL,

Methner MM, Soto R. Potential exposure
and health risks of infants following indoor
residential pesticide applications. Am J
Public Health. 1990;80(6):689—693

. Nishioka MG, Lewis RG, Brinkman MC,

Burkholder HM, Hines CE, Menkedick JR.
Distribution of 2,4-D in air and on surfaces
inside residences after lawn applications:
comparing exposure estimates from vari-
ous media for young children. Environ
Health Perspect. 2001;109(11):1185—-1191

. Coronado GD, Vigoren EM, Thompson B,

Griffith WC, Faustman EM. Organophos-
phate pesticide exposure and work in
pome fruit: evidence for the take-home

COUNCIL ON ENVIRONMENTAL HEALTH
EXECUTIVE COMMITTEE, 2012-2013

James R. Roberts, MD, MPH
Catherine J. Karr, MD, PhD

Jerome A. Paulson, MD, Chairperson
Alice C. Brock-Utne, MD

Heather L. Brumberg, MD, MPH
Carla C. Campbell, MD

Bruce P. Lanphear, MD, MPH

Kevin C. Osterhoudt, MD, MSCE
Megan T. Sandel, MD

Leonardo Trasande, MD, MPP
Robert 0. Wright, MD, MPH

FORMER EXECUTIVE COMMITTEE
MEMBERS
Helen J. Binns, MD, MPH

FROM THE AMERICAN ACADEMY OF PEDIATRICS

pesticide pathway. Environ Health Per-
spect. 2006;114(7):999-1006

. Lu G, Fenske RA, Simcox NJ, Kalman D.

Pesticide exposure of children in an agri-
cultural community: evidence of household
proximity to farmland and take home ex-
posure pathways. Environ Res. 2000;84(3):
290-302

. Lu G, Toepel K, Irish R, Fenske RA, Barr DB,

Bravo R. Organic diets significantly lower
children’s dietary exposure to organo-
phosphorus pesticides. Environ Health
Perspect. 2006;114(2):260—263

. Curl CL, Fenske RA, Kissel JGC, et al. Evalu-

ation of take-home organophosphorus
pesticide exposure among agricultural
workers and their children. Environ Health
Perspect. 2002;110(12):A787-A792

. Curwin BD, Hein MJ, Sanderson WT, et al.

Pesticide contamination inside farm and
nonfarm homes. J Occup Environ Hyg. 2005;
2(7):357-367

. Shipp EM, Cooper SP, del Junco DJ, Bolin

JN, Whitworth RE, Cooper CJ. Pesticide
safety training among adolescent farm-
workers from Starr County, Texas. J Agric
Saf Health. 2007;13(3):311-321

. Gamlin J, Diaz Romo P, Hesketh T. Exposure

of young children working on Mexican to-
bacco plantations to organophosphorous
and carbamic pesticides, indicated by cho-
linesterase depression. Child Care Health
Dev. 2007;33(3):246-248

. Eckerman DA, Gimenes LA, de Souza RC,

Lopes Galvdo PR, Sarcinelli PN, Chrisman
JR. Age related effects of pesticide expo-
sure on neurobehavioral performance of
adolescent farm workers in Brazil. Neuro-
toxicol Teratol. 2007;29(1):164—175

. Landrigan PJ, Claudio L, Markowitz SB,

et al. Pesticides and inner-city children:

Joel A. Forman, MD
James M. Seltzer, MD

LIAISONS

Mary Mortensen, MD — Centers for Disease
Control and Prevention/National Center for
Environmental Health

Walter J. Rogan, MD — National Institute of
Environmental Health Sciences

Sharon Savage, MD — National Cancer Institute

STAFF
Paul Spire

20.

21.

22.

23.

24.

25.

exposures, risks, and prevention. Environ
Health Perspect. 1999;107 (suppl 3):431-437

. Reigart JR, Roberts JR. Recognition and

Management of Pesticide Poisoning, 5th ed.
Washington, DC: US Environmental Pro-
tection Agency; 1999

. American Academy of Pediatrics, Commit-

tee on Environmental Health. Taking an
environmental history and giving anticipa-
tory guidance. In: Etzel RA, Balk SJ, eds.
Pediatric Environmental Health. 2nd ed. Elk
Grove Village, IL: American Academy of Pe-
diatrics; 2003:39-56

. Sofer S, Tal A, Shahak E. Carbamate and

organophosphate poisoning in early child-
hood. Pediatr Emerg Care. 1989;5(4):222—225
Zwiener RJ, Ginsburg CM. Organophos-
phate and carbamate poisoning in infants
and children. Pediatrics. 1988;81(1):121—
126

Lifshitz M, Shahak E, Sofer S. Carbamate
and organophosphate poisoning in young
children. Pediatr Emerg Care. 1999;15(2):
102—-103

Balbus JM, Harvey CE, McCurdy LE. Educa-
tional needs assessment for pediatric
health care providers on pesticide toxicity.
J Agromed. 2006;11(1):27-38

Kilpatrick N, Frumkin H, Trowbridge J, et al.
The environmental history in pediatric
practice: a study of pediatricians’ attitudes,
beliefs, and practices. Environ Health Per-
spect. 2002;110(8):823-871

Trasande L, Schapiro ML, Falk R, et al. Pe-
diatrician attitudes, clinical activities, and
knowledge of environmental health in
Wisconsin. WMJ. 2006;105(2):45—49

Karr C, Murphy H, Glew G, Keifer MC, Fenske
RA. Pacific Northwest health professionals
survey on pesticides and children. J
Agromed. 2006;11(3-4):113—120

Downloaded from www.aappublications.org/news by guest on July 19, 2021



26.

21.

28.

Roberts JR, Balk SJ, Forman J, Shannon M.
Teaching about pediatric environmental
health. Acad Pediatr. 2009;9(2):129—-130
Bronstein AC, Spyker DA, Cantilena LR Jr,
Green JL, Rumack BH, Dart RC. 2010 Annual
Report of the American Association of
Poison Control Centers’ National Poison
Data System (NPDS): 26th Annual Report.
Clin Toxicol. 2011;49(10):910-941

Baker EL. Sentinel Event Notification System
for Occupational Risks (SENSOR): the con-
cept. Am J Public Health. 1989;79(suppl):
18-20

PEDIATRICS Volume 130, Number 6, December 2012 o
Downloaded from www.aappublications.org/news by guest on July 19, 2021

29.

30.

31.

32.

FROM THE AMERICAN ACADEMY OF PEDIATRICS

Whitmore RW, Kelly JE, Reading PL, et al.
Pesticides in urban environments. AGS
Symp Ser. 1993;522(3):18—36

US Environmental Protection Agency. Pes-
ticide product labels. Available at: www.
epa.gov/pesticides/regulating/labels/product-
labels.ntm#projects. Accessed October 15, 2012
US Environmental Protection Agency. Illegal
pesticide products. Available at: www.epa.gov/
opp00001/health/illegalproducts. Accessed Oc-
tober 15, 2012

Kimmel CA, Collman GW, Fields N, Eskenazi
B. Lessons learned for the National Children’s

33.

Study from the National Institute of En-
vironmental Health Sciences/U.S. Envi-
ronmental Protection Agency Centers
for Children’s Environmental Health and
Disease Prevention Research. Environ
Health  Perspect. 2005;113(10):1414—

1418
US General Accounting Office. Agricultural
pesticides: Management improvements

needed to further promote integrated pest
management. Available at: www.gao.gov/
new.items/d01815.pdf. Accessed October
15, 2012

e1763



Pesticide Exposurein Children

COUNCIL ON ENVIRONMENTAL HEALTH

Pediatrics 2012;130;e1757

DOI: 10.1542/peds.2012-2757 originally published online November 26, 2012;

Updated Information &
Services

References

Subspecialty Collections

Permissions & Licensing

Reprints

including high resolution figures, can be found at:
http://pediatrics.aappublications.org/content/130/6/e1757

This article cites 26 articles, 1 of which you can access for free at:
http://pediatrics.aappublications.org/content/130/6/e1757#BIBL

This article, along with others on similar topics, appearsin the
following collection(s):

Current Policy
http://ww.aappublications.org/cgi/collection/current_policy
Council on Environmental Health
http://www.aappublications.org/cgi/collection/council_on_environm
ental_health

Injury, Violence & Poison Prevention
http://www.aappublications.org/cgi/collection/injury_violence_-_poi
son_prevention_sub

Information about reproducing this article in parts (figures, tables) or
in its entirety can be found online at:
http://www.aappublications.org/site/misc/Permissions.xhtml

Information about ordering reprints can be found online:
http://www.aappublications.org/site/misc/reprints.xhtml

American Academy of Pediatrics

DEDICATED TO THE HEALTH OF ALL CHILDREN®

Downloaded from www.aappublications.org/news by guest on July 19, 2021




PEDIATRICS

OFFICIAL JOURNAL OF THE AMERICAN ACADEMY OF PEDIATRICS

Pesticide Exposurein Children
COUNCIL ON ENVIRONMENTAL HEALTH
Pediatrics 2012;130;e1757
DOI: 10.1542/peds.2012-2757 originally published online November 26, 2012,

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://pediatrics.aappublications.org/content/130/6/e1757

Pediatricsisthe official journal of the American Academy of Pediatrics. A monthly publication, it
has been published continuously since 1948. Pediatrics is owned, published, and trademarked by
the American Academy of Pediatrics, 345 Park Avenue, Itasca, lllinois, 60143. Copyright © 2012
by the American Academy of Pediatrics. All rights reserved. Print ISSN: 1073-0397.

American Academy of Pediatrics

DEDICATED TO THE HEALTH OF ALL CHILDREN®

Downloaded from www.aappublications.org/news by guest on July 19, 2021




stamford
advocate

OPINION: Grass doesn't need to be any greener
Priscilla Feral

June 3, 2020Updated: June 3, 2020 8:24 a.m.

A pesticide warning sign in Norwalk.
Erik Trautmann / Hearst Connecticut Media

As communities try to protect themselves from COVID-19, a respiratory
disease that has brought the world to its knees, claiming 106,241 lives in the
United States so far, we at Pesticide Free Rowayton were alarmed this
weekend to see a bare foot child playing on a lawn doused in pesticides —

the yellow sign still posted revealing it was sprayed just three days earlier.

On the same Rowayton Street, a father of two young children was seen
spraying Roundup on some weeds that dared to poke through his gravel

driveway.



Everyone wants the perfect yard, but at what cost, especially during a
pandemic? A recent study revealed workers exposed to pesticides on the job
may be more likely than other people to develop chronic obstructive
pulmonary disease, bronchitis and other breathing problems, and all of these

things make people more susceptible to COVID-19.

Toxic pesticides and herbicides put people, pets, pollinators and wildlife in
harm’s way. Without bees, butterflies, insects and birds there would be no

ecosystems; there would be no us.

Roundup, the most popular weed killer in the world, has as its most active
ingredients glyphosate and 2,4-D, which are particularly dangerous. Last year,
a jury awarded a couple $2 billion in damages after concluding that sustained

exposure to Roundup led to their cancer diagnoses.

The truth is there is no official scientific standard for how long people should
stay off a lawn after it is treated. One size does not fit all because different
populations — young children, pregnant mothers, the elderly and those who

may be immuno-compromised — are more sensitive to pesticide exposure.

A 2013 study that tested dogs found that they had lawn pesticides in their

urine for at least 48 hours after spraying. A 2001 study also found that a week



after lawn treatments, 2, 4-D was found on all indoor air surfaces after wafting

in through various openings in 13 different homes.

Even if the active ingredient in a pesticide is gone, it may still leave behind
breakdown products that can be even more toxic than the active ingredient,
according to Beyond Pesticides, a D.C.-based nonprofit. One notable example
is the neonicotinoid thiamethoxam, which is registered for home lawn use to

treat grubs, and is found in the product Meridian 25WG.

All of this data is inconvenient to the greedy pesticide industry whose “keep off
the grass for 24 hours” yellow warning signs mislead the public into thinking

pesticides aren’t as deadly as they are.

Of the 30 most commonly used lawn pesticides, 17 are possible or known
carcinogens, 18 have the potential to disrupt the hormonal system, 19 are
linked to reproductive effects and sexual dysfunction, 11 have been linked to
birth defects, 14 are neurotoxic, 24 can cause kidney or liver damage, 25 are
irritants, 19 are detected in groundwater and 20 have the ability to leach into

drinking water sources.

Likewise, 30 are toxic to fish and other aquatic organisms vital to our
ecosystem, 29 are toxic to bees, 14 are toxic to mammals and 22 are toxic to

birds.



The good news is it has never been easier to go pesticide free as organic

lawn care has become mainstream.

The first step is testing your soil to determine what organic supplements you
should add to make it healthy. If your soil is hard, compacted and full of weeds
or bare spots, aerate it. Use grass seed on bare spots to crowd out weeds.
Apply corn gluten meal as a pre-emergent for weed prone areas. And instead
of using toxic herbicides, weeds can be pulled by hand or sprayed with

horticultural vinegar.

Rowayton can be a role model for other communities by going pesticide-free
one lawn at a time. These unprecedented times have taught us our lives have
more meaning when we rescue ourselves and model the leadership and

initiatives we hope to see across the state, nation and globe.

Priscilla Feral is president of Friends of Animals, which is based in Darien
(friendsofanimals.org/). Pesticide Free Rowayton, a project of Friends of

animals, is promoting nontoxic lawns.



